
Highly enantioselective synthesis of 

lactam and sugar derivatives by chiral 

aminocatalysis and merging with 

transition metal catalysis 

Kaiheng Zhang 

 

Supervisor: Armando Cόrdova 

Faculty of Engineering, Mathematics and Subject Didactics  

Thesis for Doctoral Degree in Organic Chemistry  

Mid Sweden University,  

Sundsvall, 2023-03-30 



Akademisk avhandling som med tillstånd av Mittuniversitetet i Sundsvall framläggs till 

offentlig granskning för avläggande av filosofie doktors torsdag, 2023-03-30, 10.00, i 

sal M108, Mittuniversitetet Sundsvall. Seminariet kommer att hållas på engelska. 

Highly enantioselective synthesis of lactam and sugar 
derivatives by chiral aminocatalysis and merging with 
transition metal catalysis 

© Kaiheng Zhang, 2023-03-30 

Printed by Mid Sweden University, Sundsvall 

ISSN: 1652-893X 

ISBN: 978-91-89786-00-4 

Faculty of Engineering, Mathematics and Subject Didactics 

Mid Sweden University, Holmgatan 10, SE 85230 

Phone: +46 (0)10 142 80 00 

Mid Sweden University Doctoral Thesis 386 



Keep looking, don’t settle. 

Stay hungry, stay foolish. 

Steve Jobs 

                                                                              To my parents 

 

 





 

Table of contents 
Abstract ............................................................................................................... ii 

Summary in Swedish....................................................................................... xiii 

List of papers .................................................................................................. xvii 

Auther contributions ....................................................................................... xix 

Abbreviation ..................................................................................................... xxi 

1 Introduction ...................................................................................................... 1 

1.1 Chirality ........................................................................................................... 1 

1.2 Asymmetric synthesis ..................................................................................... 2 

1.3 Aminocatalysis ................................................................................................ 2 

1.4 Enamine catalysis ........................................................................................... 3 

1.5 Iminium catalysis ............................................................................................ 4 

1.6 Asymmetric multicomponent reactions ........................................................... 5 

1.7 Transition metal-catalyzed allylic alkylation .................................................... 6 

1.8 Cooperative dual catalysis .............................................................................. 7 

1.9 Stereodivergent synthesis .............................................................................. 9 

1.10 Organofluorine ............................................................................................ 10 

1.11 Aim of this thesis......................................................................................... 12 

2 Catalytic enantioselective synthesis of bicyclic lactam N,S-acetals via 
cascade transformations (Paper I) .................................................................. 13 

2.1 Background and Introduction ........................................................................ 13 

2.2 Enantioselective synthesis of δ-lactam N,S-acetals ..................................... 15 

2.3 Enantioselective synthesis of α-amino-γ-lactam N,S-acetals ....................... 17 

2.4 Enantioselective synthesis of α-hydroxy-γ-lactam N,S-acetals ..................... 18 

2.5 γ-lactam N,S-acetal synthesis by other cascade reactions .......................... 18 

2.6 Conclusion .................................................................................................... 19 

3 Solvent dependency in stereoselective δ-lactam formation of chiral 
fluoromalonate derivatives: stereodivergent synthesis of heterocycles with 
fluorine containing stereocenters adjacent to tertiary stereocenters (Paper 
II)......................................................................................................................... 20 

3.1 Background and Introduction ........................................................................ 20 



8 

3.2 Condition screening ...................................................................................... 21 

3.3 Substrate scope of fluorinated bicyclic lactams ............................................ 22 

3.4 Stereodivergent synthesis of fluorinated piperidinone .................................. 24 

3.5 Functionalizations ......................................................................................... 26 

3.6 DFT calculation ............................................................................................. 27 

3.7 Summary ...................................................................................................... 30 

4 Sugar-assisted kinetic resolution in metal/chiral amine co-catalyzed α-
allylation and [4+2] cycloaddition: Highly enantioselective synthesis of 
functionalized sugar and chromane derivatives with a quaternary 
stereocenter (Paper III) ..................................................................................... 31 

4.1 Background and introduction ........................................................................ 31 

4.2 Condition optimization of D-glyceraldehyde acetonide α-allylation .............. 33 

4.3 Substrate scope of chiral amine/palladium co-catalyzed α-allylation. .......... 35 

4.4 Chiral amine/Ir co-catalyzed α-allylic alkylation ............................................ 37 

4.5 Mechanistic investigations ............................................................................ 40 

4.6 Conclusion .................................................................................................... 43 

5 Direct catalytic stereoselective aminomethylation of furanoside and 
nucleoside C5’ aldehyde derivatives (Paper IV) ............................................ 44 

5.1 Background and introduction ........................................................................ 44 

5.2 Optimization of reaction condition................................................................. 46 

5.3 Substrate scope ............................................................................................ 47 

5.4 Functionalizations ......................................................................................... 49 

5.5 Proposed mechanism ................................................................................... 50 

5.6 Conclusion .................................................................................................... 52 

6 Summary ........................................................................................................ 53 

7 Acknowledgement ......................................................................................... 54 

8 References ..................................................................................................... 56 

9 Appendix ........................................................................................................ 64 

 



ix 

Abstract 
This thesis presented novel methodologies for enantioselective 

synthesis of highly functionalized lactam and sugar derivatives. 

Asymmetric organocatalysis, cooperative dual catalysis and one-pot 

multicomponent reaction strategies were applied for the construction 

of continuous and quaternary stereogenic center. 

In Chapter II, an unique strategy for enantioselective synthesis of 

bicyclic lactam N,S-acetals scaffolds was developed. The reaction 

intiates from an aminocatalyzed transformation. Next, the addition of 

thiol amine leads to the construction of bicyclic lactams via a 

imine/N,S-acetal formation/lactamization cascade sequence. 

Chapter III focuses on a stereodivergent synthesis of fluorinated 

lactams bearing two vicinal stereogenic centers by multicomponent 

reaction. The reaction proceeds via enantioselective Michael addition 

/imine formation/lactamization cascade process. The reaction solvent 

used in the lactamizarion step gives switchable diastereoselectivity to 

the fluorinated quaternary stereocenter. DFT calculation revealed a 

mechanistic insight into the unexpected diastereoselectivity. The 

usefulness of fluorinated lactams was demonstrated in fluorinated 

drug analogue synthesis. 

Chapter IV illustrates a new enantioselective allylic alkylation of 

acetonide protected trioses and furanosides by merging enamine 

catalysis with transition metal catalysis. An intrinsic sugar-assisted 

kinetic resolution mechanism between aldehyde and aminocatalyst 

was proposed and monitored in NMR studies.  

Chapter V is about a new chiral amine-catalyzed C4’ α-aminomethyl-

ation of furanoside and nucleoside derived C5’ aldehydes. The C4’ 

aminomethyl functionalized furanoside precursors have potentials for 

new nucleoside analogue synthesis.
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Summary in Swedish 
Denna avhandling presenterar nya metoder för enantioselektiv syntes 

av högfunktionaliserade laktam- och sockerderivat. Asymmetrisk 

organokatalys, kooperativ dubbel katalys och 

flerkomponentreaktionsstrategier i en behållare användes för 

konstruktion av kontinuerliga och kvartära stereogena centra. 

I kapitel I utvecklades en unik strategi för enantioselektiv syntes av 

bicykliska laktam N,S-acetaler ställningar. Reaktionen initieras från en 

aminokatalyserad transformation. Därefter leder tillsatsen av tiolamin 

till konstruktionen av bicykliska laktamer via en imin/N,S-acetalbildn-

ing/laktamiseringskaskadsekvens. Kapitel II fokuserar på en 

stereodivergent syntes av fluorerade laktamer som bär två vicinala 

stereogena centra genom multi-komponentreaktion. Reaktionen 

fortskrider via enantioselektiv Michael-addition/iminbildning/ 

laktamiseringskaskadprocess. Lösningsmedlet som används i 

laktamiseringssteget ger omkopplingsbar diastereoselektivitet till det 

fluorerade kvartära stereocentret. DFT-beräkningar gav en förklaring 

för den oväntade diastereoselektiviteten. Användbarheten av 

fluorerade laktamer demonstrerades med syntes av fluorerade 

läkemedelsanaloger. Kapitel III illustrerar en ny enantioselektiv 

allylisk alkylering av acetonidskyddade trioser och furanosider genom 

att kombinera enaminkatalys med övergångsmetallkatalys. En 

inneboende sockerassisterad kinetisk resolvering mellan aldehyd och 

aminokatalysator föreslogs och undersöktes i NMR-studier. Kapitel IV 

handlar om en ny kiral amin-katalyserad C4' α-aminometylering av 

furanosid och nukleosid härledda C5' aldehyder. De C4'-

aminometylfunktionaliserade furanosidprekursorerna har potential 

för ny nukleosidanalogsyntes.
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1 Introduction 

1.1 Chirality 

Chirality is a commonly occurring property of organic molecules, first 

introduced by Lord Kelvin in 1894.1 According to the definition of 

IUPAC, one molecule is chiral if its structure has two different 

configurations and their mirror image are not superimposable with 

each other.2 A chiral compound bearing one stereogenic center has two 

distinct enantiomers, the preparation of single enantiomer has long 

been a task. Different enantiomers of the same organic molecule have 

identical physical properties (e.g. melting point and solubility), but 

different biological activities in organisms. For instance, (R)-Limonene 

a fragrance component isolated from orange has different fragrance 

with the other enantiomer (S)-Limonene.3a Moreover, (R)-Thalidomide 

shows sedative effect, however, its (S)-enantiomer caused serious 

teratogenic side effect.3b Since the Thalidomide tragedy in 1960s, when 

the FDA imposed strict regulations4 on the testing and registration of 

chiral drugs, the synthesis of organic compounds in enantiopure form 

has become a high priority in both industry and academia. 

