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Abstract 

Transition metal-catalyzed C-H activation is a powerful tool for the synthesis of organic 

building blocks, materials, and natural products. Over the last decade, directing-group-assisted 

metal-catalyzed C-H functionalization has attracted increasing interest as a means to target 

specific C-H bonds. Moreover, a large variety of electrophiles has been employed in this kind 

of processes. In this thesis, we describe a novel C-6 selective C-H heteroarylation of pyridine-

2-ones using indoleBX reagents as coupling partners under Rh(I)-catalysis. The reaction 

worked efficiently also with other analogous heterocyclic substrates and with a quinoline-N-

oxide. We were able to obtain 6-(indol-3-yl)pyridinone and 8-(indol-3-yl)quinolone after 

cleavage of the directing group or rearrangement of the N-oxide moiety.  

1,2-Amino alcohols are important structural motifs in organic chemistry that can be observed 

in natural products, pharmaceutically and biologically active molecules. The palladium-

catalyzed difunctionalization of C-C multiple bonds has been broadly investigated as an 

efficient strategy to access such substructures. This transformation has been reported using 

either Pd(0)/Pd(II) or Pd(II)/Pd(IV) catalytic cycles, in which the nucleophilic 

functionalization of a putative Pd(II)-alkyl intermediate is achieved prior to beta-hydride 

elimination. As a further topic of this thesis, we developed new methods for the synthesis of 

amino alcohols whereby the Pd-catalyzed difunctionalization of alkynes and alkenes was 

combined with the tethering approach previously established in our laboratories.  

We first investigated the Pd-catalyzed enantioselective hydroalkoxylation of propargylic 

amines. The latter were tethered in situ with a trifluoroacetaldehyde hemiacetal. Best results 

were obtained with commercially available DACH-Phenyl Trost ligand. Aryl iodides were 

required as an additive in catalytic amount for successful outcome. A large variety of chiral 

oxazolidines were obtained in good to excellent yields and ee, followed by a diastereoselective 

reduction to give protected enantioenriched amino alcohols. A possible mechanism for this 

transformation relies on a Pd(0)/Pd(II) catalytic cycle involving oxidative addition of aryl 

iodide with a subsequent oxypalladation/protodemetallation (or reductive elimination) 

reaction. This is necessary to generate the active complex, not as the start of a cross-coupling 

event. The use of a commercially available DACH-Ph Trost ligand to produce high 

enantioselectivity in an unprecedented DYKAT process was critical to success. 

The Pd-catalyzed amino acetoxylation of cinnamyl alcohols was next taken into consideration 

towards the synthesis of valuable amino diol derivatives. In this case, preformed substrates 

were used, where the alcohol moiety was tethered to N-nucleophilic groups. Conditions 

involving Pd(II)/Pd(IV) catalysis and employing PIDA as a strong oxidant were employed. The 

use of this hypervalent iodine reagent was key to the success of the transformation. Amino 

acetoxylated products were obtained in moderate to good yields and dr. The scope of this 

reaction remains mostly limited to cinnamyl derived substrates. The reaction conditions did not 

tolerate substituents on the alpha, beta, and gamma positions of the allylic chains. Alkyl chain 

containing unsaturated alcohols delivered Aza-Wacker-type products.  

 

Keywords: Palladium catalysis, alkyne dual-functionalizations, hydroalkoxylation, alkene 

difunctionalization, in situ tethering, 1,2-amino alcohol. 
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Sommario 

 

L’attivazione di legami C-H catalizzata da metalli di transizione constituisce un potente 

strumento per la sintesi di building-block organici, materiali e composti naturali. Durante lo 

scorso decennio, l’uso di gruppi funzionali orientanti ha permesso di funzionalizzare legami 

C-H con un elevato grado di selettività. Un ampio numero di elettrofili si è inoltre mostrato 

utilizzabile in questo tipo di reazioni. Nella parte iniziale di questa tesi si descrive l’innovativa 

reazione di eteroarilazione di 2-piridoni specifica per il legame C-H in posizione C-6. IndolBX 

sono stati usati come reagenti di coupling con un catalizzatore di Rh(I). La reazione si è rivelata 

efficiente anche con eterocicli analoghi e con un N-ossido di chinolina. La rimozione del 

gruppo orientante é stata effettuata facilmente a partire dai prodotti così ottenuti. 

Gli 1,2-amminoalcoli sono motivi strutturali importanti in chimica organica e possono essere 

osservati in molteplici composti naturali e in molecole con attività farmacologica e biologica. 

La difunzionalizzazione di legami C-C multipli é stata ampiamente studiata in qualità di 

strategia utile alla sintesi di tali sottostrutture. Questa trasformazione é stata riportata usando 

cicli catalitici di tipo Pd(0)/Pd(II) o Pd(II)/Pd(IV), in cui la funzionalizzazione di un ipotetico 

intermedio Pd(II)-alchile con un nucleofilo avviene prima dell’eliminazione di idruro dalla 

posizione beta. Come ulteriore argomento di questa tesi, abbiamo sviluppato nuovi metodi per 

la sintesi di aminoalcoli, in cui la difunzionalizzazione Pd-catalizzata di alchini ed alcheni é 

combinata con la strategia di tethering precedentemente messa a punto nei nostri laboratori. 

Abbiamo dapprima investigato l’idroalcossilazione selettiva Pd-catalizzata di ammine 

propargiliche. Queste ultime sono state connesse in situ con l’emiacetale della 

trifluoroacetaldeide. Il funzionamento della reazione è dipeso dalla presenza di ioduri arilici 

come additivi. Attraverso questo metodo sono state ottenute svariate ossazolidine chirali in rese 

e ee da buoni ad eccellenti. Le stesse sono state poi convertite in amminoalcoli enantioarricchiti 

tramite una riduzione diastereoselettiva. Un meccanismo plausibile per questa trasformazione 

si basa su un ciclo catalitico di Pd(0)/Pd(II) implicante l’addizione ossidativa dallo iodoarene, 

seguita da una reazione di ossipalladazione/protodemetallazione (o eliminazione riduttiva). 

L’uso del ligando DACH-Ph – sviluppato da Trost e commercialmente disponibile – allo scopo 

di raggiungere un elevato grado di enantioselettività per mezzo di un processo DYKAT senza 

precedenti è stato cruciale per il successo della reazione. 

L’acetossilazione Pd-catalizzata di alcoli cinnamici è stata successivamente studiata mirando 

alla sintesi di composti ammino diolici di pregio. In questo caso sono stati usati substrati 

preformati attraverso la connessione del gruppo alcolico a nucleofili azotati. Le condizioni 

applicate hanno implicato catalisi di Pd(II)/Pd(IV) e l’impiego del PIDA in qualità di ossidante 

forte. I prodotti ammino acetossilati sono stati formati in rese e dr da medi a elevati. 

L’applicabilità di questo metodo si è rivelata limitata per lo più a substrati cinnamilici. La 

presenza di sostituenti nelle posizioni alfa, beta e gamma della catena alchilica non è stata 

tollerata dalle condizioni di reazione. Sfortunatamente, alcoli insaturi puramente alifatici hanno 

fornito esclusivamente prodotti di tipo Aza-Wacker. 

Parole chiave: Catalisi di palladio, duplice funzionalizzazione di alchini, idroalcossilazione, 

difunzionalizzazione di alcheni, tethering in situ, 1,2 amminoalcoli. 



6 
 

Abbreviations, Acronyms and Symbols  

 
25

D


 
specific rotation at 25 °C at the sodium D line 

Ac Acetyl 

acac Acetylacetonate 

APPI Atmospheric Pressure PhotoIonization 

aq. Aqueous 

Ar Aryl 

atm Atmosphere 

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 

Bn Benzyl 

Boc tertbutyloxycarbonyl 

Boc2O di-tert-butyl dicarbonate 

bpy 2,2'-bipyridine 

br Broad 

Bu Butyl 

Bz Benzoyl 

°C degrees centigrade 

c Concentration 

calcd Calculated 

Cat Catecol 

cat. Catalytic 

Cbz Carboxybenzyl 

cod 1,5-cyclooctadiene 

Cp Cyclopentadienyl ligand 

Cy Cyclohexane 

δ NMR chemical shift in ppm  

d doublet or day 

dba dibenzylideneacetone 

DBU 1,8-diazabicycloundec-7-ene 

DCC N,N'-dicyclohexylcarbodiimide 

DCE Dichloroethane 

DDQ 2,3-dichloro-5,6-dicyanobenzoquinone 

DEAD diethyl azodicarboxylate 

DEPT distortionless enhancement by polarization transfer 

DIBAlH diisobutylaluminium hydride 

DMA dimethylacetamide 

DMAP 4-dimethylamino pyridine 

DMEDA N,N'-dimethyl ethylene diamine 

DMF N,N-dimethylformamide 

DMP Dess Martin's periodinane 

DMS dimethyl sulfide 

DMSO dimethyl sulfoxide 

dppe 1,2-bis(diphenylphosphino)ethane 

dppf 1,1'-bis(diphenylphosphino)ferrocene 
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dppp 1,3-bis(diphenylphosphino)propane 

dr  diastereomeric ratio 

EBX ethynyl benziodoxolone 

EDCI 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

e.e. enantiomeric excess 

EI electron impact ionization 

equiv. equivalent(s) 

ESI electrospray ionization 

Et Ethyl 

EtOAc ethyl acetate 

EWG electron-withdrawing 

g Gran 

GC gas chromatography 

h hour(s) 

hfacac hexafluoroacetylacetonate 

HFIP hexafluoroisopropanol 

HMPA hexamethylphosphoramide 

HPLC high pressure liquid chromatography 

HV high vacuum 

Hz Hertz 

i Iso 

IBA iodosylbenzoic acid 

IBX iodoxybenzoic acid 

Ipc isopinocampheyl 

iPr Isopropyl 

J coupling constant 

KHMDS potassium hexamethyldisilazane 

L Liter 

LDA Lithium diisopropylamide 

m Multiplet 

m/z mass per electronic charge 

M mol/L 

Me Methyl 

mg Milligram 

min minute(s) 

mL Milliliter 

μL Microliter 

mmol Millimol 

M.p. melting point 

MS mass spectrometry 

ν frequency (cm-1) 

N Normality 

nBuLi Nbutyllithium 

NBS N-bromosuccinimide 
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NCS N-chlorosuccinimide 

NHC N-heterocyclic carbene 

NMR nuclear magnetic resonance 

Ns nosyl (para-nitrobenzenesulfonyl) 

p Para 

PEPPSI pyridine-enhanced precatalyst preparation stabilization and initiation 

PIDA phenyliodide diacetate 

Ph Phenyl 

PMB paramethoxybenzyl 

Phth Phthalimide 

PMP paramethoxyphenyl 

ppm parts per million 

Pr Propil 

q Quartet 

quint. Quintet 

quant. Quantitative 

Rf retention factor 

rt room temperature 

s Singlet 

sat. Saturated 

SEM 2-(trimethylsilyl)ethoxymethyl ether 

sh Shoulder 

sol. Solution 

t Triplet 

t Tert 

T Temperatura 

tBuLi Tertbutyllithium 

TBAF tetra-nbutylammonium fluoride 

TBAI tetra-nbutylammonium iodide 

tBu Tertbutyl 

TBS tertbutyldimethylsilyl 

TCE trichloroethylene 

TFIP trifluoroisopropanol 

TES Triethylsilyl 

TES-EBX 1-[(triethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 

Tf Triflate 

Tf2O triflic anhydride 

TFA trifluoroacetic acid 

tfacac trifluoroacetylacetonate 

THF Tetrahydrofuran 

TIPS Triisopropylsilyl 

TIPS-EBX 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 

TLC thin layer chromatography 

TMS Trimethylsilyl 
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TMS-EBX 1-[(trimethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 

Tol Tolyl 

Ts tosyl (para-toluenesulfonyl) 

TsNCO para-tosyl isocyanate 

TsOH para-toluenesulfonic (or tosylic) acid 

vs Versus 
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Chapter 1 
1. General Introduction 
 

Throughout the last decades, organic chemistry has become increasingly important to the 

progress of modern society. As a science concerned with the elucidation of the structures of 

(bio)organic molecules and the understanding of their transformations, it is ideally suited to 

interact with other research fields in a multidisciplinary approach to solve the major challenges 

facing humanity. For example, organic chemistry makes an important contribution to materials 

science by enabling the synthesis of polymers that are essential for the development of new 

technologies. In the life sciences, the use of chemical tools is critical to understanding 

fundamental biological processes at the molecular level. Organic chemistry has also played a 

crucial role in recent impressive advances in the medical and pharmaceutical sciences, enabling 

the synthesis of new biologically active compounds - natural or synthetic - and their use as 

effective therapeutics. However, the rising complexity of molecular scaffolds has revealed the 

existing limitations of known synthetic methods, requiring the development of more efficient 

and versatile methods. 

Molecular complexity and diversity are therefore essential goals for organic chemistry.1 

Increasing molecular complexity for clinical candidates has been a trend in small-molecule 

process development over the last decade. This trend is consistent with the hypothesis by drug 

developers that the structural complexity  of small molecules is linked to more desirable 

properties such as (1) improved protein binding selectivity,2 (2) increased solubility via 

disruption of planarity/symmetry,3 and (3) higher success rates during drug discovery and 

development.4 The structural complexity of the molecules was classified as high, medium, or 

low based on the content of stereogenic centres, the number of rings, the number of synthetic 

steps, and the molecular weight.5 Process chemists have been able to overcome the challenges 

 
1 Li, J.; Eastgate, M. D. Org. Biomol. Chem. 2015, 13, 7164-7176. (b) Caille, S.; Cui, S.; Faul, M.M.; Mennen, 

S. M.; Tedrow, J. S.; Walker, S. D. J. Org. Chem. 2019, 84, 4583-4603. (c) Beaver, M. G; Caille, S.; Farrell, R. 

P.; Rötheli, A. R.; Smith, A. G.; Tedrow, J. S.; Thiel, O. R. Synlett 2021, 32, 457-471. 
2 Clemons, P. A.; Bodycombe, N. E.; Carrinski, H. A.; Wilson, J. A.; Shamji, A. F.; Wagner, B. K.; Koehler, A. 

N.; Schreiber, S. L. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 18787−18792. 
3 Ishikawa, M.; Hashimoto, Y. J. Med. Chem. 2011, 54, 1539− 1554. 
4 (a) Selzer, P.; Roth, H.-J.; Ertl, P.; Schuffenhauer, A. Curr. Opin. Chem. Biol. 2005, 9, 310− 316. (b) Walters, 

W. P.; Green, J.; Weiss, J. R.; Murcko, M. A. J. Med. Chem. 2011, 54, 6405−6416. 
5 For a discussion of the correlation between drug substance attributes and molecular complexity, including the 

complexity scoring methodology used for Amgen molecules, see Faul, M. M.; Busacca, C. A.; Eriksson, M. C.; 

Hicks, F.; Kiesman, W. F.; Smulkowski, M.; Orr, J. D.; Pfeiffer, S. Org. Process Res. Dev. 2014, 18, 594−600. 
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associated with increasing complexity thanks to the continued advancement of novel catalytic 

methods and subsequent translation to efficient and scalable processes.  

As the focus of drug discovery shifts toward the investigation of increasingly complex 

biological processes and targets, so does the complexity of the molecules used to inhibit these 

processes. This increase in molecular complexity improves not only binding efficiency but also 

selectivity over other enzymes, balancing metabolic liabilities and achieving the desired 

pharmacodynamic and pharmacokinetic properties. Harmonizing these characteristics 

necessitates atomic-level precision as well as the ability to design and synthesize architectures 

not previously seen in drug candidates. To access these targets, which frequently contain 

multiple stereocenter, a variety of strategies may be used, ranging from chiral-pool-based 

syntheses to chemo and enzymatic transformations. This can be advantageous to prepare 

racemates and mixtures of stereoisomers early in the discovery chemistry process, followed by 

separation and individualized testing for biological activity. A single synthesis can gain access 

to multiple isomers of the chemical matter under investigation. Once the optimal 

stereochemical array has been identified, chromatographic separation may still be considered; 

however, syntheses of more complex targets with multiple stereocenter challenge the 

competence of this approach. 

There are two general approaches to addressing them. The first is based on improving currently 

existing synthetic methods to increase their flexibility and applicability, possibly by 

introducing more environmentally friendly and less expensive reagents and catalysts. The 

second approach is to develop innovative synthetic methods. This is more challenging, but also 

more rewarding, as the elaboration of novel chemical transformations may reveal new synthetic 

routes that can be much faster than existing ones. In this context, the disclosure of new catalytic 

strategies that allow the simultaneous formation of multiple bonds is particularly attractive. 

The resulting gain in atom and step economy allows more direct access to highly complex 

molecules and leads to higher efficiency compared to traditional stepwise methods. 

Classically, the formation of new bonds, particularly C-C bonds, is based on the inherent 

polarity of functional groups, according to the concept of "logical separations" introduced by 

Corey.6 However, the "logical formation" of C-X and C-C bonds severely limits synthetic 

versatility. Not surprisingly, chemists have attempted to challenge the limitation of this 

concept: Reverse polarity, i.e., the reversal of the normal polarity-induced reactivity of 

functional groups, was consequently developed. Since its introduction by Seebach in 1972,7 

the implementation of this principle has been extensively studied and has led to the 

development of chemical transformations corresponding to previously unconceivable 

disconnections. 

Transition metal catalysed C-H bond functionalisation has emerged as a powerful synthetic 

approach, since it eliminates the need of prefunctionalised starting materials.8 But while the 

ubiquitous nature of C-H bonds accounts for the broad versatility of this strategy, it also rises 

 
6 Corey, E. J.; Cheng, X. M. The logic of Chemical Synthesis; J. Wiley: New-York, 1989. 
7 Seebach, D. Angew. Chem. Int. Ed. Engl. 1979, 18, 239-336. 
8 (a) Colby, D. A.; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110, 624-655. (b) Daugulis, O.; Do, H.-Q.; 

Shabashov, D. Acc. Chem. Res. 2009, 42, 1074-1086. (c) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 

1147-1169. (d) Gao, K.; Yoshikai, N. Acc. Chem. Res. 2014, 47, 1208-1219. (e) Wencel-Delord, J.; Glorius, F. 

Nat. Chem. 2013, 5, 369-375. (f) De Sarkar, D.; Liu, W.; Kozhushkov, S. I.; Ackermann, L. Adv. Synth. Catal. 

2014, 356, 1461-1479.  
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a major issue concerning regioselectivity. Although differences in the electronic and steric 

nature of C-H bonds have been used to control regioselectivity, these characteristics are 

substrate dependent. The use of a directing group9 is another way to achieve regioselective C-

H functionalization. Metal coordinating groups such as ketones, amides, esters, nitriles, and 

alcohols have been utilized as directing groups, generating stable metalacyclic intermediates 

that influence regioselectivity. Nowadays, a wide number of procedures for the predictable 

regioselective introduction of functionality in C-H bonds are available. The pyridine ring is a 

common motif among these metal-coordinating groups, and 2-phenylpyridine is a privileged 

substrate for investigating new ortho C−H bond functionalization reactions. In the past decade, 

remarkable progress has been achieved in the field of CSP
2-H bond activation due to 

coordinating-chelating interaction of the metal catalysts with the π-system of the arenes or 

alkenes. Recently, it has become attractive to develop new electrophilic partners using 

Umpolung approach to introduce molecular complexity. In this regard, hypervalent iodine 

reagents could be an alternative source of electrophilic synthons. As such these compounds 

have been broadly applied as group transfer reagents in metal catalysed C-H functionalisation 

reactions. Owing to their excellent oxidising and electrophilic nature, hypervalent iodine 

reagents reacts with metal complexes and promotes reactions via oxidative redox cycles. For 

instance, iodine (III) reagents have been employed as an alternative for aryl halides in various 

Pd-catalysed cross-coupling reactions.  

 

The catalytic functionalization of alkenes represents one of the most powerful synthetic tools 

in organic chemistry. Considering the ready accessibility and robust nature of alkenes, the 

reactions allowing the introduction of one or two new functional groups across C=C double 

bonds constitute a highly desirable approach to access structural complexity starting from much 

simpler substrates. While isolated olefins are known to be not very reactive, the coordination 

to a metal catalyst result in the activation of the carbon-carbon unsaturated bond, which is thus 

made available for addition reactions. The 1,2-amino alcohol motif can be considered as 

privileged scaffold. The most straightforward route to this scaffold is through the 

difunctionalization of abundant olefins. However, for non-activated and unbiased substrates 

the low reactivity and regioselectivity makes this a very challenging reaction. As a result, 

innovative approached to producing 1,2-amino alcohols are extremely desired.  

The reactivity and selectivity issues were solved by using an intramolecular nucleophile for Pd 

catalysed C-C double bond difunctionalization. The demand for specialized, prefunctionalised 

substrates is a limitation of this method. The solution to this problem was found in the use of 

tethering chemistry. A tether is a structure that can be attached onto the substrate to be 

functionalised via an existing heteroatom, the tether carries another heteroatom that will be the 

nucleophile in the palladium catalysed transformation thereby making the process 

intramolecular. After the cyclisation reaction, it should then be possible to remove the tether to 

reveal the diheteroatom motif. 

 
9 (a) Leow, D.; Li, G.; Mei, T.-S.; Yu, J.-Q. Nature 2012, 486, 518-522. (b) Cheng, G.-J.; Yang, Y.- F.; Liu, P.; 

Chen, P.; Sun, T.-Y.; Li, G.; Zhang, X.; Houk, K. N.; Yu, J.- Q.; Wu, Y.-D. J. Am. Chem. Soc. 2014, 136, 894-

897. (c) Dai, H.-X.; Li, G.; Zhang, X.-G.; Stepan, A. F.; Yu, J.-Q. J. Am. Chem. Soc. 2013, 135, 7567-7571. (d) 

Lee, S.; Lee, H.; Tan, K. L. J. Am. Chem. Soc. 2013, 135, 18778-18781. (e) Wan, L.; Dastbaravardeh, N.; Li, G.; 

Yu, J.-Q. J. Am. Chem. Soc. 2013, 135, 18056-18059. (f) Bera, M.; Modak, A.; Patra, T.; Maji, A.; Maiti, D. Org. 

Lett. 2014, 16, 5760-5763. (g) Tang, R.-Y.; Li, G.; Yu, J.-Q. Nature 2014, 507, 215-220. (h) Yang, G.; Lindovska, 

P.; Zhu, D.; Kim, J.; Wang, P.; Tang, R.-Y.; Movassaghi, M.; Yu, J.-Q. J. Am. Chem. Soc. 2014, 136, 10807-

10813. (i) Yang, Y.-F.; Cheng, G.-J.; Liu, P.; Leow, D.; Sun, T.-Y.; Chen, P.; Zhang, X.; Yu, J.-Q.; Wu, Y.-D.; 

Houk, K. N. J. Am. Chem. Soc. 2014, 136, 344-355. 
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The development of enantioselective methods for the functionalisation of alkenes represents a 

further important goal. Different enantiomers of biologically active compounds may in fact 

have different therapeutic properties due to the chiral environments provided by enzymes and 

receptors in biological systems. The best-known example is thalidomide, whose (R) 

enantiomer was an effective sedative, while the (S) enantiomer caused severe teratogenic side 

effects and resulted in birth defects in the 1950s. Stereoisomers of drugs may also have opposite 

indications, as in the case of quinine and quinidine, or even opposite biological activities. In 

addition, manufacturers must develop tests to determine stereochemical purity to ensure the 

safety of the drug product. Consequently, all stereoisomers of a molecule must be prepared for 

use in biological assays or as standard samples. The construction of complete sets of 

stereoisomers is thus a practically significant synthetic problem as well as a fundamentally 

important research topic of interest. 

 

In the introduction, the relevance of the amino alcohol motifs and the main existing methods 

to access them will be discussed in chapter 3, with a special emphasis on palladium catalysis. 

Then, tethering strategies will be presented, especially tethers that may be installed and 

removed in situ. The last section of the introduction will focus on the group's prior work as 

well as the goals of this PhD study. In my thesis I will describe three projects. 

 

The first one is focused on the Rh catalysed C-H functionalisation of CSP
2-H bond with 

indoleBX reagents which will be described in chapter 2.  The following two concern the Pd 

catalysed functionalisation of alkenes and alkynes. For the synthesis of valuable 1,2-amino 

alcohol building blocks, we successfully developed an hydroalkoxylation of propargylic 

amines involving in situ tethering via an unprecedented DYKAT under asymmetric Pd0/II 

catalysis. This project will be presented in chapter 4. The other Pd project involves the amino 

oxygenation of alkenes via preinstalled tethered substrates under PdII/IV catalysis. This part will 

be presented in chapter 5. Finally, the conclusions of this present work will be presented, 

followed by an outlook for future research in chapter 6. The final chapter will include a 

comprehensive experimental section (chapter 7). 
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Chapter 2 
 

2. Rhodium-catalyzed C-H 

indolation of heteroarenes 

using indoleBX hypervalent 

iodine reagents 
 

2.1. Introduction 

2.1.1. Hypervalent Iodine Compounds 

2.1.1.1. Structure and reactivity 

 

10"Iodine-carbon covalent bond can be found in many organic molecules such as iodobenzene. 

Upon oxidation, I(I) can be converted to iodine (III). Further oxidation of iodine (III) precursors 

can even lead to iodine (V) derivatives. Two different structural oxidation states of hypervalent 

iodine are encountered: λ3‐iodanes (iodine (III), 2.1-2.2) and λ5‐iodanes (iodine (V) (2.3) (Fig 

1.).11 

 

 

 
10 " This part was taken from the First year Report of Dr. Guillaume Pisella. Title: New Transformation of Diazo 

compounds with hypervalent Iodine Reagents with slight improvements. 
11(a) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108, 5299-5358. (b) Stang, P. J. J. Org. Chem. 2003, 68, 

2997-3008. 
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Figure 1 Structure of λ3-iodanes and λ5-iodanes 

Iodine (V) compounds present a distorted octahedral geometry. The most known reagents of 

this class are Dess-Martin-Periodane (DMP)12 and IBX (2-iodoxybenzoic acid),13 which are 

the reagents of choice for the mild oxidation of alcohols. Due to their strong oxidative 

properties, periodane derivatives are generally not used as group transfer reagents. 

Iodine (III) compounds have a distorted trigonal bipyramid geometry with the two most 

electronegative ligands weakly bonded at the apical positions forming an ideal bond angle X‐

I‐X of 180°. The equatorial positions are occupied by a third, least electronegative ligand and 

the two remaining electron pairs. The three groups attached to the iodine are forming a T-

Shape, nicely observable by X-Ray analysis. The theoretical chemistry basis of hypervalent 

molecules was proposed by J. I. Musher14 and was later applied to hypervalent halogen 

derivatives by J. C. Martin.15 Therefore, the high electrophilic reactivity of iodine (III) is 

explained by a 3-atom-4-electrons bond between the iodine center and the two apical groups. 

This hypervalent bond is longer, weaker and more reactive compared to a normal covalent 

bond (Fig 2).  

