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Abstract 

Living matter is built on complex dynamic systems consisting of numerus bio-

transformations. By exploiting the adaptive and evolutive behaviors of 

molecular matter, dynamic chemistry has developed as an important tool to 

understand the organization of nonliving matter into complex living systems. 

This thesis concerns three aspects of dynamic chemistry with a general focus on 

the influence of different stimuli on the structures and functions of dynamic 

systems. 

The first section focuses on dynamic kinetic resolution, where enzymes are 

utilized for asymmetric synthesis of an enantiopure (2R,5R)-1,3-oxathiolane. By 

employing surfactant-treated subtilisin Carlsberg and Candida antarctica 

lipase B, the absolute configuration of the resulting 1,3-oxathiolane ring could 

be efficiently controlled. 

The second section addresses the motional dynamics of configurational enamine 

switch systems controlled by multiple stimuli. Complete forward and backward 

rotation around the enamine C=C bond could be precisely regulated upon 

addition of acid/base or metal ions. The enamine switches exhibited specific 

sensing ability for CuII ions in solution. Moreover, the enamines exhibited 

switchable aggregation-induced emission in the solid state, which could be 

applied in the development of sensors as well as fluorescent organogel. 

Lastly, the enamine switches could readily undergo constitutional exchange with 

primary amines under catalytic acidic conditions, resulting in dynamic enamine 

systems. However, under basic conditions or in the presence of excessive acid, 

this process exhibited extremely slow kinetics, leading to an efficient regulation 

of the exchange process by controlling the switch status with regulation of pH 

in the system. 

Keywords: dynamic chemistry, constitutional dynamic chemistry, motional 

dynamics, dynamic kinetic resolution, enzyme, subtilisin Carlsberg, Candida 

antarctica lipase B, anti-HIV, 1,3-oxathiolane, dynamic exchange, enamines, 

E/Z-isomerization, molecular switches, aggregation, gelation, fluorescence. 



 

 

Sammanfattning på svenska 

Levande organismer är uppbyggda av komplexa dynamiska system av 

sammankopplade biokemiska transformationer. Dynamisk kemi har genom att 

utnyttja adaptiva och evolutionära effekter hos molekylära system utvecklats till 

ett viktigt verktyg för att förstå principerna som styr självorganisation av icke-

levande materia. Denna avhandling behandlar tre aspekter av dynamisk kemi, 

med fokus på vilken påverkan olika stimuli kan ha på strukturer och funktioner 

hos dynamiska system. 

Den första sektionen fokuserar på dynamisk kinetisk resolvering, där enzymer 

används för asymmetrisk syntes av enantiomeriskt rena (2R,5R)-1,3-

oxatiolanstrukturer. Genom att utnyttja surfaktant-behandlad subtilisin 

Carlsberg och Candida antarctica lipas B kunde absolutkonfigurationen av den 

resulterande 1,3-oxatiolanringen effektivt kontrolleras. 

Det andra avsnittet behandlar utvecklingen av konfigurationella dynamiska 

enamin-omkopplare vars rörelsedynamiska beteende kan påverkas genom 

stimuli. Rotation av enaminens C=C-binding kunde specifikt kontrolleras i både 

fram- och bakåtriktning genom addition av syra/bas eller metalljoner. 

Enanminkopplingen visade även upp specifik molekylär igenkänningsförmåga 

för CuII-joner i lösning. Vidare uppvisade enaminen reversibelt 

aggregationsinducerad emission i det fasta tillståndet, vilket kunde tillämpas 

inom utveckling av sensorer samt inom materialvetenskap. 

Slutligen kunde enaminomkopplaren visas genomgå reversibelt utbyte med 

primära aminer i närvaro av katalytiska mängder syra, vilket resulterade i 

dynamiska enaminsystem. Under basiska förhållanden eller i närvaro av ett 

överskott syra uppvisade denna process mycket långsam kinetik, vilket ledde till 

effektiv reglering av utbytesprocessen och full kontroll av riktning och 

konstitution hos omkopplaren genom systemets pH-värde. 

Nyckelord: dynamisk kemi, konstitutionell dynamisk kemi, molekylär 

rörelsedynamik, dynamisk kinetisk resolvering, enzym, subtilisin Carlsberg, 

Candida antarctica lipase B, anti-HIV, 1,3-oxatiolan, dynamisk utbyte, 

enaminer, E/Z-isomerisering, molekylära omkopplare, aggregering, gelbildning, 

fluorescens. 

 



V 

 

Abbreviations 

Ac Acetyl 
ACQ Aggregation Caused Quenching 
AIE Aggregation Induced Emission 
Ar Aryl 
Bz Benzyl 
CAL B Candida antarctica lipase B 
CDC Constitutional Dynamic Chemistry 
d Day(s) 
d Deuterated 
DCC Dynamic Covalent Chemistry 
DCKR Dynamic Covalent Kinetic Resolution 
DKR Dynamic Kinetic Resolution 
DNA Deoxyribonucleic Acid 
dr Diastereomeric Ratio 
ee Enantiomeric Excess 
eq Equilibrium 
Equiv Equivalent(s) 
Et3N Triethylamine 
EDG Electron Donating Group 
EWG Electron Withdrawing Group 
FDA Food and Drug Administration 
h Hour(s) 
H-bond(ing) Hydrogen Bond(ing) 
HPLC High Performance Liquid Chromatography 
KR Kinetic Resolution 
M Molar 
Me Methyl 
min Minute(s) 
MSA Methanesulfonic acid 
NMR Nuclear Magnetic Resonance 
NOESY Nuclear Overhauser Effect Spectroscopy 
PBS Phosphate-buffered saline 
Ph Phenyl 
RAHB Resonance Assisted Hydrogen Bonding 
rt Room Temperature 
SEM Scanning Electron Microscope 
STS Surfactant-treated subtilisin Carlsberg 
TBME tert-Butyl Methyl Ether 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
TREN Tris(2-aminoethyl)amine 
TS Transition State 



VI 

 

UV/Vis Ultraviolet-visible Spectroscopy 
μM Micromolar 
  
  

 

 

 

 

 

 

 

 

  



VII 

 

List of Publications 

 

This thesis is based on the following papers, referred to in the text by their 

Roman numerals I-IV: 

I. Chirality Control in Enzyme-Catalyzed Dynamic Kinetic 

Resolution of 1,3-Oxathiolanes 
Lei Hu, Yansong Ren, and Olof Ramström  

J. Org. Chem. 2015, 80, 8478−8481 

II. Multienzymatic Cascade Synthesis of an Enantiopure (2R,5R)-

1,3-Oxathiolane Anti-HIV Agent Precursor 

Yansong Ren, Lei Hu and Olof Ramström 

Submitted. 

 

III. A Multicontrolled Enamine Configurational Switch 

Undergoing Dynamic Constitutional Exchange 
Yansong Ren, Per H. Svensson, and Olof Ramström 

Angew. Chem. Int. Ed. 2018, 57, 6256-6260 

 

IV. Multistimuli-responsive Enaminitrile Molecular Switches 

Displaying H+-Induced Aggregate Emission, Metal Ion-

induced Turn-on Fluorescence, and Organogelation 

Properties 
Yansong Ren, Sheng Xie, Erik S. Grape, A. Ken Inge, and Olof 

Ramström 

J. Am. Chem. Soc. 2018, 140, 13640-13643 

 

V. Stimuli-responsive Enaminitrile Molecular Switches as 

Tunable AIEgens Covering the Chromaticity Space and 

Acting as Vapor Sensors 
Yansong Ren, Oleksandr Kravchenko, Sheng Xie, Erik S. Grape, 

A. Ken Inge, Mingdi Yan, and Olof Ramström 

Draft manuscript. 

 

VI. Configurational and Constitutional Dynamics of Enamine 

Molecular Switches 
Yansong Ren, Oleksandr Kravchenko and Olof Ramström 

Draft manuscript. 

  



VIII 

 

Papers not included in this thesis: 

I. Synthesis of Chiral Oxazolidinone Derivatives through Lipase-

Catalyzed Kinetic Resolution  

Yan Zhang, Yang Zhang, Yansong Ren, and Olof Ramström 

J. Mol. Catal., B Enzym., 2015, 122, 29-34 

 

II. Trehalose-Conjugated, Photofunctionalized Mesoporous 

Silica Nanoparticles for Efficient Delivery of Isoniazid into 

Mycobacteria 

Juan Zhou, Kalana W. Jayawardana, Na Kong, Yansong Ren, 

Nanjing Hao, Mingdi Yan, and Olof Ramström 

ACS Biomater. Sci. Eng. 2015, 1, 1250-1255 

  



IX 

 

Table of Contents 

 

Abstract.................................................................................................. III 
Sammanfattning på svenska ................................................................. IV 
Abbreviations .......................................................................................... V 
List of Publications ................................................................................ VII 
Table of Contents ................................................................................... IX 
1. Introduction .................................................................................. 1 

1.1 Dynamic Chemistry ............................................................................. 1 
1.1.1 Constitutional dynamic chemistry ........................................................... 2 
1.1.2 Motional dynamic chemistry ................................................................... 7 
1.1.3 Combining multiple dynamic processes ................................................. 9 

1.2 Dynamic Enamine Chemistry ........................................................... 11 
1.2.1 Configurational dynamics of enamines ................................................. 13 
1.2.2 Constitutional dynamics of enamines ................................................... 14 

1.3 Contents of This Thesis .................................................................... 15 
2. Enzyme-catalyzed Dynamic Covalent Kinetic Resolution for 

Synthesis of Enantiopure 1,3-Oxathiolane ........................................... 17 
2.1 Introduction ....................................................................................... 17 
2.2 Enzyme Selectivities in Asymmetric Synthesis of 1,3-Oxathiolanes . 21 
2.3 Elucidation of C-5 Configuration on the 1,3-Oxathiolanes ................ 23 
2.4 Attempts for Asymmetric Synthesis of Enantiopure (2R,5R)-1,3-

Oxathiolane through Multi-Enzymatic Protocol ............................................. 27 
2.5 Conclusion ........................................................................................ 30 

3. Dynamic Configurational Enamine-based Molecular Switches . 31 
3.1 Introduction ....................................................................................... 31 
3.2 Enamine-ester Based Molecular Switches ....................................... 32 

3.2.1 Design and synthesis of the switch prototype ....................................... 32 
3.2.2 Study of the switching process ............................................................. 33 
3.2.3 Characterization of the switchable bi-states ......................................... 36 
3.2.4 DFT calculation study of the E/Z-isomerization process ....................... 36 
3.2.5 Modifications of rotor and stator ........................................................... 38 

3.3 Enaminitrile-Based Molecular Switches ............................................ 40 
3.3.1 Design and synthesis ........................................................................... 40 
3.3.2 Characterization and operation of the switches .................................... 41 
3.3.3 Aggregation induced emission ............................................................. 43 

3.4 Applicable Properties of Enamine Switches ..................................... 48 
3.4.1 Metal ion sensing ................................................................................. 48 
3.4.2 Acidic/basic vapor sensing in the solid state ........................................ 49 
3.4.3 Switchable fluorescent gel ................................................................... 50 



X 

 

3.5 Conclusion ........................................................................................ 51 
4. Dynamic Constitutional Enamine Exchange ............................. 53 

4.1 Introduction ....................................................................................... 53 
4.2 Reaction scope ................................................................................. 54 
4.3 Additive Effects ................................................................................. 58 
4.4 Conclusion ........................................................................................ 63 

5. Concluding remarks ................................................................... 65 
Acknowledgements .............................................................................. 67 
Appendix ............................................................................................... 69 
References ........................................................................................... 70 
  



1 

 

1.  
Introduction 

 

Living systems perform intricate tasks by utilizing complex bio-machinery. 

However, understanding how nonliving matters organize into this bio-

machinery is still one of the most difficult and important problems in chemistry, 

and possibly in all of sciences. Chemistry, occupying an intermediate position 

between physics and biology,1 focuses on studying matter and the changes that 

matter undergoes, thus providing a fundamental understanding of its complexity 

evolution. From chemists’ viewpoint, transition from nonliving to living matter 

represent transformation from (supra)molecular self-organization to highly 

organized functional chemical systems.2,3 This self-organization can be: (1) 

passive, generating organized structures by self-assembly adapting in response 

to stimuli under thermal equilibrium conditions; (2) active, generating organized 

functional architectures by introduction of non-equilibrium conditions, resulting 

in dissipative physical and chemical processes, allowing adaptation and 

evolution in the out-of-equilibrium regime.4-6 The investigation and exploitation 

of such adaptive and evolutive behavior in molecular systems is part of the field 

called constitutional dynamic chemistry, which employs chemical models to 

give rise to complex organized networks of interconverting constituents 

connected through chemical interactions.2,7-10 

Dynamic chemistry is a promising tool to unravel mechanisms of existing 

transformations in biology. Taking advantages of this knowledge on bio-

machineries gives rise to interdisciplinary fields operating between biology and 

chemistry, for instance, biocatalysis and biomimetics. In biocatalysis, living 

systems or its bio-machinery are used to catalyze chemical reactions, where 

chemo-, regio-, diastereo- and enantioselectivities can be readily achieved 

through biocatalyzed asymmetric synthesis or enzymatic (dynamic) kinetic 

resolution.11 On the other side, the field of biomimetics gives access to new 

technologies inspired by biological solutions at macro- and nanoscale. For 

example, the invention of biomimetic materials, artificial enzymes and artificial 

molecular machines, in which motional dynamics plays an important role.12-17  

1.1 Dynamic Chemistry 

Dynamic chemistry can consist of three basic types of processes − 

reactional/interactional, motional, and constitutional dynamics.2,18 These 

processes can exist individually or integrated orthogonally to induce higher 
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complexity to systems. Reactional and motional dynamics can be regarded as 

the “classical” cases, where the former concerns the dynamic nature of chemical 

reactions/interactions and the latter focusses on induced alterations in geometry 

and morphology through conformational and configurational changes. Recently, 

studies of the continuous changes in constitution of chemical entities through 

incorporation, reconstitution, and exchange of components lead to the 

emergence of the third type of dynamic chemistry – constitutional dynamic 

chemistry (CDC).4,5  

1.1.1 Constitutional dynamic chemistry 

Supramolecular chemistry, often referred to “chemistry beyond the molecule”, 

is the root of CDC, which describes interconnectivity of chemical species 

through noncovalent interactions and aims at the design and implementation of 

complex functional systems.9,19,20 By nature, noncovalent intermolecular forces 

(e.g., electrostatic interactions, van der Waals forces, and hydrogen bonding (H-

bonding)), are labile and reversible. This allows individual components in a 

system to rapidly self-assemble by supramolecular interactions into the 

thermodynamically most stable equilibrium state. Complex structures based on 

these supramolecular interactions are numerous in living systems, as for 

example can be seen in the DNA molecule (Figure 1.1). Structurally, DNA is 

made of a double helix of two complementary strands, tightly connected by 

nucleobase pairing through H-bonding and further stabilization by π-π 

interactions.21 

  

Figure 1.1. Schematic representation of DNA double helix structure. 
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In chemistry, supramolecular interactions have also been exploited to allow 

formation of complex structures either spontaneously or under certain 

internal/external stimuli.4,9,22,23 However, the weak nature of the interactions at 

supramolecular level limits its applicability in places where higher stability and 

robustness are required. This leads to the study of systems for constructing more 

robust molecular architectures, resulting in the emergence of a field called 

dynamic covalent chemistry (DCC).24,25 The principle element of DCC is the 

reversible covalent reaction, wherein the dynamic covalent bonds are 

continuously formed, broken and reformed, eventually establishing a 

thermodynamic equilibrium. As long as the system can equilibrate, the status of 

dynamic systems can be altered by stimuli, giving access to adaptation. This 

concept offers chemists the ability to re-distribute the product output by 

changing the reaction input.  

As the dynamic nature on both non-covalent and covalent level defines the 

concept of CDC, the reactional/interactional dynamics can be considered as a 

prerequisite of CDC. Making use of the dynamic character, CDC allows for 

various dynamic reactions/interactions to undergo simultaneously in one 

system, thus increasing the diversity as well as the complexity.26-28 

Implementation of a selector into such a thermodynamic process can distort the 

equilibrium by binding/reacting with the constituents, leading to the 

amplification of the best adapting constituent at the expense of others. 