  

Figure 1. Examples of chiral compounds in different enantiomers. 
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1.2 Asymmetric synthesis 

Throughout the history of organic chemistry, chiral resolution, chiral 

auxiliary based synthesis and asymmetric catalysis are prevalently 

used strategies for the preparation of optically active compounds. 

Chiral resolution5 is a way to separate racemic compound, but 

maximum yield is 50%. A pair of separable diastereomers are formed 

from reaction of racemate with a chiral compound. Chiral auxiliaries6 

such as oxazolidinones and sulfinamides have been widely studied 

and applied in industry. Chiral auxiliary firstly incorporates with 

starting material and eventually leads to the desired diastereo-

selective transformation. However, stoichiometric amount of chiral 

auxiliary is demanded, even though it can be recycled after removal. 

Asymmetric catalysis7 is an efficient approach to transform achiral 

substrates into enantioenriched compounds by loading a catalytic 

amount of chiral catalyst. 

1.3 Aminocatalysis 

Small molecule catalyzed organic reactions refer to organocatalysis, 

which is the third pillar of asymmetric catalysis together with 

transition metal catalysis and biocatalysis. The first example of a 

proline catalyzed reaction can be traced back to the 1970s reported by 

Hajos and Parrish.8a They discovered that 3 mol% catalytic amount of 

L-proline enabled an intramolecular aldol reaction, which led to 

bicyclic ketol in excellent yield and enantioselectivity (Scheme 1). 

Shortly after, Wiechert et al.8b disclosed a modified Robinson 

annulation for asymmetric synthesis of Wieland-Miescher ketone, a 

key starting material for steroids synthesis. Since then, the Hajos-Parish 

reaction has been applied to a number of steroid total synthesis.9 

 

Scheme 1. Hajos-Parrish reaction. 
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However, asymmetric reactions using small molecules as catalyst has 

received limited attention until the end of 1990s. Asymmetric 

organocatalysis became a fast-growing research field after two seminal 

papers in 2000. List, Lerner and Barbas’s work outlined the L-proline 

is able to catalyze asymmetric intermolecular and intramolecular aldol 

reaction.10 Macmillan’s group developed an asymmetric Diels-Alder 

reaction using newly designed imidazolidinone catalysts (Scheme 2).11 

In comparison with air-sensitive and expensive transition metal 

catalysis, the condition of organocatalyzed reactions do not require 

inert air protection or anhydrous solvent. In its ‘gold rush’ period, an 

exponential of research focused on the development of new activation 

modes and design of new organocatalysts. Aminocatalysis is a class of 

organocatalysis, which provides covalent activation to carbonyl 

containing substrates by chiral amino acid or amine. 

 

Scheme 2. Enantioselective organocatalyzed Aldol and Diels-Alder 
reactions. 

1.4 Enamine catalysis 

Enamine catalysis13 is the primary or secondary amine catalyzed 

nucleophilic addition or substitution of aldehyde and ketone. In most 

cases, functionalizations occurs on the α-position of carbonyl substrate. 

However, γ- and ε- functionalizations have also been reported.13b 

Pioneering work by Stork disclosed enamine alkylation and acylation 

of ketone using stoichiometric amount of pyrrolidine.14 In asymmetric 

enamine catalysis (Scheme 3), enamine intermediate is formed by in 

situ condensation of carbonyl substrate and amine catalyst. The 

generated enamine raises the highest occupied molecular orbital 
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(HOMO), this rising activation mode significantly increases the 

nucleophilicity of α-carbon. Next, the nucleophilic attack to 

electrophile occurs and gives iminium intermediate. Subsequent 

hydrolysis affords chiral product and regenerates amine catalyst. The 

chirality is introduced by the sterically bulky side group of the 

aminocatalyst, which shields the enamine face during nucleophilic 

addition. Consequently, abroad range of enantioselective C-C,15 C-

halogen16 and C-hetero atom17 new bond-forming reactions were 

reported in previous research. 

 

Scheme 3. Example of catalytic cycle of enamine catalysis. 

1.5 Iminium catalysis 

The actication of enals and enones via iminium ion intermediate is 

another type of important activation mode.18 In this case, a catalytic 

amount of primary or secondary amine condenses with unsaturated 

aldehyde and forms (E)-iminium intermediate, the lowest unoccupied 

molecular orbital (LUMO) activation mode affords iminium ion with 

higher electrophilicity than unactivated carbonyl compounds. Next, 

the stereoselective nucleophilic attacks by a suitable nucleophile to the 

β-position of iminium ion occurs and leads to enamine intermediate. 
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Finally, hydrolysis generates the corresponding 1,4-addition product 

and releases amine catalyst back to the catalytic cycle (Scheme 4). 

 

Scheme 4. Example of catalytic cycle of iminium catalysis. 

1.6 Asymmetric multicomponent reactions 

In multicomponent reactions (MCRs), more than two reactants are 

employed to form a single product with high chemoselectivity.19 In this 

process, more than one chemical bonds are formed and the choice of 

starting material is usually simple or readily available. The earliest 

documented MCR is Strecker amino acid synthesis (Scheme 5a),20 this 

reaction initiates from aldehyde condensation with ammonia, then 

subsequent cyanide addition to imine affords aminonitrile, the final 

amino acid is generated after hydrolysis. Another classical MCR is the 

four-component Ugi reaction involving isocyanide (Scheme 5b);21 this 

method has been extensively applied for α-aminoacyl amide synthesis. 
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Scheme 5. Strecker amino acid synthesis and Ugi reaction 

In catalytic asymmetric MCRs,22 new bond formation takes place 

sequentially and multiple stereogenic centers are created in high 

diastereo- and enantioselectivity. Asymmetric MCRs significantly 

enhances the chiral complexity and structural diversity of the target 

product, which has been frequently applied in combinational synthesis 

of chiral compound library in one-pot reactions. On the other hand, the 

experimental simplicity avoids tedious purification of intermediate 

and reduces waste production. These advantages as well high 

selectivity fulfill the goals of atom economy and green chemistry. 

1.7 Transition metal-catalyzed allylic alkylation 

The Tsuji-Trost reaction23 is a palladium-catalyzed allylic substitution 

reaction. The reaction initiates from Pd(0)’s coordination with allylic 

substrate, whereas η3-Pd(II)-allylic complex is generated by oxidative 

addition. Next, as an electrophile, η3-Pd(II)-allylic species can be 

attacked by various nucleophiles, resulting in new chemical bond 

formation. The final decoordination step releases Pd(0) catalyst and 

generates the final allylic product (Scheme 6).  

The stereochemistry of the allylic product depends on the nature of 

nucleophile.24 Non-stablized nucleophiles (pKa>25) for example 

organometallic reagents, first attack the metal center followed by 

reductive elimination, which results in products with the inversion of 

configuration. However, stabilized nucleophiles (pK<25a) for example 

malonate ester derived carbanions can attack carbon of allylic moiety 

directly, providing allylic products with the retention of configuration. 
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Scheme 6. Tsuji-Trost allylic alkylation. 

1.8 Cooperative dual catalysis 

In conventional catalytic reactions, one of the reactants is activated by 

a single catalyst. Cooperative dual catalysis25 is a concept where both 

nucleophile and electrophile are concurrently activated by two 

different catalysts without interfering with each other. The activated 

substrates have a lower LUMO-HOMO energy gap compared with 

mono-catalyst activation, which enables higher possibility of new 

chemical bond formation (Scheme 7). Cooperative bimetallic catalysis 

was extensively developed at early stage. For instance, Sonogashira 

cross-coupling reaction26 combines copper activated-alkyne and 

palladium activated-aromatic halide to afford sp2-sp bond formation. 
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Scheme 7. Cooperative dual catalysis. 

α-Alkylation of unmodified ketones and aldehydes has been a long-

standing task because side reactions are likely to occur, such as N or O 

nucleophilic addition, self-aldolization, Cannizzaro and Tishchenko 

reactions. For this reason, α-alkylation of carbonyl substrates in most 

cases relies on addition of metal coordinated enolate to alkyl halides.27 

 

Scheme 8.  Merging enamine catalysis with transition metal catalysis. 

Organo/transition metal cooperative catalysis was disclosed in 2006, 

when Cόrdova’s group reported a direct α-allylation of carbonyl 

containing substrates,28 which merged enamine catalysis and 

palladium-catalyzed allylic alkylation (Scheme 8). In this catalytic 

transformation, two catalytic cycles proceed simultaneously: carbonyl 

substrate and allylic acetate are activated by substochimetric amount 

of pyrrolidine and Pd(PPh3)4 respectively. The nucleophilic enamine 
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addition to electrophilic η3-Pd(II)-allylic complex gives an allylic 

iminium intermediate after C-C bond formation. Finally, Pd(0) and 

secondary amine catalyst are regenerated in elimination and 

hydrolysis steps, giving corresponding α-allylic carbonyl product in 

excellent yield. In addition, the authors found that the allylic alkylation 

in asymmetric version was also performed by using either chiral 

aminocatalyst or chiral Trost ligand. Subsequently, in 2012 Cόrdova 

and co-workers reported an asymmetric α-allylation29 by loading 

chiral diphenyl prolinol ether catalyst. In this reaction, excellent ee was 

obtained in DMSO and DMF solvent mixture under -20 oC. It was 

challenging to achieve excellent enantioselectivity since the enolization 

of α-allylated product could induce racemization.  