 

 

Figure 2 Structure and bonding of hypervalent iodine reagents 

 

Of particular interest are the hypervalent iodine compounds bearing an aryl ligand at the 

equatorial position. Conjugation between the lone pair(s) of the iodine and the π-orbitals of the 

aromatic ring tends to stabilize the overall structure.16 Only the hypervalent iodine compounds 

bearing aryl groups are stable enough to be isolated and are currently used routinely as 

Umpolung electrophilic reagents. The group transfer of classical nucleophilic groups such as 

arenes, alkynes, azides, cyanide, halogens or trifluoromethyl to other nucleophilic partners is 

possible using stabilized reagents. Two subclasses of transfer reagents are often encountered, 

iodonium salts and organic λ3-iodanes (Fig 3.). The first ones are positively charged at the 

iodine and possess a negative non-nucleophilic counterion to balance the electronic charges. 

 
12 Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155-4156. 
13 Wirth, T. Angew. Chem. Int. Ed. 2001, 40, 2812-2814. 
14 J. I. Musher, Angew. Chem. Int. Ed. Engl. 1969, 8, 54-68. 
15 Martin, J. C. Science 1983, 221, 509-514. 
16 Zhdankin V. V. Rev. Heteroatom Chem. 1997, 17, 133-152. 
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Iodonium salts are often used in metal-catalyzed reactions as a more reactive version of the 

corresponding iodide. For instance, diphenyliodonium triflate 2.4 is a commercially available 

aryliodonium salt.17  

 

 

Figure 3 Examples of iodine (III) reagents 

Organic λ3-iodanes are neutral hypervalent iodine (III) reagents and different structures have 

found synthetic applications. Linear iodanes like 2.5 and 2.6 are used as electrophilic halogen 

precursors,18 reagents 2.7 and 2.8 have been applied in the transfer of electrophilic equivalents 

of acetate and tosylate groups. Benziodoxol(on)es, which are derivate from 2-iodobenzoic acid, 

show an exceptional stability to air and moisture and are very convenient to handle. The 

existence of a rigid bicyclic structure explains the enhanced stability of the molecules. Due to 

the rigidity, a very good overlapping of the iodide lone pairs and the π-system of the phenyl 

ring is present. Such effect does not exist in iodonium salts and acyclic iodanes resulting in a 

lower stability. A computational study highlighted that the five membered ring could also 

confine the orientation of the lone pairs on oxygen and makes the reductive elimination 

between the two apical ligands difficult.19 In the last decade, the potential of benziodoxol(on)es 

for functional-group transfer has attracted a strong interest.20 Trifluoromethylation reagent 2.9 

(Togni reagent)21 and alkynylation reagents (e.g., TIPS-EBX, 2.10) have been intensively 

investigated and applied in many useful transformations. Other benziodoxol(on)es bearing 

 
17Merritt, E. A.; Olofsson, B. Angew. Chem. Int. Ed. 2009, 48, 9052-9070. 
18 Kohlhepp, S. V.; Gulder, T. Chem. Soc. Rev. 2016, 45, 6270-6288. 
19 Sun, T.-Y.; Wang, X.; Geng, H.; Xie, Y.; Wu, Y.-D.; Zhang, X.; H. F. Schaefer III. Chem. Comm. 2016, 52, 

5371-5374. 
20 Li, Y.; Hari, D. P.; Vita, M. V.; Waser, J. Angew. Chem. Int. Ed. 2016, 55, 4436-4454. 
21 Kieltsch, I.; Eisenberger, P.; Togni, A. Angew. Chem. Int. Ed. 2007, 119, 768-771. 
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different functional groups such as cyanide,22 azide (2.11),23 arenes24 and more recently 

alkenes25 and heteroarenes26 have been developed and found applications."  

 

2.1.2. Indole Based Hypervalent Iodine Compounds 
 

Indoles and pyrroles are structural heterocyclic building blocks in different pharmaceutical and 

agrochemicals.27 The nucleophilic property of such heterocycles is well explored.28 The NH-

unprotected indole iodonium salts were developed by Neiland, Kost, Moriaty and co-workers 

using a multistep procedure.29 3-indolylphenyliodonium salts 2.13 were synthesized from 3-

indolylphenyliodonium betaines 2.12a by the action of protic acid. The unstable 3-

indolylphenyliodonium betaine 2.12a is formed by the reaction of phenyliodoso diacetate 7 on 

alcoholic alkaline solution of indole (Scheme 1). The betaine intermediate 2.12a has dual 

nature. It can react with both nucleophiles and electrophiles. The betaine intermediate 2.12a 

reacts with protic acids containing weakly nucleophilic anion to give the indolyliodonium salts 

2.13. This method has been used for the synthesis of 3-indolylphenyliodonium 

tetrafluoroborate, tosylate and trifluoroacetate. 

 
22 (a) Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Mismash, B.; Woodward, J. K.; Simonsen, A. 

J. Tetrahedron Lett. 1995, 36, 7975-7978. (b) Vita, M. V.; Caramenti, P.; Waser, J. Org. Lett. 2015, 17, 5832-

5835. 
23 (a) Zhdankin, V. V.; Krasutsky, A. P.; Kuehl, C. J.; Simonsen, A. J.; Woodward, J. K.; Mismash, B.; Bolz, J. 

T. J. Am. Chem. Soc. 1996, 118, 5192-5197. (b) Alazet, S.; Le Vaillant, F.; Nicolai, S.; Courant, T.; Waser, J. 

Chem. Eur. J. 2017, 23, 9501-9504. 
24 Yusubov, M. S.; Yusubova, R. Y.; Nemykin, V. N.; Zhdankin, V. V. J. Org. Chem. 2013, 78, 3767-3773. 
25 Caramenti, P.; Nicolai, S.; Waser, J. Chem. Eur. J. 2017, 23, 14702-14706. 
26 Diederich F.; Stang, P. J.; Tykwinski, R. R.; Acetylene Chemistry: Chemistry, Biology and Material Science; 

Wiley‐VCH, Weinheim, 2005. 
" This part was taken from the First year Report of Dr. Guillaume Pisella. Title: New Transformation of Diazo 

compounds with hypervalent Iodine Reagents with slight improvements. 
27 G. W. Gribble, Indole Ring Synthesis: from natural products to drug discovery. Wiley: 2016. 
28 Yoshimura, A.; Zhdankin, V. V. Chem. Rev. 2016, 116, 3328-3435. 
29 (a) Karele, B. Ya.; Treigute, L. E.; Kalnin, S. V.; Grinberga, I. P.; Neiland, O. Ya. Chem. Heterocycl. Compd. 

1974, 10, 189-192. (b) Budylin, V. A.; Ermolenko, M. S.; Chugtai, F. A.; Sharbatyan, P. A.; Kost, A. N. Chem. 

Heterocycl. Compd. 1981, 17, 1095. (c) Moriaty, R. M.; Ku, Y. Y.; Sultana, M.; Tuncay, A. Tetrahedron. Lett. 

1987, 28, 3071-3074.  
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Scheme 1 Synthesis and reactions of 3-indolylphenyliodonium salt 13 

A characteristic features of the indole core is its enamine type reactivity, which makes it prone 

to electrophilic substitution at C3 position. The aryl iodonium salt can be used for nucleophilic 

substitution at C3 position (Scheme 1, step 3). Ag ion promoted displacement of iodine has 

also been reported 30 The nucleophilic substitution on indole C3 position will be possible only 

in the presence of potentially anionic leaving group on nitrogen like N-tosyloxy,31 N-p-

nitrobenzoyl,32 N-chloro33 and N-sulphonyl.34in case if you don’t want to use hypervalent 

iodine reagents There is only one example in literature on the use of indoleiodonium salts 

involving transition metals: copper(I) catalysed asymmetric dearomatization of indole 

acetamides 2.15 with 3-indolylphenyliodonium salts 2.16 developed by You and co-workers 

(Scheme 2).35 

 

Scheme 2 Dearomatization of indole-acetamides with 3-indolylphenyliodonium salts 

Moriyama and co-workers developed the synthesis of more stable indoleiodonium salts 2.20 in 

2016.36 (Equation. 1). They reported the preparation of stable amino group containing 

heteroaromatic (aryl)iodonium salts and modified the previous methodology used in the 

synthesis of N-electron-withdrawing protected indolyl(phenyl)iodonium imides.  

 
30 Arnold, R. D.; Nutter, W. M.; Stepp, W. L. J. Org. Chem. 1959, 24, 117-118. 
31 Sundberg, R. J. J. Org. Chem. 1965, 30, 3604-3610. 
32 Gasman, P. G.; Campbell, G. A.; Mehta, G. Tetrahedron, 1972, 28, 2749-2758. 
33 De Rosa, M. J. C. S. Chem. Comm., 1975, 482-483. 
34 Cooper, M. M.; Hignett, G. J.; Newton, R. F.; Joule, J. A.; Harris M.; Hinchley, J. D. J. C. S. Chem. Comm., 

1977, 432-434. 
35  Liu, C.; Yi, J.-C.; Liang, X.-W.; Xu, R.-Q.; Dai, L.-X.; You, S.-L. Chem. Eur. J. 2016, 22, 10813-10816. 
36 Ishida, K.; Togo, H.; Moriyama, K. Chem. Asian. J. 2016, 11, 3583-3588. 
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Kita and co-workers first reported the oxidative biaryl coupling reaction between electron-rich 

thiophenes and alkoxy arenes using hypervalent iodine (III) reagents.37 The oxidative biaryl 

coupling of pyrroles could not be achieved using the same methodology as for thiophenes due 

to the instability of the pyrrole iodonium (III) salts intermediates. A modified procedure for the 

synthesis of stable pyrrole iodonium salts was reported by Kita and co-workers38(Scheme 3). 

These heterocyclic iodonium salts synthesis worked only in presence of an electron-

withdrawing group on the Nitrogen atom. These electrophilic reagents reacted directly with 

nucleophiles like alkyl lithium reagents,39 azides,40 electron rich aromatic compounds,38 and 

amines.41  The major difference between these reagents and other well-established aryl 

iodonium salts17 reported in literature lies in the lower stability of indole and pyrrole iodonium 

salts under transition metal catalyst or at higher temperature. 

 

Equation 1 Preparation of heteroaromatic (aryl)iodonium imides 

 

Scheme 3 Oxidative cross-coupling reactions of pyrroles through stabilized pyrrolyliodonium(III) salts 

Our group developed the synthesis of indole, pyrrole based cyclic hypervalent iodine 

reagents.25  The more classical oxidising reaction conditions for synthesis of aryl based 

hypervalent iodine reagents cannot be used for the introduction of more sensitive heterocycles 

in the hypervalent iodine core structure due to more reactive nature of these heterocycles. New 

synthetic methods had to be developed and will be described in the next section. 

 

 
37 Dohi, T.; Ito, M.; Morimoto, K.; Iwata. M.; Kita, Y. Angew. Chem., Int. Ed., 2008, 120, 1321-1324. 
38 Morimoto, K.; Ohnishi, Y.; Koseki, D.; Nakamura, A.;  Dohi, T.; Kita, Y.  Org. Biomol. Chem., 2016, 14, 8947-

8951. 
39 Moriaty, R. M.; Ku, Y. Y.; Sultana, M.; Tuncay, A. Tetrahedron. Lett. 1987, 28, 3071-3074. 
40 Lubriks, D.; Sokolovs, I.; Suna, E. J. Am. Chem. Soc. 2012, 134, 15436-15442. 
41 Sokolovs, I.; Lubriks, D.; Suna, E.; J. Am. Chem. Soc. 2014, 136, 6920-6928. 
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2.1.2.1. IndoleBX Reagents 

2.1.2.1.1. Synthesis and Reactivity 

Our group developed the first synthesis of indole and pyrrole based benziodoxoles in one step 

from heterocycles, based on a mild zinc-catalysed direct iodonium transfer from acetoxy 

benziodoxolone (2.23a) (Equation 2). 

 

Equation 2 Synthesis of indoleBX 

The new reagents are air, moisture, and temperature stable. Both NH free (2.23b, 2.23m) and 

protected heterocyclic reagents (2.23b-2.23r except 2.23m) are synthesized in good to 

excellent yields. In the case of indole, the C3 reagent is regioselectively formed as a single 

isomer. By contrast, for pyrrole both C3 and C2 isomers are formed, which are easy to separate 

through column chromatography. Substituents at C2 position (2.23f), N substituted alkyl 

(2.23c, 2.23e), ether (2.23d), even substituents at benzene rings like chlorine (2.23i), iodine 

(2.23j), Bpin (2.23k) are tolerated with excellent yields. When the C3 position is blocked by 

any substituents no reagent formation observed.  

 

Equation 3 IndoleBX 2.23a synthesis from iodobenzoic acid or OHBX or AcOBX 
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Figure 4 Examples of heteromatic benziodoxole reagents 

Yoshikai group also developed a benziodoxole triflate 2.27 promoted iodo(III)cyclization of 

alkynes bearing a nitrogen nucleophile 2.26, affording benziodoxole-containing heteroarenes 

2.28 such as indoles, benzofurans, benzothiophenes, isocoumarins etc (Scheme 4).42 

 
42 Wu, B.; Wu, J.; Yoshikai, N. Chem. Asian J. 2017, 12, 3123-3127.    
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Scheme 4 Synthesis of heterocyclic benziodoxolones via I(III)-cyclization 

The reactivity pattern of indoleBX reagents is different from EBX or iodonium salts. The 

reaction of EBX or iodonium salts with thiol, alcohol, stable carbon nucleophiles are well 

established in the presence of base, but indoleBX reagents do not show any reactivity under 

such reaction conditions. A small amount of thioindolation product was nonetheless observed 

when thiophene was treated with indoleBx reagents. IndoleBx reagents are unsuccessful in 

palladium catalysed C-H activation reactions. In contrast, the Rh and Ru catalysed C-H bond 

indolation under directing group assistance was successful when pyridine or a methoxy 

benzamide acted as a directing group (Scheme 5, A-B).25  The aldehyde C-H bond can be 

functionalised relying on either o-hydroxy or amino directing group in the presence of iridium 

or rhodium catalysts, resulting in the synthesis of salicyloylindoles and (2-sulfonamido)-

benzoylindoles respectively.43(Scheme 5, C). Our group also developed a new method for the 

synthesis of biheteroaryls utilising the umpolung indole benziodoxol(on)e hypervalent iodine 

reagents as coupling partner with electron rich arenes, indoles, pyrroles and thiophenes under 

mild transition metal free conditions.44(Scheme 5, D). 

 
43Grenet, E.; Waser, J. Org. Lett. 2018, 20, 1473-1476. 
44Caramenti, P.; Nandi, R. K.; Waser, J. Chem. Eur. J. 2018, 24, 10049-10053. 
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Scheme 5 Transition metal catalysed C-H bond functionalisation reactions and metal free oxidative cross-

coupling with indoleBX reagents 

 

2.1.3. Pyridone Functionalisation 
 

2-Pyridone, a tautomer of 2-hydroxy pyridine, is a privileged heteroaromatic ring found in 

many natural products, bioactive molecules, and pharmaceuticals like Ciclopirox (2.29), 

Camptothecin (2.30), (-)-Cytisine (2.31), Fredericamycin(2.32) and Perampanel (2.33) (Fig 

5).45 The synthesis of substituted pyridone derivatives has been a longstanding research subject 

in organic chemistry.46 An example of natural compounds containing the 2-pyridone core is 

Milrinone (2.34) which is used for the treatment of heart failure. A 4-pyridone moiety is also 

present in Mimosine (2.35), an alkaloid isolated from mimosa pudica. A benzene fused 

 
45(a) Torres, M.; Gil, S.; Parra, M. Curr. Org. Chem. 2005, 9, 1757-1779. (b) Lagoja, I. M. Chem. Biodivers. 2005, 

2, 1-50. (c) Hibi, S.; Ueno, K.; Nagato, S.; Ito, K.; Norimine, Y.; Takenaka, O.; Hanada, T.; Yonaga, M. J. Med. 

Chem. 2012, 55, 10584-10600. (d) Hajek, P.; McRobbie, H.; Myers, K. Thorax, 2013, 68, 1037-1042. 
46 Hirano, K.; Miura, M. Chem. Sci. 2018, 9, 22-32. 
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pyridone skeleton is found in Brexpiprazole (2.36), a drug used against schizophrenia. bromine 

substituted indole substituents are found bound to a dihydropyrazidinone core in Hamacanthin 

A (2.37) (Fig 5).47 

 

Figure 5   Bioactive compounds having pyridinone, quinolone and indole cores 

 

Substituted pyridones can be easily synthesized using C-H activation methodology. There are 

four possible reactive sites on pyridone (C3-C6) and the most challenging and important issue 

is to control the site-selectivity (Scheme 6). If we consider the resonance structures of 2-

pyridone, there are relatively large electronic biases; the C3 and C5 positions are more electron 

rich and thus reactive towards electrophiles. However, nucleophiles are more reactive towards 

the C4 and C6 positions, which are of more electron deficient in nature. 

 
47 Gunasekera, S. P.; McCarthy, P. J.; Kelly-Borges, M. J. Nat. Prod. 1994, 57, 1437-1441. 
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Scheme 6 Possible resonance structures and reactivity of 2-pyridone 

 

Many research groups developed synthetic methodology for the decoration of the pyridone 

core through carbon-carbon bond formation.48 Recently the Hirano and Miura group developed 

C3-selective alkylation and arylation methods using Ni(0) or Mn(III) salt in stoichiometric 

amounts (Scheme 7, A).49  An eco-friendly method for C3 arylation was thereafter developed 

by Maiti and co-workers using abundant starting materials as coupling partner like arylboronic 

acids, and an iron catalyst.50 Another efficient method was developed by Zografos and co-

workers: a Pd(II)-catalysed C3 arylation.51 Miura and co-workers also developed a Rh(I)-

catalysed C6 selective borylation using bis(pinacolato)diborane (Scheme 7, B).52 The oxidative 

C5 alkenylation of 2-pyridone with acrylates was developed by the group of Itahara (Scheme 

7, C),53 using Pd catalysis. Li and co-workers reported a catalytic version of the C5 alkenylation 

using Cu(OAc)2 as terminal oxidant .54 A C5-selective dehydrogenative arylation was 

successfully developed by Li and co-workers using polyfluoroarenes under Pd/Ag catalytic 

conditions (Scheme 7, D).54 The directed C6-alkynylation of N-(2-pyridyl)-2-pyridones was 

achieved  using EBX reagents under Rh(III) catalytic conditions and Zn(OTf)2 as an additive 

(Scheme 7, E).55 Rh(III) and Au(I) catalysed regiodivergent alkynylation at C6 and C5 position 

of pyridone were reported by Li and co-workers respectively by using ethynylbenziodoxole 

(EBX) hypervalent iodine electrophilic alkynylating reagent.55  

 The group of Nakao and Hiyama demonstrated the redox-neutral, stereo-, and C6- selective 

direct alkenylation and alkylation of the 2-pyridone scaffold using Ni(0)/Lewis acid 

cooperative catalysis (Scheme 7, F).56  

 
48 (a)  Nakatani, A; Hirano, K.; Satoh, T.; Miura, M. Chem. Eur. J. 2013, 19, 7691-7695. (b) Nakatani, A.; Hirano, 

K.; Satoh, T.; Miura, M. J. Org. Chem. 2014, 79, 1377-1385. (c) Modak, A; Rana, S.; Maiti, D. J. Org. Chem. 

2015, 80, 296-303. (d) Anagnostaki, E. E.; Fotiadou, A. D.; Demertzidou, V.; Zografos, A. L. Chem. Commun. 

2014, 50, 6879-6982. (e) Min, M.; Kim, Y.; Hong, S. Chem. Commun. 2013, 49, 196-198. (f) Cheng, D.; 

Gallagher, T. Org. Lett. 2009, 11, 2639-2641. 
49 (a)  Nakatani, A; Hirano, K.; Satoh, T.; Miura, M. Chem. Eur. J. 2013, 19, 7691-7695. (b) Nakatani, A.; Hirano, 

K.; Satoh, T.; Miura, M. J. Org. Chem. 2014, 79, 1377-1385. 
50 Modak, A; Rana, S.; Maiti, D. J. Org. Chem. 2015, 80, 296-303. 
51 Anagnostaki, E. E.; Fotiadou, A. D.; Demertzidou, V.; Zografos, A. L. Chem. Commun. 2014, 50, 6879-6882. 
52 Miura, W.; Hirano, K.; Miura, M. Org. Lett. 2016, 18, 3742-3745. 
53 Itahara, T.; Ouseto, F. Synthesis 1984, 1984, 488-489. 
54 Chen, Y.; Wang, F.; Jia, A.; Li, X. Chem. Sci. 2012, 3, 3231-3236. 
55 Li, Y.; Xie, F.; Li, X. J. Org. Chem. 2016, 81, 715-722. 
56 (a) Nakao, Y.; Idei, H.; Kanyiva, K. S.; Hiyama, T. J. Am. Chem. Soc. 2009, 131, 15996-15997. (b) Tamura, 

R.; Yamada, Y.; Nakao, Y.; Hiyama, T. Angew. Chem., Int. Ed. 2012, 51, 5679-5682.  
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Scheme 7 Various C-H functionalization of 2-pyridone in metal catalysis 

Recently, the group of Miura and Hirano reported a copper-mediated C6-selective 

dehydrogenative heteroarylation of 2-pyridones 2.38 with 1,3-azoles 2.39 (Equation 4).57  

 

 
57Odami, R.; Hirano, K.; Satoh, T.; Miura, M. Angew. Chem., Int. Ed. 2014, 53, 10784-10788. 
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Equation 4 Copper-mediated C6 selective dehydrogenative heteroarylation of 1-(2-pyridyl)-2-pyridone 38 with 

different azoles 2.39 

In this regard, the transfer of indole heterocycles has not yet been realized via C-H 

functionalization. The synthesis of indolylpyridone scaffold could be interesting as the reported 

methods involves condensation cascade processes.58,59,60 These methods usually required 

electron-withdrawing groups (carbonyl, nitrile, nitro) and for the formation of a pyridone ring. 

An example involved a one pot multicomponent reaction of 3-acetylindole (2.41), aromatic 

aldehydes (2.42), ethyl cyanoacetate (2.43), and ammonium acetate in the presence of 

piperidine as a catalyst under microwave irradiation or thermal conditions afforded 6-

indolylpyridine-3-carbonitriles (2.44) (Eqn. 5).  

 

Equation 5 Synthesis of indolylnicotinonitrile 2.44 

 

Cossy and co-workers reported a Rh(III) catalysed macrocyclization strategy for the synthesis 

of macrocyclic pyridines 2.46 61(Eqn. 6). As an alternative process, a Suzuki-Miyaura coupling 

 
58 Mohamed, S. F.; Hosni, H. M.; Amr, A. E.; Abdalla, M. M. Russ. J. Gen. Chem. 2016, 86, 672-680. 
59 Krichevskii, E. S.; Alekseeva, L. M.; Kuleshova, E. F.; Granik, V. G. Pharm. Chem. J. 1995, 29, 132-133. 
60 El-Sayed, N. S.; Shirazi, A. N.; El-Meligy, M.G.; El-Ziaty, A. K.; Rowley, D.; Sun, J.; Nagib, Z. A.; Parang, 

K. Tetrahedron Lett. 2014, 55, 1154-1158. 
61 Krieger, J. P.; Lesuisse, D.; Ricci, G.; Perrin, M. A.; Meyer, C.; Cossy, J. Org. Lett. 2017, 19, 2706-2709. 
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is also applicable between 3-halogenated indole 2.47 and methoxy boronic acid 2.48 for the 

synthesis of indole 2.49, which incorporates a pyridone moiety.62,63 (Eqn.7).  

 

Equation 6 Rh(III) catalysed synthesis of 12-membered pyridones 2.46 

 

 

Equation 7 Suzuki-Miyaura coupling between 3-bromoindole 2.47 and boronic acid 2.48 

 

The application of indole-based benziodoxole hypervalent iodine reagents, developed by 

Yoshikai42 and our group,64,43 still not explored that much, may have potential application in 

metal catalysed indole group transfer reaction of pyridinone substrates. 

 

 

 
62 Chen, K. X.; Vibulbhan, B.; Yang, W.; Sannigrahi, M.; Velazquez, F.; Chan, T. Y.; Venkatraman, S.; 

Anilkumar, G. N.; Zeng, Q.; Bennet, F.; Jiang, Y.; Lesburg, C. A.; Duca, J.; Pinto, P.; Gavalas, S.; Huang, Y.; 

Wu, W.; Selyutin, O.; Agrawal, S.; Feld, B.; Huang, H. C.; Li, C.; Cheng, K. C.; Shih, N. Y.; Kozlowski, J. A.; 

Rosenblum, S. B.; Njoroge, F. G. J. Med. Chem. 2012, 55, 754-765. 
63 Kaila, N.; Follows, B.; Leung, L.; Thomason, J.; Huang, A.; Moretto, A.; Janz, K.; Lowe, M.; Mansour, T. S.; 

Hubeau, C.; Page, K.; Morgan, P.; Fish, S.; Xu, X.; Williams, C.; Saiah, E. J. Med. Chem. 2014, 57, 1299-1322. 
64 (a) Caramenti, P.; Waser, J. Helv. Chim. Acta. 2017, 100, e1700221. (b) Wu, B.; Wu, J.; Yoshikai, N. Chem. –

Asian J. 2017, 12, 3123-3127.  
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2.1.4. Goal of the project 

Dr. Erwann Grenet first observed that our reagent indoleBX 2.23a could be applied in the C-

H bond functionalisation reaction of bipyridone 2.50a utilising indoleBX 2.23a as a coupling 

partner. RhIII-catalysed C-H bond indolation of bipyridone could be achieved with high yields 

under mild reaction conditions in the presence of Zn(OTf)2 as activating reagent. The optimised 

reaction conditions gave the functionalised product 2.51a in 86% yield.65.(Eqn. 8) We also 

extended our methodology to functionalize the C8 position of the quinoline-N-oxide 2.52. In 

our conditions we obtained the C-H indolation products with better yield as well as N-oxide 

group remained untouched. In our earlier research, the isoquinolone product 2.53 was obtained 

directly albeit with lower yield (Equation, 9).25  

 

Equation 8 C-H functionalisation of pyridones 2.50a 

 

Equation 9 C-H functionalisation of quinolone N-oxides 2.52 

 

The goal of the project was scope investigations and product functionalization. 

2.2. Results and Discussion 
In this part the experimental results obtained since my arrival to the group in October 2017 will 

be discussed. The work has been done in collaboration with Dr. Erwann Grenet.  

2.2.1. Starting material synthesis 
 

The starting material 1-(2-Pyridyl)-2-pyiridones 2.50 were synthesized through copper 

catalysed cross coupling reactions (Scheme 8).66 We synthesized bipyridones substituted with 

both electron-donating and electron-withdrawing groups at different positions with good 

yields. The model starting materials 2.50a was obtained in 68% yield. The use of pyridines 

bearing NO2, CF3 or electron-donating group (methoxy) at C5 position led to bipyridinones 

2.50b, 2.50c and 2.50d in 58%, 68% and 76% yield, respectively. Electron-donating groups 

 
65 Grenet, E.; Das, A.; Caramenti, P.; Waser, J. Beilstein J. Org. Chem. 2018, 14, 1208-1214. 
66 Odani, R.; Hirano, K.; Satoh, T.; Miura, M. Angew. Chem. Int. Ed. 2014, 53, 10784–10788. 
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such as Me, and electron-withdrawing groups, like CF3, F at either C3 or C4 position afforded 

pyridinones with good to excellent yield (2.50e-j). The 4-pyridone substrate 2.50k was also 

synthesized in moderate 70% yield. Pyrimidine, quinoline, isoquinolone and pyrazine group 

containing bipyridones 2.50l, 2.50m, 2.50n, 2.50o were synthesized respectively in 61%, 96%, 

83%, 45% yields (Scheme 8). The reaction between 2-chloro pyrimidine and 2-pyridone did 

not give the desired product under the reaction conditions. 