Therefore, CDC has become an important tool for understanding the chemistry 

of complex matter and its adaptivity.7,8,29-31 The general CDC process is 

illustrated in Figure 1.2, which shows similarities to the ‘Lock and Key’ model 

as described for enzymatic reactions. 

 

Figure 1.2. Schematic representation of constitutional dynamic chemistry. 

Diversification 

The essence of CDC is the diversification which is dependent on reversible 

interactions/reactions. In order to be applicable in dynamic chemistry, the 

reversible interactions/reactions need to fulfil a set of criteria. First, the forward 
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and backward interactions/reactions should reach thermodynamic equilibrium 

within a reasonable time scale, ensuring the ‘fittest’ constituent is always 

available for selection. Second, the products of reversible reactions need to 

embed certain functionalities that can interact with external/internal selection 

pressure to access adaptation. Additionally, all the components in the dynamic 

system need to be stable during the time-frame of the experiment, and in ideal 

cases, the system is relatively iso-energetic in order to express the components 

equally. Due to these demanding requirements, the major bottleneck of CDC is 

the limited scope of usable interactions/reactions. Some important 

interactions/reactions are summarized in Table 1.1.32,33 

Table 1.1. Examples of dynamic interactions/reactions applied in dynamic systems 

Carbon-carbon bond formation 

Aldol addition 

 

Nitroaldol reaction 

 

Diels-Alder reaction 

 

Alkene metathesis 

 

Alkyne metathesis 

 

Carbon-hetero bond formation 

Imine formation 
 

Imine exchange 
 

Imine metathesis 
 

Hydrazone exchange 
 

Trans(thiol)esterificatio

n 
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Hemi(thio)acetal 

formation 
 

Thio-Michael addition 
 

Hetero-hetero bond formation 

Disulfide exchange 
 

Disulfide metathesis 
 

Boronic ester formation 

 

Non-covalent interactions 

H-bonding 

 

Metal coordination 
 

 

Selection 

The constitutional information that is stored in an equilibrated dynamic network 

can be expressed upon applying certain stimuli. This adaptive feature can be 

triggered by using internal and external factors. The internal pressure can be 

divided into two major parts – 1) self-assembly through folding and 

aggregation,34 2) phase separation by distillation,35 gelation36 and 

crystallization.37 On the other hand, the external pressure is usually a target (e.g., 

metal ion, ligand, enzyme) that interacts with the constituents, stabilizing the 

fittest substance that is subsequently amplified following the Le Chatelier’s 

principle.38,39 The selection process can be either thermodynamic or kinetic 

controlled. Under thermodynamic control, a stoichiometric amount of selector 

is generally required. Whereas under kinetic control, often only a catalytic 

amount of selector need to be applied due to continuous conversion of the fittest 

constituent into a kinetically stable product.11  

Dynamic Kinetic Resolution 
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An important application concerning the kinetic selection process of CDC is the 

dynamic kinetic resolution (DKR) mediated synthesis of chiral compounds. 

Most of the biological receptors (e.g., proteins, carbohydrates) are chiral and 

therefore generally, one enantiomer of a drug exhibits a desired pharmacological 

effect whereas the other may cause toxic side effects.40,41 Different approaches 

have been studied for accessing enantiopure substances, where enzymatic 

kinetic resolution (KR) of racemic mixtures plays an essential role in achieving 

enantiomerically pure alcohols and amines on a large scale because of the high 

enzymatic selectivity and activity.42,43 In principle, KR processes utilize chiral 

reagents or catalysts to selectively resolve one isomer. An ideal process exhibits 

dramatically different reaction rates for the different enantiomers (kfast/kslow ≥ 

20), resulting in products with high enantiomeric excess (ee ≥ 95%) and a 

maximum yield of 50% as the unreacted isomer is unutilized.44 To overcome the 

limitations in KR, an in situ racemization process of substrates would provide a 

powerful strategy, a so-called DKR process (Figure 1.3). 

 

Figure 1.3. Concepts of DKR and KR. 

In DKR, the racemization process can re-equilibrate the mixture continuously 

due to the faster consumption of one isomer, ideally transforming all starting 

materials into a single enantiopure product with theoretically quantitative yield 

at sufficiently high racemization rates (krac >> kslow).45,46 Transition metal (e.g., 

Ru, Ir and Pd) complexes as well as enzymes (e.g., racemases) controlled direct 

racemization followed by enzyme-catalyzed (e.g., lipases) resolution tandem 

procedures have been extensively studied and some have been applied in 

industry to produce enantiopure compounds (Figure 1.4b).47-52 The major 

obstacle in this approach is the compatibility issue between the racemization 

catalyst and selector.48 Instead of direct racemization of the stereocenter, it can 

also be formed by a reversible reaction, giving a dynamic covalent kinetic 

resolution (DCKR).53,54 For example, β-nitroalkanol derivatives could be 

obtained in high yield and enantiopurity (up to 92% yield and 99% ee) by 

combining a base-catalyzed nitroaldol reaction with lipase-catalyzed 

transesterification (Figure 1.4c).55 Taking advantage of DCC, the DCKR 

approach can thus select the optimal constituent from dynamic systems, a 

process referred to as dynamic systemic resolution.11,56-60 
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Figure 1.4. Examples of enantiopure compounds synthesized through KR (a42) and 
DKR (b,51 c55) processes. 

1.1.2 Motional dynamic chemistry 

Another aspect contributing to diversification and selection within dynamic 

chemistry, which is getting increasing attention, is molecular motions. 

Molecular motions are key processes in molecular motors and machines, 

sustaining the sophisticated transformation processes happening within living 

species.61-63 In dynamic chemistry, modification of (supra)molecular 

conformation or configuration upon application of various internal/external 

factors can result in morphologic changes at the macroscale. Such changes 

triggered by metal ion coordination have been well investigated in 

polyheterocyclic systems. By calculated design, extension-contraction 

processes can be accessed in such systems, wherein repeated heterocyclic 

groups act as the folding/unfolding codons. Upon application of the appropriate 

metal ions, the initial extended strands can contract and form helical 

conformations, or vice versa.64-69 Additionally, controlling the molecular 

motions on surfaces and in solid materials can affect the electronic,70,71 

optical,72-74 mechanical75-77 and interfacial78-80 properties. 

On the other side, insights from bio-machinery provide chemists the basic 

requirements and mechanisms for achieving repetitive and directional motions 

at the nanoscale. The field of artificial molecular machines has experienced a 

spectacular development over the last quarter century, realizing a great number 

of elegant (non)interlocked structures that enable controlled translational and 
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rotational motions.13,17,81-86 In contrast with the Brownian motion, two or several 

distinct geometries interconverting reversibly can be obtained by the operation 

of molecular machines.87 

In particular, configurational switches have been extensively employed in 

molecular systems to implement well-defined structural motions and transitions. 

Upon application of physical or chemical stimuli, for instance light, pH or redox 

changes, and metal ions, the different configurational isomers can be obtained 

through a set of geometric changes. One major aspect for determining 

applicability of a molecular switch is whether a selective and controllable 

forward and backward switching process can be induced. Azobenzenes, 

diarylethenes, acylhydrazones, imines, and overcrowded alkenes have been 

explored and resulted in the formations of complex structures, for instance, 

molecular scissors, tweezers, and unidirectional rotors.81,82,88-95  

Feringa and coworkers recently reported a case showing how to regulate the 

helical conformations by light-induced unidirectional motion (Figure 1.5).96 It 

is known that two oligobipyridyl ligands can self-assemble into double helix 

structures under the trigger of CuI ions.97,98 By connecting oligobipyridyl ligands 

with a 360° unidirectional motor, a fully reversible multistage assembly process 

driven by light was acquired. In the forward process, stable (P,P)-trans state 

isomerizes to less stable isomer (M,M)-cis, bringing two oligobipyridyl ligands 

in close proximity and forming a P’-double metal helicate. The chirality is 

inverted to M’ by thermal transformation of less stable (M,M)-cis to more stable 

(P,P)-cis state. Finally, a light driven isomerization transforms the stable (P,P)-

cis-motor back to the (P,P)-trans-motor, disassembling the M’-double helicate 

into the monomeric form that reorganizes into the P’-type oligomeric complex.  
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Figure 1.5. Schematic representation of dynamic helicity inversion regulated by 
unidirectional motion of an overcrowded alkene. 

1.1.3 Combining multiple dynamic processes 

To generate highly versatile processes, different dynamic processes can be 

combined into a single system. In these systems, it is preferred that the dynamic 

processes are orthogonal, allowing for adaptation by suitable factors under 

thermodynamic or kinetic control separately.  

In CDC, multiple dynamic processes can be combined by integrating non-

covalent interactions with orthogonal reversible covalent reactions. The 

combination of two levels of reversible dynamics provides a powerful synthetic 

strategy accessing complex structures that are perhaps inaccessible by 

conventional covalent pathways in high yields.99-102 Typical examples include 

the formation of molecular machines,103,104 cages105 and knots106,107. The 

orthogonal dynamic covalent reactions, for instance hydrazone and disulfide 

exchange, have been implemented for operation of artificial molecular 

machines,108 such as molecular assembler and molecular walker.109-112 Leigh and 

coworkers reported a synthetic small molecule that can walk stepwise along the 

track (Figure 1.6).110 The molecular walker moves from the left side of the track 

to the middle triggered by acid-induced hydrazone exchange (step I). 
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Furthermore, the movement of the walker from middle footholds to the right-

hand side is realized by disulfide exchange in basic condition (step II).  

 

Figure 1.6. Oscillation of pH-induced migration of a synthetic molecular walker 

along a four-foothold molecular track. Step I: hydrazone exchange; Step II: disulfide 

exchange, Intermediates are showed in dashed box. 

Apart from synthesis, CDC has been widely explored in materials science. 

Exploitations of non-covalent interactions and/or covalent reactions have led to 

the establishment of a large variety of stimuli-responsive polymers113-115 and 

gels,116,117 which possess intriguing functional properties involving self-

healing,118 shape-memory,119 pollutant removal,120 sensing121 and aggregation 

induced emission (AIE).122  

On the other hand, integration of various dynamic processes in one system 

provides a pathway for the studies of systems chemistry.10,123,124 The dynamic 

interconnections on non-covalent, covalent and motional levels in principle can 

lead to generation of complex systems where the constitutional, configuration 

and conformational dynamics may co-exist. The adaptive feature of such system 
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allows for the searching of the optimal receptor,125,126 bioactive substance,127-130 

catalyst131-133 towards the applied target. Lehn and coworkers reported a series 

of multiple dynamic processes based on the C=N bond in imine and 

hydrazones.18,125,134-136 In one case, the configurational E/Z-isomerization can be 

controlled through a photochemical or thermal process and the constitutional 

exchange with hydrazine can be catalyzed by acid.134 This dual-dynamics 

presents a closed process, which can be locked/unlocked by metal-ion 

coordination (Figure 1.7). This system provides a strategy for short- (molecular 

states) and long-term (new constituents) information storage.  

Figure 1.7. A triple-dynamic process involved in a hydrazone system in response to 

physical stimuli (light, thermal) and chemical stimuli (hydrazine and Zn2+).134 

1.2 Dynamic Enamine Chemistry 

A group showing great potential for application in multiple orthogonal dynamic 

processes is the enamine group. The term ‘enamine’ was coined by Wittig and 

Blumenthal in 1927 as a nitrogen analog of the enol and consists of a C=C bond 

conjugated with an amino substituent.137 Mannich and Davidsen reported the 

first general preparation method of enamines in 1936 by condensation of 

carbonyl compounds with secondary amines.138 This field, however, did not 

draw considerable attention until the 1950s when Stork and coworkers’ 

pioneered work on alkylation and acylation of carbonyl compounds proceeding 

through the enamine intermediate.139-141 Starting from their contributions, 

enamine chemistry has nowadays become an extremely useful tool in organic 

synthesis.142-147  

Structurally, enamines are α,β-unsaturated amines with the lone pair of the 

amino group able to conjugate with the alkene group. Enamines can be classified 
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as primary, secondary, or tertiary depending on the number of hydrogen atoms 

on nitrogen (Figure 1.8a), which is in analogy to regular amines.148 The majority 

of enamines are tertiary. This type of enamine can be easily obtained through 

condensation of aldehyde or ketone with secondary amines by removal of the 

generated water. However, the isolated tertiary enamine is quite liable towards 

water due to reversibility of this reaction, limiting further applications. Primary 

and secondary enamines bearing at least one proton on nitrogen tend to 

tautomerize to form the corresponding thermodynamically favored imine 

isomer. Extensive studies have shown that this tautomerization can be prevented 

by introduction of an unsaturated electron withdrawing group (EWG) (e.g., 

carbonyl, nitro and nitrile) on the β-carbon side, shifting the tautomeric 

equilibrium nearly completely towards the enamine. This shift in preference of 

the enamine tautomer over the imine is likely due to the intramolecular H-

bonding stabilization between the amino hydrogen atom and the heteroatom 

(Figure 1.8b).149-154 These functionalized enamines (e.g., enaminones, 

enaminitriles, enamides and nitroenamines) are stable and known as versatile 

reactive intermediates for synthesis of chiral amines, heterocyclic scaffolds, 

natural products and bioactive molecules.152-156 

 

Figure 1.8. Enamine classification and imine-enamine tautomerization process.  

Overall, delocalization of the lone pair from the amino group to the C=C bond 

enables the nitrogen atom and β-carbon atom to present nucleophilic character 

while the α-carbon atom exhibits electrophilicity. Additionally, this lone pair 

allows the enamine nitrogen to act as a metal coordination and cation sensing 

center as well. Finally, the acidic proton in secondary enamines provides 

stabilization possibility through H-bonding, resulting in a highly diverse 

chemical bond (Figure 1.9). 
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Figure 1.9. Schematic illustration of versatility of enamines containing an electron 
withdrawing group. 

This versatility equips the enamine derivatives with an attractive dual-dynamic 

nature with the possibility for: 1) configurational dynamics – controlled by 

physical or chemical factors (e.g., thermal-, photo- or pH- activated E/Z 

isomerization), in conjunction with 2) constitutional dynamics (exchange of the 

amine or carbonyl component through amine-enamine exchange reactions). 

1.2.1 Configurational dynamics of enamines 

Numerous examples have been observed of the tendency of enamines to undergo 

E → Z isomerization around the C=C bond under sometimes unexpectedly mild 

conditions. Many factors including substituents, solvent polarity, temperature, 

water content and concentration, can affect this process, generally resulting in a 

mixture of E/Z-isomers in solution.157-162 Traces of acid in solvent has been 

shown to significantly accelerate the isomerization process, which most likely 

proceeds through an iminium intermediate (Figure 1.10).163-165 Therefore, these 

compounds necessitate not only great care in handling, but also the 

establishment of configurational homogeneity prior to use of enamine E-

isomers. EWG containing primary/secondary enamines, for example 

enaminones, provide a good model for investigation of the enamine switching 

property due to the high stability of its Z-isomer (intramolecular H-bonding 

effect). Efforts on regulating configuration from one state to another have been 

exploited under external factors, however, the results usually show a small 

increase in fraction of one isomer without accomplishing a complete 

forward/backward switching process.166 To allow efficient configuration 

dynamics of enamines, clever design and suitable triggers are of high interest. 

 

Figure 1.10. Acid -assisted enamine isomerization process. 
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1.2.2 Constitutional dynamics of enamines 

As mentioned previously, the enamines can not only undergo configurational 

change, but also experience reversible formation and exchange with amines or 

carbonyl compounds (Figure 1.11). Literature studies reveal that constitutional 

enamine dynamics have not been well explored in the field of CDC. The first 

example in literature employed transenamination as a pathway for preparation 

of 2-pyridylenamines.167 Reversible enamine formation between free amines 

with β-keto ester functionalities recently was implemented in the formation of 

dynamic polymeric gels in aqueous media, where the enamine bond works as 

the crosslinks.168-171 De and coworkers demonstrated that dynamic enamine 

bonds in the gel network are pH reversible, decomposing in acidic condition and 

reforming in basic conditions. 169 The reversible gel-sol phase transitions could 

be performed for eight cycles by regulating the pH. Mao’s group reported a 

polysaccharide hydrogel based on dynamic enamine bonds showing an excellent 

self-healing behavior without external stimuli, good stability under 

physiological conditions as well as pH responsivity.171 Besides in dynamic gels, 

enamine bonds were also implemented in self-assembly experiments, either in 

the process of CO2 binding with a dynamic system formed from primary amines 

and a tri-aldehyde172 or in the dynamic formation of capsules between 

tetraformylresorcin[4]arene and peptides173.  