This cooperative catalysis strategy opened a new gate for chemical 

bond constructions. Different organocatalysis and transition metal 

catalysis merging strategies were subsequently reported. 

1.9 Stereodivergent synthesis 

Stereodivergent synthesis30 is an important approach for preparing all 

possible stereoisomers from the same starting materials (Scheme 9). 

For one enantioenriched compound especially natural product, the 

synthesis of all possible stereoisomers can provide access to structure-

activity relationship studies and accelerate new drug discovery. 

Catalytic asymmetric synthesis of chiral compounds bearing multiple 

stereogenic centers usually results in a single diastereomer with 

excellent enantioselectivity, but the asymmetric synthesis of other dia-

stereomers is inaccessible due to the lack of stereodivergence.  

 

Scheme 9. Stereodivergent synthesis 
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In conventional asymmetric catalysis, the diastereoselectivity switch 

usually occurs by means of catalyst modification, changing of reaction 

conditions and sequential catalysis. However, this type of stereo-

divergence effect is usually unpredictable. In 2013, stereodivergent 

dual catalysis31 was introduced by Carreira and coworkers. In this 

seminal work, α-allylic alkylation of branched aldehydes was enabled 

by merging chiral enamine catalysis and η3-Ir(III) allylic complex. Each 

stereogenic center was independently controlled by either amino 

catalyst or chiral (phosphoramidite, olefin) ligand. Under the same 

condition, all the four possible stereoisomers were obtainable by 

selecting a pair of chiral catalyst and ligand. All the products were 

obtained in high yields (71-80%), >99% ee and 15->20:1 dr. Shortly 

afterwards, this dual catalytic strategy was extended to the total 

synthesis of Δ9-tetrahydrocannabinol,32 which allowed synthesis of 

four possible stereoisomers. 

1.10 Organofluorine 

Fluorine is the 13th most abundant element in the earth’s crust, natural 

sources of fluorine are concentrated in minerals, such as fluorospar 

(CaF2).33 However, fluorine rarely exists in natural organisms, only five 

fluorine containing natural products have been discovered. The low 

bioavailability and high electronegativity properties result in 

fluorine’s xenobiotic property in natural compounds.34 

Organofluorine refers to compounds bearing carbon-fluorine bonds. 

In 1954, Sabo firstly reported the synthesis of fluorinated cortisone 

(fludrocortisone) via the treatment of cortisone with hydrogen fluoride 

in chloroform.35 The introduction of fluorine to the 9α-position showed 

enhanced glucocorticoid activities compared with other halogenated 

counterparts. 

As the first approved fluorinated drug, fludrocortisone’s successful 

case paved the way for fluorine’s bioisostere role in new drug design.36 

The small Van der Waals radius (1.47 Å) of fluorine is similar to that of 

hydrogen (1.2 Å), so the proton replacement by fluorine induces less 

conformation change compared with the unmodified molecule.34 In 
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addition, fluorine’s high electronegativity significantly modulates the 

physical properties of drug candidates, such as pKa, lipophilicity, 

permeability and bioavailability. Consequently, nowadays around 

20% of commercial pharmaceuticals and 30% of agrochemicals contain 

fluorinated functional groups in their structures (Scheme 10a), 

including several blockbuster drugs.37 

 

Scheme 10. a) Chiral aliphatic fluorine-containing pharmaceutical active 
ingredients. b) Organofluorines synthesized by 2-fluoro-malonate acid or 
ester.  

In modern fluorination method, fluorine attached to sp3 carbon is 

highly demanded beyond well-established fluorinated aromatic 

building blocks. Nucleophilic additions to electrophilic fluorine 

reagent such as NFSI and Selectfluor is a direct way to reach 

fluorinated carbonyl compounds.38 



 

12 

Mono-fluorinated motifs can also play the role of pronucleophile, their 

nucleophilic addition is an indirect fluorination approach for aliphatic 

organofluorine synthesis. For instance, 2-fluoromalonate ester or acid39 

is a commonly used as a fluorinated building block prepared by 

dialkylmalonate ester with fluorine gas. In previous research, they 

were mainly used to the synthesis of aromatic fluorinated quinoline 

system.40 As a pronucleophile, 2-fluoromalonate esters have also 

participated in asymmetric catalysis (Scheme 10b), which gives access 

to chiral aliphatic fluorinated units by iridium catalyzed allylation41 

and organocatalyzed conjugate addition.42 

1.11 Aim of this thesis 

In the past two decades, the fields of organocatalysis, dual catalysis 

and stereodivergent synthesis have undergone a thriving growth. An 

increasing number of organocatalysts, activation modes and catalytic 

systems have been developed, providing products with tremendous 

structural novelty and chiral complexity. However, the substrate scope 

of asymmetric catalysis is still narrow. The goal of this thesis is to 

further develop asymmetric synthetic methods for the creation of 

enantioenriched quaternary and continuous stereogenic centers. The 

investigation of previously less studied substrates is presented. Their 

high reactivity and stereoselectivity are expected to increase the 

stereodiversity and complexity of new chiral skeletons in new methods. 

Furthermore, the potential of the new quaternary stereogenic centers 

will be discussed in synthetic functionalizations. 

In Paper I and II, we aim to build optically active lactam N,S-acetal 

complexities and their fluorinated δ-lactam counterparts bearing 

continuous stereocenters via one-pot cascade reaction.  

In Paper III and IV, a new carbohydrate and nucleoside-derived chiral 

enamine have been developed. Their nucleophilic reactivity and 

stereoselectivity were investigated in additions to transition-metal 

catalyzed allylic complex and dialkyl iminium ion electrophiles. 
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2 Catalytic enantioselective synthesis of bicyclic 

lactam N,S-acetals via cascade transformations 

(Paper I) 

2.1 Background and Introduction 

Antibiotic penicillin is a class of small molecule drugs used against 

broad spectrum of bacterial infection, discovered by Fleming from 

mold Penicillium rubens.43a The bicyclic structure of penicillin contains 

β-lactam and N,S-acetal. The first synthetic antibiotic applied to 

clinical medication is penicillin G (benzylpenicillin), which is prepared 

by fermentation. The semisynthesis of new penicillin is based on a 6-

aminopenicillin acid (6-APA) precursor.43b 

 

Scheme 11. Semisynthetic antibiotics. 

The catalytic enantioselective assembly of bicyclic N,S-acetal is still 

scarce. Until now, only one work by Sigman and Toste44 reported chiral 

Brønsted acid catalyzed enantioselective synthesis of cyclic N,S-acetal 

scaffolds. 

For a long time, numerous research about enantioselective synthesis of 

N-containing heterocycles via Michael addition/cyclization45 cascade 

reaction (Scheme 12) were developed for the construction of chiral 

hemiaminal,46 quinolizidine,47 mono or bicyclic lactam skeletons.48 The 

total synthesis of drug and alkaloid analogues49 was also achieved in 

their extension work. Recently, we reported an enantioselective 

synthesis of bi- and tricyclic lactams via cascade one-pot reaction.48b In 

this method, the chirality was generated from a chiral amine-catalyzed 

Michael reaction, then the addition of diamine or ethanolamine 
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afforded a cascade cyclization/lactamization reaction, which led to the 

target bicyclic lactams with excellent drs and ees. 

 

Scheme 12. Nitrogen containing heterocycles synthesis by cascade 
reaction. 

In Paper I, a new versatile strategy for the asymmetric synthesis of 

bicyclic lactam N,S-acetal was proposed (Scheme 13). This one-pot 

reaction initiates from enantioselective transformation between 

aldehyde and electrophile or nucleophile, which affords chiral 

intermediates bearing aldehyde and ester groups in high stereo-

selectivities. Upon the addition of a thiol-containing amine substrate, 

a cascade reaction through imine/N,S-acetal cyclization/lactamization 

sequence takes place, giving the target bicyclic lactam N,S-acetal 

products in high drs and ees. 

 

Scheme 13. New strategy for enantioselective synthesis of bicyclic lactam 
N,S-acetals. 
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2.2 Enantioselective synthesis of δ-lactam N,S-acetals 

Chiral secondary amine catalyzed Michael addition between enal 1a 

and dimethyl malonate ester 2a proceeded smoothly in EtOH as 

solvent, followed by the addition of cysteamine amine 4a. The 

corresponding 5a bicyclic δ-lactam N,S-acetal was afforded in single β-

anomer with 94:6 dr and 77% ee. Next, we found that using TsOH·H2O 

as a co-catalyst in cyclization process together with bulkier amino-

catalyst 3b enabled higher dr and ee (entry 2-3). Furthermore, running 

the reaction at 7 oC significantly increased yield to 82% and ee to 97% 

(Entry 4). 

Table 1. Condition screening 

 

entry 3 Co-catalyst time(h) 
yield 

(%)b 
dr c 

(5a:5a’)c 
β-5a:α-5ac 

ee 
d 

1 3a - 21 56 94:6 >99:1 77 

2 3a TsOH·H2O 24 55 95:95 >99:1 82 

3 3b TsOH·H2O 24 78 96:4 >99:1 92 

4e 3b TsOH·H2O 22 82 94:6 >99:1 97 

5f 3b TsOH·H2O 4 64 85:15 >99:1 99 

a 1a (0.25 mmol), 2a (0.5 mmol) and 3 (10 mol%) were added in EtOH 0.5 M 

for the time shown. Next 4a (0.5 mmol) and co-catalyst (10 mol%) were 

added. b Isolated yield. c Determined by NMR of crude reaction. d 

Determined by chiral HPLC analysis. e Reaction at 7 oC. f Reaction at -7 oC. 