 

 

Scheme 8 Scope of pyridinone starting materials 2.50 
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2.2.2. Optimisation of the C-H heteroarylation 
 

"We started the studies on C-H indolation with the optimization of the reaction conditions 

(Table 1) for the coupling of [1,2'-bipyridin]-2-one (2.50a) with Me-indoleBX 2.23a, easily 

obtained from commercially available 1-methylindole and 2-iodobenzoic acid 2.24. While the 

reaction conditions previously developed in our group for the C-H functionalization of 2-

phenylpyridine failed for the coupling of 2.50a with 2.23a (Table 1, entry 1). We were pleased 

to see that addition of 0.15 equiv Zn(OTf)2 allowed a full conversion to the desired product 

2.51a in 86% yield (entry 2). The Lewis acid is supposed to weaken the O-I bond by 

coordination of the carboxygroup in 2.23a. No base was required in this case. The reaction was 

completely selective for the C-6 position of the pyridone ring. Control experiments pointed out 

that both Lewis acid (entry 1) and AgSbF6 as additive (entry 3) were necessary for an efficient 

reaction. The transformation was tolerant to air (entry 4). However, more by-products were 

observed. Decreasing the temperature (entry 5) or the catalyst loading (entry 6) resulted in 

lower yields. Finally, three control experiments with 1-methylindole (entry 7), 3-iodo-1-

methylindole (entry 8) and poorly stable (1H-indol-3-yl)(phenyl)iodonium tetrafluoroborate 

(entry 9) did not lead to the formation of 2.51a, highlighting the unique reactivity of the 

benziodoxolone hypervalent iodine reagents."65  

Table 1 Optimization of C-H functionalization reactiona,d 

 

Entry 
Lewis acid (15 

mol%) 

Additive 

(15 mol%) 
Solvent 

Tempera

ture (°C)  

Indole 

precursor 

Results 

(%) 

1  
AgSbF6 + 

NaOpiv 
DCE 50  IndoleBX (23a) 

NR 

2 Zn(OTf)2 AgSbF6 MeOH 80  IndoleBX (23a) 86 

3 Zn(OTf)2  MeOH 80  IndoleBX (23a) 60 

4 bZn(OTf)2 AgSbF6 MeOH 80  IndoleBX (23a) 80 

5 Zn(OTf)2 AgSbF6 MeOH 60  IndoleBX (23a) 48 

6 cZn(OTf)2 AgSbF6 MeOH 80  IndoleBX (23a) 75 

7 Zn(OTf)2 AgSbF6 MeOH 80  1-methylIndole NR 

8 Zn(OTf)2 AgSbF6 MeOH 80  
3-iodo-1-

methylindole 

0e 

9 Zn(OTf)2 AgSbF6 MeOH 80  Iodonium salt 0e 

aReaction conditions: 2.50a (1 equiv., 0.20 mmol), 2.23a (1 equiv., 0.20 mmol), [RhCp*Cl2]2 (6.0 µmol, 3 mol%), 

AgSbF6 (30 µmol, 0.15 equiv), Zn(OTf)2 (30.0 µmol, 0.15 equiv.), MeOH (2.0 mL) at 80 °C for 12 h. b Under air 

 
" "This paragraph was taken from the publication.  
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. c1 mol% of [RhCp*Cl2]2.d isolated yield after preparative TLC. eDecomposition. Yields were determined by 

crude NMR using TCE as internal standard. 

2.2.3. Scope and limitation 
 

The scope and limitations of the reaction were then studied (Scheme 9). The diversification of 

the directing group was examined first. The unsubstituted pyridine group led to the formation 

of product 2.51a in 86% yield. The electron-rich 5-methoxypyridine and the electron-poor 5-

trifluoromethylpyridine directing groups gave products 2.51b and 2.51c in 82% and 72% yield, 

respectively. Quinoline 2.51d was obtained in 79% yield. Concerning the pyridinone core, both 

an electron-donating methyl group and electron-withdrawing trifluoromethyl and fluoro groups 

(2.51e-g) were well tolerated in the C-3 position. However, the strong electron-withdrawing 

CF3 group resulted in a lower 65% yield (2.51f). This observation is also true for the C-4 

position. Indeed, products 2.51h-j were synthesized in 78% yield for a methyl, 66% yield for 

a trifluoromethyl and 84% yield for a benzyloxy substituent. Isoquinolone 2.51k was prepared 

in 82% yield. The methodology could also be applied to 4-pyridone, which was converted into 

product 2.51l in moderate 57% yield.  

 

Scheme 9 Scope of the Rh catalyzed C-H indolation pyridone substrates 2.50 
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When a nitro group was present on the pyridine (2.50b), the product was not observed, 

probably due to a weaker coordination of the nitrogen on the pyridine (Fig. 6). Pyrimidine 

could not be used as directing group (2.50l), confirming what has already been reported by 

other authors.67 As previously mentioned,67 5-substituted pyridinone 2.50g could not be 

functionalized. Unfortunately, pyrazin-2-one 2.50o did not react under our conditions. 

 

 

Figure 6 Unsuccessful substrates for C-H activation of [1,2'-bipyridin]-2-one 2.50 

 

 2.2.4. Scope of IndoleBX 
 

Modification of the hypervalent iodine reagent was then investigated (Fig 7). A bromo 

substituent on the benzene ring was well tolerated (2.51m). The coupling could also be 

performed with N-H unprotected indoleBX reagents to afford products 2.51n and 2.51o in 84% 

and 77% yield, respectively. 

 

Figure 7 Scope of IndoleBX reagents in Rh catalyzed C-H indolation of pyridone 2.50a 

2.2.5. Scope of quinoline-N-oxides 
 

We also applied these conditions to different quinolone N-oxides (Scheme 10). This class of 

substrates had also been used for C–H alkynylation using EBX reagents.68 During our previous 

work, we had attempted the C8-heteroarylation of quinolone N-oxide with Me-indoleBX 2.23a. 

However, the transformation required a temperature of 100 °C, leading to the formation of the 

corresponding isoquinolone in only 38% yield.25 By employing the milder conditions 

developed for pyridinones, we were pleased to see that the N-oxide group could be preserved 

 
67 Li, Y.; Xie, F.; Li, X. J. Org. Chem. 2016, 81, 715–722. 
68 Kwak, J.; Kim, M.; Chang, S. J. Am. Chem. Soc. 2011, 133, 3780–3783. 
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and product 2.56a was obtained in 60% yield. A methyl substitution in C-2 position gave the 

product 2.56b in 66% yield. In C-6 position both a methoxy and a phenyl group were well 

tolerated giving 57% and 73% yield of products 2.56c and 2.56d." 

 

Scheme 10 Rh catalyzed C8 indolation of quinolone N-oxides 2.52 

 

2.2.6. Directing group removal and N-oxide rearrangement 
 

The pyridine group normally can be cleaved by alkylating the pyridine nitrogen followed by 

reduction to end up with the desired functionalised product (Table 2). We performed the first 

reaction with 2.51a using methyl trifluoromethanesulfonate (MeOTf) 1.2 equiv. in acetonitrile 

solvent at 0°C for 5 minutes for methylation of pyridine nitrogen followed by addition of 3 

equivalent of sodium borohydride in MeOH for 15 minutes at 0 °C69. While many side products 

were found in the reaction mixture, we could observe that the desired product 2.58 was present 

in trace amount. 6-(1-Methylindolin-3-yl)pyridin-2(1H)-one (2.59) was identified as the major 

product. We therefore decided to survey different reaction parameters, especially temperature 

and reducing agents (Table 2).  

We ended up with products 2.58 (20% yield) and 2.59 (52% yield) as well other side products 

(Table 2, entry 1). From the previous reaction conditions, we realised that, upon using 1.2 

equivalents of MeOTf, the conversion of 2.51a to 2.57 was not complete. Increasing the 

number of equivalents of MeOTf (3 equiv.) resulted in complete methylation of 2.51a. The 

subsequent treatment with 3 equivalents of sodium borohydride in MeOH at 0°C for 15 minutes 

gave products 2.58 and 2.59 in 20% and 60% yield (entry 2). Upon using more equivalents of 

 
69 Smout, V.; Peschiulli, A.; Verbeeck, S.; Mitchell, E. A.; Herrebout, W.; Bultinck, P.; Vande Velde, C. M. L.; 

Berthelot, D.; Meerpoel, L.; Maes, B. U. W. J. Org. Chem. 2013, 78, 9803-9814. 
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reducing agent, (3-5 equivalents, the yield of product 2.59 slightly increased to 62%, while the 

yield of 2.58 was not much affected (entry 3). When we performed the reaction with less 

reducing sodium cyanoborohydride (5 equiv.), we were able to isolate the products 2.58 in 74% 

yield and 2.59 in 16% yield (entry 4). We realised that the strong reducing power of sodium 

borohydride accounted for the reduction of 2.58 to generate 2.59. The weaker reductant 

NaCNBH3 stopped the reduction from 2.58 to 2.59 partially to afford the desired product 2.58 

in good yields. Adding more equivalents of sodium cyanoborohydride (7 equiv.) did not result 

in a significant improvement of the yield (entry 5).  

 

Table 2 Screening of different reaction parameters for pyridine group removal 

 

Entry 
Equivalents of 

MeOTf (x) 

Temperature 

(T1) 
Reducing agent (y) 

Tempera

ture (T2) 
Resultsa 

1 1.2 0 °C 3 equiv. NaBH4 0 °C 

2.58 in 20% and 2.59 in 

52% yield respectively 

Other side products also 

observed 

2 3 0 °C 3 equiv. NaBH4 0 °C 
2.58 in 20% and 2.59 in 

60% yield 

3 3 0 °C 5 equiv. NaBH4 0 °C 
2.58 in 18% and 2.59 in 

62% yield 

4 3 0 °C 5 equiv. NaCNBH3 0 °C 
2.58 in 74% and 2.59 in 

16% yield 

5 3 0 °C 7 equiv. NaCNBH3 0 °C 
2.58 in 74% and 2.59 in 

24% yield 

Reaction Conditions: 2.51a (1 equiv.), MeOTf (x equiv.), MeCN (0.5 M), 5 minutes at 0 °C [first step], followed 

by addition of reducing agent (y equiv.) in CH3OH (0.01 M) at 0 °C for 15 minutes. aIsolated yields. 

 

From our observation, we can conclude few important things about this cleavage reaction. Two 

crucial parameters are (i) the first methylation step is crucial in terms of reaction time and 

temperature (ii) In the second step the choice of reducing agent which affectively cleave the 2-

pyridine group is crucial, keeping indole part intact. The number of equivalents also plays a 
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vital role for the transformation. Sodium borohydride is very reactive and reduces the indole 

moiety. The less reducing sodium cyanoborohydride worked perfectly fine. 

2.56a reacted with trifluoroacetic anhydride in DMF 70 to deliver the rearrangement product 

Isoquinolone 2.53a in 62% yield (Eqn. 10). In the previous report, due to the harsh conditions, 

the indolation product underwent rearrangement insitu, delivering the Isoquinolone 2.53a in a 

single step. The reaction proceeded through the formation of intermediate 2.56ab which further 

underwent rearrangement to form 2.56ad via intermediate 2.56ac The intermediate 2.56ad 

could be formed through external nucleophilic attack of trifluoroacetate anion on intermediate 

2.56ab. Intermediate 2.56ad underwent hydrolysis to deliver 2.53a. 

 

Equation 10 N-oxide rearrangement of C-H indolation product 

 

2.3. Mechanism discussion: 
 

A plausible mechanism for the formation of C-H indolation product can be proposed to occur 

through Rh(III)-Rh(V) catalytic cycle (Scheme 11). Based on precedence in Rh-catalysed C-

H activation processes,71 we present two feasible mechanistic scenarios following pyridine-

directed C-H activation of 2.50a to give rhodacycle I  

Following coordination of indoleBX to Rh(III) centre, intermediate II is formed. The Lewis 

acid can activate the reagents via coordination to the carbonyl group, which makes the carbon-

iodine bond weaker and facilitates the oxidative addition process to reach intermediate III. 

Reductive elimination from intermediate III delivered the desired product and RhIII 

 
70 Robinson, M. M.; Robinson, B. L. J. Org. Chem. 1956, 21, 1337-1341. 
71 (1) Feng, C.; Loh, T. P. Angew. Chem. Int. Ed. 2014, 53, 2722-2726. (2) Collins, K. D.; Lied, F.; Glorius, F. 

Chem. Commun. 2014, 50, 4459-4461. (3) Xie, F.; Qi, Z.; Yu, S.; Li, X. J. Am. Chem. Soc. 2014, 136, 4780-4787.  
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intermediate VI. RhIII intermediate VI would then react with another molecule of the substrate 

to form the intermediate metallocycle I and allow the catalytic turnover. 

The other possibility would be the intermediate I may undergo regioselective migratory 

insertion into indoleBX reagents to provide RhIII-alkyl intermediate IV, which may 

subsequently undergo α-elimination/1,2-rearrangement sequence to deliver the product 2.51a 

and RhIII intermediate VI which makes the catalytic turnover following coordination/CMD to 

reach I.  

 

Scheme 11 Proposed mechanism for Rh(III) catalysed indolation of bipyridinone 2.50a with indoleBX 2.23a 

 

2.4. Conclusion 
 

In conclusion, we developed a C6 selective heteroarylation of pyridine-2-ones using the 

hypervalent iodine indole reagent, indoleBX, as a coupling partner in the presence of 

[RhCp*Cl2]2 as a catalyst, Ag salt as a co-catalyst, and Zn(OTf)2 as Lewis acid. The 

methodology tolerated a broad range of substrates; both electron-donating and -withdrawing 

groups were tolerated at the pyridone core. Comparatively, electron-donating group substituted 
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pyridines resulted in better yields compared to substrates bearing electron-withdrawing groups. 

The reaction could also be applied to pyridine-4-one (C6 selective), isoquinolinone (C3 

position) and quinolone N-oxide substrates. We were able to obtain 6-(indol-3-yl)-pyridinone 

after cleaving the pyridine directing group. 8-(Indol-3-yl)-quinolone is formed by rearranging 

the functionality of quinoline N-oxide. 

2.5. Outlook 
Inspired by the ongoing research in asymmetric catalysis field, we can propose an asymmetric 

version of our reaction to introduce axial chirality in the model product 2 51a. However, 

probably pyridine is not sterically crowded enough to prevent free rotation around the axis, but 

certainly we can put some bulky ligand to prevent the rotation around the axis. This way we 

can make a library of chiral indolylpyridine derivatives (Scheme 12). 

 

Scheme 12 Synthesis of axially chiral indolylpyridones via asymmetric Rh catalysis 

IndoleBX reagents could be potential alternative as a radical transfer reagents for the 

decarboxylative alkynylation reactions of carboxylic acids via photoredox catalysis (Scheme 

13). 

 

Scheme 13 Photoredox catalyzed decarboxylative indolation of Z-pro-OH 

However, indoleBX reagents could be also applicable to other C-H functionalization reactions 

involving other category of substrates, with using other directing groups or metal-free cross-

coupling reactions with some nucleophiles such as aromatic rings. 
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Chapter 3 
3. PdII/IV and Pd0/II catalyzed 

functionalization of alkenes 

and alkynes  
 

3.1. Introduction 

3.1.1. 1,2-Amino alcohols 

 
 Vicinal amino alcohols are also referred as 1,2-amino alcohols or β-amino alcohols (Figure 9). 

These structural motifs are widely utilised as chiral auxiliaries, ligands, or catalysts.72 

Derivatives of amino alcohols are currently being investigated for their antimicrobial and 

antifungal properties, as well as modulation of physiochemical properties of drug molecules. 

Naturally occurring β-amino alcohols display a high degree of structural diversity and often 

exhibit pronounced biological activities, which make them suitable starting points for drug 

development. At present, the FDA has approved 82 compounds comprising an amino alcohol 

scaffold.73 Furthermore, 119 are classified as "experimental drugs," implying that the features 

have been established experimentally but the drug's ability has not yet been authorized by the 

FDA. Furthermore, 23 amino alcohols have been employed as nutraceuticals e.g., in the food 

industry.73  

Some examples of 1,2-amino alcohols can be seen in Figure 2. Amino acids like Serine (3.1) 

is found in proteins. Sphingosine (3.2) is a lipid-like β-amino alcohol that plays an important 

role in cell structure and has also been found to be an important player in cell signalling.74 A 

natural product derivatives Jaspine B (3.3) has been found to have cytotoxic effects against 

several cancer cell lines at low concentrations.75 The 3-amino-1,1-diaryl amino alcohols (3.4) 

have been found to show antidepressant properties.76 The compounds Doxorubicin (3.5) and 

Hapalosin (3.6) are both natural products that have been found to have anticancer 

 
72 Bergmeier, S. C. Tetrahedron 2000, 56, 2561-2576. 
73 Law, V.; Knox, C.;  Djoumbou, Y.; Jewison, T.; Guo, A.C.; Liu, Y.; Maciejewski, A.; Arndt, D.; Wilson, M.; 

Neveu, V.; Tang, A.; Gabriel, G.; Ly, C.; Adamjee, S.; Dame, Z. T.; Han, B.; Zhou, Y.; Wishart, D.S. Nucleic 

Acids Res, 2014, 42, 1091-1097. 
74 Czubowicz, K.; Jesko, H.; Wencel, P.; Lukiw, W. J.; Strosznajder, R. P. Mol. Neurobiol. 2019, 56, 5436–5455. 
75 (a) Kuroda, I.; Musman, M.; Ohtani, I. I.; Ichiba, T.; Tanaka, J.; Gravalos, D. G.; Higa, T. J. Nat. Prod 2002, 

65, 1505–1506. (b) Ledroit, V.; Debitus, C.; Lavaud, C.; Massiot, G. Tetrahedron Lett. 2003, 44, 225–228. 
76 Clark, J. A.; Clark, M. S. G.; Gardner, D. V.; Gaster, L. M.; Hadley, M. S.; Miller, D.; Shah, A. J. Med. Chem. 

1979, 22, 1373–1379. 
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properties.77,78 β1 receptor blockers like Metoprolol (3.7) and nebivolol are also employed in 

the treatment of cardiovascular diseases. Jørgensen’s catalyst (3.8), derived from proline, is an 

extremely effective organocatalyst for asymmetric addition to saturated and unsaturated 

carbonyl systems, finding widespread use in organic synthesis.79 The chiral oxazolidinone 3.9 

also called Evans' auxiliary80 and other similar structures are examples of 1,2-amino alcohols 

that have been found extremely valuable in asymmetric catalysis.81  

The oxygen and nitrogen atoms have Lewis basic properties and as such can form multiple 

hydrogen bonds. In drug discovery, precise control of their orientation in space is critical to the 

interaction with target molecules. Therefore, stereoselective methods are of great value for 

accessing these motifs and there are numerous methods for accessing these building block. 

 
Figure 8 general structure of vicinal amino alcohols 

 

 
77 Tacar, O.; Sriamornsak, P.; Dass, C. R. J. Pharm. Pharmacol. 2013, 65, 157–170. 
78 Stratmann, K.; Burgoyne, D. L.; Moore, R. E.; Patterson, G. M. L.; Smith, C. D. J. Org. Chem. 1994, 59, 7219–

7226 
79 Jensen, K. L.; Dickmeiss, G.; Jiang, H.; Albrecht, Ł.; Jørgensen, K. A. Acc. Chem. Res. 2012, 45, 248–264. 
80 Heravi, M. M.; Zadsirjan, V.; Farajpour, B. RSC Adv. 2016, 6, 30498–30551. 
81 Ager, D. J.; Prakash, I.; Schaad, D. R. Chem. Rev. 1996, 96, 835–876. 
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Figure 9 Examples of 1,2-amino alcohols and their derivatives 

The classical disconnection approaches for the synthesis of vicinal amino alcohols are 

described in the next section. The four main synthetic pathways are based on distinct 

disconnections across various carbon-carbon or carbon-heteroatom bonds (Scheme 14).82 The 

first one (1) The preparation of β-amino alcohols from substrates, which already contains both 

heteroatoms can be accomplished, for example, by reduction of β-keto-α-amino esters.83 An 

example of this process is the ruthenium catalysed asymmetric transfer hydrogenation of 

racemic β-keto-α-amino esters. This class of reactions benefits from decades of studies on the 

addition of nucleophiles to carbonyls and imines in a highly stereoselective manner. It also 

includes the substitution of α-(pseudo)halocarbonyl groups, reduction of α-aminocarbonyl 

functional groups as well as the opening of epoxides and aziridines by hetereonucleophiles.84 

 
82 Lucet, D.; Gall, T. Le; Mioskowski, C.  Angew. Chem. Int. Ed. 1998, 37, 2580-2627. 
83 (a) Hamada, Y. Chem. Rec. 2014, 14, 235-250. (b) Makino, K.; Goto, T.; Hiroki, Y.; Hamada, Y. Angew. 

Chem. Int. Ed. 2004, 43, 882-884. (c) Fei, Z.; Wu, Q.; Li, L.; Chen, L.; Wang, H.; Wu, B.; Wang, X.; Gao, F.; 

Qin, W.; Guo, J.; Cheung, C. M. J. Org. Chem. 2020, 85, 6854-6861.  
84 Bennani, Y. L.; Hanessian, S.  Chem. Rev. 1997, 97, 3161-3196. (b) Lucet, D.; Gall, T. Le; Mioskowski, C. 

Angew. Chem. Int. Ed. 1998, 37, 2580-2627. (c) Viso, A. ; de la Pradilla, R. F.; García, A.; Flores, A. Chem. Rev. 

2005, 105, 3167-3196. (d) Kizirian, J.-C. Chem. Rev. 2008, 108, 140-205. (e) Kotti, S. R. S. S.; Timmons, C.; Li, 

G. Chem. Biol. Drug Des. 2006, 67, 101-114. (f) Grygorenko, O. O.; Radchenko, D. S.; Volochnyuk, D. M.; 

Tomalchev, A. A.; Komarov, I. V. Chem. Rev. 2011, 111, 5506-5568. 
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Regarding the latter, issues of regioselectivity may arise when internal epoxides or aziridines 

are employed. The second class of reaction (2) concerns the coupling of two partners containing 

one heteroatom each. The most elegant way to create the β-amino alcohol unit is to couple two 

carbon fragments both containing one of the heteroatoms, thereby simultaneously setting both 

stereocenters, while also creating a new C-C bond. This approach has been realized by 

employing Mannich,85 Aldol,86 and Pinacol reactions,87 and sigmatropic rearrangements.88 The 

third group of reaction (3) involves the incorporation of one heteroatom adjacent to another 

one already presents in the substrate, mainly via C-H bond functionalization89 or olefin 

functionalization. While some examples are purely intermolecular, most of them harness the 

first heteroatom to introduce the second one in a regio- and stereoselective manner via a tether. 

This field of research is pivotal for this thesis, and as such, these strategies will be covered in 

detail in sub chapter 3. Aminohydroxylation reactions of olefins form the last category (4). 

Both heteroatoms are introduced in the same reaction, via a concerted process or in a domino 

reaction. The most established reaction in this category is the osmium catalysed Sharpless 

aminohydroxylation.90 It allows the syn-specific simultaneous installation of the two 

heteroatoms over a double bond. Although diastereoselectivity is not an issue in this reaction, 

the regioselectivitiy can sometimes be problematic and is usually influenced by the choice of 

ligands, solvent, and the N-haloamide. Typical substrates for this reaction are α,β-unsaturated 

ester, yielding α-hydroxy-β-amino esters as the main product. 

 
85 (a) For a relevant review see: Kobayashi, S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Chem. Rev. 2011, 111, 2626-

2704. (b) Matsunaga, S.; Kumagai, N.; Harada, S.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 4712-4713. (c) 

List, B.; Pojarliev, P.; Biller, W. T.; Martin, H. J. J. Am. Chem Soc. 2002, 124, 827-833. (d) Kobayashi, S.; Ishitani, 

H.; Ueno, M. J. Am. Chem. Soc. 1998, 120, 431-432. 
86 (a) Kobayashi, J.; Nakamura, M.; Mori, Y.; Yamashita, Y.; Kobayashi, S. J. Am. Chem. Soc. 2004, 126, 9192-

9193. 
87 (a) For a review on reductive coupling of carbonyls and imines, see: Burchak, O. N.; Py, S. Tetrahedron 2009, 

65, 7333-7356. (b) Zhong, Y.-W.; Dong, Y.-Z.; Fang, K.; Izumi, K.; Xu, M.- H.; Lin, G.-Q. J. Am. Chem. Soc. 

2005, 127, 11956-11957. 
88 (a) Barbazanges, M.; Meyer, C.; Cossy, J.; Turner, P. Chem.--Eur. J. 2011, 17, 4480-4495. (b) Barbazanges, 

M.; Meyer, C.; Cossy, J. Org. Lett. 2007, 9, 3245-3248. 
89 (a) Greck, C.; Drouillat, B.; Thomassigny, C. Eur. J. Org. Chem. 2004, 2004, 1377–1385. (b) Kumaragurubaran, 

N.; Juhl, K.; Zhuang, W.; Bøgevig, A.; Jørgensen, K. A. J. Am. Chem. Soc. 2002, 124, 6254–6255. (c) Kano, T.; 

Shirozu, F.; Maruoka, K. Org. Lett. 2014, 16, 1530–1532. 
90 (a) O’Brien, P. Angew. Chem. Int. Ed. 1999, 38, 326–329. (b) Bodkin, J. A.; McLeod, M. D. J. Chem. Soc., 

Perkin Trans. 1 2002, 2733–2746. (c) Heravi, M. M.; Lashaki, T. B.; Fattahi, B.; Zadsirjan, V. RSC Adv. 2018, 8, 

6634–6659. (d) Nilov, D.; Reiser, O. Adv. Synth. Catal. 2002, 344, 1169–1173. 
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Scheme 14 Various disconnection approaches for the synthesis of amino alcohols 

 

3.1.2. Pd0/II catalysis 
 

Palladium has a unique and versatile facile interconversion between various oxidation states, 

which explains why it is still one of the most often utilized transition metals in organic 

chemistry. The outstanding progress made in the last decade in the development of effective 

Pd-catalysed methods for the difunctionalisation of alkenes has been a major source of 

inspiration for the research described herein. The following sections address the main 

achievements in this field, starting with the Wacker reaction, which represents the first 

application of palladium catalysis for the functionalization of unactivated alkenes. Then, the 

methods developed based on the same catalytic cycle will be examined, although the discussion 

will focus more in its application towards intramolecular/tethered functionalisation reactions.  