 

Figure 1.11. Exchange reactions of aldehyde enamines: (a) reversible formation; (b) 
amine-enamine exchange; (c) aldehyde-enamine exchange. 

Apart from reversible formation of enamines, the dynamic enamine exchange 

reaction was utilized in single-chain polymer nanoparticle preparation by 

substituting n-butylamine with ethylenediamine to form di-enamine crosslinks, 

inducing a pH responsive structural conversion from linear chain polymers to 

particles.174 Additionally, our group previously reported that Lewis acidic BiIII 

and ScIII can efficiently catalyze the amine-enamine exchange reaction for 

generation of dynamic enamine systems. In these systems, the equilibria could 
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be reached within hours under catalytic conditions (2 mol%), showing a 

comparable capability of generating constitutional dynamic systems as other 

reversible C‒N bonds, such as imines. In certain cases, the exchange rates were 

more than 300 times enhanced in comparison to the uncatalyzed reactions.175  

1.3 Contents of This Thesis 

This thesis broadly concerns the investigation of constitutional and motional 

dynamic chemistry.  

Chapter 2 delineates the asymmetric synthesis of enantiopure 1,3-oxathiolane 

derivatives through a DCKR process. These derivatives are key intermediates 

for asymmetric synthesis of anti-HIV pharmaceuticals (e.g., lamivudine), which 

is shown here to be obtained through a simple multi-enzymatic protocol.  

Chapter 3 focuses on the motional dynamic studies of multi-controlled enamine 

configurational switches. Precise control of complete forward and backward 

switching process could be exerted upon external stimuli. These switches exhibit 

specific sensing ability for CuII ion in solution indicated by a fluorescence ‘turn-

on’ effect. Additionally, certain enamines exhibit a switchable aggregation 

induced emission effect, which is applied for sensing acid/base vapors in solid 

states, and in the synthesis of a switchable fluorescent organogelator. 

Lastly, chapter 4 is concerned with the constitutional dynamic enamine 

exchange based on the enamine-ester type molecular switch from chapter 3. The 

dynamic enamine exchange reactions occur smoothly in conjunction with 

configurational switching process under catalytic acidic conditions, resulting in 

a dynamic system consisting of four-isomeric enamine species. The dynamic 

process is able to be turned-on/off by controlling the switch status through 

regulation of pH in the system. 
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2.  
Enzyme-catalyzed Dynamic Covalent 

Kinetic Resolution for Synthesis of 
Enantiopure 1,3-Oxathiolane 

(Paper I-II) 

 

This chapter discusses the formation of asymmetric 1,3-oxathiolane derivatives 

using enzyme-catalyzed dynamic covalent kinetic resolution (DCKR). The 

unique selectivity of enzymes upon application of certain condition allows for 

the tunable chirality control towards the asymmetric formation of stereocenters. 

Herein, the dynamic formation, solvent dependent hydrolysis, and multi-

enzymatic cascade protocol for the synthesis of enantiopure drug precursors are 

described. 

2.1 Introduction 

Chiral compounds occupy an important position in the pharmaceutical and 

agrochemical industry. Biological receptors are found in only one of many chiral 

forms in living systems to which different enantiomers of a drug often bind 

differently, resulting in pharmacological and perhaps toxicological effects. This 

difference did not draw attention until the thalidomide scandal in the 1960s. 

Thalidomide is a chiral molecule (Figure 2.1), which was sold as racemate for 

alleviation of morning sickness in pregnant women. However, it was found later 

only its R-form acts as a sedative agent, whereas the S-form is teratogenic, with 

the usage of racemic mixture leading to thousands of infants born with 

phocomelia.176 Since then, the investigation of enantiopure drugs has been 

deemed as a standard requirement in pharmaceutical industry.177 Therefore, the 

development of novel and efficient processes for the synthesis of enantiopure 

molecules has become a rapid-growing field in organic chemistry.  

 

Figure 2.1. Structures of R- and S-thalidomide. 

A key functional group in the formation of pharmaceuticals is the chiral alcohol. 

Among all the synthetic efforts for enantioselective preparation of alcohols, 
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enzyme-catalyzed kinetic resolution (KR) of racemic mixtures is the most 

common way used in industry due to its great advantages in terms of 

environmental benignity, high selectivity and activity.178-181 Two general ways 

for obtaining chiral alcohol derivatives are enzymatic acylations in organic 

solvents and hydrolysis in aqueous media (Figure 2.2). The acylation reaction 

utilizes enzyme to resolve racemic alcohol mixtures by selectively acylating the 

hydroxyl group of a single enantiomer. The reaction is carried out in non-

aqueous solutions in presence of acyl donor. Due to the reversible nature of this 

transesterification process, the acyl donor is generally a highly activated ester or 

enol ester to push the reaction towards the formation of the acylated product.182 

On the other hand, enzymatic hydrolysis is a process for resolution of the ester 

racemate. The ester C−O bond of one enantiomer is specifically cleaved by 

enzyme upon addition of water, affording the enantioenriched alcohol.  

 

Figure 2.2. Concepts of enzyme-catalyzed kinetic resolution of (a) esterification and 
(b) hydrolysis for the purification of enantiopure secondary alcohols. 

Of all the enzymes that have been employed for enantioselective synthesis of 

alcohols, lipases and serine proteases are amongst the most used types. As sub-

classes of hydrolases, lipases [EC 3.1.1.3] and serine proteases [EC 3.4.21.X] 

share the serine hydrolase mechanism, which utilizes a catalytic triad that 

contains a serine-histidine-aspartate(glutamate) coordinated structure. In such 

catalytic motifs, the H-bonding between the acidic aspartate and the imidazole 

group of the histidine leads to a significant increase in the histidine pKa. As a 

result, the activated histidine can enhance the nucleophilicity of the serine. To 

exemplify the mechanism of action, the catalytic cycle of the lipase hydrolysis 

process is illustrated (Figure 2.3). During the catalytic cycle, the serine hydroxyl 

group attacks the carbonyl carbon of an incoming ester substrate promoted by 

release of its proton to histidine, generating a tetrahedral intermediate. This 

intermediate rearranges into an acylated enzyme and releases the alcohol 

product. The acyl-enzyme intermediate is further attacked by water to form a 

new tetrahedral intermediate. In the final step, the carboxylic acid product is 

released, and the catalytic triad returns to its native state. In addition, the 

‘oxyanion hole’ that is a pocket consisting of several backbone amides stabilizes 
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the negatively charged tetrahedral intermediates, lowering the activation energy 

and promoting the catalysis.  

 

Figure 2.3. Mechanism of lipase-catalyzed hydrolysis of ester. 

Among all the substrates, secondary alcohols are the most common substrates 

in enzymatic KR. Towards asymmetric preparations of acyclic secondary 

alcohols, it has been found that lipases and serine proteases exhibit opposite 

stereoselectivity in many resolution processes. One reasonable explanation of 

this difference in stereoselectivity is that the catalytic triads of lipases and serine 

proteases are approximately mirror images.183,184 Based on the size of 

substituents at the stereogenic center, Kazlauskas and coworkers formulated an 

empirical rule for prediction of the fast-reacting enantiomer (“Kazlauskas 

rule”).184-187 As illustrated in Figure 2.3, lipases favor the enantiomer with the 

large substituent (L) such as phenyl and a medium substituent (M) such as 

methyl in one conformation, whereas the protease subtilisin favors the opposite 

geometry. Although it started as an empirical model, Kazlauskas’ rule has 

witnessed high predicting accuracy and been rationalized by other studies (e.g., 

X-ray crystallography).188-190 
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Figure 2.4. “Kazlauskas rule” for prediction of the fast-reacting enantiomer in lipase-
or subtilisin-catalyzed secondary alcohol acylation reactions, L and M represents 

large- and medium-sized substituents. 

Nevertheless, enzymatic KR, as other resolution techniques, has a major 

limitation, which is the maximum yield of 50% while retaining a high ee. This 

drawback can be circumvented by introducing an additional racemization 

process of the starting materials, turning the process into a dynamic kinetic 

resolution (DKR). Racemization of alcohols in the enzymatic DKR process 

could be achieved through various pathways. In particular, several dynamic 

covalent reactions have been shown in generating dynamic systems containing 

racemic mixtures of alcohols. Followed by kinetically enzymatic resolution 

process, highly specific structural- and stereo-amplifications of single 

enantiomer can be obtained. The dynamic systems can be generated by for 

example Henry,56 thia-Michael-Henry,60 cyanohydrin53 and hemithioacetal54,191-

193 reactions.  

As illustrated in Scheme 2.1, dynamic formation of hemithioacetals combined 

with an intramolecular enzyme-catalyzed lactonization reaction have been 

employed in obtaining chiral 1,3-oxathiolane derivatives (4). These five-

membered 1,3-oxathiolanes are key intermediates for asymmetric synthesis of 

anti-HIV agent lamivudine through a Vorbrüggen coupling reaction in the C-5 

position.194 In the Vorbrüggen coupling process, an oxonium ion intermediate is 

formed, eliminating the chirality of the C-5 position on the 1,3-oxathiolane ring. 

Therefore, the enzymatic selectivity for the C-2 position is the only concern 

during the DCKR process.  

 

Scheme 2.1. CAL B-catalyzed synthesis of 1,3-oxathiolan-5-ones through the 
dynamic hemithioacetal reaction. 
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Previously, our group reported an efficient three-step synthesis of lamivudine 

(Scheme 2.2, 8a), where a surfactant-treated subtilisin Carlsberg (STS, Protease 

from Bacillus licheniformis) was employed as resolving agent. In THF, 

enantioenriched ((2R)-5-acetoxy-1,3-oxathiolan-2-yl)methyl acetate (7a) could 

be obtained from two achiral starting materials at 4 °C for 2 d. Whereas, the 

enantiomer (8b) of lamivudine was accessible by replacing STS with Candida 

antarctica lipase B (CAL B) that catalyzed the formation of enantioenriched C-

2(S) intermediate 7b. These results represent a flexibility in controlling the 

asymmetric formation of five-membered oxathiolane derivatives. Nevertheless, 

for further development of these transformations, the origin of their 

enantioenrichment effects is an interesting target for studies. The related 

mechanistic investigations are elucidated in the following section. 

 

Scheme 2.2. Synthesis of lamivudine (8a) and ent-lamivudine (8b) through enzyme-
catalyzed DCKR protocols. 

2.2 Enzyme Selectivities in Asymmetric Synthesis of 1,3-
Oxathiolanes 

The DCKR processes for asymmetric formation of enantioenriched isomers 7a 

and 7b is illustrated by Scheme 2.3. The stereogenic centers on C-2 and C-5 

positions possessing different hydroxyl groups are first formed giving racemate 

9. Enzymatic resolution of intermediate 9 can proceed through two separate 

monoacylated intermediates 10 or 11. In principle, either primary- or secondary-

hydroxyl group could be selectively acetylated, resulting in the formation of 

non-interconverting stereocenters. Pathway I illustrates the first acetylation step 

occurring on the secondary alcohol, which has been considered more favorable 

over primary hydroxyl group in most of enzymatic-KR processes.195,196 

However, enzyme-catalyzed selective acylation of primary alcohols has been 

shown in a wide variety of cyclic substrates, for example carbohydrates and 

nucleosides.197 Therefore, in pathway II, initial acetylation of the primary 

alcohol could be reasoned for the resolving step, wherein the adjacent 1,3-
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oxathiolane ring can act as a complementary ‘chiral’ center fitting the enzyme 

active site during the enzyme-substrate recognition process. 

Scheme 2.3. Two possible pathways for asymmetric synthesis of acetylated 1,3-

oxathiolane 11 by enzymatic DCKR protocols, where acyl donors and enzymes 

were applied in the resolution process. 

However, experimental results excluded the acetylation of primary –OH group 

as determining factor for the enantioenrichment. First, in the STS-catalyzed 

DCKR process (Scheme 2.4), apart from the enantioenriched di-acetylated 

product 7a, mono-acetylated intermediate 11 could be isolated from the reaction 

mixture in a small amount. The hemiacetal –OH was acetylated under basic 

condition to afford a stable compound. Chiral HPLC chromatography revealed 

a racemic nature in the product 7-rac, evidencing that no enantioenrichment of 

the C-2 position occurred during formation of compound 11. Second, a control 

experiment was carried out using the same starting materials 5 and 6 under the 

same reaction conditions, but with no addition of enzyme. In this case, no 

product could be obtained, indicating that the initial enzymatic acetylation of the 

primary alcohol in compound 9 is not stereoselective.  

Scheme 2.4. Formation of monoacetylated intermediate 11 and its subsequently 

acetylation for chiral HPLC analysis. 

On the other hand, by changing the starting material 5 to benzoylated aldehyde 

12 (Scheme 2.5), high ees of compounds 13a and 13b could be obtained with 

opposite stereoselectivity upon application of either STS or CAL B as a 

resolving enzyme. These results demonstrated that acetylation of the C-5 

position determines the overall stereochemical outcome of the process. 
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Scheme 2.5. Enzymatic DCKR processes for asymmetric synthesis of compounds 
13a and 13b using benzoyl-protected aldehyde 12. 

Based on the above results, an enzyme-catalyzed resolution pathway could be 

formulated (Scheme 2.6). First, the acyl donor reacts with enzyme, leading to 

the acyl-enzyme intermediate. This acylated enzyme favors acylation of the 

primary alcohol in diol 9, and catalyzes the transesterification to monoester 11 

in a nonstereoselective fashion. Following the lipase-catalytic mechanism (ping-

pong mechanism), the enzyme is liberated and acylated again. The second acyl-

enzyme intermediate then catalyzes the asymmetric acylation of the hemiacetal 

alcohol on monoester 11, resulting in the enantioenrichment in compounds 7a 

and 7b. 

 

Scheme 2.6. Proposed pathway for enzyme-catalyzed asymmetric formation of 1,3-
oxathiolane derivative. 

2.3 Elucidation of C-5 Configuration on the 1,3-Oxathiolanes  

For the enzymatic asymmetric synthesis of lamivudine and its enantiomer (cf. 

Scheme 2.2), the absolute C-2 configuration of STS- and CAL B-catalyzed 

products (7a and 7b) was determined by comparing the chiral HPLC spectra 

between the final products and commercial lamivudine. On the other hand, the 
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enzyme stereoselectivity for the C-5 position remains unclear because the 

chirality of the stereogenic center is eliminated in the Vorbrüggen coupling step. 

The famous empirical “Kazlauskas rule” has been extensively studied in 

prediction of the enzymatic stereoselectivity of secondary acyclic alcohols; 

however, no definite stereoselectivity about hemiacetal substrates can be drawn. 

Therefore, identification of the absolute configuration of the C-5 position will 

provide valuable information, resulting in a more comprehensive understanding 

on enzymatic synthesis of cyclic drug precursors. 

To identify the absolute configuration of the 1,3-oxathiolane derivatives, 

NOESY was chosen for analysis of the spatial correlations between protons on 

the C-2 and C-5 positions. However, in the spectra of enantioenriched 

compounds 7a, 7b, 13a and 13b, there were no clear cross peaks observed, most 

likely due to the high flexibility of the oxygen-containing five-membered 

heterocycles.198-200 Nevertheless, the conformational rigidity of the 1,3-

oxathiolane ring could in principle be increased for enhancement of NOESY 

signals through suitable modification of its substituents. In comparison to the 

acetyl or benzyl protected hydroxyl groups, a larger bulky ester on either the C-

2 or C-5 positions of the oxathiolane ring can increase the proton repulsion 

through space. This could be achieved by selective hydrolysis of one ester on 

compound 7 followed by acylation with a sterically more demanding acyl group. 

Hydrolysis of the ester on the C-5 position was excluded because of formation 

of a less stable hemiacetal. On the other hand, the STS-catalyzed processes 

demonstrated a faster acylation process of the primary alcohol than of the 

hemiacetal. Therefore, the ester on the C-2 position was targeted for selective 

hydrolysis. This hydrolytic reaction could be realized by lipase-mediated KR, 

which generally gave a higher selectivity in comparison to the conventional 

chemical transformation. Thus, a CAL B-catalyzed hydrolysis process was 

realized (Scheme 2.7). 