With the optimized condition in hand, we explored the substrate scope 

of this cascade reaction. Numerous 1 bearing various R substitute were 

attempted and 5 all received good yield (49-88%), >86:14 dr and >89% 
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ee. For enal 1, EWG and EDG on aromatic phenyl ring gave products 

in superior 70-88% yield (5b-5f) compared to enals 1 with alkyl 

substituents, which afforded products (5h-5i) in moderate 54-66% 

yield. The employment of 4b mercapto propylamine resulted in six-

membered N,S-acetals 5k-5m in single diastereomers. By using 

penicillamine 4c, a desired δ-lactam penicillin analogue 5j in >99:1 dr 

was also obtained in prolonged reaction time. In addition, the 

reactivity of 2-amino-3-mercapto-propan-1-ol 4d was also attempted, 

which exhibited excellent chemoselectivity, alcohol containing δ-

lactam N,S-acetal (86:14 to 94:6 dr) in two different diastereomers were 

obtained by loading either (S) or (R)-3b catalysts. The relative 

configuration of 5n was assigned by 2D NOESY experiment.
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Scheme 14. Substrate scope of δ-lactam N,S-acetal. a 120h for the 

cyclization step. 

2.3 Enantioselective synthesis of α-amino-γ-lactam N,S-

acetals 

The first catalytic asymmetric transformation step is the stereo-

selective determining step. To further develop this bicyclic lactam 

synthesis strategy, we moved our attention to other type of catalytic 

transformations (Scheme 15). L-proline and (S)-3a catalyzed-Mannich 

reactions between linear aldehyde and PMP-protected imine gave 

chiral functionalized syn-50 and anti-51 aldehydes intermediate 

respectively. Upon the addition of amine 4a, N,S-acetal formation and 

lactamization sequentially took place, affording the corresponding γ-

lactam N,S-acetal in good yield (55-72%) and up to 99% ee. Notably, α-

anomer is the major product in this reaction, 6 bearing bulkier iPr 

group resulted in higher α-anomer selectivity (β:α=23:77 and 30:70) 

than less bulky Bu and Bn groups.  

 

Scheme 15. Enantioselective synthesis of α-amino-γ-lactam N,S-acetals. 

 



 

18 

2.4 Enantioselective synthesis of α-hydroxy-γ-lactam N,S-

acetals 

Aldol/imine/N,S-acetal formation/lactamization cascade sequence was 

also taken into account (Scheme 16). 3d chiral prolinol-catalyzed aldol 

reaction resulted in anti- aldol intermediate52 with high dr. Then the 

five and six membered γ-lactam N,S-acetals 11 in β-anomer were 

subsequently afforded after the addition of amine 4. Gratifyingly, a 

penicillin analogue 11d was also assembled under 50 oC condition. The 

relative configuration of 11d was assigned by 2D NOESY experiment, 

which showed strong correlations between the anomer proton and 

neighboring protons.  

 

Scheme 16. Enantioselective synthesis of α-hydroxy-γ-lactam N,S-acetals.  
a Cascade cyclization in 50 oC. 

2.5 γ-lactam N,S-acetal synthesis by other cascade reactions 

Finally, this strategy was further extended to other types of cascade 

reaction sequences. Using 1j and 12 as starting materials, bicyclic γ-

lactam N,S-acetals 11e was also afforded via aza Michael addition53 

/imine/cyclization/lactamization sequence (Scheme 17). It is worth to 

note that starting from asymmetric cyclopropanation54 between 1a and 

2b, the synthesis of tricyclic γ-lactam N,S-acetal 13a resulted in good 

yield, 50:50 anomeric ratio and excellent ees. The relative and absolute 

configurations of 13aα were assigned by 2D NMR and X-ray single 

crystal diffraction respectively. 
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Scheme 17. Enantioselective synthesis of bi- and tri-cyclic γ-lactam N,S-
acetal 11e and 13a. 

2.6 Conclusion 

In conclusion, a new versatile strategy for expeditious synthesis of 

‘penicillin’ like N,S-acetals was developed, which opened up the 

possibility for enantioselective construction of bi- and tricyclic δ- and 

γ-lactam N,S-acetals. The integrated multicomponent synthesis started 

from chiral amine-catalyzed enantioselective transformations. The 

next cascade reaction in imine/N,S-acetal formation/lactamization 

cascade sequence afforded a broad range of bicyclic lactam N,S-acetals 

in high stereoselctivities in most cases. 
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3 Solvent dependency in stereoselective δ-lactam 

formation of chiral fluoromalonate derivatives: 

stereodivergent synthesis of heterocycles with 

fluorine containing stereocenters adjacent to 

tertiary stereocenters (Paper II) 

3.1 Background and Introduction 

Pharmaceuticals containing fluorinated stereogenic center account for 

only 1% of total marketed fluorine-containing APIs.55 Until now, most 

aliphatic fluorinated pharmaceuticals are anti-inflammatory drugs. 

Fluorine rarely exists in natural compounds, and for this reason the 

enantioselective construction of C(sp3)-F stereogenic center is essential.  

In previous work, a plethora of asymmetric syntheses of fluorinated 

quaternary stereocenters was developed by transition metal catalyzed 

enolate or organnocatalyzed nucleophilic addition to electrophilic 

fluorine reagents such as NSFI or Selectfluor. Their chiral environment 

is provided by chiral ligand or organocatalyst.56 

Stereodivergent synthesis of fluorine-containing multiple stereogenic 

centers has received remarkable breakthrough in recent years. With 

tertiary organofluorine as a pronucleophile, a number of transition 

metal-catalyzed stereodivergent allylic alkylations (Scheme 18a),57 and 

Mannich58 reactions were reported. Their switchable diastereo-

selectivity was afforded by chiral ligand or catalyst modifications. 

Another stereodivergent Henry59 reactions was also reported by using 

different organocatalyst. An alternative approach is sequential 

catalysis, in 2018 Zhao’s group reported a sequential catalytic 

methodology60 by merging chiral amine-catalyzed epoxidation60a and 

chiral NHC catalysis (Scheme 18b). The creation of chiral fluorinated 

stereocenter was introduced by NFSI in the second step. 
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Scheme 18. Stereodivergent synthesis of compounds bearing fluorinated 
stereogenic center. 

In Paper II, we have developed a facile and practical method for the 

stereodivergent synthesis of fluorinated δ-lactams in one-pot cascade 

reaction.  

3.2 Condition screening 

The one-pot reaction started from enantioselective Michael addition 

between 2-fluoromalonate ester 2c and enal 1, in which a chiral 

fluorinated aldehyde intermediate was formed in excellent ee. Next, a 

cascade sequence involving N,S-acatal cyclization and lactamization 

was carried out following the addition of amine 4a (Scheme 19). 

In a preliminary study, we found two diastereomers anti-14a and syn-

14a’, which were isolated. Interestingly, the diastereomeric excess (de) 

value depends on the dielectric constant of reaction solvent. From all 

the solvents we screened, apolar solvents with low dielectric constant 

(ε<10) gave the unexpected syn-14a’ as the major product (CH2Cl2 is 

the best solvent with 84% de). However, in polar solvents with higher 

dielectric constant (ε >15), the reversed anti-14a (MeOH is the best 

solvent with -86% de) was isolated as the major product. In comparison, 

non-fluorinated bicyclic lactam counterparts only received anti- stereo-

isomer in excellent dr. The only exception is solvent CH3CN, which has 
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high dielectric constant (ε=37.5) but syn-14a’ (de=-50%) is still the major 

product. 

 

 

Scheme 19. Diastereometric excess (de) in different solvents. (de= (14a-
14a’)/(14a+14a’) X100%) 

3.3 Substrate scope of fluorinated bicyclic lactams 

With the optimized condition in hand, the substrate scope of 14’ and 

14 were both investigated in CH2Cl2 and MeOH respectively (Scheme 

20). Under CH2Cl2 condition, enals 1 bearing various aromatic and 

aliphatic R substitutes were well tolerated and gave bicyclic lactams in 

good yield (47-87%). Ethanolamine 4b and cysteamine 4a afforded O- 

and S- containing bicyclic lactams syn-14’ with high selectivity (dr 

85:15-99:1) and excellent ee (94->99%). Surprisingly, D-penicillamine 4c 

led to 14l’, a penicillin analogue in 55% yield with >99:1 dr. Under 

MeOH condition, a broader substrate scope of amine 4 was tolerated 

(14m was obtained by ethylenediamine 4d), anti-14 as the major 

product were obtained in higher dr (76:24 to 97:3) and up to >99% ee. 

The absolute configuration of 14b and hydrolyzed carboxylic acid 15b’ 

were assigned by X-ray single crystallography diffraction. 
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Scheme 20. Stereodivergent synthesis of fluorinated bicyclic lactams. a 14’ 
condition: i) 1 (0.25 mmol), 2c (0.3 mmol), 3b (0.025mol), NaOAc (0.3 mmol) 
in CH2Cl2, ii) 4 (0.5 mmol) in CH2Cl2. b 14 condition: i) 1 (0.25 mmol), 2c (0.3 
mmol), 6b (0.025mol), NaOAc (0.3 mmol) in MeOH, ii) 4 (0.5 mmol) in 
MeOH c TFA (0.5 mmol) was used in the second step. 