In the mid-twentieth century, the invention of catalytic alkene functionalisation reactions 

revolutionized the chemical industry. Seminal catalytic processes include hydrogenation, 

oxidation, and hydroformylation, as well as C-H activation, carbon-carbon and carbon-
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heteroatom bond formation, polymerization, and oligomerization. In 1959, Wacker reported a 

Pd-catalysed process to produce acetaldehyde from ethylene and water in an oxidative manner. 

This paved the way for the development of a myriad of other Pd-catalysed reactions during the 

following several decades, ranging from the functionalization of simple unsaturated C-C 

moieties to cross-coupling reactions. 

The reactivity of unsaturated carbon-carbon bonds is due to the existence of π-electrons. 

Transition metals (like Ir, Au, Rh, Pd) are particularly able to coordinate and interact with the 

π-electrons and facilitate the attack of a nucleophile onto the π-system. The nucleophilic attack 

is coupled with the concerted formation of a carbon–metal bond. The latter can undergo further 

transformations terminating with an elimination process releasing the metal and the final 

product. In-depth mechanistic investigations on organopalladium chemistry have revealed 

critical intermediated in catalysis, allowing for a better knowledge of reaction parameters. As 

a result, improved catalytic systems have been produced including the development of new 

auxiliary ligands, which has led to discovery of new reactions. Most significantly, Pd allows 

for a wide range of carbon-carbon bond forming reactions. The importance of carbon-carbon 

bond formation in organic synthesis is self-evident, and no other transition metal can provide 

as many different carbon-carbon bond forming strategies as Pd.  

Wacker cyclisation: 

 

One of the most typical examples of the applicability of palladium catalysis as a successful 

method in alkene functionalization is undoubtedly the Wacker reaction, which is one of the 

most studied reactions in the domain.91 This method was first utilised for the commercial 

synthesis of acetaldehyde (3.11) by the Pd-catalysed aerobic oxidative coupling of ethylene 

(3.10) with water, which was discovered in 1959 by Smidt et al (Scheme 15, A). The 

commercial Wacker method owes its success to the realisation that the oxidised catalyst could 

be regenerated by molecular oxygen in the presence of CuCl2 as co-catalyst. Importantly, not 

only the Wacker reaction rapidly became a well-established general method for the oxidation 

of olefins (3.12) to ketones (3.13) (Scheme 15, B), but it was also soon recognised that it could 

be usefully applied to the synthesis of heterocycles from olefin substrates bearing a tethered 

nucleophile. 

 

Scheme 15 Wacker reaction 

 

The mechanism is based on a catalytic cycle that begins with the heteroatom attacking the 

olefin A after the latter has been activated by palladium catalyst I (nucleopalladation) (Scheme 

 
91 (a) Horn, O. Industrial and Engineering Chemistry 1959, 51, 655-658. (b) Smidt, J.; Hafner, W.; Sedlmeier, 

J.; Sieber, R.; Ruttinger, R.; Kojer, H. Angew. Chem. 1959, 71, 176-182. 
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16). β-hydride elimination from the resulting PdII -alkyl intermediate IV leads to the 

formation of a palladium hydride species V with the consequent release of the cyclised product 

B. Base mediated reduction generates a Pd0 complex VI which can finally re-enter the catalytic 

cycle upon an oxidative event by a stoichiometric external oxidant.92 It is interesting to point 

out that the Pd catalyst enters the catalytic cycle in the PdII -oxidation state and is then reduced 

to Pd0: this kind of palladium catalysis can be thus referred to as PdII/Pd0 catalysis.  

The nucleopalladation step of the catalytic cycle is of fundamental importance for the 

stereochemical outcome of the process, because it results in the formation of two stereocenters 

(Scheme 17). Classically, the Wacker reaction occurs through an anti nucleopalladation 

pathway, which implies that the nucleophile attacks the PdII-coordinated alkene from the 

backside. Syn nucleopalladation would be an alternate mechanism, in which the activated C=C 

double bond is inserted into the PdII-nucleophile bond. It is now widely accepted that the 

nucleopalladation mode is influenced by the reaction conditions, as well as by the type of the 

nucleophile, after decades of significant mechanistic investigation and controversy.93 

The pioneering work of Hosokawa and co-workers, who reported the cyclisation of ortho-allyl 

phenols catalysed by Pd(II) salts,94 revealed the promise of the intramolecular Wacker reaction 

for the synthesis of heterocyclic molecules. With the introduction of a wide variety of catalytic 

systems and oxidants, this reaction was further studied and became the paradigm for the 

development of analogous transformations. Importantly, its application to aliphatic alkenols 

was followed by the development of appropriate chiral ligands,95 allowing for optically pure of 

oxygen containing heterocyclic compounds. 

Hegedus and co-workers96 established another piece of work in the area by becoming the first 

to describe a nitrogen version of the intramolecular Wacker reaction. Several groups have 

investigated this reaction since then, and it has become known as a potent generic technique 

 
92 For general reviews, see: (a) Hosokawa T. and Murahashi, S.-I. in Handbook of Organopalladium Chemistry 

for Organic Synthesis, ed. Negishi, E. John Wiley and Sons, New York, 2002; p. 2141. (b) Henry, P. M. in 

Handbook of Organopalladium Chemistry for Organic Synthesis, ed. Negishi, E. John Wiley and Sons, New 

York, 2002, p. 2119. (c) Tsuji, J. Palladium Reagents and Catalysts, John Wiley and Sons, Chichester, 2004; p. 

27. (d) Zeni, G.; Larock, R. C. Chem. Rev. 2004, 104, 2285-2310. (e) Zeni, G.; Larock, R. C. Chem. Rev. 2006, 

106, 4644-4680. (f) Nakamura, I.;Yamamoto, Y. Chem. Rev. 2004, 104, 2127-2198. (g) Beccalli, E. M.; Broggini, 

G.; Martinelli, M.; Sottocornola, S. Chem. Rev. 2007, 107, 5318-5365. (h) McDonald, R. I.; Liu, G.; Stahl, S. S. 

Chem. Rev. 2011, 111, 2981-3019. 
93 (a) Liu, G.; Stahl, S. S. J. Am. Chem. Soc. 2007, 129, 6328-6335. (b) Weinstein, A. B.; Stahl, S. S. Angew. 

Chem. Int. Ed. 2012, 51, 11505-11509. (c) Ye, X.; White, P. B.; Stahl, S. S. J. Org. Chem. 2013, 78, 2083-2090. 

(d) Martinez, C.; Wu, Y.; Weinstein, A. B.; Stahl, S. S.; Liu, G.; Muniz, K. J. Org. Chem. 2013, 78, 6309-6315.   
94 (a) Hosokawa, T.; Maeda, K.; Koga, K.; Moritani, I. Tetrahedron Lett. 1973, 14, 739-740. (b) Hosokawa, T.; 

Yamashita, S.; Murahashi, S.-I.; Sonoda, A. Bull. Chem. Soc. Jpn. 1976, 49, 3662-3665.  
95 For representative examples, see: (a) Hosokawa, T.; Miyagi, S.; Murahashi, S.-I.; Sonoda, A. J. Org. Chem. 

1978, 43, 2752-2757. (b) Uozumi, Y.; Kato, K.; Hayashi, T. J. Am. Chem. Soc. 1997, 119, 5063-5064. (c) Uozumi, 

Y.; Kato, K.; Hayashi, T. J. Org. Chem. 1998, 63, 5071-5075. (d) Arai, M. A.; Kuraishi, M.; Arai, T.; Sasai, H. J. 

Am. Chem. Soc. 2001, 123, 2907-2908. (e) Trend, R. M.; Ramtohul, Y. K.; Ferreira, E. M.; Stoltz, B. M. Angew. 

Chem., Int. Ed. 2003, 115, 2998-3001. (f) Wang, F. J.; Zhang, Y. J.; Yang, G. Q.; Zhang, W. B. Tetrahedron Lett. 

2007, 48, 4179-4182. 
96 Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Waterman, E. L. J. Am. Chem. Soc. 1978, 100, 5800-5807. (b) 

Hegedus, L. S. J. Mol. Catal. 1983, 19, 201-211. 
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for accessing nitrogen-containing heterocycles.97 Stahl and co-workers98 have made a 

significant contribution in the development of this reaction. It's worth noting that using amine 

compounds under Pd-catalysis is difficult since the amino group coordination to Pd can result 

in the latter's inability to activate the carbon-carbon double bond.99 It was consequently 

necessary to employ less basic N-nucleophiles, such as N-sulfonyl amines, N-acyl amines, to 

have more effective cyclization process. 

 

 

Scheme 16 Proposed mechanism for the Pd-catalysed oxidative cyclisation 

Several research groups demonstrated that PdII could facilitate the addition of several different 

nucleophiles to alkenes soon after the Wacker process was discovered, and a variety of 

oxidative and nonoxidative C-O, C-N, and C-C bond forming transformations, including intra 

and intermolecular reactions, were developed.100 Instead of β-hydride elimination, researchers 

 
97 For recent reviews on aminocyclization reaction, see: (a) Kotov, V.; Scarborough, C. C.; Stahl, S. S. Inorg. 

Chem. 2007, 46, 1910-1923. (b) Minatti, A.; Muniz, K. Chem. Soc. Rev. 2007, 36, 1142-1152. (c) Beccalli, E. M.; 

Broggini, G.; Fasana, A.; Rigamonti, M. J. Organomet. Chem. 2011, 696, 277-295. 
98 (a) Rogers, M. M.; Wendlandt, J. E.; Guzei, I. A.; Stahl, S. S. Org. Lett. 2006, 8, 2257-2260. (b) Scarborough, 

C. C.; Stahl, S. S. Org. Lett. 2006, 8, 3251-3254. (c) Liu, G.; Stahl, S. S. J. Am. Chem. Soc. 2007, 129, 6328-6335. 

(d) Ye, X.; Liu, G.; Popp, B. V.; Stahl, S. S. J. Org. Chem. 2011, 76, 1031-1044. (e) McDonald, R. I.; White, P. 

B.; Weinstein, A. B.; Tam, C. P.; Stahl, S. S. Org. Lett. 2011, 13, 2830-2833. 
99 (a) Åkermark, B.; Bäckvall, J. E.; Hegedus, L. S.; Zetterberg, K.; Siirala-Hansén, K.; Sjöberg, K. J. Organomet. 

Chem. 1974, 72, 127-138. (b) Hegedus, L. S.; Åkermark, B.; Zetterberg, K.; Olsson, L. F. J. Am. Chem. Soc. 1984, 

106, 7122-7126. 
100 (a) Henry, P. M. In Palladium Catalyzed Oxidation of Hydrocarbons; D. Reidel Publishing Co.: Dordrecht, 

The Netherlands, 1980; Vol. 2. (b) Bäckvall, J. E. Acc. Chem. Res. 1983, 16, 335-342. (c) Negishi, E., Ed. In 

Handbook of Organopalladium Chemistry for Organic Synthesis; Wiley: New York, 2002; Vol. 2. (d) Jira, R. In 

Applied Homogeneous Catalysis with Organometallic Compounds, 2nd ed.; Cornils, B., Herrmann, W. A., Eds.; 
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were able to use the intermediate III in different transformations, opening the way to 

difunctionalization. The PdII-alkyl intermediate III generated during nucleo-palladation can be 

used in a variety of subsequent reactions such as protonation (Scheme 18, a), amino 

halogenation (b), amino acetoxylation (c), diamination (d), arylation (e), oxidative Heck type 

reaction (f), carbonylation (g) etc (Scheme 18). These possibilities, along with the broad 

functional group compatibility and air-moisture tolerance, enable the production of essential 

organic building blocks as well as valuable heterocycles and carbocycles.  

 

Scheme 17 Syn- vs anti-nucleopalladation 

 
Wiley-VCH: Weinheim, Germany, 2002; p 386. (e) Sigman, M. S.; Schultz, M. J. Org. Biomol. Chem. 2004, 2, 

2551-2554. (f) Stoltz, B. M. Chem. Lett. 2004, 33, 362-367. (g) Tietze, L. F.; Ila, H.; Bell, H. P. Chem. Rev. 2004, 

104, 3453-3516. (h) Minatti, A.; Muniz, K. Chem. Soc. Rev. 2007, 36, 1142-1152. (i) Kotov, V.; Scarborough, C. 

C.; Stahl, S. S. Inorg. Chem. 2007, 46, 1910-1923. (j) Beccalli, E. M.; Broggini, G.; Martinelli, M.; Sottocornola, 

S. Chem. Rev. 2007, 107, 5318-5365. (k) Jensen, K. H.; Sigman, M. S. Org. Biomol. Chem. 2008, 6, 4083-4088. 
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Scheme 18 Reactivity of PdII-alkyl intermediates in various transformations 

Scheme 19 illustrates a general catalytic cycle for the dual functionalisation of an alkene 

employing Pd as metal in either one of the two catalytic modes Pd0/PdII or PdII/PdIV. Pd0/PdII 

catalysis starts with the oxidative addition of Pd0 species IV to an activated bond (such as 

Alkyl/Aryl/vinyl halides or Alkyl/Aryl/vinyl triflates), resulting in the formation of Pd-C and 

Pd-X bonds (Scheme 19, A). The intermediate I coordinate to the alkene, followed by 

nucleopalladation, resulting in intermediate III. The functionalized products are obtained from 

intermediate III via a reductive elimination process involving Pd(II) intermediates. Two 

additional side products can arise from intermediate III, which could undergo either β-hydride 

elimination or protodemetallation,101 yielding the corresponding products X and Y 

respectively. The selection of favored terminating step between reductive elimination, β-

hydride elimination, protodemetallation can be influenced by a variety of factors in a particular 

reaction system. The major factors are (1) electronic and steric properties of the substrate (2), 

solvent, concentration of halide or other additives, ligand properties (electronics, steric, bite 

angle, denticity). Due to the complex interplay between these and other factors, it is difficult 

to completely predict and explain what the outcome of a reaction will be. 

 
101 (a) Ananikov, V.; Tanaka, M.; Topics in Organometallic Chemistry; Springer Berlin Heidelberg: 2012. Müller, 

T. E.; Beller, M. Chem. Rev. 1998, 98, 675–704. (b) Yamamoto, Y. Chem. Soc. Rev. 2014, 43, 1575–1600. 

(c) Hosokawa, T.; Maeda, K.; Koga, K.; Moritani, I. Tetrahedron Lett. 1973, 14, 739-740. (d) Hosokawa, T.; 

Yamashita, S.; Murahashi, S.-I.; Sonoda, A. Bull. Chem. Soc. Jpn. 1976, 49, 3662-3665. (e) Hosokawa, T.; 

Miyagi, S.; Murahashi, S.; Sonoda, A. J. Org. Chem. 1978, 43, 2752-2757. 
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Scheme 19 Catalytic cycles: Pd0/PdII and PdII/PdIV catalysis 

The PdII/PdIV mechanism involved the variation of palladium’s oxidation state from +2 to +4 

state (Scheme 19, B). The PdII species I coordinates with an unsaturated π-system (II) to again 

allow for nucleophilic attack to give III. It is at this point that the oxidative addition step occurs 

to give a PdIV intermediate (V) which can subsequently undergo reductive elimination to give 
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the product Z and regenerate I. The more electron deficient nature of the palladium in V also 

makes the palladium susceptible to elimination by nucleophilic substitution. 

 

3.1.2.1. Pd catalyzed alkene carboheterofunctionalization 

 

The simultaneous introduction of alkyls, alkenyls, aryls, and heteroaryls in a regio- and 

stereoselective way has been widely explored using transition metal-catalyzed 

dicarbofunctionalization of alkynes. By carefully selecting ligands and reaction conditions, the 

selectivity of this reaction may be fine-tuned. The most common method for difunctionalization 

is to insert organometallic reagents into alkynes through a syn-carbometalation process. A 

vinyl-metal intermediate is formed as a consequence of this process. The alkyne 

difunctionalized products may be produced from the vinyl-metal intermediates after further 

functionalization. Several seminal works on the syn- and anti-difunctionalization of alkynes 

focused on palladium catalysts by Suffert, Tietze, and Werz groups have been reviewed 

recently.102 

Pd-catalyzed alkene carboalkoxylation and carboamination reactions of alkenes have been 

found to be reliable and efficient methods for the synthesis of a variety of different 

heterocycles. These reactions effect the coupling between an alkene that contains a pendant 

heteroatom, and aryl/alkenyl halide or triflate to generate highly substituted heterocycles. This 

intramolecular carboheterofunctionalisation approach is closely related to our work. In our 

project we used tether as a nucleophilic handle for the 

nucleopallation/cyclisation/functionalisations sequence under Pd catalysis, furnishing the 

difunctionalization product. 

3.1.2.1.1. Alkene carboalkoxylation 

 

Wolfe and colleagues made a breakthrough in 2004, when they disclosed the Pd-catalyzed 

oxyarylation of ϒ-hydroxy alkenes (3.14) with bromoarenes (3.15) utilizing Pd2(dba)3 in the 

presence of the bidentate ligand DPE-Phos (3.17) (Scheme 20).103 The presence of an excess 

of the strong base NaOtBu was important in order to favor the deprotonation of the substrate 

and have an increased equilibrium concentration of the more nucleophilic corresponding 

alkoxide. Using a chelating diphosphine with a broad bite angle proved critical in preventing 

β-hydride elimination products from forming. Both the alcohol and the aryl bromide reaction 

partners have been extensively studied. The reaction exhibited very high diastereoselectivity, 

with good dr seen in the production of trans-2,3-and especially trans-2,5-disubstituted 

tetrahydrofurans. Additionally, the transformation could be extended to alkenyl bromides, 

however the vinylation with styryl bromides worked well only with tertiary alcohols. 

 

 
102 (a) Dufert, A.; Werz, D. B. Chem. Eur. J. 2016, 22, 16718-16732. (b) Mondal, S.; Ballav, T.; Biswas, K.; 

Ghosh, S. ; Ganesh, V. ChemCatChem. 2021, 13, 4262-4298. (c) Biemolt, J. ; Ruijter, E. Adv. Synth. Catal. 

2018, 360, 3821-3871. 
103 (a) Wolfe, J. P.; Rossi, M. A. J. Am. Chem. Soc. 2004, 126, 1620-1621. (b) Hay, M. B.; Hardin, A. R.; Wolfe, 

J. P. J. Org. Chem. 2005, 70, 3099-3107. 
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Scheme 20 Pd-catalysed intramolecular oxyarylation of ϒ-hydroxy olefins 

1,2-Disubstituted alkenes were generally less reactive, due the higher steric hindrance on the 

C=C double bond. Furthermore, in this instance, the reaction worked only with tertiary alcohols 

owing to the otherwise overwhelming β-hydride elimination to produce the corresponding 

ketone. Wolfe and colleagues found that the monodentate ligand P(o-Tol)3 (3.24)104 increased 

yields (Scheme 21, A). In each of the examples described, the stereochemical outcome of the 

cyclization was preferred syn-addition of the heteroatom and aryl group across the alkene 

double bond. Cyclic alkenes produced bicyclic heterocycles with excellent diastereoselectivity. 

In contrast acyclic alkenes afforded the corresponding products with lower yields and dr. 

However, the yields and dr can be improved by employing Buchwald's S-Phos (3.28) ligand 

(Scheme 21, B).105 

 
104 (a) Hay, M. B.; Wolfe, J. P. J. Am. Chem. Soc. 2005, 127, 16468-16476. (b) Hay, M. B.; Wolfe, J. P. 

Tetrahedron Lett. 2006, 47, 2793-2796. 
105 Ward, A. F.; Wolfe, J. P. Org. Lett. 2010, 12, 1268-1271. 
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Scheme 21 Pd catalysed intramolecular oxyarylation of 1,2-disubstituted alkenes 

The development of an asymmetric variant of this reaction came out in 2015.106 A variety of 

commercially available chiral ligands were tested for these transformations, including (R)- and 

(S)-Siphos-PE, which have demonstrated remarkable potential for various Pd-catalysed alkene 

carboamination reactions. None of them were able to provide useful levels of both 

enantioselectivity and yield. Significant progress was reported by Wolfe with the use of a new 

phosphite ligand (3.31) incorporating a TADDOL-related diols with a cyclohexanol based-

backbone, which provided excellent results in alkene-carboalkoxylation reactions of tertiary 

alcohols 3.29 to afford tetrahydrofuran derivatives 3.30 (Equation 11). Moderate–to-good 

yields (54–85%) and moderate–to-good enantiomeric ratios (68:32–96:4 er) were obtained 

from the asymmetric carboalkoxylation processes. Because the methyl group inhibited the 

competitive β-hydride elimination of the alkyl-palladium intermediate produced via syn-

oxypalladation of the alkene, 1,1-disubstituted alkene substrates gave the highest yields. 

Tertiary alcohols were required for the reactions, and the greatest levels of enantioselectivity 

were achieved for substrates having bulky substituents next to the alcohol. The reactions 

worked for a variety of aryl bromides, but when alkenyl bromides were used, the yields were 

low and the enantioselectivities were poor. 

 

 
106 B. A. Hopkins, Z. J. Garlets, J. P. Wolfe, Angew. Chem. Int. Ed. 2015, 54, 13390-13392. 
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Equation 11 Asymmetric Synthesis of Tetrahydrofurans 

Tang and colleagues recently reported an asymmetric alkene-carboalkoxylation process of 

alkenyl phenols 3.32 to produce 1,4-benzodioxanes, 1,4-benzooxazines, and chromans 3.33 

utilizing a catalyst comprised of [Pd2(dba)3] and chiral phosphine ligand 3.34. (Scheme 22).107  

 

 
Scheme 22 Asymmetric synthesis of six-membered bicyclic heterocycles 

 
107 N. Hu, K. Li, Z. Wang, W. Tang, Angew. Chem. Int. Ed. 2016, 55, 5044-5048. 
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Wolfe and co-workers also investigated the stereochemical course of an intramolecular alkoxy 

arylation reaction involving unsaturated alcohols.108 The stereochemistry of the oxypalladation 

step was influenced by the identity of the phosphine ligand in these reactions. The use of 

monodentate phosphines such as PCy3 or P[(p-MeO)C6H4]3 resulted in the formation of 

products from the insertion of an alkene into a Pd-O bond (cis-oxypalladation). However, the 

use of catalysts containing chelating ligands such as racemic-BINAP (2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl) or DPP-benzene (1,2-

bis(diphenylphosphino)benzene yielded products that might be attributed to trans-

oxypalladation. 

According to the authors, there is an explanation for the apparent difference in oxypalladation 

process between mono and bidentate phosphine ligands. The cis-oxypalladation product 3.45 

was found when monodentate phosphine ligands were used in the cyclization of trans-alkene 

3.41 (Scheme 23.1). The oxidative addition of aryl bromide 3.41, followed by alkene 

coordination, might result in the formation of Pd-alkene complex 3.42. After alcohol 

deprotonation by NaOtBu and anionic ligand exchange, this 16-electron intermediate is 

hypothesized to generate Pd-alkoxide 3.43. Alkene insertion into the Pd-O bond yields 3.44, 

which then undergoes C-C reductive elimination to yield 3.45. Alternatively, Scheme 23.2 

shows a model for observing the trans-oxypalladation product when bidentate phosphine 

ligands are used. In this scenario, oxidative addition of the aryl bromide followed by alkene 

coordination is thought to generate 18-electron complex 3.46. The Pd-alkyl intermediate 3.48 

is then produced by a backside nucleophilic attack. The transition from cis to trans-

oxypalladation in the presence of bidentate phosphine ligands was attributed to the notion that 

Pd-alkoxide formation, which is required for a cis process to occur, would likely be disfavored 

(i.e., step 3.42 to 3.43 in the cis-oxypalladation pathway). The reason is that the proposed 

complex 3.46 (direct evidence was not obtained) is coordinatively saturated and thus unable to 

react with the pendant oxygen. Instead, Pd-alkyl intermediate 3.48 would be produced by trans-

oxypalladation of 3.46. Following that, a C-C reductive elimination would provide the trans-

addition product 3.49. 

 

 
108 Nakhla, J. S.; Kampf, J. W.; Wolfe, J. P. J. Am. Chem. Soc. 2006, 128, 2893-2901. 
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Scheme 23 Mechanistic hypothesis for the formation of 3.45 and 3.49. 

 

3.1.2.1.2. Alkene Carbo-amination 

 

Pd catalysed alkene carboamination reactions have been utilised for the synthesis of 

medicinally important nitrogen heterocycles for over a decade.109 In these reactions, an aryl or 

alkynyl halide is subjected to cross-coupling conditions with a nitrogen-based nucleophile 

bearing a pendant alkene, leading to the production of two stereocenters and a carbon-nitrogen 

bond. Wolfe and co-workers utilised this method to synthesize N-protected pyrrolidines from 

substituted pent-4-enylamine (3.50) derivatives. 

These substrates have a higher propensity to undergo N-arylation, necessitating a change in the 

reaction conditions to inhibit this side process. The diphosphine ligands dppe (3.55) and dppb 

were used to aminoarylate N-aryl pentenamines with high yields (Scheme 24).110 When 

 
109 For reviews, see (a) Wolfe, J. P. Eur. J. Org. Chem. 2007, 517–582. (b) Schultz, D. M.; Wolfe, J. P. Synthesis 

2012, 44, 351–361. (c) Wolfe, J. P. Top. Heterocycl. Chem. 2013, 32, 1–38. 
110 (a) Ney, J. E.; Wolfe, J. P. Angew. Chem. Int. Ed. 2004, 43, 3605-3608. 
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employing tris(2-furyl)phosphine (3.56) as the ligand for palladium, alkenyl bromides (3.54) 

were also shown to be good coupling reagents.111 

 

 
Scheme 24 Carboamination of N-aryl pentenamines 3.50 with aryl- and alkenyl-bromides 

 

It is worth noting that, whereas the reaction of aryl bromides with unprotected amines only 

resulted in the formation of N-arylated compounds, Wolfe and colleagues discovered that, in 

the presence of DPE-Phos (3.60), the latter could further react to yield the cyclized products in 

the presence of an additional equivalent of the bromoarene.112 The methods described above 

could not be used to access various N-substituted or N-unsubstituted pyrrolidines due to the 

difficulty in removing the aryl protecting groups. Wolfe and co-workers extended the reaction 

procedure to N-Boc, N-Cbz and N-acetyl protected amino alkenes (Scheme 25, 1).113 The 

efficacy of these reactions depends on the nucleophilicity of the cyclising nitrogen. Substrates 

which contain highly electron-withdrawing protecting groups such as N-Tosyl or N-

trifluoroacetyl undergo Heck arylation of the alkene rather than carboamination to provide the 

heterocycles.114,115,116,117 Importantly, the increased acidity of the NH proton allowed for the 

use of less strong bases, such as Cs2CO3, and improved functional group tolerance. 

 
111 Ney, J. E.; Hay, M. B.; Yang, Q.; Wolfe, J. P. Adv. Synth. Catal. 2005, 347, 1614-1620. 
112 (a) Lira, R.; Wolfe, J. P. J. Am. Chem. Soc. 2004, 126, 13906-13907. (b) Yang, Q.; Ney, J. E.; Wolfe, J. P. 