 

Scheme 2.7. CAL B-catalyzed enantioselective hydrolysis. Reagents and 
conditions: (ia) PBS/toluene, CAL B, 77%; (ib) PBS/THF, CAL B, 86%; (ii) Ac2O, 

Et3N, DCM, 91%. 
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First, in a 1:1 (v/v) phosphate-buffered saline (PBS)/toluene biphasic system, 

the C-2 ester of racemate 7-rac was regioselectively hydrolyzed in the presence 

of CAL B. The chirality of hydrolyzed product 10a was determined by HPLC 

analysis of its acetylated compound 7c. By comparing the related chiral HPLC 

chromatograms, the peaks could be assigned, where compounds 7a and 7b are 

a pair of enantiomers in the racemic mixture 7-rac, and 7c belongs to another 

pair of enantiomers with 68% ee (Table 2.1, entry 1). 

 

Figure 2.5. Chiral HPLC chromatogram of racemate 7-rac. 

Subsequently, several organic solvents were tested. Replacing toluene with THF 

in the biphasic system for hydrolysis resulted in a different diastereomer 10b 

with C-2(R) configuration. Its acetylated compound matched the STS-catalyzed 

product 7a with excellent diastereo- and enantio-selectivity (Table 2.1, entry 3). 

Reactions carried out in the non-polar solvent TBME resulted in the same 

amplified isomer as observed in the toluene-mediated hydrolysis but with lower 

diastereomeric ratio (dr) and ee (Table 2.1, entry 2). More polar solvents (DMF 

and DMSO) did not yield any products. Solvent-dependent selectivity in 

enzyme-catalyzed hydrolysis processes have been shown in many cases.201-203 

Despite the absence of a detailed mechanism, a reasonable interpretation is that 

the polarity of solvent can dramatically change the conformation of an enzyme’s 

active site, leading to the formation of different isomers. In addition, the 

essential water shell maintaining the enzyme activity is perhaps dissolved by 

DMF and DMSO, resulting in denaturation of the enzyme and the observed 

absence of product formation. 

Table 2.1. Solvent effect in CAL B-catalyzed hydrolysis of racemate 7-rac.[a]  

Entry Solvent dr[b] ee (%)[c] Yield (%) [d] 

1 PBS/toluene 14.9:1 68 77 

2 PBS/TBME 11.5:1 59 72 

3 PBS/THF <1:99 >99 86 
[a] Reaction conditions: compound 7-rac (2.1 mmol), biphasic solvent 5 mL, CAL B (50 mg), 

overnight; [b] Estimated by 1H NMR spectroscopy from the isolated diastereomeric mixture; [c] 

Estimated by chiral HPLC spectroscopy (Chiral-OJ column) using hexane:2-propanol (90:10) as 

mobile phase; [d] Isolated yield. 

With the primary alcohol in hand, compound 10a was acylated with anthracene-

9-carbonyl chloride 14 to provide compound 15 (Scheme 2.8). The rationale was 



26 

 

that in case 10a had a cis configuration, the repulsion between the bulky 

anthracene plane and the acetyl group in the C-5 position would be significantly 

increased. The NOE spectra showed, however, only a very weak correlation 

between Ha and Hb, indicating a possible cis configuration. To further verify this, 

Hc and Hd were selectively saturated as bridge protons. As illustrated by Figure 

2.6, Hd exhibited clear correlations with both Ha and Hb whereas Hc only showed 

a correlation with Ha. According to the integral of Ha, the signal corresponding 

to the saturated Hd was sufficiently larger than that obtained when saturating Hc, 

indicating the cis-configuration between Ha and Hd. Thus, Ha, Hb and Hd were 

in the same plane, leading to the conclusion that compound 15 as well as 

compound 10a were of cis-configuration. Furthermore, through Vorbrüggen 

coupling and deprotection reactions, compound 7c was converted into the 

nucleoside, which was identified as ent-lamivudine 8b. Therefore, the 

configuration of compound 10a was identified as C-(2S,5R). 

 

Scheme 2.8. Synthesis of compound 15 for NOESY analysis.

 

Figure 2.6. 1H NMR (a) and NOESY spectra (b, c) of compound 15. 
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Based on NOESY and chiral HPLC studies, the enzymatic selectivities in the 

DCKR process as well as the reverse KR hydrolysis of di-acetylated 1,3-

oxathiolane derivatives were eventually determined (Figure 2.7). In the DCKR 

processes (cf. Scheme 2.2), trans-1,3-oxathiolane rings were formed in both 

cases. STS showed the R-selectivity (7a) for acetylation of cyclic C-5 

hemiacetal whereas CAL B favored the S-selectivity (7b). In the CAL B-

catalyzed hydrolysis (cf. Scheme 2.7), cis-isomer 10a was amplified in 

PBS/toluene mixture while the trans-isomer 10b was the exclusive product 

formed in PBS/THF. 

 

Figure 2.7. Products of STS- and CAL B-catalyzed DCKR preparation and CAL B-
catalyzed hydrolysis of 1,3-oxathiolane heterocycles. 

2.4 Attempts for Asymmetric Synthesis of Enantiopure (2R,5R)-
1,3-Oxathiolane through Multi-Enzymatic Protocol 

With the correct enantioenriched isomers 13a and 7a in hand, it is worthy to 

resolve them to obtain an enantiopure (2R)-1,3-oxathiolane derivative, which is 

crucial for the synthesis of lamivudine. Conventional KR processes focus on 

resolving racemic mixtures that have a single stereocenter, resulting in a 

maximum 50% yield while keeping a good ee. However, expanding the scope 

to resolve a racemate containing two chiral centers, would at most provide 25% 

overall yield. Therefore, dynamic resolution of enantioenriched isomers is 

expected to provide better yield in comparison to the conventional KR of 

racemic mixture. CAL B selectively provides the exclusive (2R,5R)-isomer from 

the racemic mixture 7-rac in a PBS/THF mixture, therefore, it is expected that 

the enantioenriched isomer 13a with higher ee would give access to even better 

results. 

First, racemic mixture 13 (Figure 2.9) was employed for hydrolysis in a 

PBS/THF biphasic system in the presence of lipases from Candida rugosa 

(CRL), Burkholderia cepacia I (PSC I) or CAL B. Chiral HPLC analysis 

showed that CAL B resulted in an amplification of isomer 13a, indicating that a 

selective hydrolysis of either the benzyl- or acetyl ester occurred. Furthermore, 

the enantioenriched isomer 13a was prepared204 and hydrolyzed upon 
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application of CAL B in PBS/THF. It was observed that compound 13b (cf. 

Scheme 2.5) was eliminated completely, giving rise to an excellent ee of 

compound 13a (>99%). However, another diastereomer 13c coexisted with 13a 

in a ratio of 1:4. To identify the configuration of minor isomer 13c, it was 

converted to their respective nucleosides by conventional lamivudine synthesis 

(Vorbrüggen coupling and deprotection). By comparing the chiral HPLC 

chromatograms between the product and lamivudine reference, the product 

consisted of ent-lamivudine 1b and lamivudine 1a with the ratio of 1:4 as well. 

This indicated that the remaining isomer (13c) possessed the C-2S configuration, 

which is the opposite configuration required for lamivudine synthesis. Due to 

the diastereomeric nature of products 13a and 13c, they consisted of the same 

C-5 stereocenter. According to the results in Figure 2.7, the configuration of 

isomer 13a prepared with STS was most likely C-(2R,5R), thus isomer 13a had 

a C-5R configuration. Therefore, rather than affecting the benzoate ester on the 

1,3-oxathiolane, CAL B probably selectively hydrolyzed the secondary C-5(S)-

ethyl ester,205-209 which is the major product in the CAL B-catalyzed formation 

process.  

 

Figure 2.8. Structures of (5-acetoxy-1,3-oxathiolan-2-yl)methyl benzoate (13), 
((2R)-5-acetoxy-1,3-oxathiolan-2-yl)methyl benzoate (13a) and ((2S)-5-acetoxy-1,3-

oxathiolan-2-yl)methyl benzoate (13c). 

 

Figure 2.9. Chiral HPLC chromatogram of racemate 13. 

To obtain the enantiopure (2R)-isomer, isomer 7a was obtained by an STS-

catalyzed DCKR process. Compound 7 was obtained as a mixture consisting of 

four diastereomers, in which isomer 7a was obtained with a 50% ee. CAL B was 

subsequently used to hydrolyze mixture 7 in PBS/THF (1:1). Selective 

hydrolysis of the acetate at the C-2 position was observed, resulting in the 

enantiopure primary alcohol 10b (Scheme 2.9), which was acetylated to form 

compound 7a for 1H NMR spectroscopy and chiral HPLC analysis. The results 

showed an excellent dr (33:1) and ee (>99%) of compound 10b was obtained. 
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These results indicate that CAL B-catalyzed the regio- and stereoselective 

hydrolysis of C-(2R)-ester as well as the C-(5S)-ester, resulting in the formation 

of exclusive isomer 10b. 

 

Scheme 2.9. STS-CAL B-catalyzed stepwise and cascade synthesis of compound 
10b; (i) phenyl acetate, STS, Et3N, THF, 4 °C; (ii) CAL B, PBS/THF, rt. 

With the optically pure isomer in hand, different parameters were examined for 

optimization of the STS-CAL B-mediated enzymatic protocol. In the first step, 

when toluene was used as solvent, both the ee and yield decreased significantly 

compared with those in THF. However, prolonging the reaction time from 2 d 

to 4 d could slightly improve the yield at the cost of the ee which dropped from 

57% to 42%. Increasing the STS loading did not influence the reaction 

significantly (Table 2.2).  

Table 2.2. Optimization of STS-catalyzed DCKR conditions.[a] 

Entry Time STS (mg) Solvent dr[b] ee (%)[c] Yield (%)[d] 

1 2d 15 Toluene 2.6:1 19 7 

2 1d 30 THF 3.7:1 57 16 

3 2d 15 THF 4.0:1 50 46 

4 3d 15 THF 3.5:1 46 49 

5 4d 15 THF 4.0:1 42 49 

6 2d 30 THF 4.0:1 48 45 
[a] Reaction conditions: compound 5 (0.12 mmol), compound 6 (0.16 mmol), Et3N (0.13 mmol), 

phenyl acetate (0.71 mmol), 4 ℃; [b] Estimated by 1H NMR spectroscopy from the isolated racemic 

mixture; [c] Estimated by chiral HPLC spectroscopy (Chiral-JM column) using hexane:2-propanol 

(90:10) as mobile phase; [d] Isolated yield. 

In the cascade hydrolysis step, THF was proven an optimal solvent compared 

with TBME and toluene, and was thus employed as the solvent for both 

processes. The cascade enzyme-mediated synthesis of enantiopure 1,3-

oxathiolane derivatives was established. Compounds 5 and 6 firstly were reacted 

at 4 ℃ in the presence of STS for 2 d, at which time the solids were removed by 

filtration. PBS buffer and CAL B were subsequently added to the filtrate, and 
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the mixture left at ambient conditions overnight. After purification by column 

chromatography, compound 10b could be obtained in 50% yield and >99% ee. 

This DKR-KR protocol for the formation of enantiomerically pure (2R,5R)-1,3-

oxathiolane derivative indeed showed advantages in, for example, reducing 

synthetic steps and increasing the final yield in comparison to the traditional KR 

processes.  

Due to the importance for practical applications, the reusability of the enzyme 

was furthermore tested. To examine the reusability of STS, experiments were 

performed under the same reaction conditions as in entry 2 in Table 2.2. After 

each cycle, the enzyme was separated by filtration and subsequently added to 

the new reaction vial for the next cycle. At least five consecutive cycles were 

carried out, and STS proved highly reusable to the addition-cyclization-

acetylation reaction without any significant loss of activity. 

2.5 Conclusion 

In this chapter, our studies of the enzymatic selectivities in asymmetric 

formation of 1,3-oxathiolane derivatives by enzymatic DCKR processes have 

been described. The chirality-controlling step was identified as the acetylation 

of the hemiacetal after formation of the cyclic intermediate. Chiral HPLC and 

NOESY analysis were used to determine the absolute configuration of a 

modified 1,3-oxathiolane compound. During the identification process for the 

stereoconfigurations, a CAL B-catalyzed solvent-dependent regio- and 

stereoselective hydrolytic KR was established for the synthesis of the modified 

compound. Additionally, a multienzymatic cascade protocol was implemented 

for the synthesis of enantiopure (2R,5R)-1,3-oxathiolane derivative by a 

hydrolytic resolution process of the enantioenriched isomer. This tandem DKR-

KR protocol approximately doubled the yield in comparison to an ideally 

conventional KR of racemic mixtures. In summary, this study provides useful 

fundamental knowledge and methodology for the enzymatic asymmetric 

synthesis of nucleosides, which can be further utilized in 1,3-oxathiolane-based 

drug development. 
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3.  
Dynamic Configurational Enamine-based 

Molecular Switches 

(Paper III-VI) 

 

3.1 Introduction 

Regarding living matter as a cave rich in gems of inestimable value, the study 

of exquisite control of the dynamics over molecular and supramolecular 

architectures is, essentially, the ‘open, sesame’ to reveal its treasures, and 

enables mankind to benefit therefrom. In the course of efforts in unraveling the 

abilities of bio-machines, the fields of artificial molecular switches and 

machines have experienced significant development over the last few decades, 

showing very strong impact on materials and life sciences.82-84,210-212 For 

example, the chemical basis of animal vision is a light-activated cis/trans-

isomerization of an alkene moiety in an opsin-bound retinal molecule, whose 

11-cis-state (bent) is transformed into all-trans-state (linear), thereby activating 

a photoreceptor and initiating the visual signaling pathway by a molecular shape 

change (Figure 3.1).213 Similar photochemically activated switching processes 

have been exploited in many molecular systems to induce a reversible geometric 

change, resulting in a range of fascinating structures (e.g., molecular tweezers,91 

scissors92 and unidirectional rotors214) while featuring rich functional properties 

(e.g., luminescence,215 catalysis216 and bioactivity217).  

 

Figure 3.1. Space-filling model illustration of cis/trans isomerization of retinal in the 
process of animal vision. 

Bi-stability is the essence of a reversible molecular switch. Two distinct states 

of a molecule can be reversibly converted in a controlled manner in response to 

external stimuli to induce structural transition and motion (Figure 3.2). Such bi-

stable systems have been realized in two major processes (1) cis/trans 

isomerization in, for example, stilbenes,218 azobenzenes219 and overcrowded 

alkenes,94 and (2) ring opening/closing reaction in, for example, diarylethenes,89 
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spiropyrans220 and 2H-chromenes221. The applied external stimuli can be 

physical, chemical, photochemical or electrochemical, modulating properties of 

molecules bearing responsive moieties and furthermore the properties of the 

entire system at discretion. 

 

Figure 3.2. Schematic representation of a switchable bi-stable system. A and B 
represent two states of the molecules, S1 and S2 represent the different stimuli. 

In comparison with many well-addressed photo-activated switching systems, the 

chemically induced switching processes based on E/Z isomerization, as 

represented by acid/base- or metal ion-mediated hydrazone isomerization,222-225 

have been considerably less investigated. In this chapter, enamine-based 

molecular switches that employ pyridine/quinoline as ‘stators’ and primary 

amines as ‘rotors’ are presented. The complete forward/backward switching 

around the enamine type of C=C bond could be accomplished in response to 

chemical entities for the first time. The enamine switches further exhibited a 

‘turn-on’ fluorescence effect for specific detection of CuII ions in solution. 

Moreover, strong AIE effects could be recorded in the solid state of enamine-

nitrile switches, displaying the potential for applications in sensing of 

acidic/basic vapors and construction of ‘smart’ materials.  

3.2 Enamine-ester Based Molecular Switches 

3.2.1 Design and synthesis of the switch prototype 

As aforementioned in section 1.2.1, intramolecular H-bonding is crucial for 

stabilization of an enamine by preventing it from decomposition or 

tautomerization to the imine side. By introducing a short conjugated system, 

such as the HN‒C=C‒C=O(N) moiety, the enamine could be stabilized through 

a resonance assisted hydrogen bonding (RAHB) effect. Therefore, in the course 

of our effort to design the prototype of switch (EnmA1), different H-bond 

motifs (pyridine and ester) were devised on either side of the enamine C=C bond 

acting as the arbitrary ‘stator’, while a primary amine (glycine methyl ester) was 

employed for the ‘rotor’ to provide an NH moiety as the H-bond donor. 