Enantioselective synthesis of fluorinated benzo[a]quinolizidine and 

indolo[2,3a]quinolizidine type alkaloids was also realized via Pictet-

Spengler one-pot cascade reactions (Scheme 20). Since the reaction 

proceeded smoothly in CH2Cl2, both 17a’ and 17b’ afforded the syn-
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stereoisomer as major product (dr 93:7 and 66:34). The 98% ee of 18’ 

was determined after decarboxylation functionalization. In 

comparison, the reactions using non-fluorinated malonate ester only 

resulted in anti-stereoisomers (Scheme 21). 

 

Scheme 21. Enantioselective synthesis of fluorinated quinolizidine alkaloids.a 
a Condition: i) 1a (0.2 mmol), 2c (0.24 mmol), 3b (0.02 mmol) in CH2Cl2, ii) 4 
(0.24 mmol), TFA (1.2 mmol) in CH2Cl2. 

3.4 Stereodivergent synthesis of fluorinated piperidinone 

In this section, to expand the scope of this method, we investigated a 

solvent directed stereodivergent synthesis of fluorinated piperidinone 

(Scheme 22). This cascade reaction initiated from imine formation of 

fluorinated chiral aldehyde with aliphatic amine, after which reductive 

amination occured in different reducing systems (NaBH(OAc)3 in 

CH2Cl2 and NaBH4 in MeOH). Subsequently, the ring closing 

lactamization is the diastereoselective determining step, the diastereo-

selectivity outcomes were in line with the fluorinated bicyclic lactam 

results (syn-14’ from CH2Cl2 and anti-14 from MeOH). For both 14’ and 

14 with fluorinated piperidinones, they all gave moderate to good 

yields (38-84%) and superior dr (91:9 to >99:1) than the bicyclic lactam 

results in Scheme 17. A variety of enals 1 bearing aliphatic and 

aromatic R1 substitutes were well tolerated, different EWG or EDG 

substitutes on phenyl ring did not influence dr and ee results. 2d 

diethylmalonate ester was also attempted, which also gave 14w’ and 

14w in high yields with excellent dr and ee. 
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Scheme 22. Stereodiverent synthesis of fluorinated piperidinone. a syn-14’ 

condition: i) 1 (0.25 mmol), 2c (0.3 mmol), 3b (0.025mol), NaOAc (0.3 mmol) 

in MeOH. ii) 4 (0.5 mmol), NaBH(OAc)3 (0.5 mmol) in CH2Cl2. b anti-14 

condition: i) 1 (0.25 mmol), 2c (0.3 mmol), 3b (0.025mol), NaOAc (0.3 mmol) 

in MeOH. ii) 4 (0.5 mmol), NaBH4 (0.5 mmol) in MeOH. 
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3.5 Functionalizations 

Enantiopure fluorinated piperidines are key building block in new 

drug design and synthesis. To show the utility of this method, starting 

from 14p, a novel 3-F-(-)-paroxetine antidepressant drug analogue 21p 

was synthesized by following previously reported protocols60. Notably, 

as a chiral piperidine synthon, the reduced alcohol 14v’ also shows 

potential for asymmetric total synthesis of fluorinated quinine 

analogues (Scheme 23). 

 

Scheme 23. Synthetic application and potential. 
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In the final experimental part, using the same conditions starting 

from 1a and 2c, we successfully prepared all four possible stereo-

isomers of a fluorinated bicyclic lactam and a fluorinated piperidi-

none by only switching the reaction solvent and the enantiomer of 

the organocatalyst (Scheme 24). 

 

Scheme 24. Stereodivergent synthesis of fluorinated bicycic δ-lactam and 

piperidinone. 

3.6 DFT calculations 

To shed light on the mechanism of solvent-controlled diastereo-

selectivity, DFT calculations ware performed by B3LYP-D3(BJ) 

functional, this work was conducted in collaboration with Prof. Fahmi 

Himo’s group.  

Scheme 25. 14a and 14a’ formation pathway. 

14a’ 

14a 
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14a/14a’ formation undergoes an intramolecular addition of amine to 

the methyl ester group and give Int1/Int1’. Then in TS2/TS2’ 

deprotonation of NH cation and protonation of alkoxide occurred, in 

which Int2/Int2’ is formed. The final product is received in TS3/TS3’, 

after the cleavage of OMe leaving group and proton transfer from 

hydroxyl. During these steps, 4a cysteamine plays the role of a proton 

shuttle in TS2/TS2’ and TS3/TS3’ steps, it also stabilizes electron 

charges of intermediates (e.g Int1/Int1’) via hydrogen bonding 

interaction. 

 

Scheme 26. Free energy profile of 14a and 14a’ formation in a) CH2Cl2 and 
b) MeOH. 

The free energy profile of the two solvents are shown in Scheme 26, 

which illustrates why 14a’ is the major diastereomer in CH2Cl2. With 

the highest energy level, the TS3/TS3’ step is the rate-determining step 

in CH2Cl2. TS3’ (CH2Cl2) at 19.6 kcal/ mol is 0.8 kcal/mol lowerer than 

14a  14a’ 

 

14a’ 
 
14a 

14a’ 
 
14a 



 

29 

TS3 (CH2Cl2). This result is consistent with the experimental outcomes. 

However, in MeOH addition, a reversed result was observed. TS2’ 

(MeOH) is 1.6 kcal/mol higher than TS3 (MeOH), which indicates 14a 

is the favored diastereomer. The energy difference in TS2/TS2’ could 

be caused by the position of ester group during cyclization (TS2’ ester 

is on axial position). The reason for energy TS3’(CH2Cl2) being lower 

than TS3(CH2Cl2) could be that in TS3’(CH2Cl2) the OMe leaving group 

is opposite to the ester’s carbonyl group, so it has less steric repulsion. 

Another interesting point is fluorine hydrogen bonding61 effect in 

TS3’(CH2Cl2) between fluorine containing substrate and cysteamine 4a, 

which is a minor contribution (0.3 kcal/mol). However, this effect is not 

observed in TS3 (CH2Cl2) (Scheme 27). 

 

Scheme 27. Optimized transition states in CH2Cl2. Relative energies are 
indicated in kcal/mol. 
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3.7 Summary 

In conclusion, a serendipitous solvent dependent diastereoselective 

switch on fluorinated quaternary stereocenter was enabled in the 

desymmetric lactamization. The stereodivergent synthesis of fluorine-

containing bicyclic δ-lactams and piperidinones in high yields with 

excellent ees were achieved by changing the solvent and chiral 

aminocatalyst. The usefulness of this method was demonstrated in 

fluorinated building block and drug analogue synthesis. Finally, DFT 

calculations suggest that the change of rate-determining step in 

different solvent plays a key role to the diastereoselectivity switch. 
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4 Sugar-assisted kinetic resolution in metal/chiral 

amine co-catalyzed α-allylation and [4+2] 

cycloaddition: Highly enantioselective 

synthesis of functionalized sugar and chromane 

derivatives with a quaternary stereocenter 

(Paper III) 

4.1 Background and introduction 

Transition metal-catalyzed enantioselective allylic alkylation is an 

attractive research field, as the versatile transformations give access to 

enantioselective allylic functionalizations. In terms of metal’s choice, 

palladium-catalyzed asymmetric allylation has been well exploited. 

The chiral environment from the coordination between palladium and 

chiral ligand directs the stereoselectivity for nucleophilic addition. A 

variety of chiral mono phosphine or bidentate P-P, P-N ligand 

families62 have subsequently been developed. 

Cooperative catalysis by merging organocatalyzed reaction and 

transition metal-catalyzed allylic alkylation has been also taken into 

account, since small molecules activated substrates can also play the 

role of nucleophile. The asymmetric α-allylation reported by our group 

(Scheme 28a)28,29 proved that chiral secondary amine activated-linear 

aldehyde is able to combine with (π-allyl)palladium complex, 

providing α-allylic functionalized chiral carbonyl compounds. This 

work also inspired an increasing number of cooperative catalysis work: 

Pd,63 Ni,64 Cu65 and Au66 afforded linear α-allylation (Scheme 28b); Ir 

and Rh catalyzed reactions resulted in branched α-allylation (Scheme 

28c).67   
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Scheme 28. Previous cooperative catalyzed enantioselective α-allylations. 

M= metal, En=enamine. 

In addition, only limited work has focused on asymmetric α-function-

alization of α-hetero disubstituted aldehydes. Yamamoto68a and 

Alexakis,68b respectively, reported chiral enamine additions to NFSI 

and vinyl sulfone by using α-chloro branched aldehydes, giving chiral 

quaternary stereocenters with high enantioselectivities. D-glycer-

aldehyde acetonide is an O-substituted branched aldehyde prepared 

from natural D-mannitol, it is usually regarded as an ideal carbonyl 

electrophile for the construction of continuous stereogenic centers in 

both syn- and anti- selectivities.69 

In Paper III, we aspire to explore the enamine reactivity of D-glycer-

aldehyde acetonide and furanoside-derived aldehydes. The chiral 

enamine was formed in situ through condensation between sugar-

derived aldehyde and chiral secondary amine, the combination with 

Pd- and Ir- catalyzed α-allylation enabled a new allylic quaternary 

stereogenic center and C4’ functionalization of furanoside. 
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4.2 Condition optimization of D-glyceraldehyde acetonide α-

allylation 

The reaction condition optimization focused on the α-allylation of D-

glyceraldehyde acetonide 22a. This reaction proceeded smoothly at 50 
oC. Organocatalyst 3 screening showed that chiral secondary amine (3a, 

3b) as catalyst gave superior enamine reactivity and stereoselectivity 

than primary amine (3e, 3f) (Table 2, entries 1-5). In conditions using 

Pd(PPh3)4 or Pd(OAc)2/PPh3 as catalyst, in the presence of 6 equiv of 

22a, 25 mol% of 3a, 24a was obtained in good isolated yield and 93% ee 

(Table 2, entries 5-8). However, byproduct 25a formed by N-allylic 

addition was also observed from 1H-NMR analysis of crude reaction. 