Org. Lett. 2005, 7, 2575-2578. 
113 (a) Bertrand, M. B.; Wolfe, J. P. Tetrahedron 2005, 61, 6447-6459. (b) Bertrand, M. B.; Leathen, M. L.; Wolfe, 

J. P. Org. Lett. 2007, 9, 457-460. (c) Bertrand, M. B.; Neukom, J. D.; Wolfe, J. P. J.Org. Chem. 2008, 73, 8851-

8860. 
114 For examples of Cu-catalysed intramolecular carboamination reactions of N-tosyl aminoalkane derivatives, 

see: (a) Zeng, W.; Chemler, S. R. J. Am. Chem. Soc. 2007, 129, 12948-12949. (b) Sherman, E. S.; Fuller, P. H.; 

Kasi, D.; Chemler, S. R. J. Org. Chem. 2007, 72, 3896-3905. (c) Miao, L.; Haque, I.; Manzoni, M. R.; Tham, W. 

S.; Chemler, S.R. Org. Lett. 2010, 12, 4739-4741; (d) Casavant, B. J.; Hosseini, A. S.; Chemler, S. R. Adv. Synth. 

Catal. 2014, 356, 2697-2702. 
115 For examples of Cu-catalyzed intermolecular carboamination reactions between alkenes and N-tosyl 

aminoalkene derivatives, see: Liwosz, T. W.; Chemler, S. R. J. Am. Chem. Soc. 2012, 134, 2020–2023. 
116 For examples of Au-catalyzed carboamination reactions between boronic acids and N-tosyl aminoalkene 

derivatives, see: (a) Zhang, G.; Cui, L.; Wang, Y.; Zhang, L. J. Am. Chem. Soc. 2010, 132, 1474–1475; (b) 

Brenzovich Jr, W. E.; Benitez, D.; Lackner, A. D.; Shunatona, H. P.; Tkatchouk, E.; Goddard III, W. A.; Toste, 

F. D. Angew. Chem. 2010, 122, 5651–5654; Angew. Chem. Int. Ed. 2010, 49, 5519–5522; c) Tkatchouk, E.; 

Mankad, N. P.; Benitez, D.; Goddard III, W. A.; Toste, F. D. J. Am. Chem. Soc. 2011, 133, 14293–14300; d) Zhu, 

S.; Ye, L.; Wu, W.; Jiang, H. Tetrahedron 2013, 69, 10375–10383. 
117 For an example of a dual photoredox/gold-catalyzed carboamination reaction between aryl diazonium salts and 

aminoalkene derivatives, see: (a) Hopkinson, M. N.; Sahoo, B.; Glorius, F. Adv. Synth. Catal. 2014, 356, 2794–

2800; (b) Sahoo, B.; Hopkinson, M. N.; Glorius, F. J. Am. Chem. Soc. 2013, 135, 5505–5508. 
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Scheme 25 Carboamination of N-protected pentenamines 

Using this approach, the authors were able to effectively complete a key step in the 

enantioselective synthesis of (+)-preussin (3.59) (Scheme 25, 2), a drug with antifungal and 

antitumoral properties. 

 

From our group, Dr. Stefano Nicolai developed the Pd-catalysed intramolecular oxy and 

aminoalkynylation of terminal olefins 3.62 (Equation 12). Three main features of the 

successful reaction conditions were the use of TIPS-protected bromoalkyne (3.61), the 

requirement of the strong base NaOtBu and a bidentate ligand with a large bite angle to favour 

the reductive elimination over the β-hydride elimination pathways. 

 
Equation 12 Pd0/PdII catalysed oxy- and aminoalkynylation of unactivated olefins 

 

Hayashi, Yorimitsu, and Oshima published a paper on the intramolecular aminoarylation of 

allyl amines to produce aziridines 3.65.118 According to the authors, the transformation begins 

with the oxidative addition of an aryl halide, which is followed by intramolecular 

aminopalladation and C-C reductive elimination (Equation 13). As a stereochemical probe, 

deuterated substrate 3.64 with an aniline nucleophile was used. Following additional 

derivatizations of aziridine product 3.65 it was discovered that the nitrogen and aryl chloride 

were in a stereochemical configuration indicative of cis addition to the alkene, which was in 

 
118 Hayashi, S.; Yorimitsu, H.; Oshima, K. Angew. Chem., Int. Ed. 2009, 48, 7224-7226. 
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agreement with the conclusions reached by Wolfe and colleagues for aminoarylation in the 

presence of a monodentate phosphine ligand. 

 

 
Equation 13 Amino arylation of allyl amine 3.64 

 

3.1.2.1.3. Asymmetric Pd catalysed alkene carboamination 

 

Wolfe and Mai reported the first asymmetric carboamination reaction for the synthesis of 

enantioenriched pyrrolidines.119 Using (R)-Siphos-PE (3.69) as a ligand, the substrate 3.67 was 

combined with various aryl or alkenyl bromides (or iodides) to produce the required products 

3.68 in moderate to excellent yields with 72%–94% ee (Equation 14). Surprisingly, chiral 

bidentate phosphine ligands showed little or no stereocontrol. A succinct enantioselective 

synthesis of (–)-tylophorine was achieved using the asymmetric carboamination protocol.120
 

 
Equation 14 Pd-catalysed enantioselective aminoarylation of N-Boc protected ϒ-amino alkenes 

In the vast majority of alkene carbohetero-functionalization reactions that have been reported 

to date, a critical syn-heteropalladation of the alkene plays a crucial role.109 Overall, the syn-

aminopalladation route is favoured using aryl halides as electrophiles (rather than aryl triflates) 

and nonpolar solvents, such as toluene, xylenes, or 1,4-dioxane, as electrophiles. Nitrogen 

 
119 Mai, D. N.; Wolfe, J. P. J. Am. Chem. Soc. 2010, 132, 12157-12159. 
120 Mai, D. N.; Rosen, B. R.; Wolfe, J. P. Org. Lett. 2011, 13, 2932-2935. 
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nucleophiles with high electron density promote syn-aminopalladation. However, when their 

nucleophilicity decreases, the rate slows dramatically.121 

Stahl also has demonstrated that alkene aminopalladation reactions are reversible when the N-

atom bears an electron-withdrawing group.122 Electron deficient nucleophiles prefer competing 

Heck arylation over the syn-aminopalladation/reductive elimination process. However, when 

anti-aminopalladation conditions are used, the rates of anti-aminopalladation and reductive 

elimination are faster than carbopalladation that would lead to Heck-arylation side products. 

For example, Peterson and Wolfe showed that when anti-aminopalladation conditions 

(preferably in presence of non-coordinating counter ion, such as triflate, polar solvents PhCF3 

and biaryl phosphines that contained electron-donating groups e.g. CPhos, 3.72) were used, N-

tosyl- (3.70) or N-trifluoroacetyl protected aminoalkene substrates were converted into 

substituted pyrrolidines (3.71) in excellent yields (Scheme 26).123 The chemical yields of these 

reactions were usually excellent; however, the diastereoselectivities were only modest and, in 

most cases, lower than those achieved via syn-aminopalladation route. 

 

 
Scheme 26 Palladium catalysed carboamination of N-tosyl-ϒ-aminoalkenes 

A similar anti-aminopalladation method was utilized to convert 2-allylphenols 3.73 into 

substituted dihydrobenzofurans 3.74. (Scheme 27).124 Anti-heteropalladation conditions 

produced excellent yields of dihydrobenzofurans with moderate diastereoselectivities. 

Deuterium labelling studies suggested that the reaction proceeded through anti addition to the 

alkene. 

 

 
121 (a) Neukom, J. D.; Perch, N. S.; Wolfe, J. P. J. Am. Chem. Soc. 2010, 132, 6276-6277. (b) Neukom, J. D.; 

Perch, N. S.; Wolfe, J. P. Organometallics 2011, 30, 1269-1277. 
122 White, P. B.; Stahl, S. S. J. Am. Chem. Soc. 2011, 133, 18594-18597. 
123 Peterson, L. J.; Wolfe, J. P. Adv. Synth. Catal. 2015, 357, 2339-2344. 
124 Hutt, J. T.; Wolfe, J. P. Org. Chem. Front. 2016, 3, 1314-1318. 
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Scheme 27 Pd-catalysed dihydrofuran synthesis 

3.1.2.2. Alkyne heteropalladation 

Transition-metal catalysts have been shown to be very effective towards the difunctionalization 

of alkynes by introducing carbon-carbon and carbon-heteroatom bonds via a variety of 

coupling reactions (Suzuki, Heck, Sonogashira, Suzuki, Negishi, and others).125 Alkynes are 

also inexpensive raw materials and readily available petroleum feedstocks. As a result, the 

regio- and stereoselective difunctionalization of alkynes catalyzed by transition-metal 

complexes has piqued the interest of researchers. Using metal-catalyzed difunctionalization 

methodologies, concurrent installation of two functional groups across the alkyne triple bond 

may be accomplished in a regiocontrolled and stereo-defined manner. The 

dicarbofunctionalization of alkynes is carried out with a variety of electrophiles, including 

pseudohalides and organohalides. Synthetic routes to tri-or tetra-substituted olefins containing 

heteroatoms are provided by metal-catalyzed hetero-difunctionalization of alkynes. 

Carboboration,126 carbosilylation,127 carbothiolation,128 and carbostannylation129 are examples 

of syn-hetero difunctionalization strategies that have been effectively used for alkynes. With 

the advent of radical-mediated reactions, anti-difunctionalization of alkynes has been broadly 

accomplished.130  

 
125 (a) Martin, R.; Buchwald, S. L. Acc. Chem. Res. 2008, 41, 1461–1473. (b) Rudolph, A.; Lautens, M. Angew. 

Chem. Int. Ed. 2009, 48, 2656–2670. (c) V. B. Phapale, D. J. Cardenas, Chem. Soc. Rev. 2009, 38, 1598-1607. (d) 

W. Shi, C. Liu, A. Lei, Chem. Soc. Rev. 2011, 40, 2761-2776. (e) J. Choi, G. C. Fu, Science 2007, 356, eaaf7230. 

(f) K. Tamao, K. Sumitani, M. Kumada, J. Am. Chem. Soc. 2002, 94, 4374-4376. (g) Bissember, A. C.; Lundgren, 

R. J.; Creutz, S. E.; peters, J. C.; Fu, G. C. Angew. Chem. Int. Ed. 2013, 52, 5129-5133. (h) Whyte, A.; Torelli, 

A.; Mirabi, B.; Zhang, A.; Laitens, M. ACS Catal. 2020, 10, 11578-11622. (i) Beletskaya, I.P.; Ananikov, V. P. 

Chem. Rev. 2011, 111, 1596-1636. 

126Yoshida, H.; Kageyuki, I.; Takaki, K. Org. Lett. 2013, 15, 952-955.   
127 Cheng, C.; Zhang, Y. Org. lett. 2021, 23, 5772-5776. 
128 Sugoh, K.; Kuniyasu, H.; Sugae, T.; Ohtaka, A.; Takai, Y.; Tanaka, A.; Machino, C.; Kambe, N.; Kurosawa, 

H. J. Am. Chem. Soc. 2001, 123, 5108-5109. 
129 Shirakawa, E.; Yoshida, H.; Kurahasi, T.; Nakao, Y.; Hiyama, T. J. Am. Chem. Soc. 1998, 120, 2975-2976. 
130 Li, Z.; Diminguez, A. G.; Nevado, C. Angew. Chem. Int. Ed. 2016, 55, 6938-6941. 
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Nucleopalladation of alkynes and alkenes yield the alkyl-Pd (I, II) and vinyl-Pd species (VII, 

VIII), respectively (Scheme 28).131,132 Such as alkene nucleopalladation (Scheme 28, A)), 

alkyne nucleopalladation can proceed through both cis and trans pathways (Scheme 28, B). In 

contrast to the tendency of alkyl-Pd species to undergo β-hydride elimination (V, VI), vinyl-

Pd intermediates may be trapped by a variety of electrophiles as β-hydride elimination is not 

easy in this case (IX, X).133 Alkenylpalladium intermediates are easily obtained from 

halopalladation and oxypalladation of alkynes.134 These vinylpalladium intermediates readily 

can undergo conjugate addition to α,β-unsaturated aldehydes or ketones in the presence of 

metal halides. Oxypalladation of alkynes is a process analogous to halopalladation. The 

intermediate vinylated species can undergo Michael type addition135 to unsaturated carbonyls 

or carbon-heteroatom multiple bonds such as cyano group.136 

 
131 (a) Zeni, G.; Larock, R. C. Chem. Rev. 2006, 106, 4644−4680. (b) Patil, N. P.; Yamamoto, Y. Chem. Rev. 

2008, 108, 3395−3442. (c) Cacchi, S.; Fabrizi, G. Chem. Rev. 2011, 111, 215−283. (d) Yin, G.; Liu, G. Angew. 

Chem., Int. Ed. 2008, 47, 5442−5445. (e) Liu, R.; Zhang, J. Chem. Eur. J. 2009, 15, 9303−9306. (f) Li, W.; Zhang, 

J. Chem. Commun. 2010, 46, 8839−8841. (g) Zhang, X.; Lu, Z.; Fu, C.; Ma, S. J. Org. Chem. 2010, 75, 

2589−2598. 
132 (a) McDonald, R. I.; Liu, G.; Stahl, S. S. Chem. Rev. 2011, 111, 2981−3019. (b) Ma, S.; Lu, X. J. Org. Chem. 

1991, 56, 5120−5125. (c) Huang, L.; Wang, Q.; Liu, X.; Jiang, H. Angew. Chem., Int. Ed. 2012, 51, 5696−5700. 

(d) Feng, C.; Loh, T.-P. J. Am. Chem. Soc. 2010, 132, 17710−17712. (e) Jiang, H.; Qiao, C.; Liu, W. Chem. Eur. 

J. 2010, 16, 10968−10970. (f) Chen, D.; Cao, Y.; Yuan, Z.; Cai, H.; Zheng, R.; Kong, L.; Zhu, G. J. Org. Chem. 

2011, 76, 4071−4074. 
133 (a) Jia, X.; Petrone, D. A.; Lautens, M. Angew. Chem., Int. Ed. 2012, 51, 9870−9872. (b) Jiang, H.; Liu, X.; 

Zhou, L. Chem. Eur. J. 2008, 14, 11305−11309. (c) Zhou, P.; Zheng, M.; Jiang, H.; Li, X.; Qi, C. J. Org. Chem. 

2011, 76, 4759−4763. (d) Gabriele, B.; Salerno, G.; Pascali, F.; Costa, M.; Chiusoli, G. P. J. Org. Chem. 1999, 

64, 7693− 7699. (e) Kato, K.; Motodate, S.; Mochida, T.; Kobayashi, T.; Akita, H. Angew. Chem., Int. Ed. 2009, 

48, 3326−3328. (f) Gabriele, B.; Veltri, L.; Mancuso, R.; Salerno, G.; Maggi, S.; Maria Aresta, B. J. Org. Chem. 

2012, 77, 4005−4016. (g) Zhao, L.; Lu, X. Angew. Chem., Int. Ed. 2002, 41, 4343−4345. 
134 (a) Dietl, H.; Reinheimer, H.; Moffat, J.; Maitlis, P. M. J. Am. Chem. Soc. 1970, 92, 2276-2285. (b) Maitlis, P. 

M. The Organic Chemistry of Palladium; Academic Press:  New York, 1971; Vol. 2, p 47. (c) Kaneda, K.; 

Uchiyama, T.; Fujiwara, Y.; Imanaka, T.; Teranishi, S. J. Org. Chem. 1979, 44, 55-63. (d) Lambert, C.; Utimoto, 

K.; Nozaki, H. Tetrahedron Lett. 1984, 25, 5323-5326. (e) Yanagihara, N.; Lambert, C.; Iritani, K.; Utimoto, K.; 

Nozaki, H. J. Am. Chem. Soc. 1986, 108, 2753-2754. 
135 Wang, Z.; Lu, X. J. Org. Chem. 1996, 61, 2254-2255. 
136 Xia, G.; Han, X.; Lu, X. Org. Lett. 2014, 16, 6184-6187. 
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Scheme 28 State of the art of alkene and alkyne nucleopalladation 

The alkyne-heteropalladation transformation described by Yorimitsu and co-workers, is a rare 

example of utilizing catalyst structure and reaction conditions to regulate regioselectivity 

(Scheme 29).137 To get dihydropyran derivatives 3.87, ϒ-hydroxy ynamides 3.75 are coupled 

with aryl triflate electrophiles using a [Pd2(dba)3]/Xantphos catalyst system, K2CO3 as a base, 

and dimethylacetamide (DMA) as the solvent. It is important to note that this complex is a 

Lewis-acidic, cationic [ArPd(Xantphos)]+OTf- complex that binds to the alkyne rather than the 

alcohol to provide intermediate 3.78. Dihydropyrans (3.79) are produced via a 6-endo-anti-

oxypalladation/ reductive elimination sequence. Using an aryl bromide as the electrophile, 

XPhos as the ligand, Cs2CO3 as the base and 1,4- dioxane as the solvent the 5-exo-cyclization 

was achieved by syn-oxyarylation of the alkyne from an intermediate palladium(aryl) alkoxide 

complex (3.76) to deliver exo-alkylidine tetrahydrofuran derivatives (3.77). The 6-endo- and 

5-exo alkyne carboalkoxylation reactions covered a wide range of aryl halides and triflates, 

with excellent yields and regioselectivity. 

 

 
137 Fujino, D.; Yorimitsu, H.; Osuka, A. J. Am. Chem. Soc. 2014, 136, 6255-6258. 
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Scheme 29 Pd-catalysed regioselective carboetherification of alkynes 

 

3.1.3. PdII/IV catalysis 
 

Unlike Pd0/PdII catalysis, PdII/PdIV catalysis received less attention over a long period of time. 

Despite many hypotheses that PdIV intermediates are involved in catalysis and synthesis, no 

definitive evidence had been found for their existence.138 Canty and co-workers demonstrated 

that the dimethylpalladium complex 3.80 easily oxidizes to the trimethylpalladium(IV) 

complex 3.81, which was then isolated and described by X-ray crystallography (Scheme 30).139 

This was the first strong support for the feasibility of such PdII/PdIV catalytic cycle in organic 

chemistry. The presence of neutral dinitrogen donor ligands, such as bipyridine, and a large 

number of carbon-based ligands characterize this kind of isolable palladium(IV) complex. 

Because isolated PdIV complexes have a carbon-rich coordination sphere, carbon-carbon bond 

formation is usually the dominating process. In the parent complex 3.81, iodide dissociation 

preceded ethane production. This latter event is thought to require several stages, including an 

α-agostic C-H interaction via a cationic penta-coordinated intermediate.140 With their intrinsic 

capacity to accept up to four distinct groups for involvement in future reductive elimination 

processes, Palladium (IV) complexes hold tremendous promise for the creation of novel 

transition metal-catalysed reactions beyond carbon-carbon bond formation. With the addition 

of powerful oxidants, the oxidation state of the catalyst changes, allowing for remarkable 

organic transformations not achievable with traditional PdII catalysis. No β-hydride elimination 

or palladium-black deposition from PdII species would be anticipated for PdIV catalysis. Also, 

fine-tuning of the ligand is often required for reductive elimination from PdII complexes.141 

This fine tuning should not be an issue for palladium catalysts at higher oxidation states, since 

 
138 (a) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1979, 101, 4981-4991. (b) Sundermann, A.; Uzan, O.; Martin, 

J. M. L. Chem. Eur. J. 2001, 7, 1703-1711. (c) Huang, Q.; Campo, M. A.; Yao, T.; Tian, Q.; Larock, R. C. J. Org. 

Chem. 2004, 69, 8251-8257. 
139 Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. J. Chem. Soc. Chem. Commun. 1986, 1722. 
140 Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt, R. J.; Scott, J. D. Organometallics 1988, 7, 1363-1367. 
141 Hartwig, J. F. Inorg. Chem. 2007, 46, 1936-1947. 
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reductive elimination should occur more easily to stabilize the metal. We will discuss recent 

advances in PdIV catalysis, with an emphasis on C-O and C-N bond formations reactions mostly 

on alkenes in an intramolecular fashion.  

 
Scheme 30 Synthesis and isolation of Pd(IV) complex 

 

Canty142 and Bäckvall143 presented ground-breaking research on the synthesis and mechanistic 

investigations of high-valent palladium complexes in addition to the Pd(0/II) system, laying 

the groundwork for the development of catalytic transformations. In particular, transition 

metal-catalysed C-H functionalization has been extensively studied since the turn of the 

twentieth century greatly contributing to the development of a wide range of novel chemical 

bond-forming transformations. Catellani,144 Sanford,145 Yu,146 Daugulis,147 Ritter,148 and others 

have documented the involvement of high-valent palladium species, such as PdIV and PdIII, in 

the formation of carbon-carbon and carbon-heteroatom bonds.149 Since 2000, Sorensen,150 

Muñiz,151 Stahl,152 Sanford,153 and Michael154 have described a variety of extremely effective 

Pd(II)-catalysed oxidative difunctionalization processes of alkenes, such as 

aminoacetoxylation, diamination, arylchlorination, and aminochlorination. This work will be 

described in the next section. 

 

3.1.3.1. PdII/IV catalysed alkene heterofunctionalization 

 

Several research groups were particularly interested in the PdII-alkyl species produced by 

nucleopalladation of alkenes, with the goal of finding a novel method for difunctionalizing 

 
142 Canty, A. J. Dalton. Trans. 2009, 47, 10409−10417. 
143 Backvall, J. E. Acc. Chem. Res. 1983, 16, 335−342. 
144 Catellani, E.; Motti, N.; Della Ca’, N. Acc. Chem. Res. 2008, 41, 1512−1522. 
145 Neufeldt, S. R.; Sanford, M. S. Acc. Chem. Res. 2012, 45, 936−946. 
146 Giri, R.; Liang, J.; Lei, J.-G.; Li, J.-J.; Wang, D.-H.; Chen, X.; Naggar, I. C.; Guo, C.; Foxman, B. M.; Yu, J.-

Q. Angew. Chem., Int. Ed. 2005, 44, 7420− 7424. 
147 (a) Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem. Res. 2009, 42, 1074−1086. (b) Daugulis, O.; Roane, 

J.; Tran, L. D. Acc. Chem. Res. 2015, 48, 1053−1064. 
148 Powers, D. C.; Ritter, T. Acc. Chem. Res. 2012, 45, 840−850. 
149 (a) Sehnal, P.; Taylor, R. J. K.; Fairlamb, I. J. S. Chem. Rev. 2010, 110, 824−889. (b) Hickman, A. J.; Sanford, 

M. S. Nature 2012, 484, 177−185. (c) Muñiz, K. Angew. Chem., Int. Ed. 2009, 48, 9412−9423.  (d) Engle, K. M.; 

Mei, T.-S.; Wang, X.; Yu, J.-Q. Angew. Chem., Int. Ed. 2011, 50, 1478−1491. 
150 Alexanian, E. J.; Lee, C.; Sorensen, E. J. J. Am. Chem. Soc. 2005, 127, 7690−7691. 
151 (a) Streuff, J.; Hövelmann, C. H.; Nieger, M.; Muñiz, K. J. Am. Chem. Soc. 2005, 127, 14586−14587. (b) 

Muñiz, K.; Hövelmann, C. H.; Streuff, J. J. Am. Chem. Soc. 2008, 130, 763−773. (c) Muñiz, K. J. Am. Chem. Soc. 

2007, 129, 14542− 14543. (d) Iglesias, Á.; Perez, E. G.; Muñiz, K. Angew. Chem., Int. Ed. 2010, 49, 8109. (e) 

Martínez, C.; Muñiz, K. Angew. Chem., Int. Ed. 2012, 51, 7031−7034. 
152 (a) Liu, G.; Stahl, S. S. J. Am. Chem. Soc. 2006, 128, 7179−7181. (b) Martínez, C.; Wu, Y.; Weinstein, A. B.; 

Stahl, S. S.; Liu, G.; Muñiz, K. J. Org. Chem. 2013, 78, 6309− 6315. 
153 Desai, L. V.; Sanford, M. S. Angew. Chem., Int. Ed. 2007, 46, 5737−5740. Kalyani, D.; Sanford, M. S. J. Am. 

Chem. Soc. 2008, 130, 2150− 2151. 
154 (a) Rosewall, C. F.; Sibbald, P. A.; Liskin, D. V.; Michael, F. E. J. Am. Chem. Soc. 2009, 131, 9488−9489. (b) 

Sibbald, P. A.; Rosewall, C. F.; Swartz, R. D.; Michael, F. E. J. Am. Chem. Soc. 2009, 131, 15945−15951. 
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such substrates.155 Bäckvall and co-workers set a precedent in this field by demonstrating the 

possibility of palladium-promoted alkene oxyamination and diamination in the presence of 

strong oxidants under stoichiometric conditions.156 The Lei157 and Chemler158 groups 

independently reported the Pd-catalysed intramolecular aminohalogenation/cyclization of ϒ- 

and δ-unsaturated sulfonamides in 2004, where CuBr2 or CuCl2 served as the stoichiometric 

oxidant and halide source. According to Lei's research on the cyclization reactions of N-

tosylcarbamates 3.83 and ureas 3.84, these substrates may undergo highly regio- 

and diastereoselective aminohalogenations (Equation 15). However, the absolute influence of 

PdIV species could not be demonstrated conclusively. 

 
Equation 15 Intramolecular Pd-catalysed aminohalogenation of alkenes 

 

Chemler and colleagues showed good regioselectivity in the aminohalogenation of an 

unsaturated tosylamide but got a mixture of regioisomers (3.87, 3.88) from N-tosylpentene 

3.86 and N-tosyl-2-allylanilines (Scheme 31). Exo-selective aminopalladation (I) and 

subsequent oxidation and halide transfer, mediated by CuBr2 (path A), may explain the 

formation of the exo regioisomers. Piperidine production may be described by either 

endoselective aminopalladation (IV) followed by oxidative halogenation (path B) or by initial 

exoselective aminopalladation (I) followed by [Pd] displacement and aziridinium ion II 

creation followed by nucleophilic attack by halide (path C). The authors showed that no 

aminohalogenation product was observed in the absence of CuBr2 (e.g., stoichiometric PdBr2 

did not give aminohalogenation products).  

 

 
155 For a recent review, see: Jacques, B.; Muñiz, K. in Catalyzed Carbon-Heteroatom Bond Formation; Wiley-

VCH Verlag GmbH & Co. KGaA: 2010, p 119. 
156 (a) Bäckvall, J.-E. Tetrahedron Lett. 1975, 16, 2225-2228. (b) Bäckvall, J. E.; Bjoerkman, E. E. J. Org. Chem. 

1980, 45, 2893-2898. (c) Bäckvall, J.-E. Tetrahedron Lett. 1978, 19, 163-166. 
157 Lei, A.; Lu, X.; Liu, G. Tetrahedron Lett. 2004, 45, 1785-1788. 
158 Manzoni, M. R.; Zabawa, T. P.; Kasi, D.; Chemler, S. R. Organometallics 2004, 23, 561. 
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Scheme 31 Aminohalogenation of δ-alkenyl N-tosylamide 3.86: scope and mechanism 

 

In 2005, a landmark advancement of the research in this field was reported by Sorensen and 

co-workers with the development of the first Pd-catalyzed intramolecular alkene 

aminoacetoxylation reaction (Scheme 32). The neutral iodane PhI(OAc)2 (3.90, which served 

as both the oxidant and the source of acetate), was used to effectively cyclize olefins with N-

tosyl amino group.159 PIDA was used for oxidising the alkyl-PdII intermediate, accessing the 

oxidation state of PdIV in the difunctionalization process. Liu and Stahl160 then developed an 

intermolecular variant of the reaction, investigating the mechanistic aspects of this process. 