Compound EnmA1 was prepared by heating neat ethyl 2-pyridyl acetate with 

N,N-dimethylformamide dimethyl acetal under inert atmosphere, followed by 

treatment with the primary amine in ethanol. The product was crystallized as a 

pale yellow solid in 77% yield upon cooling the reaction mixture to rt (Scheme 

3.1). In CD3CN solution, the 1H NMR spectrum of compound EnmA1 exhibited 
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two sets of signals with a ratio of 90:10. Owing to the stronger proton affinity 

of the pyridyl nitrogen atom than the ester oxygen atom, the enamine N−H 

hydrogen atom preferentially projected to the pyridine side stabilized by the 

N−H···N H-bonding. Thus, the major isomer was compound EnmA1-E, 

showing the characteristic signal of N−H proton at 10.80 ppm, whereas the 

signal of minor isomer EnmA1-Z exhibited at 8.61 ppm (Figure 3.4a).  

 

Scheme 3.1. Synthetic route to enamine EnmA1. 

3.2.2 Study of the switching process  

 

Figure 3.3. Enamine EnmA1 switching process driven by acid/base. 

The introduction of the basic pyridine moiety allowed for a potentially full 

switching procedure from the isomer EnmA1-E to the isomer EnmA1-ZH+ 

around C=C bond upon application of pH changes (Figure 3.3). The switching 

process was first investigated by 1H NMR spectroscopy. To a solution of 

compound EnmA1 in CD3CN, titration of trifluoroacetic acid (TFA) resulted in 

a gradual E → Z isomerization process. The addition of 1.0 equivalent (equiv) 

of TFA induced a downfield shift of the N−H proton signal at 8.61 ppm 

(EnmA1-Z) to 9.03 ppm (EnmA1-ZH+), whereas the chemical shifts of isomer 

EnmA1-E remained almost identical. In the meantime, this addition led to a 

reduction of E-isomer from 90% to 29%, which was associated by the rise of 

ZH+-isomer content to 71% (Figure 3.4b). These results indicate that 

protonation of the pyridine unit leads to breakage of H-bonding (N−H···N) in 

the E-isomer, thus activating the isomerization around the enamine C=C bond 

and forming the thermodynamically favored Z-isomer. An increment of the 

addition of TFA to 2.0 equiv finally resulted in a complete conversion of isomer 
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EnmA1-E to the protonated isomer EnmA1-ZH+, demonstrated by the 

disappearance of the E-isomer signals and the only presence of the set of 

EnmA1-ZH+ signals (Figure 3.4c). 

Subsequently, the backward Z → E switching process was accomplished 

through addition of base to the CD3CN solution of protonated isomer EnmA1-

ZH+. The 1H NMR spectrum revealed that addition of 2.0 equiv of triethylamine 

(Et3N) immediately restored the initial equilibrium (90:10) and chemical shifts 

of enamine EnmA1 (Figure 3.4d). This reverse switching process lasted a few 

minutes in the presence of K2CO3 (5.0 equiv) in CD3CN. 

 

Figure 3.4. 1H NMR spectra (500 MHz) illustrating the configurational E/Z-switching 
process of enamine EnmA1-E in CD3CN at 23 °C: a) Distribution of isomers 
EnmA1-E and EnmA1-Z at equilibrium. b) Partial and c) complete forward 

switching: isomerization of enamine EnmA1-E resulting in the increase of isomer 
EnmA1-ZH+ upon addition of TFA (1.0 and 2.0 equiv, respectively). d) backward 
switching: addition of 2.0 equiv Et3N restoring the original state. All experiments 

were carried out in sequence. 

In addition, the acid/base-induced E/Z-switching process of enamine EnmA1 

was studied by UV/Vis spectroscopy. In CH3CN, compound EnmA1-E showed 

three main absorption bands centered at λabs = 261, 281 and 321 nm, which 

shifted to λmax = 256, 303 and 339 nm upon treatment with 2.0 equiv of TFA and 

did not change further when the content of TFA was increased to 400 equiv. The 

sequential addition of Et3N (400 equiv) restored the original absorption bands, 

thus demonstrating a fully reversible isomerization process. 
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Furthermore, metal ions were employed to regulate the enamine switches. 

Addition of ZnBr2 to the solution of compound EnmA1-E in CD3CN could 

induce the isomerization process, leading to an increase of isomer EnmA1-Z. 

The 1H NMR spectra demonstrated that the fraction of Z-isomer increased to 

approximately 85% with 3.0 equiv of ZnII added. The N−H proton signal shifted 

upfield from 8.61 ppm to 8.33 ppm, whereas the signals of pyridyl-H6 and the 

ethyl hydrogens shifted downfield, which were more pronounced than the 

protonated isomerization process. These signal changes suggest that ZnII most 

likely coordinates with the pyridine nitrogen and the ester moieties, thus 

diminishing the H-bonding of isomer EnmA1-E and facilitating the forward 

configurational switching. The reverse process and the original equilibrium 

were achieved by the addition of a strong chelating agent – tris(2-

aminoethylamine) (TREN, 6.0 equiv).  

Besides ZnII, CuII ions also induced the forward isomerization process (Figure 

3.5). Evaluated by UV/Vis spectroscopy in CH3CN, enamine EnmA1-E 

isomerized to isomer EnmA1-Z upon addition of CuBr2 in analogy to the effect 

of TFA. The addition of 3.0 equiv of CuII bathochromically shifted the 

absorption bands to λabs = 303 and 339 nm, however, of lower intensities than 

for TFA. Similarly, addition of TREN (4.0 equiv) reverted the process by 

formation of a CuII−TREN complex. Along with this CuII-activated 

isomerization process, an intense, greenish fluorescence was observed, 

characterized by an emission band at λem = 500 nm under excitation at 360 nm. 

The fluorescence could be ‘turned-off’ by the backward switching process 

induced by TREN. 

 

Figure 3.5. Left: Fluorescence turn-on/off from CuII/TREN-induced isomerization of 
enamine EnmA1-E in CH3CN at 23 °C; CuII (3.0 equiv, ON), TREN (4.0 equiv, 

OFF), photographs were taken under hand-held UV light (365 nm). Right: 
Absorption spectra (solid lines) from the titration of enamine EnmA1-E (10.0 μM, 
CH3CN) with CuII (specified equivalents), as well as isomer EnmA1-ZH+ (dashed 

line, for comparison), and normalized emission spectrum (dot line) of enamine 
EnmA1-E (5.0 μM, CH3CN) treated with CuII (3.0 equiv). 
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3.2.3 Characterization of the switchable bi-states 

The two switching states were characterized by X-ray diffraction analysis. By 

slowly evaporating the solutions of original isomer EnmA1-E in diethyl ether 

and protonated isomer EnmA1-ZH+ in CDCl3, single crystals were grown and 

analyzed. The results unambiguously confirmed the absolute configuration of 

either isomer in the solid state (Figure 3.6a and 3.6b). From the crystal 

structures, it is clear that the enamine NH moiety together with the stator parts 

of both the E- and the Z-isomers are almost planar. A typical IMHB exist in 

isomer EnmA1-E between the N-H unit and the pyridyl nitrogen atom 

(N−H···N, 2.014 Å). The protonated isomer EnmA1-ZH+, on the other hand, 

exhibits two distinct H-bonding effects, one between the enamine N-H and the 

ethyl ester oxygen atom (N−H···O, 2.015 Å) and another more pronounced 

between the pyridyl N-H moiety and the ethyl ester carbonyl group (N−H···O, 

1.945 Å). 

 

Figure 3.6. ORTEP drawings of enamines a) EnmA1-E and b) EnmA1-ZH+ 
(thermal ellipsoid plots at the 50% probability level). 

Moreover, two-dimensional nuclear Overhauser effect spectroscopy (NOESY) 

experiments were conducted to determine the configurations of the isomers in 

solution over the switching process. In CD3CN, after addition of 2.0 equiv of 

TFA to enamine EnmA1-E, a proton correlation between the C=C−H and the 

pyridyl-H3’ (cf. Figure 3.4c) was observed, an effect that did not exist in neutral 

solution.  

3.2.4 DFT calculation study of the E/Z-isomerization process 

To gain more information of the switching process, quantum chemical 

calculations were performed using the Gaussian 09 package,226 with the B3LYP 

functional227 and 6-31G (d, p) basis set.228 Isomerization of enamine EnmA1-E 

to enamine EnmA1-Z under neutral condition was first studied. In regards to 

the starting isomer EnmA1-E, the Gibbs free energy of isomer EnmA1-Z was 

calculated to be 2.5 kcal/mol, which was comparable with the experimental 

results. It is worth to note that the exact configuration of the ester group in the 
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E-isomer could be neglected in the calculations due to low energy barriers for 

rotation around the C−C bond located between the enamine C=C bond and the 

ester group (9.4 kcal/mol). Similarly, the configuration of the pyridyl moiety 

(6.8 kcal/mol) or the ester group (12.4 kcal/mol) in the Z-isomer was not 

essential. 

In order to enable rotation around the enamine C=C bond in isomer EnmA1-E, 

the bond order of the enamine carbon-carbon bond should approach unity. This 

could be realized via a transition state with significant charge transfer from 

enamine to pyridine or via tautomerization to imine. However, the zwitterionic 

transition state exhibited a high-energy barrier of 32.5 kcal/mol, which was not 

possible to perform at rt. Imine EnmA1-Im1, on the other hand, could be easily 

formed with the assistance of RAHB effects, where the proton was transferred 

to the pyridine nitrogen atom through a 6-membered transition state (Figure 3.7, 

red). The following barrier of rotation around C−C bond in TS1 was 25.1 

kcal/mol, yielding a highly conjugated imine EnmA1-Im2, which then 

tautomerized to enamine EnmA1-Z. Such a similar mechanism was also 

reported in an azo-hydrazone tautomerization process.224 

 

Figure 3.7. Energy diagrams illustrating plausible E/Z-isomerization pathways of 

enamine EnmA1 under neutral (red) and acidic (black) conditions, calculated 

relative Gibbs energies (kcal/mol) of the structures are shown. 
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In acidic environment, the complete switching process was likely to proceed 

through another mechanism (Figure 3.7, black). In this case, the pyridine 

nitrogen easily accepted the proton, disrupted the IMHB effect and facilitated 

the enamine/iminium resonance to form iminium EnmA1-Im3H+. This reaction 

pathway resulted in a lower rotation barrier of TS2 (18.4 kcal/mol). The 

protonated species were additionally stabilized by alternative H-bonding 

between the pyridinium and the carbonyl groups in enamine EnmA1-ZH+ (-3.4 

kcal/mol). 

3.2.5 Modifications of rotor and stator 

 

Figure 3.8. The enamine-ester based switch system with different rotors. The stable 
isomers in solution and their protonated products are showed. 

To broaden the scope, a series of enamine switches EnmA2-EnmA14 (Figure 

3.8) employing different functional primary amines as rotors were obtained and 

examined for their switching ability (Synthesis cf. Scheme 3.1). In the 1H NMR 

spectra, similar to molecular switch EnmA1, the E-isomers of compounds 

EnmA2-EnmA14 dominated in the isomeric equilibrium (approximately from 

85% to 92%) under neutral conditions. The N−H proton signals of both the E- 

(10.83 - 14.43 ppm) and the Z- (8.70 - 11.87 ppm) isomers resonated in the lower 

field beyond the aromatic region, which clearly indicated the RAHB effect with 

the pyridyl or ester groups.229  
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The operation processes of enamine switches EnmA2-EnmA14 in response to 

acid/base were essentially the same as that of enamine EnmA1. To the solutions 

of compounds (EnmA2-EnmA14)-E in CDCl3, addition of a small amounts of 

TFA decreased the ratio of the E-isomers immediately. Addition of 2.0 equiv of 

TFA accomplished the forward switching of these compounds, except for 

compound EnmA6-E, where 3.0 equiv of TFA were required in order to 

additionally protonate the imidazole group. To these acidic solutions containing 

only ZH+-isomers, addition of equimolar or slightly excess amount of Et3N 

promoted the backward switching and rapidly restored the original equilibrium. 

All enamines showed very good stability during the switching process, including 

compounds EnmA10-EnmA14 that were lacking extra stabilization of the 

enamine NH from the methyl ester side chains.  

Furthermore, the aromatic unit of the enamine EnmA1-E stator, ethyl 2-

pyridylacetate, was replaced with different aryl systems (Figure 3.9). A full 

switching process could not be accomplished using enamine Ph-EnmA1 upon 

addition of acid/base. In CD3CN, compound Ph-EnmA1-E isomerized to 

isomer Ph-EnmA1-Z very slowly with a rate of (8.92 ± 0.27) · 10-10 M-1s-1 at rt, 

which was almost two times faster than the rate of the corresponding Z → E 

isomerization. However, the equilibrium of E/Z-isomers immediately changed 

to 27:73 after addition of 1.0 equiv of TFA, and stabilized at 33:67 even when 

the amount of TFA was increased to 10 equiv. This ratio remained unchanged 

after further addition of equimolar amounts of Et3N. The switch carrying a 4-

pyridyl stator (4Py-EnmA1) exhibited a 10:90 E/Z ratio in CD3CN, where the 

low ratio of the E-configuration could be rationalized from the lack of an 

enamine NH intramolecular H-bonding acceptor. Complete switching to 

enamine 4Py-EnmA1-ZH+ was observed after protonation. In CD3CN, the 

analog Qui-EnmA1-E exhibited a high E/Z isomeric ratio (97:3), which 

subsequently equilibrated to 95:5 after a few hours. In order to convert enamine 

Qui-EnmA1-E to its ZH+-isomer completely, 2.8 equiv of TFA was required 

due to the lower basicity of quinoline over the pyridine moiety. The backward 

switching process could be easily accomplished by addition of 3.0 equiv of Et3N.  

The modifications above demonstrate that it is essential to have a basic pH-

responsive moiety on the stator part, for example, 2-pyridyl and 2-quinolinyl 

subunits, to accomplish complete switching. The pyridine-ester stator, on the 

other hand, presents high compatibility in terms of synthesis and operation of 

the switches having different primary amines as the rotor, thus expanding the 

scope of enamine-ester-based switches.  
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Figure 3.9. The enamine-ester based switch systems having different stators. The 
stable isomers in solution and protonated products are showed. 

3.3 Enaminitrile-Based Molecular Switches 

3.3.1 Design and synthesis 

In the enamine-ester based molecular switches system, the essential driving 

force for configurational E/Z-switching upon acid/base could be attributed to the 

pH-responsive unit (pyridine or quinoline), whereas the ester group of the stator 

part was only responsible for stabilization of the Z(H+)-isomers through the 

intramolecular H-bonding. Due to this observation, the ester part was further 

replaced with a nitrile group, with the expectation to increase the content of E-

isomers under neutral conditions. 

A series of enamines that contain pyridyl/quinolinyl and nitrile groups on the 

stator part were designed and prepared (Scheme 3.2).230 Condensation of 2-

pyridylacetonitrile/2-(quinolin-2-yl)acetonitrile and trimethyl orthoformate in 

acetic anhydride formed a red oil intermediate, which was concentrated and 

reacted with the subsequently added primary amines. The products were 

obtained with isolated yields from 42% to 78%. 
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Scheme 3.2. General synthetic route of enamine-nitrile switches 

3.3.2 Characterization and operation of the switches 

In solvents, such as toluene-d8, CDCl3 and CD3CN, compounds EnmB1-

EnmB10 exhibited dominant isomers in more than 99% ratio in the 1H NMR 

spectra. These major isomers could be identified as having the E-configuration 

in terms of the C=C bond due to the broad N−H signals resonating at a very 

downfield region, for example 12.6 ppm for compound EnmB4, clearly 

demonstrating the intramolecular H-bonding between pyridine/quinoline 

nitrogen atom and enamine N−H hydrogen atom. The equilibrium ratio of the 

E/Z-isomers reached 97:3 over a few hours in CD3CN, and a slower process was 

observed in toluene-d8, indicating that enamine/imine tautomerization could be 

involved in the E/Z-isomerization process. 

Like the enamine-ester-based switches, the acid/base-activated switching 

processes of compounds EnmB1-EnmB10 were investigated by 1H NMR. 

Owing to the strong electron-withdrawing effect from the nitrile group, the 

basicity of the heterocyclic moiety was significantly decreased. Therefore, 

methanesulfonic acid (MSA) was employed for the forward switching process. 