Then we found that Pd(II) cooperates with bidentate phosphine ligand 

Xantphos (Pd-5) significantly increased yields to more than 80% with 

94% ee, byproduct 25a formation was not observed (entries 9-10). 

Furthermore, loading the opposite ent-3a gave 24a in -26% ee. While 

using racemic-3a, 24a still afforded 60% ee rather than 0% (Table 2, 

entries 11-12). These results imply that the chiral enamine formation 

between 3a and 22a occurs in different geometries. The leaving group 

of allylic electrophile is another important factor for this asymmetric 

α-allylation. For allylic substrates bearing OBoc and OCOMe leaving 

groups, the reactions occurred at room temperature and they both 

resulted in 72% yield with slightly higher 95% ee (Table 2, entries 14-

15). Finally, using racemic-22a aldehyde also afforded 24a in good 

yield and 78% ee (entries 16). 

 

 

 

 

 

 

 



 

34 

Table 2. Condition optimization of D-glyceraldehyde acetonide α-allylation. 

 

entry 

 

       22a  

  (x equiv) 

   

organo cat 3 

  (y mol%) 

 

Pd cat         LG 

yield  

24a (%)b 

 

ee (%)c 

  1     4 3e (20) Pd-1            OAc 25 -17 

  2     4 3f (20) Pd-1           OAc n,r n.d 

  3 
    4 3a (20) Pd-1 

      OAc 50 93 

  4 
    4 3a (25) Pd-1 

      OAc 65 94 

  5 
    6 3a (25) Pd-1 

      OAc 72 93 

  6 
    6 3a (25) Pd-2 

      OAc 57 93 

  7 
    6 3b (25) Pd-1 

      OAc  65 93 

  8 
    6 3a (25) Pd-3 

      OAc  65 93 

  9 
    6 3a (25) Pd-4      

      OAc  82 94 

 10 
    6 3a (25) Pd-5     

      OAc  88 94 

 11 
    6 ent-3a (25) Pd-5     

      OAc  68 -26 

 12 
    6 rac-3a (25) Pd-5 

      OAc  88 60 

 13 

    6 pyrrolidine 
(30) 

Pd-5 

      OAc  92 0 
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 14d 
    6 3a (20) Pd-2 

     OBoc  72e 95 

 15d 
    6 3a (20) Pd-2               

OCO2Me 
       72e  95 

 16f     6 3a (25) Pd-5   
      OAc  72 78 

a 0.1 mmol scale reaction. b Isolated yield. c ee of corresponding alcohol was 

determined by chiral HPLC. d The reaction was carried out at room 

temperature. e trace 25a was formed. f Racemic-22a was employed. 

4.3 Substrate scope of chiral amine/palladium co-catalyzed 

α-allylation. 

With the optimized condition in hand, we explored the generality of 

the chiral amine/Pd co-catalyzed α-allylation reaction (Scheme 29). In 

general, aromatic linear allylic acetates gave entries 24a-24h in high 

yields with >90% ees. 2-naphthyl substituted 24c achieved the best 

yield 91% with 98% ee. Halogen containing 24f-24h also gave 69-81% 

yield with up to 96% ee, but higher temperature at 70 oC was required. 

In addition, branched allylic electrophiles were also investigated. Ph 

and thiophene-substituted allylic acetates gave 24i-24j products in 

high yields with 97% and 93% ee respectively.  

To further expand the substrate scope of O-substituted chiral aldehyde, 

various carbohydrate- and nucleoside-derived aldehydes were also 

tested. Using modified conditions, D-ribose derived D-ribo-22c 

aldehydes led to C4’ allylic alkylation products with high yield and dr; 

linear phenyl substituted 24k gave the best 24:1 dr. Uridine derived 

aldehyde also gave 24n in 78% yield but moderate 2:1 dr, a possible 

reason could be the influence of sterically hindered group on the C1’ 

position. Furthermore, the α-allylation catalyzed by (R)-3b also 

performed well by using Mannose derived D-manno-22 aldehydes 

bearing different substitutes (-H, -OAc, -OBz, -N3). 24o-24r were 

obtained in 73-86% yield with superior dr (26:1->30:1) results. The 

relative configuration of corresponding alcohols 25k and 25o were 

determined by 2D NOESY experiments (Figure 2). Their NOE 

correlations between C3’ and the allylic proton indicate the C5’ and 

acetonide groups are on the same side. 
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Scheme 29. Substrate scope of Pd-catalyzed α-allylation. a Condition: 22 

(0.6 mmol), 23 (0.1 mmol), 3a (0.025 mmol), Pd(TFA)2 (0.008 mmol), 

Xantphos (0.01 mmol) in DMSO 0.5 M. b Reaction was performed at 70 oC. c 

Condition: 22 (0.35 mmol), 23 (0.1 mmol), 3a (0.025 mmol), Pd(TFA)2 (0.008 

mmol), Xantphos (0.01 mmol) in DMSO 0.5 M. d pyrrolidine (0.03 mmol) as 

3. e (R)-3a was loaded. 

 

Figure 2. Relative configuration of 25k and 25o. 
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4.4 Chiral amine/Ir co-catalyzed α-allylic alkylation 

Next, based on previous pioneering work, chiral amine/Ir co-catalyzed 

α-allylation of D-glyceraldehyde acetonide was explored and a short 

reaction condition screening was carried out. Firstly, in the presence of 

an excess amount of 22a, 3g aminocatalyst bearing CF3 group afforded 

27a in higher yield and dr compared with 3a (Table 3, entries 1-3). 

Allylic alcohol as electrophile was activated by Brønsted acid promoter, 

TFA (pKa=0.23) resulted in moderate yield due to the acid nucleophilic 

addition to Ir-allylic electrophile. Nevertheless, 50 mol% acidic 

promotor in higher pKa (pKa>2) is not strong enough to activate 26a 

allylic alcohol (Table 3, entries 7-8). Finally, we found the optimal 

condition to be 22a (6 equiv), 3g (20 mol%), TCA (40 mol%) and 

catalytic amount of [Ir(cod)]2 (4 mol%) with chiral ligand (10 mol%) in 

DCE solvent. 

Table 3. Condition screening of chiral amine/Ir co-catalyzed α-allylation.a 

 

entry aldehyde Acceptor amine 3 promotor yieldb % drc eed % 

1 22a (4 equiv) 26a 3a TFA 

60 mol% 

33 12:1 n.d 

2 22a (4 equiv) 26a 3a TFA 

40 mol% 

48 11:1 n.d 

3 22a (4 equiv) 26a 3g TFA 

40 mol% 

52 12:1 n.d 
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4 22a (4 equiv) 26a 3g TCA 

40 mol% 

52 20:1 96 

5 22a (6 equiv) 26a 3g TCA 

40 mol% 

 

58 20:1 96 

6 22a (6 equiv) 26a 3g 

 

40 mol% 

45 13:1 n.d 

7 22a (6 equiv) 26a 3g (PhO)2POOH  

40 mol% 

52 20:1 n.d 

8 22a (6 equiv) 26a 3g 

 

40 mol% 

48 10:1 n.d 

9 22a (6 equiv) 26a’ 3g TCA 40 mol% 58 20:1 96 

a Reaction condition: 22a (0.6 mmol), 26a (0.1 mmol), 3 (0.02 mmol), 

promoter (x mol%), [Ir(cod)Cl]2 (0.004 mmol), (S)-L (0.01 mmol) in DCE 0.5 

M. b Isolated yield. c dr was determined by crude 1H-NMR. d ee of 

corresponding diol was determined by chiral HPLC. 

With the optimized reaction condition in hand, we tested the substrate 

scope of allylic alcohol 26 (Scheme 30). The reaction proceeded in 

overall high stereooselectivity and product 27 was obtained >15:1 dr 

and >96% ee, but the reactivity of the allylic alcohol electrophile was 

significantly affected by the aromatic groups. For instance, naphthyl 

27b and furan 27c gave higher yield than Ph 27a. For the phenyl ring 

of 26, 27d, 27e, 27g with EDG (-Me, -OMe, -OH) afforded in more than 

60% yields, but Br substituted 27f got moderate 41% yield. In addition, 

using cyclohexylidene protected glyceraldehyde, 27h gave the same 

level of ee and dr with acetonide counterpart. To our delight, the other 

diastereomers 27a’-27h’ were obtained by loading (R)-L, which also 
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maintained excellent ees. Finally, o-hydroxyl phenyl substituted 

electrophiles (26h, 26i) were tested. The [4+2] cascade cycloaddition70 

gave 28a and 28b bearing three stereocenters with excellent dr and ee 

in the presence of (S)-L. The absolute configuration of 28b was 

assigned by X-ray single crystal diffraction, from which the quaternary 

stereogenic center is (R). 

Scheme 30. Substrate scope of chiral amine/Ir co-catalyzed α-allylation. 
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4.5 Mechanistic investigations 

To gain a deeper understanding of this enantioselective α-allylation. A 

plausible mechanism involving two catalytic cycles was proposed to 

explain the outcome of quaternary stereogenic center (Scheme 31). 