Internal alkenes were aminoacetoxylated with strong trans-diastereoselectivity, yielding 

compounds like 3.91 with good dr. Sorensen and colleagues proposed a mechanism including 

a rate-limiting anti-amino palladation step prior to oxidation of the resultant PdII-alkyl complex 

and the C-O bond forming reductive elimination to explain this stereochemical finding. Liu 

and Stahl, on the other hand, were able to show that the transformation happens through syn 

aminopalladation and that the final reductive elimination proceeds by an SN2-like mechanism 

involving the nucleophilic attack of a dissociated acetate molecule on intermediate 3.92. This 

reaction is our source of inspiration in the development of alkene aminoacetoxylation 

(described in Chapter 5 in details) in combination with tether and Pd(II/IV) catalysis. 

 

 
159 Alexanian, E. J.; Lee, C.; Sorensen, E. J. J. Am. Chem. Soc. 2005, 127, 7690-7691. 
160 Liu, G.; Stahl, S. S. J. Am. Chem. Soc. 2006, 128, 7179-7181. 
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Scheme 32 Pd-catalysed aminooxygenation of alkenes 

 

Muñiz and colleagues postulated that the Pd-catalyzed intramolecular diamination of alkenyl 

ureas follows a similar path. (Scheme 33).161 In Muñiz's approach, the final oxidant was 

PhI(OAc)2 (3.90), and the second amination process involved the urea's tethered NH-group. It 

may also be expanded to other substrates, allowing for the synthesis of additional N-containing 

heterocycles including bisindolines, cyclic sulfamates, and guanidines.162 Muñiz and 

colleagues published the equivalent intermolecular methods,163 which result in the diamination 

of terminal or internal olefins utilizing phthalimide or saccharin as the N-nucleophile and 

ditosyl imide as the electrophilic source of nitrogen. 

 
161 (a) Streuff, J.; Hövelmann, C. H.; Nieger, M.; Muñiz, K. J. Am. Chem. Soc. 2005, 127, 14586-14587. (b) 

Muñiz, K.; Hövelmann, C. H.; Streuff, J. J. Am. Chem. Soc. 2008, 130, 763-773. using CuBr2 as the final oxidant: 

(c) Muñiz, K.; Hövelmann, C. H.; Campos-Gómez, E.; Barluenga, J.; González, J. M.; Streuff, J.; Nieger, M. 

Chem. Asian J. 2008, 3, 776-788. (d) Muñiz, K.; Streuff, J.; Chávez, P.; Hövelmann, C. H. Chem. Asian J. 2008, 

3, 1248-1255. 
162 (a) Muñiz, K. J. Am. Chem. Soc. 2007, 129, 14542-14543. (b) Hovelmann, C. H.; Streuff, J.; Brelot, L.; Muñiz, 

K. Chem. Commun. 2008, 2334. (c) Chávez, P.; Kirsch, J.; Streuff, J.; Muñiz, K. J. Org. Chem. 2012, 77, 1922-

1930. 
163 (a) Iglesias, Á.; Pérez, E. G.; Muñiz, K. Angew. Chem. Int. Ed. 2010, 49, 8109-8111. (b) Muñiz, K.; Kirsch, J.; 

Chávez, P. Adv. Synth. Catal. 2011, 353, 689-694. (c) Martínez, C.; Muñiz, K. Angew. Chem. Int. Ed. 2012, 51, 

7031-7034. 
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Scheme 33 Pd-catalysed intra and intermolecular diamination of alkenes 

Desai and Sanford used PhI(OAc)2 (3.90) as an oxidant again in the highly diastereoselective 

aminooxygenation of homoallylic alcohols 3.93 (Equation 16).164 First, alkene syn-

aminopalladation occurs using phthalimide 3.94 as an external N-nucleophile. Unlike earlier 

studies, the C-O bond-forming reductive elimination occurred with configuration preservation 

through intermediate 3.96. It has been hypothesized that the strong nucleophilic nature of the 

tethered hydroxy group would result in a less likely dissociation from the PdIV complex. This 

would rule out a mechanism such as the previously described SN2. Dong and colleagues 

developed a method for obtaining tetrahydrofuran derivatives from homoallyl alcohols using a 

Pd-catalyzed olefin dioxygenation procedure. (Equation 17).165 While the reaction was 

initially designed to difunctionalize alkene substrates, it may also be used to difunctionalize 

hydroxy- and carboxy-tethered olefins in an intramolecular pathway. 

 
164 Desai, L. V.; Sanford, M. S. Angew. Chem. Int. Ed. 2007, 46, 5737-5742. 
165 Li, Y.; Song, D.; Dong, V. M. J. Am. Chem. Soc. 2008, 130, 2962-2964. 
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Equation 16 Pd-catalysed aminooxygenation of alkenes 

 
Equation 17 Pd-catalysed dioxygenation of alkenes 

 

Michael and co-workers reported the first alkene carboamination reaction utilizing high-valent 

palladium catalysis.166 This remarkable reaction was discovered during the concurrent 

investigation on the Pd-catalyzed intramolecular diamination of -amino alkenes 3.98 (Scheme 

34) with Pd.167 N-fluorobenzenesulfonimide (NFBS, 3.100) was used as both the oxidant and 

the aminating reagent. When the reaction was performed in toluene, the solvent was 

incorporated into the cyclization product instead of NFBS, resulting in aminoarylation of the 

alkene substrates. With several aromatic compounds 3.99, good yields were reported. The 

reaction has a high degree of para-regioselectivity. This data, along with further mechanistic 

investigations, provided insight into the process's mechanism, indicating that the 

functionalization of the PdIV -alkyl intermediate (II in Scheme 34) should proceed through C-

H activation of the arene by PdIV (III), followed by C-C bond forming reductive 

elimination.166b 

 

 
166 (a) Rosewall, C. F.; Sibbald, P. A.; Liskin, D. V.; Michael, F. E. J. Am. Chem. Soc. 2009, 131, 9488-9489. (b) 

Sibbald, P. A.; Rosewall, C. F.; Swartz, R. D.; Michael, F. E. J. Am. Chem. Soc. 2009, 131, 15945-15951. 
167 Sibbald, P. A.; Michael, F. E. Org. Lett. 2009, 11, 1147-1149. 
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Scheme 34 Pd catalysed aminoarylation with NFSI of ϒ-aminoalkenes via PdII/IV catalysis 

Our group reported the first intramolecular oxyalkynylation of unactivated alkenes under 

oxidative palladium catalysis (Scheme 35).168 It was effective with both phenol 3.102 and acid 

derivatives 3.103. Only substrates having a geminal disubstituted double bond provided high 

yields with phenols (Scheme 35, A), and electron-donating groups on the benzene ring were 

not tolerated. The scope was broader with acids (Scheme 35, B), and high yields were achieved 

even for the monosubstituted double bond and in the case of aliphatic substrates. The novel 

usage of benziodoxolone-derived hypervalent iodine was critical to success in this case. 

 

 
Scheme 35 Oxaalkynylation of ortho-allylphenols and alkenyl carboxylic acids 

 

 

Thereafter the method was successfully extended to nitrogen-based nucleophiles (Equation 

18).169 This new method enabled the straightforward synthesis of nitrogen-containing bicyclic 

scaffolds. Even though Pd(hfacac)2 in chloroform gave only moderate yields, PdCl2 in ethanol 

with an excess of LiCl to form the palladate complex in situ was found to be the most effective 

 
168 Nicolai, S.; Erard, S.; Gonzàlez, D. F.; Waser, J. Org. Lett., 2010, 12, 384-387. 
169 Nicolai, S.; Piemontesi, C.; Waser, J. Angew. Chem., Int. Ed. 2011, 50, 4680-4683. 
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catalytic system. The scope of the project was extensive and the yields good to excellent. 

Notably, classic carbamate and urea tethers were shown to be effective.  

 

 
Equation 18 Aminoalkynylation of unactivated alkenes 

Liu and co-workers have developed a series of organic transformations based on a "high-valent 

palladium approach" for the synthesis of fluorine-containing organic compounds that are 

normally unavailable via conventional methods. In the presence of fluorine-containing reagents 

(such as AgF, TMSCF3, and AgOCF3), as well as strong oxidants (such as hypervalent iodine 

reagents and electrophilic fluorinating reagents), the in situ generated fluorine-containing high 

valent Pd(IV) intermediates undergo reductive elimination affording the corresponding alkyl 

C-F,170 C-CF3,
171 and C-OCF3

172 bonds (Scheme 36; A, C, B). Under mild reaction conditions, 

a variety of heterocycles, including fluorine, trifluoromethyl, and trifluoromethoxy moieties 

were accessed from alkene substrates. In addition to hypervalent iodine reagents and 

electrophilic fluorinating reagents, Liu has shown that hydrogen peroxide, an environmentally 

friendly oxidant, can oxidize alkyl C-Pd(II) species to form high-valent alkyl C-Pd(IV) 

intermediates, and based on this observation, several catalytic difunctionalisation of alkenes, 

such as amino-chlorination,173 amino-acetoxylation,174 and amino-hydroxylation175 reactions  

have been successfully developed (Scheme 36; D, E, F). Water was the only waste product 

produced by the oxidant. All these investigations provide promising approaches for the 

stereoselective insertion of C-N and C-O bonds across double bonds using high-valent 

palladium intermediates. 

 

 
170 Wu, T.; Yin, G.; Liu, G. J. Am. Chem. Soc. 2009, 131, 16354-16355. 
171 Mu, X.; Wu, T.; Wang, H.-Y.; Guo, Y.-L.; Liu, G. J. Am. Chem. Soc. 2012, 134, 878-881. 
172 Chen, C.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2015, 137, 15648-15651. 
173 Yin, G.; Wu, T.; Liu, G. Chem. -Eur. J. 2012, 18, 451-455. 
174 Zhu, H.; Chen, P.; Liu, G. Org. Lett. 2015, 17, 1485-1488. 
175 Zhu, H.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2014, 136, 1766-1769. 
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Scheme 36 PdII/IV catalysed amino heterofunctionalization functionalisation reactions by Liu group 

 

3.1.3.2. Asymmetric PdII/PdIV catalysis 

 

In contrast to the remarkable development of enantioselective reactions via the Pd0/PdII 

catalytic cycle,176 asymmetric PdII/PdIV catalysis has received less attention.  
 

The use of N-fluorobenzenesulfonimide as both an oxidant and a source of nitrogen in an 

enantioselective Pd-catalyzed vicinal diamination of unactivated alkenes was previously 

depicted in Equation 19.177 The usage of Ph-pybox and Ph-quinox ligands resulted in excellent 

yields of differently protected vicinal diamines with high enantioselectivities. Mechanistic 

studies revealed that the high enantioselectivity arises from the selective formation of one out 

of four possible diastereomeric aminopalladation products of the chiral Pd complex. X-ray 

crystallography was used to characterize the aminopalladation complex 3.112. 

 

 
176 (a) Tietze, L. F.; Ila, H.; Bell, H. P. Chem. Rev. 2004, 104, 3453–3516. (b) Trost, B. M.; Machacek, M. R.; 

Aponick, A. Acc. Chem. Res. 2006, 39, 747–760. 
177 Ingalls, E. L.; Sibbald, P. A.; Kaminsky, W.; Michael, F. E. J. Am. Chem. Soc. 2013, 135, 8854-8856. 
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Equation 19 Enantioselective Pd-catalysed deamination of alkenes with NFSI 

Using a newly designed pyridine-oxazoline (Pyox) ligand, Liu and co-workers demonstrated 

an asymmetric 6-endo aminoacetoxylation of unactivated alkenes (3.113)178 with palladium 

catalysis that produces chiral acetoxylated piperidines (3.114) with high chemo-, regio-, and 

enantioselectivity (Scheme 37, A). Importantly, adding a sterically bulky group into the C-6 

position of the Pyox ligand is beneficial to increases the reactivity of the aminoacetoxylation 

of alkenes, whereas steric bulk at the C-6 position of the pyridine ring would generate a weaker 

interaction between the pyridyl nitrogen and the Pd centre (intermediate 3.117), causing an 

enhanced activation of the ꙥ-bond of olefins by a more electrophilic Pd catalyst. 

 
178 Qi, X.; Chen, C.; Hou, C.; Fu, L.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2018, 140, 7415-7419. 
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Scheme 37 Enantioselective Pd(II)-catalysed intramolecular aminoacetoxylation and trifluoromethoxylation 

In 2019 an asymmetric PdII-mediated intramolecular amino-trifluoromethoxylation of 

unactivated alkenes employing CsOCF3 as a trifluoromethoxide source has been developed 

(Scheme 37, B).179  

The first chiral quinoline-oxazolines (3.123) (Quox)-catalyzed asymmetric PdII-catalyzed 

amino fluorination of unactivated alkenes has been developed by Liu and co-workers (Scheme 

38, A).180 This process generates a diverse range of enantiomerically enriched β-

fluoropiperidines (3.120) in high yields and with high enantioselectivity. Notably, Et4NF.3HF, 

a readily available nucleophile source, was found to play a crucial role in enantioinduction, 

while the additive CsOCF3 is essential to achieve good ee values. 

 

 
179 Chen, C.; Pflüger, P M.; Chen, P.; Liu, G. Angew. Chem. Int. Ed. 2019, 58, 2392-2396. 
180 Hou, C.; Chen, P.; Liu, G. Angew. Chem. Int. Ed. 2020, 59, 2735-2739. 
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Scheme 38 Pd-catalysed enantioselective amino-fluorination and amino-azidation 

 

In 2020, Using the readily available 1-azido-1,2-benziodoxol-3(1H)-one (ABX) 3.124 as an 

azidating reagent, the first Pd-catalysed enantioselective azidation of unactivated alkenes has 

been established, yielding a wide variety of structurally diverse 3-N3-substituted piperidines 

(3.122) in good yields with excellent enantioselectivity (Scheme 38, B).181  

 

Palladium catalysis involving in oxidation states higher than those of the conventional Pd0/PdII 

cycles has great potential in the discovery of novel transformation. A series of palladium 

catalysed intramolecular difunctionalization of alkenes have been developed, allowing the 

synthesis of nitrogen containing heterocyclic structures. A wide variety of nitrogen 

nucleophiles are known to attack the activated Pd(II)-alkene complexes to give an alkyl 

palladium (II) intermediate. In addition to intramaolecular processes described in this section, 

intermolecular processes have been developd using hypervalent iodine reagents like PhI(OAc)2 

or PhIN=Ts. Aziridinations,182 oxyaminations183 and diaminations184 are examples of such 

reactions.  

 

3.1.4. Concept of tethering 
 

Enhanced reactivity associated with intramolecular-based strategies is related to lower 

activation entropy. The size and conformation of the produced ring may also be adjusted to 

 
181 Li, X.; Qi, X.; Hou, C.; Chen, P.; Liu, G. Angew. Chem. Int. Ed. 2020, 59, 17239-14244. 
182(a) Müller, P.; Fruit, C. Chem. Rev. 2003, 103, 2905-2919. (b) Guthikonda, K.; Wehn, P. M.; Caliando, B. 

J.; DuBois, J. Tetrahedron 2006, 62, 11331-11342. (c) Evans, D. A.; Faul, M. M.; Bilodeau, M. T. J. Org. 

Chem. 1991, 56, 6744-6746. 
183(a) Liu, G.; Stahl, S. S. J. Am. Chem. Soc. 2006, 128, 7179-718. (b) Alexanian, E. J.; Sorensen, E. J. J. Am. 

Chem. Soc. 2005, 127, 7690-7691. (c) Desai, L. V.; Sanford, M. S. Angew. Chem., Int. Ed. 2007, 46, 5737-5740. 
184(a) Muñiz, K.; Streuff, J.; Hövelmann, C. H.; Núñez, A. Angew. Chem., Int. Ed. 2007, 46, 7125-7127. (b) 

Steuff, J.; Hövelmann, C. H.; Nieger, M.; Muñiz, K. J. Am. Chem. Soc. 2005, 125, 14586-14587. (c) Muñiz, 

K.; Hövelmann, C. H.; Streuff, J. J. Am. Chem. Soc. 2008, 130, 763-773. 
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regulate regioselectivity and stereoselectivity, although substrate synthesis require multistep 

sequences. This approach is limited to cyclic scaffolds with low structural variation, due to the 

difficulty in modifying the intrinsic regio- or stereoselectivity with the ring size. Intermolecular 

reactions are more flexible since they may use less functionalized and hence more easily 

accessible substrates. However, converting established intramolecular processes to 

intermolecular reactions may be difficult. They are fundamentally more difficult to achieve due 

to the high entropic cost of bringing the reactants together. The absence of a cyclic transition 

state also makes stereo- and regioselectivity difficult to control. Removable tethers have 

emerged as a promising method for combining the advantages of intramolecular and 

intermolecular processes in terms of simplicity, reactivity, and selectivity.185 A nucleophilic 

functionality, such as a hydroxy or amino group, is required to connect the tether to the 

substrate prior to intramolecular olefin functionalization. Finally, tether cleavage delivers the 

desired products (Scheme 39, A). This method needs functionalized raw materials. Given the 

abundance of numerous alcohols and amines in biomass, this is not a major constraint. As a 

result, the products obtained through functionalization via tethering are generally highly 

functionalized. 

 

 
Scheme 39 Concept of tethering strategies and example of various possible tethers 

 

However, the additional synthetic steps necessary to install and remove tethers have drastically 

reduced their effectiveness. Tethers can be installed in situ onto alcohols or amines to bypass 

this main limitation. This approach builds on previous advances in the use of detachable or 

dynamic guiding groups for the functionalisation of olefins or allylation processes.186 The 

tether installation must be efficient and selective, excess chemicals and contaminants must not 

hamper the functionalization stage, and the tether cleavage must be simple and gentle. 

 
185 (a) Bols, M.; Skrydstrup, T. Chem. Rev., 1995, 95, 1253-1277. (b) Gauthier, D. R.; Zandi K. S. Shea, K. J. 

Tetrahedron, 1998, 54, 2289. (c) Diederich F.; Stang, P. J. Templated Organic Synthesis, Wiley-VCH, Chichester, 

UK, 2000. 
186 Rousseau G.; Breit, B. Angew. Chem. Int. Ed., 2011, 50, 2450-2494. 
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This has been achieved mainly by using CO2 or an aldehyde as the tether. CO2 is commonly 

used to anchor cyclic carbonates or carbamates (Scheme 39, B).187 These cyclic compounds 

are difficult to cleave to reveal the olefin functionalization products. Aldehydes, on the other 

hand, are promising tethers: 1) simple aldehydes are inexpensive and plentiful; 2) the aldehyde-

acetal or aldehyde-aminal equilibrium allows for easy tethering. 

In 2011, building upon the work of Knight and co-workers on the stepwise retro Cope 

elimination, Beauchemin developed a transformation that included both the installation and 

removal of the tether in situ.188 This is particularly an impressive example. Their approach is 

based on a retro cope elimination enabled by temporary intramolecularity. Cope-type 

hydroamination of allyl amines 3.126 with hydroxyl amines 3.127 yielded diamines 3.130 

using various aldehydes with electron-withdrawing α-oxygen substituents (Scheme 40). First, 

a condensation of both amines with the aldehyde to give the aminal intermediate II is proposed. 

This enables intramolecular Cope-type hydroamination, which results in intermediate III. 

Transamination completes the catalytic cycle by releasing the product through iminium ion IV 

(Scheme 41).  

 

 
Scheme 40 A Cope-type hydroamination with a catalytic amount of tether 

 

In view of a necessary turnover of the tethering aldehyde to make this reaction catalytic, the 

authors were inspired to examine the effects of a corresponding chiral aldehyde to induce 

enantioselectivity. Tether 3.128 produced from glyceraldehyde made this feasible. The 

substrate scope was originally restricted owing to catalyst epimerization in the presence of 

nucleophilic amines. Later, it was discovered that changing the solvent to C6F6 and adding the 

tether as the last component improved the enantioselectivity and reproducibility.189 A readily 

available chiral aldehyde 3.129 derived from D-mannose was found to be efficient both in term 

of reactivity and enantiocontrol.  

 
187(a) Aresta, M.; Dibenedetto, A.; Angelini, A. Chem. Rev. 2014, 114, 1709-1742. (b) Yu, B.; He, L. N. 

ChemSusChem 2015, 8, 52-62.  (c) Orcel, U.; Waser, J. Chem. Sci. 2017, 8, 32-39. 
188 MacDonald, M. J.; Schipper, D. J.; Ng, P. J.; Moran, J.; Beauchemin, A. M. J. Am. Chem. Soc. 2011, 133, 

20100-20103. 
189 MacDonald, M. J.; Hesp, C. R.; Schipper, D. J.; Pesant, M.; Beauchemin, A. M. Chem. Eur. J. 2013, 19, 2597-

2601. 
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Scheme 41 proposed catalytic cycle of the cope-type hydroamination 

 

3.1.4.1. Pd catalysed tethered functionalisation of alkenes 

3.1.4.1.1. Carbamate based tethers 

The application of carbamate or imidate-based tethers on the alcohol has resulted in significant 

advancements in alkene difunctionalization reactions. We presented a summary of the 

application of carbamate-based tethers in aminocarbonylation,190 aminoarylation,191 

aminoalkynylation192 and aminoacetoxylation193 reactions (Scheme 42). Nevertheless, 

sometimes the reported scope of these transformations remains narrow. The removal of tethers 

required harsh conditions. Cleavage of the 2-aminooxazoline tether was achieved by heating 

at 130 °C in a solution of sulfuric acid, while the cyclic ureas could be hydrolyzed in boiling 

aqueous HCl solution after removal of the nosyl protecting group (Scheme 42).194 

 

 
190 (a) Hegedus, L. S.; Mulhern, T. A.; Asada, H. J. Am. Chem. Soc. 1986, 108, 6224-6228. (b) Tamaru, Y.; 

Tanigawa, H.; Itoh, S.; Kimura, M.; Tanaka, S.; Fugami, K.; Sekiyama, T.; Yoshida, Z. I. Tetrahedron Lett. 1992, 

33, 631-634. (c) Harayama, H.; Abe, A.; Sakado, T.; Kimura, M.; Fugami, K.; Tanaka, S.; Tamaru, Y. J. Org. 

Chem. 1997, 62, 2113-2122. (d) Cernak, T. A.; Lambert, T. H. J. Am. Chem. Soc. 2009, 131, 3124-3125. For a 

rare example of intermolecular aminocarbonylation, see: (e) Cheng, J.; Qi, X.; Li, M.; Chen, P.; Liu, G. J. Am. 

Chem. Soc. 2015, 137, 2480-2483. 
191 Other tethers: (a) Hay, M. B.; Wolfe, J. P. Angew. Chem. Int. Ed. 2007, 46, 6492-6494. (b) Leathen, M. L.; 

Rosen, B. R.; Wolfe, J. P. J. Org. Chem. 2009, 74, 5107-5110. 
192 Nicolai, S.; Piemontesi, C.; Waser, J. Angew. Chem., Int. Ed. 2011, 50, 4680-4683. 
193 Alexanian, E. J.; Lee, C.; Sorensen, E. J. J. Am. Chem. Soc. 2005, 127, 7690-7691. 
194 (a) Fraunhoffer, K. J.; White, M. C. J. Am. Chem. Soc. 2007, 129, 7274-7276. (b) Osberger, T. J.; White, M. 

C. J. Am. Chem. Soc. 2014, 136, 11176-11181. (c) Strambeanu, I. I.; White, M. C. J. Am. Chem. Soc., 2013, 

135, 12032-12037. 
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Scheme 42 Summary of carbamates and urea-based tether functionalized products the alkene 

aminocarbonylation, aminoalkynylation and aminoacetoxymlation reactions 

 

3.1.4.1.2. Sulfone-based tethers 

 

Stahl and co-workers developed a sulfamide-based tether as a means of obtaining 1,2- diamines 

from allylic amines (Scheme 43).195 The sulfamide tethers were employed in an oxidative 

intramolecular aza-Wacker cyclisation. The allylic amine can have substituents at the allylic 

position and on the alkene and the nitrogen introduced via the tether can bear a variety of alkyl, 

phenyl, and benzylic groups, delivering sulfamide products with varying yields and dr. The 

 
195 McDonald, R. I.; Stahl, S. S. Angew. Chem. Int. Ed. 2010, 49, 5529–5532. 
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main limitation of the sulfamide tether is the need for aggressive reductive conditions to cleave 

the tether and reveal the diamine. 

 

 
Scheme 43 Pd-catalysed aerobic oxidative cyclisation with sulfamide tethers 

 

In 2014, Pd-catalysed196 alkene carboamination reactions involving aryl electrophiles and 

aminoalkene substrates were reported for the first time, converting N-allylsulfamides into 

cyclic sulfamides.197 With proper reaction conditions, one substrate (cis-deuterated alkene 

3.132) may be converted into one of two stereoisomeric heterocyclic products (syn-addition 

product 3.133 (Scheme 44, A) or anti-addition product 3.131, (Scheme 44, B)). Many factors 

influenced the stereochemical outcome of syn/anti-addition reactions between compound 3.132 

and PhX (X = Br or OTf) Non-coordinating counterions (triflate), biarylphosphines containing 

electron-donating groups (e.g., CPhos, 3.134) and polar solvents (PhCF3) preferentially gave 

the anti-addition product. Coordinating counterions (bromide), less polar solvents (PhCH3), 

and less electron-rich ligands (e.g., XPhos, 3.135) were employed to get the syn-addition 

product, favoring neutral palladium intermediates.198 

 

 
Scheme 44 deuterium labeling experiment to explore syn- vs. anti-aminopalladation 

 

The authors demonstrated that similar concepts may be applied to substrates other than 

sulfamide. Indeed, under similar reaction conditions previously employed with sulfamide 

 
196 Nakhla, J. S.; Kampf, J. W.; Wolfe, J. P. J. Am. Chem. Soc. 2006, 128, 2893-2901. 
197 Fornwald, R. M.; Fritz, J. A.; Wolfe, J. P. Chem. Eur. J. 2014, 20, 8782-8790. 
198 Counterion effects on cationic or neutral palladium manifolds also affect intermolecular Heck reactions 

regioselectivity. Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2964. 
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substrates, deuterated N-allylurea derivative 3.136 gave syn-addition product 3.137 with 

comparable results (Scheme 45, A). Conditions for efficient anti-carboamination of sulfamide 

3.132 also offer optimal anti-carboamination of urea 3.136 to give compound 3.138 (Scheme 

45, B). 

 

 
Scheme 45 Palladium catalysed oxidative cyclisation with urea tethers 

 

Use of the sulfamide tether was further expanded into an asymmetric transformation using (S)- 

SiPhos-PE (3.69) as ligand (Scheme 46).199 The reaction conditions provided good yields and 

up to 88% ee. Allyl amines with tert-butyl as a protecting group (3.140) are required for any 

enantioselectivity to be observed, while benzyl and phenyl groups resulted in no product 

formation. TFA in hexane at room temperature can be used to remove the tert-butyl group. To 

cleave the sulfamide, new conditions were applied, although not mild considering the 

requirement of HBr in phenol at 130 °C. 