Exemplified by compound EnmB4 in CD3CN (Figure 3.10a), addition of MSA 

gradually resulted in a new set of signals belonging to the Z-isomer, exhibiting 

the N−H proton at 9.1 ppm. Addition of 1.5 equiv of MSA completed the 

forward switching, as demonstrated by the disappearance of the isomer EnmB4-
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E signals. Further increase of the MSA content to 3.0 equiv did not change the 

resonance substantially (Figure 3.10b). The original equilibrium of the E/Z-

isomers could be quickly restored by addition of 3.5 equiv of Et3N. 

 

Figure 3.10. 
1H NMR spectra (500 MHz) illustrating the E/Z-isomerization process of 

enamine EnmB4-E in CD3CN at 23 °C. a) Isomer EnmB4-E. b) Forward switching: 
Rotation of enamine EnmB4-E C=C bond to give EnmB4-ZH+ upon addition of MSA 

(3.0 equiv). 

The forward/backward switching processes of these enamines were then 

investigated by UV/Vis spectroscopy. As an example, in the dilute solution of 

isomer EnmB2-E in CH3CN, there were two main absorption peaks centred at 

λabs = 286, 354 nm under neutral condition. Titration with MSA gradually led to 

the decrease of these two peaks, and, in the meantime, the increase of two new 

main peaks, which finally centered at λabs = 302 and 379 nm when the addition 

of acid reached 50 equiv. The addition of 150 equiv of Et3N was needed for 

regaining the original absorption peaks. 

The configurations of the E- and Z-states were further determined by NOESY 

spectroscopy and X-ray diffraction analysis. After addition of 2.0 equiv of MSA 

to the solution of compound EnmB4-E in CDCl3, a correlation between the 

hydrogens of C=CH and the protonated pyridinium could be observed, which 

did not exist in the original solution. Single crystal structures furthermore 

explicitly confirmed their absolute configurations. The distinct H-bonding 

between the N(3)H and N1 in isomer EnmB4-E was clearly observed, as 

evidenced by the distance of 2.008 Å, whereas the enamine nitrogen faced the 

nitrile side in isomer EnmB4-ZH+, due to protonation of the pyridine nitrogen 

by MSA (Figure 3.11). 
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Figure 3.11. ORTEP drawing of enamine EnmB4-E (left) and EnmB4-ZH+ (right), 
thermal ellipsoid plots at 50% possibility level. 

3.3.3 Aggregation induced emission 

Aggregation induced emission (AIE) has witnessed a rapid development during 

recent years.231-234 Many traditional organic fluorophores are emissive in 

solution but not in the solid state, due to what has been called ‘aggregation-

caused quenching (ACQ)’ effects.235 In comparison, AIE luminogens (AIEgens) 

exhibit strong emission in aggregated states, leading to a series of real-world 

applications in the fields of sensors, organic light emitting devices (OLED), 

materials etc.236-238 Currently, the development of stimuli-responsive AIE 

systems have resulted in a series of ‘smart materials’, in which their 

luminescence alters in response to the external inputs.58,232 Various AIEgen 

systems with different emission colors have been reported, whereas the emissive 

molecules covering the full-range colors based on a single stimuli-responsive 

core and the structure property relationship are rarely reported.239 

Serendipitously, typical AIE effects were first recorded in the solids of 

protonated species EnmB1-ZH+, EnmB2-ZH+ and EnmB3-ZH+, which 

employed aliphatic amines as rotors. After the forward switching, the solutions 

of the ZH+-isomers did not show obvious fluorescence under UV irradiation. By 

evaporation of the solvents, the white solids of the ZH+-isomers, however, 

exhibited strong deep-blue fluorescence. The photophysical properties of the 

two states of enamine EnmB1-EnmB3 were measured; however, it was not 

possible to record the quantum yield (F) and the fluorescence lifetime () of 

the E-isomers in the solid state. Conversely, the solids of protonated isomers 

EnmB1-ZH+ and EnmB3-ZH+ (Table 3.1) showed high quantum yields (F = 

0.41 and 0.37, respectively) with strong blue and deep-blue emission (em= 460 

nm and 443 nm, respectively). The obvious fluorescence of enamine EnmB3-

ZH+ was also observed in the film state (em= 454 nm), and in suspensions in 

MeOH/THF (90:10). 

Furthermore, changing the rotor to aromatic amines could retain the AIE effect 

of the ZH+-isomers whose emissions exhibited bathochromic shift. The solid of 
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protonated isomer EnmB4-ZH+ displayed bright greenish fluorescence at λem= 

495 nm. High quantum yield (F = 0.45) and a long fluorescence lifetime (6.8 

ns) were measured. A film of enamine EnmB4-ZH+ showed a broader and 

slightly blue-shifted emission band at λem= 489 nm. In addition, greenish 

fluorescence under irradiation at 365 nm was observed in the aggregates that 

formed in the mixture of CH3CN/Et2O (1:99).  

Table 3.1. Photophysical properties of emissive enamines in solid form 

Compound abs (nm)a 
em (nm)b 

F (%)c 0.5 (ns)d 
solid film 

EnmB1-ZH+ 352 435 451 3.6 ± 1.0 0.7 

EnmB2-ZH+ 358 460 448 41.3 ± 0.4 2.9 

EnmB3-ZH+ 361 443 454 37.3 ± 1.1 3.9 

EnmB4-ZH+ 379 496 489 45.2 ± 1.1  6.8 

EnmB5-ZH+ 391 525 535 10.3 ± 0.7  - 

EnmB6-ZH+ 376 543 516 16.6 ± 1.4 8.3 

EnmB8-ZH+ 419 598 597 4.6 ± 2.2 N.D.e 

EnmB9-ZH+ 431 589 578 1.0 7.3 

EnmB10-ZH+ 412 554 527 0.38 1.6 

EnmB7-E 360 500 512 7.0 ± 1.0  1.3 

[a] Maximum absorption wavelength, concentration: 10 µM; [b]  Maximum emission wavelength, 
solid: amorphous powder, film: solution spin-coated on glass slide; [c] Absolute fluorescence 

quantum yield of amorphous powder; [d] Fluorescence lifetime of amorphous powder; [e] N.D.: Not 
detectable. 

Subsequently, tunable fluorescence ranging from green to red colors were 

achieved in the solids of certain ZH+-isomers by introduction of EWG groups 

into the aromatic rotor or extending the conjugation of rotor and/or stator. Solid 

EnmB5-ZH+ bearing a p-OMe group on the rotor part exhibited emission at em 

= 525 nm, red-shifted in comparison with compound EnmB4-ZH+. Enlarging 

the rotor π-system from benzene to naphthalene, compound EnmB5-ZH+ 

showed greenish to yellowish fluorescence in the solid state. Further 

enlargement of the rotor to pyrene led to a significant fluorescence quenching 

effect. Introducing a p-CN group on the benzene rotor, however, resulted in 

isomer EnmB6-E with a solid-state emission at λem= 500 nm (F = 0.07), 

whereas its protonated isomer EnmB6-ZH+ was not emissive in the solid state. 

In comparison to compound EnmB4-ZH+, solid EnmB8-ZH+ showed a 

significantly bathochromically shifted emission to the reddish region (em = 598 

nm) by extending the π-system of the stator part to quinoline; however, the 

quantum yield dropped significantly to approximately 0.05. Similarly, with an 

electron-rich (p-OMe) group on the rotor part, compound EnmB9-ZH+ also 
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showed a reddish emission (em = 589 nm). Compound EnmB10-ZH+ possessed 

a quite low quantum yield likely due to the naphthalene rotor enhancing π-π 

interactions in the solid state.  

 

Figure 3.12. Normalized fluorescence spectra of compounds EnmB3-ZH+, EnmB4-
ZH+, EnmB5-ZH+, EnmB6-ZH+, EnmB8-ZH+ and EnmB9-ZH+ in film state; 

photographs taken under hand-held UV light (365 nm). 

Crystal analysis 

Single crystal analysis indicates a restricted intramolecular motion (RIM) 

mechanism for the observed AIE effect. Perpendicular structures could be 

demonstrated in enamine EnmB2-ZH+ and EnmB3-ZH+, in which an sp3 

carbon connects the enamine nitrogen atom and the rotor plane. The torsion 

angles of the two planes between the rotor and the enamine alkene (C−C−N−C) 

in structures EnmB2-ZH+ (Figure 3.13a) and EnmB3-ZH+ (Figure 3.13b) were 

approximately 97° and 108.2°, respectively, resulting in a distorted π-π 

interactions and the enhanced emission in aggregates. Besides, by incorporating 

aromatic amines as rotors, four highly twisted structures were obtained in one 

asymmetric unit of compound EnmB6-ZH+ (Figure 3.13d), which adopt 36-48° 

dihedral angles of the C=C(naphthalene)−N−H(enamine) planes. In compound EnmB5-

ZH+, the dihedral angle between the rotor part and the enamine plane was 17.6°. 

The corresponding value was estimated as 11.4° in one EnmB4-ZH+ structure 

(Figure 3.13c) in its asymmetric unit. Another structure in this asymmetric unit 

slightly twisted on both the rotor and stator parts, as evidenced by the torsion 

angles of C=C(benzene)−N−H(enamine) (8.8°) and N=C(pyridium)−C=C(alkene) (7.3°). The 

planarity of compounds EnmB8-ZH+ and EnmB9-ZH+, however, were obvious, 

showing only 3.3° and 9.9° dihedral angles of plane C=C(benzene))−N−H (enamine), 

resulting in lower quantum yields. 
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Figure 3.13. Crystal structures of enamines a) EnmB2-ZH+, b) EnmB3-ZH+, c) 
EnmB4-ZH+, and EnmB6-ZH+. In each compound, dihedral angles (blue) between 

enamine C-N and rotor C-C, and H-bonding (green) between methanesulfonate 
oxygen atom and pyridinium hydrogen atom are showed  

Additionally, protonation of the pyridine moiety plays a crucial role in the 

fluorescence effect. Distinct H-bonding effects between the methanesulfonate 

oxygen atoms with pyridinium hydrogen atoms were observed in all crystals of 

the ZH+-isomers, assisting the restriction of isomerization around the C=C bond. 

On the other hand, the protonated pyridine unit acts as an EWG to facilitate the 

Z-isomer converting to a donor-acceptor-conjugated system that induces an 

intramolecular charge transfer (ICT) process. In polar solvents (CH3CN), the 

ICT state is more likely to relax by non-radiative processes, rather than by 

fluorescence emission, in most cases through intramolecular rotations, leading 

to the lower photoluminescence intensity (Figure 3.14a). In the aggregates that 

formed in a non-polar solvent (hexane), the strong emission could likely be 

induced by RIM that results in the radiative decay.240 

 

Figure 3.14. a) Fluorescence spectra of enamine EnmB4-ZH+ in CH3CN (black) 
and hexane (green) (80 µM), inset photographs under hand-held UV light (365 nm). 

b) Fluorescence microscopy images of single crystals of compound EnmB4-ZH+ 
and after mechanical breaking under hand-held UV light (365 nm). 
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Mechano-responsive luminescence was observed in the crystals of compound 

EnmB4-ZH+ (Figure 3.14b). By applying force to break the crystals of enamine 

EnmB4-ZH+, the emission enhancement was obvious, which implies that the 

increased fluorescence could be a consequence of disordering of the π-π 

interactions in the crystals. 

DFT calculations 

From the DFT calculations, enamine EnmB4-E exhibited a planar ground state 

geometry with approximately 1° dihedral angle between the enamine and the 

pyridyl moieties, stabilized by an intramolecular H-bond. Upon excitation, the 

molecule could go back to the ground state through an excited state 

intramolecular proton transfer (ESIPT) process. However, isomer EnmB4-ZH+ 

exhibited a slightly distorted ground state geometry with a pyridinium ring 

rotated 14° out of the enamine plane. In the excited state, this species adopted a 

more twisted geometry with the planar phenyl-substituted enamine and the 

pyridinium in a perpendicular fashion (Figure 3.15, left). Similarly, the excited 

states of compounds EnmB5-ZH+ and EnmB6-ZH+ exhibited twisted 

geometries, with planar aryl-substituted enamine motifs and pyridinium rings in 

perpendicular fashion. Moreover, solids of compound EnmB7-E were emissive 

as well. This compound exhibited a planar ground state due to the intramolecular 

H-bonding effect. Straightforward geometry optimization in the excited state 

resulted in only a marginally distorted structure, with the pyridyl ring in closer 

proximity to the enamine. This result suggests that although IMHB becomes 

shorter in the excited state, it may not lead to a complete proton transfer. 

Considering the calculated Gibbs energy, the tautomer of EnmB7-E was only 

0.30 eV lower than the initially excited normal form. This difference can also 

reflect the higher activation energy for the ESIPT in EnmB7-E.241 A lower 

degree of the excited state stabilization in EnmB7-E can be attributed to much 

less efficient charge transfer from rotor to stator, due to the presence of the 

strong electron acceptor in the phenyl ring.  

Calculated highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) levels for enamine EnmB4-E/ZH+ (Figure 3.15, 

right) suggest a significant ICT in the excited state of enamine EnmB4-ZH+. 

The HOMO and LUMO of compound EnmB4-E were distributed over both the 

rotor and stator parts, with the HOMO having larger coefficients on the rotor 

part and that of the LUMO on the stator part. In contrast, isomer EnmB4-ZH+ 

exhibited drastic differences. Its HOMO was exclusively located on the rotor 

and enamine parts, whereas the LUMO was located on the stator and enamine 

moieties. The HOMO-LUMO gap was reduced from 3.95 eV (EnmB4-E) to 

3.19 eV (EnmB4-ZH+) after protonation. Similar HOMO and LUMO 
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distributions were demonstrated in isomers EnmB5-ZH+ and EnmB6-ZH+ as 

well. 

 

Figure 3.15. Left: Optimized S0 and S1 geometric structures of enamines EnmB4-E 
and EnmB4-ZH+ in the gas phase. Right: Calculated frontier molecular orbitals of 

enamines EnmB4-E and EnmB4-ZH+ and their orbital energies (eV). 

3.4 Applicable Properties of Enamine Switches 

3.4.1 Metal ion sensing 

The development of fluorescence-reporting molecules for trace recognition of 

metal ions is an evergreen research area. The detection of copper(II) ions has 

received particular interest due to its abundance and serious threat to the 

environment and health.242 Excessive intake of CuII into the body exerts harmful 

effects, including liver or kidney damage, gastrointestinal disturbance,243 

Parkinson’s disease, Wilson’s disease and Alzheimer’s disease.150,161 Besides 

the aforementioned ‘turn-on’ fluorescence effect along with the CuII-induced 

isomerization for compound EnmA1-E, the E-isomers of the enamine-nitriles 

were employed for metal sensing due to the coordination sites provided by the 

cavity of pyridine and enamine N atoms.  

In CH3CN, compounds EnmB1-E, EnmB2-E and EnmB3-E exhibited specific 

sensing ability to Cu2+ ions, indicated by ‘turn-on’ fluorescence effects under 

long wavelength UV irradiation. The experiments were performed by adding 1.0 

equiv of metal ions, including FeIII, NiII, ZnII, CuII and etc. to the solution of E-

isomers, of which enamine EnmB1-E exhibited remarkable cyanish 

fluorescence in the vial of added CuII (Figure 3.16). Enamines EnmB2-E and 

EnmB3-E could specifically detect CuII ions although with lower degrees of 

fluorescence intensity. Furthermore, this ‘turn-on’ sensing could be ‘turned-off’ 

by strong chelating agents, for example TREN or CN-. 
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Figure 3.16. Fluorescence spectra of enamine EnmB1-E, EnmB2-E and EnmB3-E 
with addition of Cu2+ in CH3CN (1:1, 10 µM). Photographs of addition of specific 

metal ions (10 µM) into the solution of enamine EnmB1-E (10 µM in CH3CN) with 
the ratio of 1:1 under UV light (365 nm). 