During ‘matched’ enamine formation, (S)-Z-enamine was formed by 

22a and (S)-3a in excellent stereospecific ratio. The geometry of this (S)-

Z-enamine and the shielding effect of steric bulky group of (S)-3a 

catalyst mutually enabled Re-face attack to electrophilic Pd-π-allylic 

complex. Therefore, (R)-enantiomer 24a was obtained in excellent ee. 

However, in ‘mismatched’ enamine formation process, condensation 

of 22a and (R)-3a led to (R)-E-enamine and (R)-Z-enamine mixtures. 

The mixed enamine induced two different Si- and Re-face attacks to 

Pd-π-allylic complex, so the resulted 24a and ent-24a mixture exhibited 

a diminishing ee. 

 

Scheme 31. Proposed mechanism of chiral amine/Pd co-catalyzed allylic 
alkylation of 22a. 

Finally, the enamine formation process72 was monitored by 1H-NMR 

analysis. 22a and (S)-3a resulted in ‘matched’ enamine formation, at 

the beginning, hemiaminal-I was formed immediately and appeared 
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at 5.32 ppm (d, J=4.8 Hz). During the dehydration process, it was 

slowly transformed to (S)-Z-enamine (s, 5.21 ppm) with excellent 

stereoselectivity (Scheme 32a, c). The strong NOE (H1-H2) and NOE 

(H1-Hα) correlations were also observed in 2D NOESY experiment, 

which indicate this enamine is in Z-configuration (Scheme 32e). 

Gratifyingly, this equilibrium remained at (S)-Z-enamine, and the 

hydrolysis reversal process was not observed. However, the other 

‘mismatched’ enamine formation occurred in another scenario 

(Scheme 32b, d). Hemiaminal-II at 5.38 ppm (d, J=4.8 Hz) was rapidly 

formed after mixing 22a and (R)-3a. It transformed to mixture of (R)-

Z- and (R)-E-enamine at 5.68 and 5.21 ppm respectively with low 

stereoselectivity (E:Z=2:1, k4>k5). Upon (R)-E- and (R)-Z-enamines 

increased to a steady level, another ent-hemiaminal-I appeared after 80 

minutes, which indicates a reversed hydrolysis of (R)-E-enamine 

occurred and hemiaminal-II and ent-hemiaminal-I were both 

generated. Meanwhile, an increase in the ratio of (R)-Z-enamines in a 

slow rate with the decreasing ratio of (R)-E-enamine and hemiaminal-

II (k6>k7) was observed. Hence, for both ‘matched’ and ‘mismatched’ 

cases, the enamine equilibriums favor Z-enamine formation, which 

basically explained why 24a is usually the favored allylic product. 
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Scheme 32. NMR studies of enamine formation. a) ‘matched’ enamine 

formation. b) ‘mismatched’ enamine formation. c) ‘matched’ enamine 1H-

NMR monitoring. d) ‘mismatched’ enamine 1H-NMR monitoring. e) 

characterization of (S)-E-enamine. 
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4.6 Conclusion 

In summary, an enantioselective α-allylation of carbohydrate derived 

aldehydes was developed by means of merging enamine catalyzed 

reactions and transition metal catalyzed allylation. This new method 

proved the nucleophilicity and selectivity of glyceraldehyde acetonide 

and furanoside derived aldehyde. New tetrasubstituted carbon centers 

with excellent stereoselectivity and C4’ functionalized furanoside were 

created, which might have potential utility in future carbohydrate 

chemistry research. Mechanistically, sugar assisted kinetic resolution 

between secondary amine catalyst and aldehyde is the key 

contributing factor for the excellent stereoselectivity. 
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5 Direct catalytic stereoselective aminomethylation 

of furanoside and nucleoside C5’ aldehyde 

derivatives (Paper IV) 

5.1 Background and introduction 

The fundamental molecular building blocks of DNA and RNA are 

nucleosides, the structure of which is the assembly of furanoside and 

a nucleobase. The nucleoside analogue72 (NA) is designed to mimic the 

activity of natural nucleosides, it inhibits RNA transcriptase so as to 

interfere the virus replication. The synthesis of new nucleoside 

analogues is a regular source of new antiviral agents for the treatment 

of SARS-CoV-2 RNA viral disease, such as Remdesivir73 and 

Molnupiravir.74 An important reaction for nucleoside and nucleoside 

analogue synthesis is the Vorbrüggen reaction.75 The modification of 

nucleoside structures especially furanoside ring is a way to enhance 

metabolic activity and modulate conformation rigidity. For instance, 

C1’, C2’ and C3’ positions’ functionalization has exhibited antiviral 

and anticancer abilities (Scheme 33). However, the C4’ modification of 

furanoside ring76 is still a formidable task. A direct C4’ 

functionalization of uridine via enamine addition to allylic bromide77 

was firstly reported in 1978. Subsequently, Moffatt et al. reported C4’ 

hydroxyl-methylation78 of nucleoside via aldol addition to 

formaldehyde. This reaction has become prevalent in new nucleoside 

analogue synthesis because further transformations from aldehyde to 

other C4’ sub-stitutions. In 2020, Britton and coworkers79 reported an 

organocatalysis-based de novo synthesis of nucleoside analogues. 

 

Scheme 33. Nucleoside analogues. 
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The Mannich reaction is a reaction for α-aminomethylation of carbonyl 

containing substrates.80 Since the renaissance of organocatalysis, in 

2004 Cόrdova et al.81 disclosed a proline-catalyzed three component 

asymmetric Mannich reaction (Scheme 34a), in which imine is formed 

in situ by aromatic amine and formaldehyde. However, carbonyl 

substrate is limited to ketone due to the instability of the in situ imine. 

In 2006, Gellman and Cόrdova subsequently reported chiral secondary 

amine-catalyzed α-aminomethylation of linear aldehydes and ketones 

(Scheme 34b).82 In this asymmetric Mannich reaction, dibenzyl 

iminium ion is generated in situ from N,O-acetal by weak Brønsted 

acid activation. A series of new β-amino acids were also synthesized 

in further transformations. Shortly after, dialkyl N,O-acetal83 has 

become an important electrophilic aminomethylation reagent, which 

has been employed in numerous organocatalyzed asymmetric 

Mannich reactions. For instance, Chi84a and Smith84b respectively 

revealed enantioselective aminomethylation of enal and ester by 

means of chiral NHC and chiral Brønsted base catalysis. 

 

Scheme 34. Organocatalyzed enantioselective Mannich reactions. 

Enantioselective synthesis of quaternary stereocenters is a challenging 

task in organic chemistry. Based on the enantioselective α-allylation of 
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sugar-derived C5’ aldehydes, a new enamine catalytic system was 

established in Paper III. Hence, in Paper IV, we propose a new chiral 

amine-catalyzed C4’ aminomethyl functionalization via furanoside 

and nucleoside-derived chiral enamine addition to N,O-acetal ether. 

5.2 Optimization of reaction condition 

Table 4. Optimization of D-ribo-22c C4’ aminomethylation.a 

 

entries solvent 3 catalyst temperature yieldb dr (30a:30a’)c 

1 DCE - rt 77 2:1 

2 DCE pyrrolidine 0 oC 97 5:1 

3 DCE 3a 0 oC 95 16:1 

4 DCE 3b 0 oC 95 >20:1 

5 DCE 3b rt 95 15:1 

6 DCE ent-3b 0 oC 95 >20:1 

7 d DCE 3b 0 oC 86 15:1 

8 CHCl3 3b 0 oC 95 >20:1 

9 toluene 3b 0 oC 84 17:1 

10 THF 3b 0 oC 87 16:1 

11 dioxane 3b 0 oC 90 17:1 

12 EtOAc 3b 0 oC 77 13:1 

a Condition: D-ribo-22c (0.3 mmol), 29a (0.1 mmol), 3 (0.02 mmol), AcOH 

(0.02 mmol) in solvent 0.33 M, 0 oC, 12 h. b Isolated yield. c Determined by 

crude 1H-NMR analysis. d LiBr (0.02 mmol) as additive. 

The condition screening focused on the enamine addition of D-ribo-22c 

to dibenzyl hemiaminal ether 29a. Firstly, we found that without 

amino-catalyst 3 this Mannich reaction occurred at room temperature, 

giving 30a in 77% yield with 2:1 dr (entry 1). This result indicates that 
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a strong background reaction occurred by acid-catalyzed enol addition. 

Pyrrolidine activated-aldehyde afforded excellent yield and 5:1 dr 

(entry 2). Gratifyingly, using 20 mol% of 3a and 3b as catalysts, 30a was 

obtained in 95% yields as a single diastereomer form (>20:1 dr, entry 3-

4). However, when running this reaction at room temperature or with 

20 mol% LiBr as additive, the dr dropped to 15:1. Hence, chiral 

aminocatalyst in combination with low temperature mutually curbs 

the background reaction and gives excellent stereocontrol of the 

quaternary stereocenter. To our surprise, when the opposite ent-3b was 

loaded, 30a was isolated in the same yield and dr with the results using 

3b catalyst (entries 4 and 6). A short solvent screening was also carried 

out, which showed that halogenated solvent is essential for achieving 

excellent yield and dr. 