 

 
Scheme 46 Palladium catalysed asymmetric carboamination of allylic amines via sulfamide tethers 

 
199 Garlets, Z. J.; Parenti, K. R.; Wolfe, J. P. Chem. Eur. J. 2016, 22, 5919–5922 
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 Aldehyde-based tethers 

 

Various double bond functionalization procedures benefit from in situ tethering utilizing 

aldehydes. A Tsuji-Trost reaction employing acetaldehyde (3.11) as the in-situ tether was 

described by Menche (Scheme 47).200 This process converts homoallylic alcohols 3.141 to syn-

1,3-diols 3.142 with moderate diastereocontrol. The authors claim that a dynamic kinetic 

resolution occurs because of the equilibrium behaviour of hemiaminal 3.143 formation, to yield 

the all-syn product. Although not shown in the article, 1,3-diol acetals may readily be cleaved 

in presence of acid to yield diols 3.144.201 Formally, this is not a true double bond 

functionalization; as the double bond is moved, but not functionalized, it is an allylic 

functionalization. Amination with an active imine tether 3.145 gave aminal 3.146 (Scheme 

48).202  

 

 
Scheme 47 In situ tethering for Tsuji-Trost type reactions with aldehyde tether 

 

Low diastereoselectivity was observed here. The steric interactions between the vinyl group 

and the tosyl substituent on nitrogen cause this result. The tether might be removed to get 

aminoalcohol 3.147 under Mg/MeOH reflux condition. The dr increased a little owing to 

kinetic resolution. 

 

 
200 Wang, L.; Menche, D. Angew. Chem. Int. Ed. 2012, 51, 9425–9427. 
201 The, P. F. O. R. In Greene’s Protective Groups in Organic Synthesis; l; John Wiley & Sons, Inc.: Hoboken, 

New Jersey, 2014; Vol. 9, pp 17–471. 
202 Tang, B.; Wang, L.; Menche, D. Synlett 2013, 24, 625–629. 
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Scheme 48 In situ tethering for Tsuji-Trost type reactions with imines 

 

Hiemstra and coworkers reported a Pd-catalyzed Wacker cyclization of hemiaminals in 1992, 

which involved much less commonly used tethers (Scheme 49).203 N-Boc allylamines were 

heated with aldehyde precursor 3.148 to make the substrates. For acyclic starting materials, the 

imidazolidines were obtained in moderate cis/trans dr, and the hemiaminal center could not be 

controlled. The tether was cleaved in four steps: first, the ester was hydrolyzed, followed by 

electrochemical oxidation to provide a 2-methoxyoxazolidine derivative. The Boc-protected 

amino alcohol was then obtained in good yields after acid hydrolysis and basic treatment. 

In the following study the same group demonstrated that molecular oxygen could replace the 

stoichiometric copper oxidants, improving the yields.204 This reaction was extended to the 

synthesis of diamines using molecular oxygen as sole oxidant (Scheme 50). This reaction 

proceeded through aza-Wacker cyclisation pathway. The installation of the tether required two 

to three steps to afford the N,O-hemiaminal intermediate. Low diastereoselectivity was 

observed irrespective of the N-protecting groups.  

 

 
203 Van Benthem, R. A. T. M.; Hiemstra, H.; Speckamp, W. N. J. Org. Chem. 1992, 57, 6083-6085. 
204 Van Benthem, R. A. T. M.; Hiemstra, H.; Michels, J. J.; Speckamp, W. N.  J. Chem. Soc. Chem. Commun. 

1994, 357-359. 
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Scheme 49 Synthesis of amino alcohols via stable N,O-hemiaminal formation 

 

 
Scheme 50 Synthesis of diamines via an Aza-Wacker-type cyclization procedure 

 

Stahl and co-workers recently reported a highly diastereoselective aza-Wacker cyclization 

using O,N-hemiaminal substrates, extending on Hiemstra's work (Scheme 51).205 The tether 

was installed on the readily available allyl alcohols in a single step, delivering starting materials 

in moderate to good yields. Several functional groups were tolerated by the reaction. After 

treating the cyclic hemiaminals with an excess of HCl in boiling methanol, free amino alcohols 

were produced in moderate to good yields. The diastereomeric ratio of amino alcohols formed 

from allylamines was very low. 

 

 
205 Weinstein, A. B.; Schuman, D. P.; Tan, Z. X.; Stahl, S. S. Angew. Chem., Int. Ed. 2013, 52, 11867-11870. 
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Scheme 51 Aza-Wacker reaction via O,N-hemiaminals 

 

Our group wanted to develop a comparable technique for olefin difunctionalization based on 

in situ tethering with aldehyde (Scheme 52). Authors postulated that an allylamine and an 

aldehyde may produce a hemiaminal in situ, followed by a palladium catalysed 

carboetherification reaction with an appropriate electrophile. In order to achieve a successful 

outcome, several side reactions had to be prevented. Quantitative tether formation prevents 

direct Heck reactions, Buchwald-Hartwig coupling, and amine's catalyst inhibition. Thus, 

hemiaminal production should be preferred both kinetically and thermodynamically over 

allylamine and iminium since the latter might lead to unwanted aminals. 

 

 
Scheme 52 Proposed reactivity of allylic amines via in situ aminal tethers towards beta-amino alcohols 

 

In 2015, based on this tether concept, our group reported the first in situ tethering approach for 

difunctionalization of alkenes via nucleopalladation.206 (Scheme 53). The maximum yield of 

the desired product 3.151 was obtained with a trifluoroacetaldehyde derived hemiacetal 3.150. 

The choice of this particular aldehyde was justified by two key factors: (1) The parent 

aldehyde's strong reactivity facilitated condensation with the amine under basic conditions; (2) 

the electron-withdrawing character of the CF3 group made the hydrogen of the nucleophilic 

OH group more acidic, enabling the use of a softer carbonate base. Electrophilic species such 

 
206 Orcel, U.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 5250-5254. 
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as different bromo-alkynes or electron deficient aryl bromides could generate products of type 

3.151a, 3.151b, 3.151c, and 3.151d. Although substituents on the α-and β-positions of allyl 

amines were tolerated, ϒ-substituted allyl amines proved difficult for this transformation. The 

hydrolysis of the tethered product 3.151a under acidic condition deliver the free amino alcohol 

3.152 in 87% yield disclosed the ease with which the tether could be removed.  

 

 
Scheme 53 Synthesis of vicinal amino alcohols via formation of imidazolidines 

 

This method was extended to diamine synthesis in 2016 by our group, whereby carbamate-

based N-protected trifluoroaldimines (3.153) in their stable hemiaminal state were employed 

as tether precursors offering quick access to many functionalized diamines (Scheme 54).207 

 
207 Orcel, U.; Waser, J. Angew. Chem. Int. Ed. 2016, 55, 12881-12885. 
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Under these conditions, a wide range of alkynyl, aryl, and heteroaryl groups were successfully 

introduced (3.154a–3.154d). In most cases, diastereoselectivity was >20:1. ϒ-substituted allyl 

amines were also not tolerated in this case. Removing the tether from oxazoline 3.154a together 

with Boc deprotection yielded the hydrochloride salt of diamine 3.155 in 89% yield.  

 

 
Scheme 54 Aldehyde derived N,N-tethering strategies for nucleopalladation 

 

The carbamate tether 3.153 might be combined with allyl alcohols as well. The in-situ tether 

installation was not as advantageous in this situation owing to the reduced nucleophilicity of 

the oxygen. Using alkynyl and electron deficient aryl bromides, the tethered alcohols 3.156 
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may be cyclized to the corresponding oxazolidines 3.157. (Scheme 55).208 The in-situ 

installation strategy resulted in a 26% decrease in the yield of the alkynylation product 3.157a. 

A novel ligand based on the sterically constrained Buchwald ligand XPhos was designed for 

amino arylation. Furyl groups were added to the phosphine, resulting in the Fu-XPhos ligand, 

which inhibited the competitive Heck pathway. These conditions tolerated substituents on the 

α-and β-positions, yielding oxazolines 3.157b, 3.157c and 3.157d. For this method, the ϒ-

position proved elusive once again. The facile release of the tether under acidic conditions was 

shown with alkyne 3.157a, which was hydrolized to the corresponding amino alcohol 3.158 in 

quantitative yield. 

 

 
208 Muriel, B.; Orcel, U.; Waser, J. Org. Lett. 2017, 19, 3548-3551. 
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Scheme 55 Tethered carboamination of allylic alcohols 3.156 via N,O-aminals 

 

Based on literature precedents, the speculative mechanism of this reaction would begin with 

the oxidative addition of an organobromide to a Pd(0) complex I to generate complex II 

(Scheme 56). The Pd(II)-alkoxide/amino (Y=O/N) III would be formed through base-

mediated ligand exchange on II with hemiaminal A. At this step, either productive 

oxypalladation/aminopalladation (Y =O/N) occurs to make intermediate IV, or competitive β-

hydride elimination occurs, producing amide B (Y=O; X= N).209 Finally, reductive elimination 

 
209 Authors claimed that under optimised conditions, no amide side products were observed. However, when they 

were attempting six-membered ring formation, amide side products were isolated. 
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facilitates the production of the required oxazolidine C as well as the regeneration of the 

palladium(0) complex I. 

 

 
Scheme 56 Postulated mechanism for amino alcohol synthesis via in situ tethering 

 

The concept could be further extended to alkyne functionalisation. Our group recently reported 

palladium catalysed tethered carbo-oxygenation of propargylic amines (3.159) (Scheme 57).210 

The trifluoroacetaldehyde ethyl hemiacetal 3.150 might be used to make substituted 

oxazolidines 3.160 and 3.161. Bromo-alkynes and iodoarenes could be utilized to make 

3.160a-3.160d. Probably, cis-oxypalladation happens for terminal propargyl amines, whereas 

cis-oxypalladation/isomerization sequence or anti-palladation occurs for internal propargyl 

amines. Employing hydrogenation or hydrolysis, the resulting enol ethers could be readily 

converted into 1,2-amino alcohols or α-amino ketones respectively.  

The authors discovered that the hydrogenation process of 3.160e proceeded with perfect 

diastereoselectivity. As a result, an enantioselective installation of the CF3 chiral centre would 

enable access to enantioenriched amino alcohols after removal of the CF3 molecular tether. A 

strategy was developed that would combine the best of catalytic asymmetric transformations 

and chiral auxiliaries: (a) the chiral auxiliary would be introduced in a synthetically useful step; 

(b) the absolute configuration would be controlled by a catalytic amount of enantiopure 

catalyst; and (c) prefunctionalization of substrates would not be necessary thanks to in situ 

tethering. To perform the suggested enantioselective process, two approaches can be exploited: 

a) an enantioselective condensation of the amine with the tether (Scheme 58, section A) or b) 

a Dynamic Kinetic resolution from racemic tethered amine (DYKAT) (Scheme 58, section B).  

 
210 Greenwood, P. D. G.; Grenet, E.; Waser, J. Chem. Eur. J. 2019, 25, 3010-3013. 
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It has been shown in our previous effort that the amine 3.164, and tether are in equilibrium with 

the tethered amine 165 at room temperature. The equilibrium between 3.164 and 3.165 can be 

beneficial for kinetic resolution which makes the second strategy a logical choice.  

 

 
Scheme 57 Pd catalysed carboetherification of propargylic amines 3.159 and functionalization of the products 

3.160 
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Scheme 58 Different scenarios to achieve enantioselective oxyarylation via tethering 

 

Exploiting this concept, our group developed an enantioselective tethered oxyarylation of 

propargylic amines, providing access to enantioenriched chiral amino alcohols (Scheme 59).211 

A "One arm Trost" monophosphine Trost-type ligand was used for the first time in an 

unprecedented DYKAT process to induce high enantioselectivity. The reaction scope was quite 

broad and general. The product 3.168a was obtained in 98% yield and 94% ee. Electron-

withdrawing groups, donating groups also tolerated under the optimized conditions (3.168b, 

3.168c). Heterocycles also survived (3.168d). For example, pyridine derived product 3.168d 

was obtained in 77% yield and 80% ee. Cyclopropyl containing substrates afforded the desired 

product 3.168e in 54% yield and 78% ee. Methyl group on the nitrogen atom delivered the 

product 3.168f in 55% yield and 92% ee. 

 
211 Buzzetti, L.; Purins, M.; Greenwood, P. D. G.; Waser, J. J. Am. Chem. Soc. 2020, 142, 17334-17339. 
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Scheme 59 Pd catalysed enantioselective carboetherification of propargylic amines 3.166 

All four potential stereoisomers of the required amino alcohols could be accessible by carefully 

selecting the starting material, electrophile, and absolute configuration of the ligand (Scheme 

60). A common starting material 3.171 is readily available. The stereodivergent synthesis can 

be achieved in three steps: Cross-coupling via Sonogashira (A); enantioselective oxyarylation 

(B); stereoselective reduction (C). The amino alcohol precursors could be obtained in 55-60% 

overall yield from 3.171 with over 90% ee. 
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Scheme 60 Diastereodivergent strategy towards protected amino alcohols 3.169 

 

3.1.5. Goal of the project 

3.1.5.1. Developing the PdII catalyzed hydroalkoxylation of propargylic amines with 

removable aldehyde-based tethers 
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Considering the wide applicability of amino alcohols in a variety of biologically active 

molecules, pharmaceuticals and agrochemicals, the synthesis of aryl substituted amino alcohol 

derivatives is highly desirable.  

In the previous work of the group, the target was to synthesize tetrasubstituted olefins 

containing chiral oxazolidine cores, which upon treatment of hydrogenation followed by acidic 

cleavage of the molecular tether, enables the access of chiral diaryl amino alcohol products 

(Scheme 61).  

 

Scheme 61 Synthesis of tetrasubstituted olefins containing chiral oxazolidine core, synthesis of diaryl amino 

alcohols 

These molecules are valuable intermediates for the synthesis of various pharmacologically 

relevant molecules including the appetite suppressant (R)-2-benzyl morpholine 3.173 or the α-

substituted aminoethane sulfonamides 3.174, key building blocks for the preparation of 

peptidosulfonamide peptidomimetics. (Scheme 62). In addition, this class of benzylic chiral 

amino alcohols can be considered homologous of catecholamines,212 and they have been 

proved to induce effects on central nervous system. Despite their structural simplicity, the 

asymmetric synthesis of this class of amino alcohols is limited to multistep procedures that 

often relies on a Sharpless asymmetric epoxidation (3.175) for forging the key stereocenter. 

Alternatively, they can be obtained via a stereospecific rearrangement of N-alkyl 1,2-amino 

alcohols (3.176) or multi-step transformation from amino acids (3.177). These last two 

approaches require the use of enantiopure starting materials, and the possibility of 

diversification are strongly related to the ones offered by the chiral pool.  

 

 

Scheme 62 Retrosynthetic approaches towards monoaryl amino alcohols and synthetic building blocks 

In order to access monoarylated alcohols, we wondered if we could apply a similar strategy to 

to terminal alkyne 3.171 to access trisubstituted olefins II (Scheme 63, A) bearing a chiral 

 
212 Wünsch, B.; Zott, M.; Höfner, G.; Bauschke, G. Arch. Pharm., 1995, 328, 487-495. 
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oxazolidine. If this approach fails, we have a backup strategy as well. The similar synthesis 

could be achieved if we are starting from aryl substituted internal propargylic amines 3.178 as 

the starting material (Scheme 63, B). Aryl substituted internal propargylic amines should 

deliver desired trisubstituted products with a chiral oxazolidine core if the arylation step is 

replaced by a protodemetallation step. During the studies of the enantioselective 

carboetherification reaction of propargylic amines with aryl iodides under the Pd catalysed 

DYKAT process, Dr. Buzzetti observed the formation of protodemetallation side products in 

addition to the desired tetrasubstituted products. The amount of protodemetallation products 

varied depending on the reaction conditions. If we could develop an enantioselective 

cyclization step, then we should be able to reach amino alcohols after a diastereoselective 

hydrogenation process.  

The main challenges of this approach would be to identify specific ligands which promotes the 

oxypalladation step as well delivered the (E)-configured trisubstituted olefins selectively and 

promotes the desired protodemetallation step under a Pd catalysed DYKAT process.  

 

 

Scheme 63 Proposed synthetic routes towards the synthesis of monoaryl amino alcohol precursors 

 

3.1.5.2. Developing the first PdII/IV functionalization of alkenes with removable 

hemiaminal-based tethers 

Inspired by the work of Sorensen this project aimed to access vicinal amino alcohols from 

readily accessible cinnamyl alcohols 3.180a using PdII /PdIV catalysis and a removable tether 

(3.181). More precisely, this work proposed the synthesis of a stable hemiaminal intermediate 

(3.182) which could be formed in situ, followed by a Pd-catalysed aminoacetoxylation which 

would simultaneously deliver the C-N bond and C-O bond in a single step. The later would 

then deliver the free amino alcohols (3.184, 3.185) under acidic hydrolysis. We speculated that 

if we combined this PdII/IV catalysis with the tether approach, we might be able to develop 

alkene aminooxygenation transformations. The successful development of this project would 

lead to structurally diverse amino alcohols. But this working hypothesis presented various 

problems. The reduced nucleophilicity and basicity of alcohols relative to aliphatic amines 

were thought to limit the development of a one-pot process. The hemiaminal formation should 
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be much slower compared to allylic amines. Although oxonium species such as 3.186 are less 

likely to occur than iminiums, they might lead to the formation of unwanted by-products The 

reaction would possible proceed through alkyl-Pd(II) intermediates (3.183), which could 

potentially deliver the β-hydride elimination product (187) because of the facile β-hydride 

elimination process from alkyl-Pd(II) intermediates (Scheme 64, b). However, this undesired 

elimination product might give hydroaminated products in the following hydrogenation step 

after removal of the tether part. Our goal was to substitute the palladium(II) centre by the 

acetate via an oxidation event (3.188) (Scheme 64, a)). In this oxidation event, we had chosen 

hypervalent iodine (III) based reagents like diacetoxyiodobenzene (PIDA, 3.90) as it already 

performed well in Sorensen's work. Interestingly, this hemiaminal tether had never been 

utilised before under high valent Pd catalysis. 

 

Scheme 64 working hypothesis and possible reactivity 
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4.1. Results and Discussions 
 

In this chapter, I will present the work carried out towards the development of the palladium 

catalysed enantioselective cyclisation of propargylic amines by using trifluoroacetaldehyde- 

derived tether. In the first section, I will present a brief overview of the synthesis of the starting 

materials, propargylic amines, for the project. This chapter with then mainly focus on the 

optimization and scope of the enantioselective cyclisation of the propargylic amines. Next, I 

will describe the optimization and scope of the cyclization reaction and then scope of the 

hydrogenation of the obtained olefins in the first step of this project. The postulated reaction 

mechanism will be presented afterwards. The project has been done in collaboration with Dr. 

Luca Buzzetti.  

 

4.1.1. Synthesis of propargylic amines 
 

The SN2 method was used to prepare the benzyl protected terminal propargyl amines 4.3 

starting from benzyl amines (4.1) and the propargylic bromides (4.2). Both amines and the 

propargylic bromides were cheap and easily available. The reaction worked moderately with 

(Equation 20) or without (Equation 21) base. 

 

Equation 20 Synthesis of N-phenyl propargyl amine by nucleophilic substitution 

 

 

Equation 21 Synthesis of terminal propargylic amine 3 

In addition, a process for synthesizing the internal propargylic amines was adapted from the 

work of Shao et al.213The model substrate 4.7a could be easily prepared in a two-step sequence 

from benzyl propargyl amine 4.3 (Scheme 65, A). First, an A3 -coupling with phenylacetylene 

4.4 and formaldehyde afforded the allyl substituted amine 4.5 in 85 % yield. Then, a Pd-

catalyzed deallylation with dimethyl barbituric acid (4.6) as an allyl scavenger provided the 

model compound 4.7a in 75 % yield. To investigate the scope of the reaction, we sought a more 

 
 Dr. Luca Buzzetti and I have contributed equally to the work that will be presented. Dr. Buzzetti discovered the 

reaction and he found interesting results and started optimizing the reaction parameters. I joined in the 

optimization phase, and we contributed equally in finishing the scope part of the reaction. 
213 Shao, Y.; Zhang, F.; Zhang, J.; Zhou, X. Angew. Chem. Int. Ed. 2016, 128, 11657-11661. 
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divergent strategy with a common intermediate. The propargylation of excess benzyl amine 

4.1 with propargyl bromide 4.2 was used to prepare propargyl benzylamine 4.3. The amine 4.3 

was easily purified with vacuum distillation to give multigram-quantities of 4.3 in 52 % yield. 

Finally, a simple Sonogashira cross-coupling gave the substituted propargyl amines 4.7. This 

strategy was used for the preparation of amines 4.7a-4.7u (Figure 10). The other starting 

propargyl amines had already been made by Phillip Greenwood.214 

 

Scheme 65 Synthesis of propargylic amines 4.7 

 
214 Thesis No. 7462. Thesis Title "Palladium Catalysed carbo-oxygenation of Propargylic Amines to Access 1,2-

Amino Alcohols and α-Amino ketones via in situ Tether Formation." Thesis  was  done by Dr. Philip Guliver 

Dominic Greenwood under the supervision of prof. Dr. Jérôme Waser. DOI 10.5075/epfl-thesis-7462 

http://dx.doi.org/10.5075/epfl-thesis-7462
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Figure 10 The propargylic amines synthesized according to procedure shown in Scheme 65B 
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A few other substrates were still synthesized using the A3 approach. The propargylic amines 

4.7v, 4.7w, 4.7x were obtained in 83%, 95% and 89% respectively. Alkyl chain containing 

propargylic amines 4.7y and 4.7z were also prepared following the similar procedure and 

obtained 4.7y and 4.7z in 16% yield and 6% yield respectively (Scheme 66). 

 

Scheme 66 Synthesis of propargylic amines via A3 couplings, examples 

 

4.1.2. Initial discovery of the reaction 
In this project, we started our investigation with terminal propargylic amine 4.3 as the model 

substrate to develop an enantioselective transformation to deliver trisubstituted olefin II 

containing a chiral oxazolidine core, which was the most obvious way to reach the goal 

(Scheme 67).  

 

Scheme 67 Proposed synthetic strategy towards trisubstituted olefins containing chiral oxazolidine core 

4.1.3. Optimization of the reaction 
 

Dr. Buzzetti started the initial investigation of this reaction. At the very beginning of the study, 

the terminal propargylic amine 4.3 was subjected to similar carboetherification conditions as 

reported in the previous reports.211  He observed the formation of three products, both (E)- and 
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(Z) isomer of the trisubstituted olefins containing an oxazolidine core (4.9, 4.10a) as well as a 

protodemetallation product 4.11. We observe a strong ligand effect in the previous project, 

therefore, we started by examining this parameter.  

We started the initial ligand screening with the best ligand "One arm Trost" (L1) from the 

previous project, resulting in the (E)-olefin (4.9) in 6% yield (ee not measured) and 

protodemetallation product 4.11 in 35% yield (Table 3, entry 1).  Changing solvent from Et2O 

to DCE increased the yield of protodemetallation product 4.11 to 49% (entry 2). Naphthyl-

One arm Trost ligand L2 did not provide formation of desired product 4.9, but instead delivered 

4.10a and 4.11 in 13% and 39% respectively (entry 3). We tested the influence of the electronic 

effects on one arm Trost ligands on the reactivity and selectivity of the model reaction. The 

ligands with an electron-donating methoxy group in the para-position (L3) provided traces of 

the desired product 9 as well as 35% of protodemetallation product 4.11 (entry 4), which means 

they performed with the same efficiency as the parent ligand (a similar result was observed in 

the previous project). On the other hand, ligand L4, containing an electron-withdrawing 

trifluoromethyl group in the para position, provided traces of 4.9 and no 4.10a and 4.11 (entry 

5). The dimethylamino-analog ligand L5 increase the yield of 4.9 to 9%, with -60% ee while 

mostly giving the protodemetallation product 4.11 in 42% yield (entry 6). Pyridine ring 

containing one arm Trost ligand L6 gave 11% 4.9 with -28% ee and 4.10a and 4.11 in 4% and 

40% respectively (entry 7). 

The DACH-Ph Trost (L7) delivered 4.9 in similar yield (10%), but the protodemetallation 

product 4.11 was still identified as the major product in 51% yield  in Et2O (entry 8). Moving 

to DCE as solvent along with ligand L7 provided a similar product distribution (entry 9).  One 

of the best results was obtained with the ligand L8 DACH-Naphthyl Trost, which contains a 

naphthyl group instead of the ph group in L7. The L8 ligand produced 4.9, 4.10a, and 4.11 in 

38, 3 and 28% yields, respectively, with 22% ee for product 4.9 (entry 10). We tested the 

DACH-ANDEN-Phenyl Trost (L9) ligand by changing the cyclohexyl backbone, providing 

4.9 with a similar result as that of L8, albeit with more protodemetallation product 4.11 (entry 

11). The enantioselectivity was improved slightly to 46%. Some P,N-ligands were tested. For 

example, iPr-PHOX ligand L10 did not show any reactivity at all (entry 12). L11, a 

commercially available (Cy,Cy)-Joshiphos ligand L11, could only provide 4.11 in 17% yield 

(entry 13).  

 

Table 3 Screening of ligands for the optimization of enantioselective synthesis of trisubstituted olefin 4.9 

 

entry Ligand (L) 
4.9 (E) 

[%] 

4.10a (Z) 

[%] 
4.11 [%] 

ee of 4.9 

[%] 



107 
 

1a One arm Trost (L1) 6 - 35  

2 One arm Trost(L1) 7 - 49  

3 
Naphthyl One arm 

Trost(L2) 
0 13 39  

4 
One arm Trost (pOMe, 

L3) 
7 0 35  

5 
One arm Trost (pCF3, 

L4) 
5 0 0  

6 
One arm Trost (2-NMe2, 

L5) 
9 19 42 -60 

7 One arm Trost (2-Me 

Pyr, L6) 
11 4 40 -28 

8a DACH-Ph Trost(L7) 10 8 51  

9 DACH-Ph Trost(L7) 10 9 48  

10 
DACH-Naphthyl 

Trost(L8) 
38 3 28 22 

11 
DACH-ANDEN-Ph 

Trost(L9) 
35 3 41 46 

12 iPr-PHOX(L10) 0 0 6 0 

13 Cy,Cy-Joshiphos(L11) 0 0 17  

      
Reaction conditions: 0.1 mmol 4.3 (1 equiv.), 4.8 (1.4 equiv.), ligand (7 mol%), K3PO4 (1.3 equiv.), PhI (1.3 

equiv), Pd catalyst (2.5 mol%) in 0.5 mL solvent at 50 °C unless specified otherwise. All the yields were 

determined by crude NMR. 1H NMR yields were determined by addition of 1 equiv. of trichloroethylene as the 

internal standard. Enantiomeric excesses were determined by chiral HPLC. All the reactions were performed in 

DCE. a Reaction was performed (in Et2O) in 0.2 [M]  
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Figure 11 Structures of various Trost type and other ligands 

 

Following an extensive ligand screening, we concluded that finding the right combination of 

Pd catalyst and ligand system to achieve our goal would be difficult and time consuming. 