3.4.2 Acidic/basic vapor sensing in the solid state 

The AIE feature of the enamine-nitrile-based switches enabled them to be 

reversibly switched from the dark state to the emissive state in solids upon 

protonation and deprotonation. Such behavior was further utilized to furnish this 

type of enamines working as chemosensors for detection of acidic and basic 

vapors. As illustrated in Figure 3.17, a solution of isomer EnmB5-E was applied 

on a filter paper to separately form three dark spots after drying in air. By 

exposing spots 2&3 to HCl vapor for a few seconds, bright yellowish emission 

was observed under long wavelength UV light, indicating that the emissive 

isomer EnmB5-ZH+ was formed. Spot 3 was further exposed to MeNH2 vapors 

for a few seconds, resulting in an emissive ‘off’ state (EnmB5-E) due to the 

deprotonation-caused backward switch. This simple ‘off-on-off’ sensing 

experiment shows the straightforwardness of enamine switches in applications.  

 

Figure 3.17. Photographs of sensing HCl and MeNH2 vapors experiment with 
EnmB5-E coated on filter paper under UV light (365 nm). Stage 1: original state 
(EnmB5-E); Stage 2: EnmB5-E exposed with HCl gas for a few seconds forming 
emissive EnmB5-ZH+; Stage 3: EnmB5-ZH+exposed with MeNH2 gas for a few 

seconds forming dark EnmB5-E. 
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3.4.3 Switchable fluorescent gel 

AIE processes have been utilized to develop smart materials, for example 

‘stimuli-responsive fluorescent gels’ that exhibit striking fluorescence 

regulation along with the sol-to-gel-to-sol.233,244 According to the 

aforementioned results, we envisioned that the enaminitrile molecular switches 

with rotors derived from aliphatic amines would inherently possess AIE 

character in the solid states while being modulated with acid/base. Thus, a 

switchable low-molecular-weight-gelator (LMWG) was designed by employing 

glutamic acid coupled with long aliphatic chains as rotor. Compound EnmB11-

E was synthesized through the general protocol and characterized by NMR. In 

principle, the long aliphatic chains were able to form a supramolecular gel in 

certain solvents. Different solvents were then screened by the heating-cooling 

method; however, no gel could form in the tested solvents for enamine 

EnmB11-E at 1.0 % (w/v).  

 

Figure 3.18. Acid/base-activated switching of enamine EnmB11-E. 

Interestingly, stable gels formed in non-polar solvents after switching to isomer 

EnmB11-ZH+. Addition of MSA (2.0 equiv) to the suspension of compound 

EnmB11-E followed by heating resulted in a clear solution of isomer EnmB11-

ZH+, which upon cooling led to the formation of a stable gel determined by the 

‘vial upside-down’ method. Supramolecular gels were successfully obtained in 

non-polar solvents, such as hexane, cyclohexane, toluene, ether and tert-butyl 

methyl ether (TBME) with 1.0 % (w/v). The fluorescent property of this gelation 

process was subsequently evaluated. Under long wavelength UV light, the 

suspension of enamine EnmB11-E in non-polar solvents showed very weak 

greenish fluorescence, and a clear and UV-silent solution formed upon addition 

of MSA and heating. The supramolecular gel subsequently formed upon cooling 

to rt, and displayed a remarkable deep-blue fluorescence (em= 438 nm; Figure 

3.19, red line). After removal of the solvents by lyophilisation, a xerogel 

presented a blue fluorescent 3D network structures connected with nano-fibres. 

(Figure 3.20) In response to the switchable properties of the enaminitrile 

structure, the gel collapsed immediately after addition of base (Et3N) to the 

system; this gel-sol process could be repeated several cycles. Besides, the 

critical gelation concentration of enamine EnmB11-ZH+ was measured to be 

0.2 % (w/v) in TBME, and the structure could be regarded as a super-gelator.245  
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Figure 3.19. Fluorescence spectra of enamine EnmB11-ZH+ hot solution (black) 
and gel (red); Inset photographs: Gelation cycle of compound EnmB11 in TBME, 

0.5 % (w/v), taken under daylight and UV light (365 nm). 

 

Figure 3.20. SEM (left and middle) and fluorescence microscopy images of xerogel 
of enamine EnmB11-ZH+ prepared from cyclohexane. 

3.5 Conclusion 

In this chapter, chemically activated enamine-based molecular switches had 

been synthesized and studied. The forward and backward isomerization process 

around enamine C=C bond could be precisely controlled by acid/base. It was 

essential to have a basic pH-responsive moiety on the stator part, for example, 

2-pyridyl or 2-quinolinyl subunits, which also provided the driving force for a 

full switching process and stability of the enamine through the IMHB effect. 

DFT calculations suggested an enamine/iminium tautomerization pathway that 

mostly happened through the isomerization process. In enamine-ester based 

switches, the isomerization process could be regulated by metal ions, whereby 

a ‘turn-on’ fluorescence effect occurred along the CuII-mediated switching 

process. The enamine-nitrile based switches were able to not only specifically 

sense CuII ions in solution, but also exhibited reversible AIE effects in the solid 
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state. This switchable AIE feature was further utilized for sensing acidic/basic 

vapors and preparing fluorescent gels.  
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4.  
Dynamic Constitutional Enamine 

Exchange 

(Paper V-VI) 

 

The previous chapter examined the configurational dynamics of the enamine-

ester/nitrile switches. In this chapter, the constitutional dynamics of the 

enamine-ester switch systems is investigated. Herein, the dynamic enamine 

exchange reactions are shown to readily occur in conjunction with the 

configurational switching process under catalytic acidic conditions, establishing 

dynamic systems consisting of isomeric enamine species. The robustness of the 

system, the reaction scope, and the performance of the dynamic exchange 

reaction are studied. Furthermore, it is shown that the dynamic process can be 

turned on/off by controlling the switch status via regulation of pH in the systems. 

4.1 Introduction 

Constitutional dynamic reactions that involve dynamic covalent bonds have 

been explored diversely in many fields, and have led to a range of useful systems 

with controllable and responsive properties. By continuously reorganizing 

building blocks under thermodynamic control, dynamic covalent chemistry 

(DCC) allows for the generation of complex molecular structures and systems 

that hold the potential for self-sorting and adaptation to external constraints. 

Despite the fact that the scope of dynamic covalent reactions has been expanding 

rapidly, the number of reversible reactions suitable for DCC is still limited. In 

contrast to the widely studied imine/hydrazone exchange, enamine exchange has 

remained substantially uninvestigated. Our group has demonstrated that in 

organic solvents, dynamic enamine exchange from secondary amines and 

enolizable aldehydes can be efficiently catalyzed by acid.175 The enamine 

functionality has also shown very high stability in the presence of 1,8-

diazabicycloundec-7-ene,246 whereas C=N bond-based dynamic systems are 

generally labile under basic conditions. Moreover, the enamine-ester switches, 

as shown in previous chapter, exhibit the intriguing configurational switching 

process upon application of acid or base. For enamine switches, catalytic 

amounts of acid can activate the E/Z-isomerization process and excess acid 

stabilize it to the ZH+-state, while basic conditions stabilize it to the E-state. 

Therefore, the enamine-ester system can serve as a suitable model for studying 

the constitutional dynamic enamine exchange during configurational switching.  
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4.2 Reaction scope 

 

Scheme 4.1. Dynamic enamine system formation from enamine EnmA1-E (0.03 
mmol) and amines C2-C13 (0.03 mmol) in CD3CN (0.5 mL) at 60 ± 1 °C. 

The dynamic features of enamine-esters concerning constitutional exchange 

with primary amines were first investigated. Amines ranging from aromatic- to 

aliphatic ones, including amino acid derivatives bearing different functional 

groups, were selected. As illustrated by Scheme 4.1, compound EnmA1-E was 

chosen as the model compound in tests with amino reactants C2-C13 for 

generation of dynamic enamine systems. Enamine EnmA1-E and the amines 
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were mixed in 1:1 ratios (0.03 mmol) in CD3CN (0.5 mL) in an NMR tube, 

where the experiments were implemented at 60 ± 1 °C. The exchange process 

was followed by 1H NMR and the obtained results are presented in Table 4.1, 

entry 1-12. 

In CD3CN, all tested primary amines C2-C13 could readily exchange with 

enamine EnmA1-E, leading to the formation of dynamic enamine systems 

containing the new enamine switches. It was noticed that amine C9 displayed 

the highest exchange rate (5.1 M-1h-1), which was approximately 55-fold higher 

than the most basic amine C11 (0.091 M-1h-1) and 460-fold higher than the 

aromatic amine C12 (0.011 M-1h-1). Generally, amines derived from amino acids 

exhibited higher reaction rates than others. It was clear that the aromatic amines 

C12 and C13 demonstrated the lowest rates because of their weak 

nucleophilicity; however, the strength of the nucleophilicity was not the most 

important factor affecting the reaction rates among the aliphatic amines. For 

instance, the reaction rate of amine C3 with compound EnmA1-E was 

approximately 30-time higher than that of amine C11 although amine C3 is an 

almost three orders of magnitude weaker base.247 Similar results could be 

observed in the group of amines C2/C10. These results indicated that the ester 

groups in the amino acid derivatives (e.g., C2, C3) played a more pronounced 

role in facilitating the equilibria process than the corresponding amino-group 

nucleophilicities (e.g., C10, C11),175,248 directing us to investigate the 

constitutional exchange process deeper, especially in terms of structural effect 

of competing amino rotors. 

Table 4.1. Enamine exchange reactions between enamine and primary amine.[a] 

Entry Enamine/Amine kf (M-1h-1)[b] Selectivity[c] Keq
[d] 

1 EnmA1-E/C2 2.0 1.3 1.6 

2 EnmA1-E/C3 3.0 1.6 2.5 

3 EnmA1-E/C4 2.6 2.0 4.1 

4 EnmA1-E/C5 0.97 0.61 0.38 

5 EnmA1-E/C6 0.10 0.1 0.01 

6 EnmA1-E/C7 0.55 0.45 0.2 

7 EnmA1-E/C8 2.0 2.0 4.1 

8 EnmA1-E/C9 5.1 0.67 0.44 

9 EnmA1-E/C10 0.052 2.2 5.0 

10 EnmA1-E/C11 0.091 1.6 2.7 

11 EnmA1-E/C12 0.011 N.D.[e] N.D.[e] 

12 EnmA1-E/C13 0.030 N.D.[e] N.D.[e] 

13 EnmA11-E/C1 0.56 0.82 0.67 

14 EnmA4-E/C9 4.3 0.79 0.62 

15 EnmA9-E/C4 3.1 1.2 1.5 

16 EnmA11-E/C4 1.1 1.3 1.8 
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17 EnmA4-E/C11 0.075 0.85 0.73 

18 EnmA10-E/C11 0.07 N.D.[e] N.D.[e] 

19 EnmA11-E/C10 0.04 N.D.[e] N.D.[e] 
[a] Enamine (0.03 mmol), amine (0.03 mmol) in CD3CN (0.5 mL), 60 ± 1 °C, monitored by 

following changes of enamine signals by 1H NMR at 23 °C, data were collected as the average of 

two individual experiments. [b] Calculated by nonlinear regression analysis towards standard 

reaction model. [c] Ratio of [Enamine exchanged]/ [Enamine original] at equilibrium. [d] Ratio of 

[Enamine exchanged]2/(1- [Enamine exchanged]2) at equilibrium. [e] Not determined due to the long 

reaction time. 

Subsequently, four groups of enamine/amine containing 0-2 amino acid 

derivatives were employed to generate dynamic enamine systems from both 

sides (Scheme 4.2), and the results are presented in Table 4.1, entry 13-19. The 

same equilibria, within the limits of experimental errors, were reached in each 

group, denoting the thermodynamic control in the dynamic enamine exchange 

process. Besides, it was interesting to find that pairs EnmA10-E/C11 and 

EnmA11-E/C10 showed very slow reaction rates during the equilibration 

process (0.07 M-1h-1 and 0.04 M-1h-1, respectively), in which no amino-acid-

derived amines participated. The rate remained slow (less than 0.01 M-1h-1 ) 

when amine C11 reacted with enamines EnmA1-E/EnmA4-E, however, it 

grew approximately 6-fold for glycine amino methyl ester (C1) and 13-fold for 

methionine amino methyl ester (C4) reacting with enamine EnmA11-E 

accordingly. The acceleration was clearly visible, reaching up to 100-fold in the 

set of EnmA4-E/C9 and EnmA9-E/C4, where both enamine and free amine 

contained ester groups. These results imply that the ester groups in the amino-

acid-derived amines likely stimulated the exchange process by stabilizing the 

transition states through IMHB with amino protons. This in turn could facilitate 

the proton transfer process.249-253 The ester groups in the enamines probably also 

took part in this process, further reducing the activation energy because of the 

better proton affinity to the C=O moiety in comparison to the nitrogen 

atom.254,255  
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Scheme 4.2. Dynamic enamine system generation from two sides. Reaction 
conditions: enamine (0.03 mmol), amine (0.03 mmol) in CD3CN (0.5 mL) at 
60 ± 1 °C; relative kinetic rates (cf. Table 4.1) were shown for comparison. 

In addition, a significant influence from the solvents on the reaction rates was 

observed (Table 4.2). Toluene-d8 retarded the equilibrium process between 

enamine EnmA1-E and amine C2 significantly in comparison to CD3CN, 

suggesting that the rate-determining step (RDS) went through a polar TS. 

Interestingly, the reaction in CD3OD showed a slower progress than in CD3CN, 

excluding the possibility of the solvent acting as a proton shuttle.256 DMSO-d6 

unexpectedly slowed down the reaction to the levels of other non-amino-acid-

derived amines. The slow reactions could be observed in imine exchange and 

enamine exchange reactions in DMSO-d6.175,248 

Table 4.2. Enamine exchange between enamine EnmA1-E and amine C2.[a] 

Entry Solvent kf (M-1h-1)[b] Selectivity[c] Keq
[d] 

1 CD3CN 2.0 1.2 1.5 

2 CD3OD 0.32 1.2 1.4 

3 DMSO-d6 0.047 N.D.[e] N.D.[e] 

4 Toluene-d8 0.07 N.D.[e] N.D.[e] 
[a] Enamine EnmA1-E (0.03 mmol), amine C2 (0.03 mmol) in solvent (0.5 mL), 60 ± 1 °C, 

monitored by following enamine signals by 1H NMR at 23 °C. [b] Calculated by nonlinear 

regression analysis towards standard reaction model. [c] Ratio of [Enamine EnmA2]/ [Enamine 

EnmA1] at equilibrium. [d] Ratio of [Enamine EnmA2]2/(1-[Enamine EnmA2]2) at equilibrium. 

[e] Not determined due to the long reaction time. 

As demonstrated in chapter 3, pyridine and ester moieties adjacent to the 

enamine switch axle enabled tautomerization to form imine/iminium ion 

intermediates, resulting in the switching process. This potential of the imino-

form coexisting with the enamine also makes it susceptible to exchange with 

amines.173,174,257,258 Thus, the enamine-amine exchange process likely occurs via 

the well-studied transimination procedure (Scheme 4.3).259 Addition of primary 

amines to the enamine-imine tautomeric mixture leads to a proton transfer 

process in TS1. The transfer happens between two amino groups, possibly 

through a 4-membered cyclic structure, due to the favored polar feature, forming 

a transient aminal intermediate. This, followed by elimination, generates a new 

dynamic enamine system. 

The ester group in the amino acid-derived amines probably assists in the 

reduction of the TS energy through an IMHB in the proton transfer step (TS-

1A, TS-1B), and an even lower TS activation energy can be achieved when the 

other ester group in the enamine enhances the stabilization effect. Basically, 

towards enamine EnmA1-E, the kf increases while the pKa of the α-aminoesters 

increase in the order of C2 ≈ C8 < C4 < C3 < C9 (Table 4.1). The relatively 

slow reaction rates (0.1 M-1h-1 and 0.55 M-1h-1) recorded for amines C6/C7 
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(Table 4.1, entry 5-6) imply that the heterocycles interfere with the IMHB 

between the ester and the amino proton, most likely in elimination step. Besides, 

the β-alanine methyl ester C5 exhibited a moderate reaction rate, which, 

considering having a higher pKa value than glycine methyl ester, is a sign of a 

steric effect leading to interference with the double stabilization in TS1A due to 

the IMHB involved in a six-membered ring. 

 

Scheme 4.3. Plausible addition/elimination steps in the enamine exchange process. 
The predicted transition states of proton transfer processes from different starting 

enamine/imine combinations are illustrated. 