5.3 Substrate scope 

With the optimized condition in hand, we next investigated the 

generality of D-ribo-22c nucleophilic addition to N,O-acetal ether 29 

(Scheme 35).  A variety of aliphatic substituted 29 were well tolerated, 

their C4’ aminomethylated 30a-30g received 67-95% yield and mostly 

>20:1 dr. Only p-OMe benzyl containing 30c got inferior dr (8:1), the 

reason could be that a faster background reaction was given by OMe 

electron donating group. In addition, bulkier -OBn and -Oallyl 

substituted D-ribo-22d, 22e also led to high yields and up to 18:1 dr 

(30h, 30i). Furthermore, two PMB protected uridine and 5-methyl 

uridine aldehydes were also attempted. Their enamine addition to 

dibenzyl iminium ion 29a afforded 30j and 30k in 9:1 and 6:1 dr, 

respectively, but the condition required lower concentrations (0.1 M). 

The relative configuration of reduced alcohol 31a was assigned, a 

strong NOE correlation between C3’ and C5’s proton indicates C5’ and 

acetonide groups are on the opposite side. Therefore, the quaternary 

stereogenic center maintained its (S)-configuration, which is the same 

as in starting material D-ribo-22.  
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Scheme 35. α-Aminomethylation of D-ribo-22. a Condition: D-ribo-22 (0.3 

mmol), 29 (0.1 mmol), 3b (0.02 mmol), AcOH (0.02 mmol) in CHCl3, 0 oC 

0.33M. b Reaction was performed in 0.1 M. 

Another type of D-manno-22 aldehyde as nucleophile was also studied 

(Scheme 36). For the aldehydes we tested, the overall yields of all 

entries ent-30m-ent-30q were above 79%, but the dr value depends on 

the substitute on the C1’ position. For example, OBz, and thio-

containing ent-30n- ent-30o obtained up to 18:1 dr. However, ent-30r 

received reduced 3:1 dr. From the dr result of ent-30n, we observed that 

only ent-(R)-3b gave high dr (18:1), while loading (S)-3b led to inferior 

6:1 dr, which is slightly higher than the result of the pyrrolidine 

catalyzed reaction (4:1 dr). This control experiment indicates that only 

(R)-3b is likely to form enamine with D-manno-22 in high selectivity. 

The reason for the lower dr received in (S)-3b-catalyzed reaction could 

be the enamine was slowly formed compared to the (R)-3b–catalyzed 

reaction. The absolute configuration of ent-30m was assigned by X-ray 

single crystal diffraction, the quaternary stereogenic center inverted to 
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(R), but the relative configuration of the ent-30 aminomethylated 

product is consistent with 30. 

 

Scheme 36. α-Aminomethylation of D-manno-22. a Condition: D-manno-22 
(0.3 mmol), 29a (0.1 mmol), ent-3b (0.02 mmol), AcOH (0.02 mmol) in 
CHCl3, 0 oC 0.33M. b 3b was loaded as catalyst 3. c Pyrrolidine was loaded 
as catalyst 3. 

Finally, an α-aminomethylation of D-glyceraldehyde acetonide 22a 

was also attempted (Scheme 37). Performing the 3b catalyzed reaction 

at -20 oC, the reduced alcohol 31s was obtained in 76% yield but 

moderate 77% ee. The reason could be the result of Brønsted acid 

induced background reaction. 

 

Scheme 37. α-Aminomethylation of D-glyceraldehyde acetonide. a Condition: 

i) 22a (0.6 mmol), 29a (0.2 mmol), 3b (0.04 mmol), AcOH (0.04 mmol) in 

CHCl3, -20 oC 0.33M. ii) NaBH4 (1.0 mmol), MeOH, 0 oC. 

5.4 Functionalizations 

D-ribose and its derivatives are important precursors for nucleoside 

analogue synthesis. To show the potential of this method, some 
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functionalizations of 29 were also conducted (Scheme 38). Firstly, 

NaBH4 reduction proceeded in MeOH and gave alcohol 31a in 

excellent yield. After benzyl deprotection and tosylation of both amine 

and alcohol, two spiro azetidines88 (32a, 33s) were obtained after 

cyclization under basic condition. With the functionalized ribose 

precursor 31a and 32a in hand, after acetonide deprotection in acidic 

condition, acetylation took place in Ac2O and pyridine mixture, 

affording acetylated 34a and 37a. In the final step, adenosine 

analogues89 (35a, 38a) were successfully synthesized via Vorbrüggen 

reaction. 

 

Scheme 38. Synthetic functionalizations. a) NaBH4 (6 equiv), MeOH 0 oC. b) 

20 wt% Pd/C, 30 bar H2, MeOH rt. c) TsCl (4 equiv), pyridine rt. d) KOtBu (1 

equiv) tBuOH 80 oC. e) i) 6M HCl, 1,4-dioxane 80 oC ii) Ac2O, pyrridine rt. f) 

6-purine (1.5 equiv), BSA (2 equiv), TMSOTf (2 equiv), CH3CN, 70 oC. g) i) 

2M HCl, 1,4-dioxane rt. ii) Ac2O, pyrridine rt. h) AcOH/Ac2O/H2SO4= 40:10:1, 

rt. 

5.5 Proposed mechanism 

To rationalize the stereoselectivity outcomes of the quaternary 

stereocenter, a substrate dependent enamine formation91 mechanism 



 

51 

was depicted, in which enamine formations between aldehyde 22 and 

amine catalyst 3 are in different geometries (Scheme 39a). For D-ribo-

22, upon (S)-3b was loaded, the (S)-E-enamine was formed rapidly as 

single stereoisomer; the chiral enamine addition to dibenzyl iminium 

ion occurred from the less hindered side and gave α-aminomethylated 

30. While using (R)-3b, the other (R)-Z-enamine was also formed in 

excellent selectivity, the Si-face enamine addition to dibenzyl iminium 

ion gave the same 30 as described above. Herein, the excellent E/Z 

stereoselective ratio of the two enamines led to the same (S)-

stereoselectivity of the quaternary stereocenter, which maintained the 

same configuration as the D-ribo-22 starting material. However, the 

(R)-E-enamine was only formed by condensation between D-manno-

22 and (R)-3b. The stereoselective enamine addition to iminium ion 

occurred from the least shielded face and gave ent-30 with good to 

excellent dr. The enamine formation rate depends on the substitutes 

on C1’ position.  

Finally, the in situ D-ribo-22c derived (S)-E-enamine and (R)-Z-

enamine were determined by 1H-NMR in DMSO-d6 solvent. Two 

distinct enamines in single diastereomers were formed directly 

without hemiaminal formation. Their relative configurations were 

both determined by 2D NOESY experiment (Scheme 39b), the NOE 

correlations between enamine olefin and the C3’ proton reflects the 

configuration of D-ribo-22c-(R)-Z-enamine, while this correlation in D-

ribo-22c-(S)-E-enamine was not observed. Furthermore, the enamine 

intermediate was detected by HRMS (ESI). These results rationalize 

why the same 30 product was obtained by using either (S)- or (R)-

catalyst. 
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Scheme 39. Proposed mechanism. a) Substrate dependent enamine 

addition to dibenzyl iminium ion. b) Characterization of D-ribo-22c-(S)-E-

enamine and D-ribo-22c-(R)-Z-enamine. 

5.6 Conclusion 

In conclusion, we disclosed a direct catalytic diastereoselective C4’ 

aminomethylation of furanoside and nucleoside-derived aldehydes. In 

this chiral secondary amine-catalyzed Mannich reaction, both D-ribo-

22 and D-manno-22 type aldehydes achieved high stereoselective 

control to the α-aminomethylated quaternary stereogenic center, a 

possible reason could be the substrate dependent ‘matched’ enamine 

formation. In functionalizations, the C4’ α-aminomethylated ribose 

substrates have demonstrated to be a crucial precursor for further 

nucleoside analogues synthesis. 
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6 Summary 

This thesis has presented the development of new methodologies for 

the construction of complex lactams and sugar derivatives bearing 

multiple or quaternary stereocenters, which revealed the unpredicted 

reactivity and stereoselectivity of fluorinated and sugar derivative 

substrates. Different approaches involving organocataysis and 

cooperative catalysis were employed to expand the scope of 

asymmetric catalysis and build new chiral compound libraries. 

In Chapter II, based on the initial enantioselective chiral amine-

catalyzed reaction and cascade multicomponent transformation. The 

asymmetric synthesis of chiral bi- and tricyclic lactam N,S-acetal 

bearing multiple stereogenic centers was accessed with good to 

excellent stereocontrol.  

Chapter III reported enantioselective synthesis of fluorinated δ-

lactams, in which the diastereoselective switch of fluorinated 

quaternary stereocenters was directed by reaction solvent. DFT 

calculations revealed that the solvents and the presence of fluorine can 

be the key factors to affect the transition state in rate-determining step. 

Chapter IV presentd the intrinsic nucleophilicity of various acetonide 

triose and sugar derived aldehydes by merging aminocatalyzed 

reaction and transition metal-catalyzed allylation. The configuration of 

chiral enamine was determined by a sugar-assisted kinetic resolution 

with chiral amine catalyst. Mechanistic studies showed the excellent 

stereocontrol of allylic quaternary stereocenter was enabled by the 

steric bulky group of aminocatalysts and the high stereospecific ratio 

of the E-(S)-enamine. 

In Chapter V, the nucleophilic reactivity of furanoside-derived C5’ 

aldehyde was further investigated. A chiral amine catalyzed diastereo-

selective Mannich reaction gave C4’ aminomethylated sugar 

derivatives with excellent yields and up to >20:1 dr. The functionalized 

ribose as important building blocks, adenosine analogues were also 

synthesized in multi-step reactions. 
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