In the enamine/amine exchange processes, the experimental Keq values were 

generally biased towards formation of the enamines incorporating the more 

basic amines in the cases involving 0 or 1 amino-acid ester (Table 4.1, entry 9-

13, 15-19), which is similar to transimination processes.248,260-262 However, no 

clear conclusion can be drawn for the exchange processes between enamines 

and amines containing amino acid esters. 

4.3 Additive Effects 

Brønsted and Lewis acids have been shown to efficiently catalyze the enamine 

exchange with secondary amines,175 in which the Sc(OTf)3 and Bi(OTf)3 can 

enhance the rates more than 300-fold in certain cases. Such catalytic effects have 

also been investigated in other C-N-type bond exchange reactions, for example, 

transimination and hydrazone exchange.248,263 This acid activation has been 

reported to mainly occur by providing protons to prevent negative charge 

accumulation on the electrophile or by polarization of the imine bond with metal 

ions to aid the nucleophilic attack.259 In the present case, the effects of acids on 

the enamine-amine exchange was evaluated between enamine EnmA1-E and 

primary amine C2 in CD3CN at 60 °C (Scheme 4.4). The progress was followed 

by 1H NMR and the results are presented in Table 4.3.  



59 

 

 

Scheme 4.4. Dynamic enamine system formation between enamine EnmA1-E 
(0.03 mmol) and amine C2 (0.03 mmol) with the addition of additive in CD3CN (0.5 

mL) at 60 ± 1 °C. 

First, a series of acids including Bi(OTf)3, Sc(OTf)3, Zn(OTf)2, Cu(OTf)2 and 

TFA were tested separately with a loading of 5 mol%. The reaction with BiIII 

displayed the highest rate, showing an increase by approximately a factor of 

five, reaching 9.4 M-1h-1 (Table 4.3, entry 2). Other Lewis acids, Sc(OTf)3 and 

Zn(OTf)2, also exhibited good catalytic effects (Table 4.3, entry 3-4). The 

reaction with Cu(OTf)2 started off smoothly, however with noticeable byproduct 

formation before equilibrium was reached. In contrast, 5 mol% addition of the 

TFA only showed a small rate enhancement (Table 4.3, entry 6). 

The effects of BiIII loading were then studied on the model reaction. After 

addition of Bi(OTf)3 to the pre-mixed enamine EnmA1 and amine C2 in 

CD3CN, in 1H NMR spectra, the signals of enamine E/Z-NH turned broader as 

the loading increased, indicating coordinating effects with the metal ions. 

Additionally, the equilibrium ratio of isomer EnmA1-Z increased from 10% (no 

catalyst) to 25% (10 mol% BiIII) with its signals slightly shifted to the downfield 

region. Similar spectra were observed in the cases of ZnII, CuII or ScIII added, 

which demonstrated that Lewis-acidic metal ions were able to catalyze the 

switching by coordination. Moreover, the NH2 signals from the free amine 

shifted downfield due to a coordination effect with the metal ions. The 

coordination effect between the amino groups in the enamine/amine and the BiIII 



60 

 

ion was able to assist nucleophilic attack as well as lower the energy barrier 

during the proton transfer process. A linear relationship of the kf with BiIII 

loading (0-10 mol%) was observed, suggesting a first order dependence on the 

catalyst (Table 4.3, entry 1-2 and 7-8). Thermodynamically, the fraction of 

enamine EnmA2 in the equilibrated dynamic system gradually decreased from 

56% to 50% as the loading of BiIII was raised to 10 mol%. 

As described in the previous chapter, the excellent intrinsic stability of the 

enamine molecular switches towards excess amounts of TFA allowed for the 

catalysis of the dynamic exchange with addition of TFA. The study of the effects 

of H+-addition was conducted in the model transenamination reaction between 

enamine EnmA1-E and amine C8. A proportional rate of acceleration with acid 

loading was observed up to 1.0 equiv, resulting in a 10-fold increase as 1.0 equiv 

of TFA was applied, while excess acid addition (3.5 equiv) slowed down the 

exchange process to 0.9 M-1h-1. On the other hand, addition of Et3N (0.5-2.0 

equiv) inhibited the dynamic process completely, showing less than 1% 

conversion after approximately 20 h without degradation.  

Table 4.3. Enamine exchange between enamine EnmA1-E and amine C2 with 
acidic additives.[a] 

Entry Additive 

Loading 

amount 

(mol%) 

kf (M-1h-

1)[b] 

Acceler

ation[c] 

Selectivi

ty[d] 
Keq

[e] 

1 None - 2.0 1.0 1.3 1.6 

2 Bi(OTf)3 5 9.4 4.7 1.1 1.2 

3 Sc(OTf)3 5 6.7 3.3 1.7 2.9 

4 Zn(OTf)2 5 7.4 3.7 1.2 1.5 

5 Cu(OTf)2 5 6.5 3.2 N.D.[f] N.D.[f] 

6 TFA 5 2.3 1.2 1.3 1.7 

7 Bi(OTf)3 2 4.6 2.3 1.2 1.4 

8 Bi(OTf)3 10 18.4 9.2 1.0 1.0 

9 TFA 20 5.9 2.9 0.69 0.48 

10 TFA 50 13.4 6.7 0.96 0.92 

11 TFA 100 20.4 10.1 1.5 2.3 

12 TFA 350 0.9 0.5 1.3 1.6 
[a] Enamine EnmA1-E (0.03 mmol), amine C2 (0.03 mmol) in CD3CN (0.5 mL), 60 ± 1 °C, 

monitored by following enamine signals in 1H NMR at 23 °C, data were collected as the average of 

two individual experiments. [b] Calculated by nonlinear regression analysis towards standard 

reaction model. [c] kf /kf(uncat). [d] Ratio of [Enamine EnmA2]/ [Enamine EnmA1] at equilibrium. 

[e] Ratio of [Enamine EnmA2]2/(1- [Enamine EnmA1]2) at equilibrium. [f] Equilibrium was not 

reached due to side reactions. 
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Figure 4.1. Enamine exchange process between enamine EnmA1-E (0.03 mmol) 
and amine C2 (0.03 mmol) in CD3CN (0.5 mL) at 60 ± 1 °C affected by (a) addition 
of 5 mol% TFA (●), Zn(OTf)2 (○), Sc(OTf)3 (▼), Bi(OTf)3 (▲); (b) addition of specific 

equiv of TFA 0.2 (●), 0.5 (▲), 1.0 (▼), 3.5 (◆) and Et3N 0.5 (○),1.0 (▽), 2.0 (△). 

Control experiment (■) indicated in both cases. Total formation of enamine EnmA2 
(E+Z/ZH+) determined by 1H NMR at 23 °C. 

The catalytic performance of BiIII was then evaluated for other substrates (Table 

4.4). A 5 mol% loading resulted in a minimum 2-fold acceleration in comparison 

with the corresponding uncatalyzed reactions showed in Table 4.1. Interestingly, 

addition of BiIII exhibited considerable acceleration in the relatively slow cases 

in Table 4.1; especially for EnmA1-E/C12, a 36-fold acceleration enabled the 

exchange process to occur smoothly with aromatic amines. Similar to the model 

reaction (EnmA1-E/C2), the addition of metal ions resulted in a slight decrease 

in the equilibrated fraction of the newly formed enamine. 

Table 4.4. Enamine exchange between enamine switches and primary amines with 
loading of 5 mol% Bi(OTf)3.[a] 

Entry Enamine/Amine 
kf (M-1h-

1)[b] 

Accelerat

ion[c] 

Selectivit

y[d] 
Keq

[e] 

1 EnmA1-E/C3 6.7 2.2 1.3 1.7 

2 EnmA1-E/C4 6.3 2.4 1.4 1.9 

3 EnmA1-E/C6 1.9 19.1 0.12 0.02 

4 EnmA1-E/C7 6.3 11.4 0.59 0.34 

5 EnmA1-E/C8 7.3 3.6 1.8 3.2 

6 EnmA1-E/C10 1.2 22.5 1.0 1.1 

7 EnmA1-E/C11 0.31 3.4 1.6 2.7 

8 EnmA1-E/C12 0.40 36.0 1.1 1.2 

9 EnmA11-E/C1 2.8 5.0 0.72 0.52 
[a] Enamine (0.03 mmol), amine (0.03 mmol) and Bi(OTf)3 5 mol% in CD3CN (0.5 mL), 60 ± 1 °C, 

monitored by following changes of enamine signals by 1H NMR at 23 °C, data were collected as the 

average of two individual experiments. [b] Calculated by nonlinear regression analysis towards 

standard reaction model. [c] kf/kf(uncat), kf(uncat) is the corresponding rates in Table 4.1. [d] Ratio of 
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[Enamine exchanged]/ [Enamine original] at equilibrium. [e] Ratio of [Enamine exchanged]2/(1-

[Enamine exchanged]2) at equilibrium.  

Additionally, the TFA effects were investigated in the exchange processes of 

enamine EnmA1-E with aliphatic or aromatic amines. An optimal amount of 

acid could expedite the dynamic process; however, the acceleration was highly 

related to the basicity of the amines. Similar to the model reaction, TFA 

accelerated the exchange reaction of EnmA1-E/C9 as 0.2 to 1.0 equiv were 

applied, while inhibiting the process with 2.5 equiv addition. Towards enamine 

EnmA1-E, the acceleration effect on the exchange with amine C5 was 

insignificant and an inhibitory effect took place after addition of 0.5 equiv of 

TFA. However, for aromatic amine C13, addition of 0.2 to 1.0 equiv of TFA 

showed a noticeable acceleration (up to 77-fold); excess amounts of TFA (2.5 

equiv) still gave 73-fold enhancement likely because the aromatic amine was 

difficult to protonate.  

Since the enamine exchange process showed distinct kinetics for a given amount 

of acid/base, the potential to control the exchange reaction was furthermore 

explored (Figure 4.2). In CD3CN at 60 °C, enamine EnmA1-E and amine C8 

was treated with 0.2 equiv of TFA (stage I), which gave access to the rapid 

generation of compound EnmA8. After 36 min, the addition of 1.2 equiv of 

Et3N suspended the exchange process for following 116 min (stage II). Then, 

1.2 equiv of TFA were added, resulting in restoration of catalytic amounts of 

acid in the mixture; therefore, the exchange process continued (stage III). After 

60 min, 2.3 equiv of TFA were added, leading to the switching of enamine E-

isomers to ZH+-isomers. The ratio between compounds EnmA1 and EnmA8 

remained stable for the following 94 min (stage IV), indicating that the exchange 

process could be turned off by excess acid. Then the process was turned on again 

by addition of 2.3 equiv of Et3N to restore the catalytically acidic environment, 

after which the switches changed back to their E-state, and the exchange process 

could be resumed (stage V). 
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Figure 4.2. Control of enamine exchange by addition of TFA and Et3N. Conditions: 
stage I: enamine EnmA1-E (0.03 mmol), amine C8 (0.03 mmol), and TFA 

(0.2 equiv) in CD3CN (0.5 mL) at 60 ± 1 °C; stage II: addition of Et3N (1.2 equiv); 
stage III: addition of TFA (1.2 equiv); stage IV: addition of TFA (2.3 equiv); stage V: 

addition of Et3N (2.3 equiv). Determined by 1H NMR at 23 °C. 

4.4 Conclusion 

In this chapter, dynamic enamine exchange based on the enamine-ester switch 

system was investigated. Dynamic constitutional enamine systems could be 

generated by reconstituting the enamine switch with various amines. Generally, 

a much faster exchange rate could be observed in the amines containing an ester 

group, which indicated that the ester group most likely stabilized the TS trough 

an IMHB. A variety of Lewis acids, particularly BiIII, could efficiently catalyze 

the dynamic processes, especially for the extremely slow cases under non-

catalytic conditions. Also, an addition of excess amount of TFA was able to 

inhibit the dynamic exchange in certain cases. Under basic conditions, in 

contrast to imines, the enamines explored in this study exhibited very high 

stability and unwillingness to exchange with primary amines. This potentiates 

orthogonal switching and exchange systems where assorted dynamic systems 

with varied configuration states can be accessed through orthogonal reactions. 
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5.  
Concluding remarks 

This thesis has focused on dynamic chemistry in (i) the asymmetric synthesis of 

enantiopure 1,3-oxathiolane; (ii) the molecular motion of enamine-based 

switches; and (iii) the constitutional exchange in conjunction with the 

configurational switching in enamines.  

In chapter 2, enzymatic DKR reactions of hemithioacetals have been employed 

for the asymmetric formation of enantioenriched 1,3-oxathiolane derivatives. 

The chirality-inducing step was identified as the hemiacetal acetylation after 

formation of the five-membered heterocyclic ring. Followed by a CAL B-

catalyzed regio- and stereoselective hydrolytic KR, the enantioenriched 1,3-

oxathiolane derivative provides access to an enantiopure (2R,5R)-1,3-

oxathiolane compound in significantly higher yields as compared to 

conventional KR protocols.  

In chapter 3, the motional dynamics based on enamine switch systems has been 

described. Possessing a basic pH-responsive subunit on the ‘stator’ part, the 

enamine switches can be regulated for forward and backward isomerization by 

stimulation with acids and bases. DFT calculations suggest an enamine/iminium 

ion tautomerization pathway for this switching process. The enamine switches 

exhibited specific sensing ability towards CuII ions, as indicated by the intense, 

turn-on blue-green fluorescence in solution. Moreover, enamine-nitrile based 

switches have been observed to display a reversible AIE effect, which was 

utilized for working as a chemosensor of acidic/basic vapors and for the 

construction of a switchable fluorescent organogel. 

Finally, chapter 4 details the constitutional dynamics in enamine-ester based 

switch systems. Dynamic enamine systems can be formed by exchange of the 

enamine switches with additional primary amines, in conjunction with 

configurational switching. Catalytic amounts of acid, in particular BiIII, could 

efficiently catalyze these dynamic processes, whereas the exchange reactions 

exhibited extremely slow kinetics under basic conditions and in presence of 

excess amount of TFA. This allows the dynamic enamine exchange process to 

be controlled by addition of certain amounts of acid or base.  

In summary, this thesis has explored the concepts of dynamic chemistry in 

several directions to demonstrate how the internal/external inputs can impact the 

structural and functional outputs of dynamic systems. The study of asymmetric 

synthesis provides a meaningful methodology for formation of enantiopure 

nucleosides, which can be used in development of the 1,3-oxathiolane-based 
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drugs. The multistimuli-responsive control over the motions of enamine 

switches holds potential for further applications in various fields, for instance 

bio-imaging, optical recording and environmental analysis. Moreover, under 

basic conditions, the explored enamines exhibit great stability and very slow 

exchange rate with amines, envisaging possibilities for generation of orthogonal 

switching systems with, for example, disulfide exchange.  

 

  



67 

 

Acknowledgements 

 

This journey would not have been possible without the invaluable help from 

many extraordinary people during the last few years. Huge thanks! Here, I wish 

to express my sincere gratitude to the following persons: 

My supervisors Olof Ramström and Licheng Sun. Olof, thank you for accepting 

me as a PhD student, for the inspiring guidance and discussions, for the 

enormous support, encouragement and freedom to allow me to pursue crazy 

ideas. Licheng, thank you for providing me opportunity to join the group, for 

the fantastic support, and for the great working environment. Thank you so 

much!  

Professor Per Berglund for previewing this thesis, and Antanas Karalius, Brian 

Timmer, Fredrik Schaufelberger, Giampiero Proietti, Lei Hu, Oleksandr 

Kravchenko, Sheng Xie and Xia Sheng for the help with proofreading. Thank 

you all for the valuable suggestions and comments. 

My co-authors Olof Ramström, Mingdi Yan, Oleksandr Kravchenko, Sheng 

Xie, Erik S. Grape, A. Ken Inge, Per H. Svensson and Lei Hu for the rewarding 

and stimulating collaborations. 

All the current and former group members Alex, Allan, Antanas, Biaobiao, Boo, 

Brian, Fredrik, Giampiero, Joakim, Juan, Karolina, Kequan, Laura, Lei, Linnea, 

Linqin, Lizhou, Maurice, Na, Qijun, Ruzal, Sesha, Sheng, Sonja, Tianqi, Xia, 

Yang, Yanmiao, Yaxiao, Yu and Zhaoyang for the great atmosphere you have 

provided in office and laboratory over all the years. 

Antanas, special thanks, grateful to share office with you through these years, 

thank you for always being nice and helpful, for all the conversions about life, 

sports, languages, science and … the ‘tremendous’ jökes. 
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