Another solution was needed.  

When terminal benzyl propargylic amine 4.3 was applied as the substrate, formation of both 

(E)-(4.9) and (Z) alkenes (4.10a) was observed in low yields in presence of “DACH-Ph Trost" 

as the ligand (see the Table 3 results). Interestingly, during ligand screening in a previous 

report, Dr. Buzzetti observed the formation of protodemetallation product 4.10a as the by-

product with very high asymmetric induction in presence of classical DACH Phenyl Trost 

ligand (Scheme 68). Therefore, we decide to optimize this transformation. To improve the 

yield of the protodemetallation product, the obvious solution was to omit the aryl iodide. 
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Scheme 68 Pd catalysed enantioselective oxyarylation of propargylic amines 

However, the propargylic amine 4.7a did not deliver any protodemetallation product 4.10a in 

the absence of aryl iodide. From the crude NMR of the reaction mixture, we could see only the 

formation of tethered starting material 4.24 (Scheme 69).  

 

Scheme 69 initial attempt towards the enantioselective cyclization of propargylic amine xx without aryl iodide 

 

As we wondered if a PdII precursor was need to initiate the reaction, we tested commercially 

available Pd(II) catalysts to see whether they could promote the enantioselective cyclisation 

step. No cyclized product 4.10a was observed with full recovery of the tethered starting 

material 4.24 (Scheme 70). Instead, we recovered only the tethered starting material 4.24. This 

result clearly gave an indication of the importance of in situ formed ArPd(II) complex towards 

productive outcomes. 

 

Scheme 70 Attempts towards the cyclization of propargylic amine 4.7a with Pd(II) catalyst 

 

We decided to test a variety of aryl iodides to see if we could switch the chemo selectivity 

towards the desired protodemetallation product 4.10a instead of a tetrasubstituted olefin 

product 4.25. We chose 4.7a as a model substrate to perform the screening of aryl iodide. We 
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chose the (R,R)-DACH-Ph Trost ligand 4.18 for this study as it has shown very high 

enantioinduction. We started our study by investigating electronic effects with substituents in 

para position, starting with  electron poor ones. Electron-poor aryl iodide 4.29, cyanide group 

at the para position favoured the formation of tetrasubstituted olefins 4.25 with high yields 

(88%), and traces of protodemetallation product were also formed additionally (Table 4, entry 

1). The electron-withdrawing CN group did not deliver any protodemetallation product. 

However, corresponding tetrasubstituted (arylated) product 4.25 was obtained in 88% yield 

(Table 4, entry 1). The pCF3 iodobenzene 4.30 gave protodemetallation product 4.10a in 10% 

yield with 96% ee, in addition 4.25 was obtained in 80% yield (entry 2). The selectivity is 

favoured towards the arylated products because the presence of electron-withdrawing groups 

typically favours the reductive elimination process. 

We continued our aryl iodide screening with electron rich p-OMe iodobenezene 4.28, which 

delivered 30% of the protodemetallation product 4.10a with 76% ee as well as a 41% 

tetrasubstituted product 4.25 (entry 3). Electron-rich dimethyl amino substituent (p-NH2) did 

not show any reactivity (entry 4). 

When we turned our attention towards the ortho substituted aryl iodide, we could expect an 

influence of steric and coordinating effect on the reactivity and product distribution. Very 

promising results were obtained with the ortho methyl group, which gave 52% yield with 74% 

ee (entry 5). We also observed 4.25 in 26% yield. Introducing a methoxy group has proven to 

be even more effective in ortho position of the aryl iodide. The o-OMe aryl iodide 4.33 afforded 

the protodemetallation product in 80% yield and 90% ee (entry 6). Additionally, the 

corresponding tetrasubstituted product 4.25 was obtained in 16% yield. Incorporating an 

additional methoxy group onto the para-position of the aryl ring (4.37) dropped the yield to 

55% with slight diminished enantioselectivity (entry 7). Sterically bulky 2,6-disubstituted aryl 

iodide 4.36 reduced the efficiency of the transformation (entry 8). Alkyl iodide (iodopropane) 

did not provide the product at all (entry 9). We decided to move on with o-MeO ArI 4.33 as 

aryl iodide source for further studies.  

 

Table 4 Screening of ArI (x equiv.) for the enantioselective cyclization of propargylic amine 4.7a 

 

Entry ArI 4.10a [%] ee 4.10a [%] 4.25 [%] 

1 p-CN (4.29) Traces - 88 

2 p-CF3 (4.30) 10 96 80 

3 p-OMe (4.28) 30 76 41 

4 p-NMe2 (4.38) Traces - Traces 

5 o-Me (4.32) 52 74 26 

6 o-MeO (4.33) 80 90 16 
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7 
2,4-di(OMe) 

(4.37) 
55 88 15 

8 
2,6-di(OMe) 

(4.36) 
25 52 Traces 

9 Iodopropane Traces - Traces 

 

Reaction conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), (R,R)-DACH Ph Trost  4.18 (7 mol%), K3PO4 

(1.4 equiv.), ArI (x equiv), Pd2(dba)3.CHCl3 (2.5 mol%) in 0.5 mL DCE at 50 °C unless specified otherwise. All 

the yields were determined by crude NMR. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. Enantiomeric excesses were determined by chiral HPLC. 

 

 

 

Next, we decided to screen the equivalents of 4.33 in the reaction. At the beginning of our 

study, we were using 1.4 equivalent of 4.33. In presence of 1.4 equivalent of 4.33, we obtained 

80% of 4.10a with 90% ee (Table 5, entry 1). Lowering the amount of 4.33 from 1.4 equiv. to 

1.0 equivalent, the protodemetallation product 4.10a was obtained in 75% yield with 90% ee 

(entry 2). The tetrasubstituted product 4.25 was also obtained in 19% yield. Lowering the 

equivalents of 4.33 from 1.0 to 0.2 equivalent (entries 3 and 4) did not have a significant effect 

regarding yield and enantioselectivity. The yield of 4.10a dropped significantly to 66% when 

we used 0.15 equivalent of 4.33 (entry 5) without erosion of enantioselectivity. In presence of 

0.10 equivalent 4.33, we obtained 4.10a in 52% yield with 90% ee (entry 6). The obtained 

results indicated that we could lower down the amount of 4.33 to 20 mol% without substantially 

effecting the yield and enantioselectivity of 4.10a. For these reasons, 20 mol% aryl iodide 

loading were used to explore more optimization studies. Interestingly, the yield of 4.25 did not 

increase with more aryl iodide. 

Table 5 Screening of stoichiometry of ArI(oOMe) for the enantioselective cyclization of 4.7a  

 

entry 
eqv. o-MeOArI 

(4.33) 

yield 4.10a 

[%] 

ee 4.10a 

[%] 
yield 4.25 [%] 

1 1.4 80 90 16 

2 1.0 75 90 19 



112 
 

3 0.5 80 89 18 

4 0.2 77 90 18 

5 0.15 66 90 18 

6 0.10 52 90 11 

Reaction conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), (R,R)-DACH Ph Trost  4.18 (7 mol%), K3PO4 

(1.3 equiv.), oOMe-ArI 4.33 (x equiv.), Pd2(dba)3•CHCl3 (2.5 mol%) in 0.5 mL DCE at 50°C unless specified 

otherwise. All the yields were determined by crude NMR. 1H NMR yields were determined by addition of 1 equiv. 

of trichloroethylene as the internal standard. Enantiomeric excesses were determined by chiral HPLC. 

 

We had noticed the production of 4.10a in poor yields in the presence of Trost type ligands in 

the prior ligand screening. We decided to test few of them to see if we can improve the yield 

of the reaction further. The DACH-Ph Trost 4.18 gave 77% yield of the protodemetallation 

product with 90% ee (Table 6, entry 1). "One arm Trost" ligand (4.12) afforded the desired 

product in 10% yield with no enantioselectivity in addition to 20% of 4.25 (entry 2). Switching 

to "Naphthyl Trost" ligand (4.19) resulted in poor yields and no enantioselectivity of the 

protodemetallation product 4.10a (entry 3). Among all of these, DACH-Ph Trost (4.18) was 

found to be the best ligand in this reaction. Interesting point to note that in all cases we observed 

quantitative formation of 4.25 except with the naphthyl Trost. 

Table 6 Screening of ligands for the enantioselective cyclization of 4.7a 

 

entry Ligand (L) yield 4.7a [%] ee 4.7a [%] yield 4.25 [%] 

1 
(R,R)DACH-Ph-

Trost (4.18) 
77 90 18 

2 
"One arm Trost" 

(4.12) 
<10 - 20 

3 
Naphthyl Trost 

(4.19) 
<10 - 6 

Reaction conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), ligand (7 mol%), K3PO4 (1.4 equiv.), oMeOArI 

4.33 (20 mol%), Pd2(dba)3•CHCl3 (2.5 mol%) in 0.5 mL DCE at 50°C unless specified otherwise. All the yields 

were determined by crude NMR. 1H NMR yields were determined by addition of 1 equiv. of trichloroethylene as 

the internal standard. Enantiomeric excesses were determined by chiral HPLC. 

 

We turned our attention to screen several different solvents to see if there was any influence on 

the reactivity or selectivity (Table 7). In polar aprotic solvents DMSO and DMF, the yield was 

decreased to 5-8% with no enantio-induction at all (entries 1-2). Traces of products were 

delivered in MeCN, ultimately resulting in a racemic mixture (entry 3). In EtOAc, 45% of 

4.10a was formed with 86% ee (entry 4). Chlorinated solvents, such as DCE, DCM, 
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chloroform, or chlorobenzene, afforded the product 4.10a in 60-80% yield with 86-92% ee 

(entries 5-9). When we performed the reaction in DCM at 35 °C, a lower yield of 4.10a was 

observed while maintaining enantio-induction (entry 6). Ethereal solvents such as THF and 

Et2O resulted in lower product formation (<35%) (entries 10-11). While no enantioselectivity 

was observed with THF, 72% ee was obtained in diethyl ether. Finally, we tested non-polar 

aromatic and aliphatic solvents such as PhMe and n-hexane (entries 12-13). The yields 

dropped to 64%, 56% ee in hexane, and traces of 4.12a were formed in toluene. Although 

DCM, DCE and PhCl all performed well, DCM was selected for further optimization due to 

cleaner crude 1HNMR spectra. 

Table 7 Screening of solvents for the enantioselective cyclization of propargylic amine 4.7a 

 

 

Entry Solvent 4.10a [%] ee 4.10a [%] 4.25[%] 

1 DMSO 5 0 - 

2 DMF 8 0 21 

3 MeCN 8 0 - 

4 EtOAc 45 86 20 

5 DCE 77 90 18 

6 DCMa 63 92 14 

7 DCM 80 90 20 

8 CHCl3 62 86 14 

9 PhCl 78 86 14 

10 THF 17 - - 

11 Et2O
a 34 72 8 

12 Toluene <5 - - 

13 Hexane 64 56 19 

Reaction conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), ligand (7 mol%), K3PO4 (1.4 equiv.), oMeOArI 

4.33 (20 mol%), Pd2(dba)3•CHCl3 (2.5 mol%) in 0.5 mL Solvent at 50 °C unless specified otherwise. All the 

yields were determined by crude NMR. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. Enantiomeric excesses were determined by chiral HPLC. a Reactions 

were performed at 35 °C. 

Next, we turned our attention to the influence of equivalent of K3PO4 (Table 8). Lowering the 

base equivalent from 1.4 to 1.0 equivalents improved the yield by 12%, and no impact on the 

enantioselectivity was observed (entry 2). Increasing the equivalents of K3PO4 to 2.0 equiv., 

the yield dropped significantly to 54%, while maintaining similar enantioselectivity (entry 3). 

Even lowering the equivalent from 1.0 equiv. to 0.3 equiv. gave > 95% of yield with 87% 
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(entry 4). However, we were unable to duplicate the results and decided to keep the 1.0 

equivalent of K3PO4 base in our model reaction. 

Table 8 Stoichiometry screening of K3PO4 for the enantioselective cyclization of propargylic amine 4.7a 

 

 

Entry Eqv. of K3PO4 yield 4.10a [%] ee 4.10a 

[%] 
yield 4.25 [%] 

1 1.4 80 90 20 

2 1.0 92 90 10 

3 2.0 54 90 20 

4 0.3 >95 87 - 

Reaction conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), (R, R)-DACH Ph Trost 4.18 (7 mol%), K3PO4 (x 

equiv.), oMeOArI 4.33 (20 mol%), Pd2(dba)3•CHCl3 (2.5 mol%) in 0.5 mL DCM at 50 °C unless specified 

otherwise. All the yields were determined by crude NMR. 1H NMR yields were determined by addition of 1 equiv. 

of trichloroethylene as the internal standard. Enantiomeric excesses were determined by chiral HPLC. 

We performed a rescreening of the effect of aryl iodide in our reaction as we did the screening 

with 1.4 equiv. of aryl iodide (Table 4) previously for the model reaction. Now from Table 5, 

it was clear that we need only catalytic amount of aryl iodide for an efficient transformation.  

A series of aryl iodides with varying electronic and steric properties were tested, and the results 

are summarised in Table 9. When we switched from stoichiometric to catalytic amounts of aryl 

iodide loading, we only saw a substantial change in yields with methyl and methoxy groups at 

ortho and para positions. Despite changing from stoichiometric to catalytic amounts of aryl 

iodide, the electron-withdrawing groups did not produce any better outcomes. When adding a 

catalytic amount (20 mol%) of iodobenezene (4.26) (entry 1), product 4.10a could be obtained 

with a 23% yield and a 94% ee. In addition, we also observed the formation of 4.25 in 20% 

yield. The product 4.10a was delivered in 13% yield and 90% ee with a methyl group in para 

position on the aryl iodide (ArI2, entry 2). By replacing the methyl group with a methoxy 

group (ArI3, entry 3), the product was obtained in 14% yield with 89% ee. The electron-

deficient 4-iodobenzonitrile (ArI4, entry 4) delivered 4.25 in 26% yield. No desired product 

was obtained in this case. Substituting the nitrile group with a trifluoromethyl group (ArI5, 

entry 5), the product was obtained in 5% yield and a 78% ee. With a methoxy group in meta 

position (ArI6, entry 6), the yield dropped by 20% while enantio-induction remained 

unchanged. 

In the presence of 2-iodotoluene (ArI7) resulted in the formation of 4.10a in 27% yield with 

86% ee (entry 7). With the methoxy group in ortho-position, the yield of 4.10a was increased 

to 90% while enantioselectivity remained similar. With the CF3 group in ortho position (ArI9, 

entry 9), the product was formed in 30% yield with 76% ee. Substituting the CF3 group with 
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a fluoro group (ArI10, entry 10), the product was obtained in 90% yield (in line with oOMeArI 

4.33) with a marginal drop in enantioselectivity to 86%. With 2,6-dimethoxy aryl iodide 

(ArI11, entry 11), more electron-rich than ArI5 and sterically encumbered, the product 4.10a 

was obtained in 49% yield with 70% ee. Introducing one more methoxy group diminished both 

reactivity as well as enantioselectivity. Table 9 shows that depending on the type of the aryl 

iodide employed, we always got the arylated product within 10–25% yield. From these results, 

it is apparent that ortho substitution with a small potentially coordinating group is beneficial 

for the yield but has little influence on enantioselectivity. Based on the results, we concluded 

that the methoxy group in the ortho position is important to achieve higher yields.  

Table 9 Rescreening of ArI for the enantioselective cyclization of propargylic amine 4.7a 

 

Entry ArI (20 mol%) 4.10a [%] ee 4.10a [%] 4.25 [%] 

1 ArI1 23 94 23 

2 ArI2 13 90 15 

3 ArI3 14 89 17 

4 ArI4 - - 26 

5 ArI5 5 78 24 

6 ArI6 20 94 20 

7 ArI7 27 86 20 

8 ArI8 90 92 10 

9 ArI9 30 76 - 

10 ArI10 90 86 10 

11 ArI11 49 70 
13 

 

Reaction Conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), (R,R)-DACH Ph Trost 4.18 (7 mol%), K3PO4 

(1.0 equiv.), ArI 4.33 (20 mol%), Pd2(dba)3•CHCl3 (2.5 mol%) in 0.5 mL DCM at 50 °C unless specified 

otherwise. 1H NMR yields were determined by addition of 1 equiv. of trichloroethylene as the internal standard. 

All the yields were determined from crude NMR. 
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With the modified reaction conditions in hand with 20 mol% 4.33, we screened a few ligands 

from our library which had proved to be more efficient for the formation of the 

protodemetallation product 4.10a. The DACH-Ph Trost ligand 4.18 was confirmed to be the 

best ligand for this transformation. The protodemetallation product was obtained in 90% yield 

with 92% ee (Table 10, entry 1). Additionally, 22% of the arylated products were obtained as 

well. One arm Trost ligand provided the product in 13% yield, 38% ee (entry 2). Switching to 

DACH-Naphthyl Trost resulted in low yield (entry 3). (R,R)-ADEN-Ph Trost delivered 4.10a 

in 5% yield with 8% ee (entry 4).The other commercially available ligands such as (R)-BINAP 

(entry 5, (R)-JosiPhos (Cy, tBu) (entry 6), (R)-JoshiPhos (Cy, Cy) (entry 7), iPrPHOX (entry 

8), and (R)-DM-SEGPHOS® (entry 11) showed no reactivity at all. Racemic 4.10a was 

observed in 80% yield when (R)-MOP ligand was tested (entry 9). The Ligand (R)-SIPHOS 

PE delivered 4.10a in 50% yield while no enantioselectivity was observed (entry 10). 

Table 10 Re-screening of ligands for the enantioselective cyclization of propargylic amine 4.7a 

 

Entry Ligand 
4.10a 

[%] 

ee 4.10a 

[%] 
4.25 [%] 

1 (R,R)-DACH Ph Trost 90 92 22 

2 (R,R)-One arm  Trost 13 38 10 

3 (R,R)-DACH Naphthyl Trost 5 12 - 

4 (R,R)-ADEN-Ph Trost 5 8 - 

5 (R)-BINAP - - - 

6 (R)-JosiPhos (Cy, tBu) - - - 

7 (R)-JosiPhos (Cy, Cy) - - - 

8 iPr-PHOX - - - 

9 (R)-MOP 80 -3 - 
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10 (R)-SIPHOS PE 50 -2 - 

11 (R)-DM SEGPHOS - - - 

     

Reaction Conditions: 0.1 mmol 4.7a (1 equiv.), 4.8 (1.4 equiv.), L (7 mol%), K3PO4 (1.0 equiv.), oOMeArI 4.33 

(20 mol%), Pd2(dba)3•CHCl3 (2.5 mol%) in 0.5 mL solvent at 50 °C unless specified otherwise. 1H NMR yields 

were determined by addition of 1 equiv. of trichloroethylene as the internal standard. All the yields were 

determined from crude NMR. 

 

4.1.4. Scope of the enantioselective tethered cyclisation of propargylic amines 
 

"With the optimized conditions in hand, we evaluated the scope of the transformation (Scheme 

2). A wide selection of aryl propargylic amines, rapidly prepared in a single step from the 

terminal alkyne, gave access to the corresponding trisubstituted olefins bearing the chiral 

oxazolidine auxiliary in good yield and stereoselectivity (Scheme 71 & 72). On the para 

position of the aryl ring, both electron-rich and electron-poor substituents were well tolerated, 

and the products 4.10b-d and 4.10e-l were obtained in 72-87% yield and 84-94% ee (Scheme 

7). The functional group tolerance included halogens (4.10e-i), even a potentially Pd(0) 

sensitive bromide (4.10g), an ester (4.10j), a ketone (4.10k) and a nitrile (4.10l) (Scheme 71). 

Meta substituted products 4.10m-p were obtained in 79-89% yield and 86-90% ee (Scheme 

72). In contrast, the reaction was more sluggish with substituents in ortho position, and only 

product 4.10q bearing a small fluorine group could be isolated in 45% yield and 84% ee. 

Disubstituted product 4.10r was also obtained in 77% yield and 86% ee. In addition, the 

reaction tolerated heterocycles such as thiophene (4.10s), pyridine (4.10t), and quinoline 

(4.10u) on the alkyne. Finally, propargylic amines with alkyl substituents on the alkyne 

delivered products 4.10v and 4.10w in lower yield and enantioselectivity (Scheme 72). To 

evaluate the scalability of this protocol, the reaction on propargylic amine 4.10a was performed 

on a 3 mmol scale and gave 82% yield of 4.10a without loss of the optical purity. The absolute 

configuration of the products was unambiguously assigned by X-ray crystallography analysis 

of 4.10a (Figure 12), also confirming the Z geometry of the double bond."215 

4.1.5. Limitation of the enantioselective tethered cyclisation of propargylic 

amines 
 

A strongly electron-withdrawing nitro group (4.7v) was also tolerated under this condition. We 

obtained 70% of the desired product (60% purity). Despite our best efforts, we could not 

separate the undesirable arylated product from the protodemetallation products. We also tested 

a few more propargylic amines that did not deliver any desired products (Figure 13).  

Concerning substrate 4.7w, which contains an ortho methyl group on the aryl ring, no desired 

product was obtained. The reason could be the steric hindrance by the ortho methyl group, 

substantially inhibiting the oxypalladation step or reductive elimination. No desired products 

were obtained from propargylic amines, containing an amino group (4.7x). This amino group 

is probably reacting with the tether, resulting in no productive cyclization product. For this 

substrate an additional coordination site in the Pd-complex could be detrimental for catalytic 

 
215 This paragraph was taken from the manuscript to be submitted for publication. 
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activity. Indole containing propargylic amines (4.7y) were not tolerated under these reaction 

conditions with decomposition of the starting material. The carbazole substrate (4.7z) provided 

21% of desired protodemetallation product with almost no enantioselectivity.  
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Scheme 71 Scope of the enantioselective cyclization of para-substituted propargylic amines. Reactions performed 

on 0.4 mmol scale using 0.2 equiv. of aryl iodide 4.33 and 1.4 equiv. of 1-ethoxy trifluoroethanol (4.8). Isolated 

yields and HPLC enantiomeric excess are given. The scope was done in collaboration with Dr. Luca Buzzetti. * 

Dr. Luca Buzzetti performed the scope entries. 
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Scheme 72 Scope of the enantioselective cyclization of meta-substituted and heterocycle containing propargylic 

amines. Reactions performed on 0.4 mmol scale using 0.2 equiv. of aryl iodide 4.33 and 1.4 equiv. of 1-ethoxy 
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trifluoroethanol (4.8). Isolated yields and HPLC enantiomeric excess are given. * Dr. Luca Buzzetti performed 

the scope entries. 

 

Figure 12 crystal structure of the product 4.10a 
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Figure 13 Unsuccessful substrates and scope limitation 

 

4.1.6. Stereoselective hydrogenation 
 

Next, we turned our attention to the stereoselective hydrogenation of the obtained oxazolidines. 

We performed a short optimization of the reduction of the model product 4.10a (Table 11). 

The asymmetric hydrogenation of the trisubstituted olefin could be achieved by using 

heterogeneous Pearlman's catalyst (Pd(OH)2/C) with low H2 pressure.  At the beginning with 

10 mol% Pd(OH)2 in MeOH/EtOAc (2:1 mixture) only 15% of debenzylated by-product 4.40 

was observed along with 68% unreacted starting material (Table 11, entry 1). Increasing the 

catalyst loading to 20 mol%, resulted in improved yield of 4.40 up to 60% in which the double 

bond remained intact (entry 2). 25% of unreacted starting material (4.10a) was recovered from 

the reaction. This result indicated that covalent bonding of nitrogen to the catalyst might 

diminish the efficiency of the reduction process. As a result, we investigated the reaction with 

AcOH as a co-solvent with MeOH. Interestingly, we obtained 77% of the desired reduced 

product 4.39a (entry 3). Next, we discovered that lowering the [Pd] loading to 10 mol% had 

no effect on hydrogenation efficiency (entry 4). Finally, we obtained 85% of 4.39a, performing 

the reaction in 0.2 mmol scale (entry 5).  

 

Table 11 Optimization of the hydrogenation of the trisubstituted olefin 4.39a 
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Entry  [Pd] Solvent 

Reduced/

deprotect

ed 

(4.39a) 

[%] 

Deprotected 

(4.40) [%] 

Unrea

cted 

SM 

(4.10a

) [%] 

ee  

4.39a 

(%) 

1 10 mol% MeOH/EtOAc(2:1) - 15 68 - 

2 20 mol% MeOH/EtOAc(2:1) - 60 25 - 

3 20 mol% MeOH/AcOH(2:1) 77 - -  

4 10 mol% 
MeOH/AcOH(2:1) 

EtOAc (100µL) 
79 - - 90 

5 10 mol%a 
MeOH/AcOH(2:1) 

EtOAc (100µL) 
85 - - 90 

Reaction conditions: The reactions were performed in 0.1 mmol scale. 1 equiv. of 4.10a, 20 mol% Pd(OH)2/C as catalyst in 

MeOH/acetic acid mixture (2:1) at room temperature for 16 h. NMR yields using trichloroethylene as the internal standard are 

reported. a The reaction was performed on 0.2 mmol scale 

With these conditions, we could access the desired product 4.39a in 85% yields and 90% ee. 

with perfect retention of the stereochemistry, as a single diastereomer, confirming the exquisite 

stereoselectivity of the transformation and the ability of the trifluoromethyl group, installed in 

the previous step, to shield one of the two diastereotopic faces. Following proof of concept, the 

hydrogenation reactions was extended 

"We then examined the stereoselective hydrogenation directed by the installed chiral 

oxazolidine core. We submitted the alkene 4.10a to hydrogenation with the commonly used 

Pearlman`s catalyst. We have chosen this heterogeneous catalyst because of its ability to cleave 

the benzyl protecting group in addition to reduce the double bond. Under these conditions, we 

could access the reduced product 4.39a in 85% yield and 90% ee with perfect 

diastereoselectivity and retention of the enantiopurity, demonstrating the ability of the 

trifluoromethyl group to shield one of the two enantiotopic faces (Scheme 3). The reaction 

showed a high level of diastereocontrol and robustness, which led to single diastereomers in 

all cases examined. Substitution in para (4.39a-j) (Scheme 73), meta (4.39m, 4.39n, 4.39r) 

and ortho (4.39q) position of the arene was well tolerated, as well as different electronic 

properties (Scheme 74). However, chlorine, bromine, and heterocycle containing olefins did 

not deliver the hydrogenation products. An ester was well tolerated and gave product 4.4j in 

82% yield, while ketone 4.10k and nitrile 4.10l were further reduced to the corresponding 

alcohol 4.39k and amine 4.39l respectively. The hydrogenation of 4.10a proceeded on a 1 

mmol scale without any loss of stereoselectivity."216  

 

 
216 This part was taken from the manuscript submitted in Chemical Science. 
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Scheme 73 Scope of the stereoselective hydrogenation of para-substituted chiral oxazolidines. Reactions 

performed on 0.2 mmol scale using Pd(OH)2/C (~20 wt%). Isolated yields and HPLC enantiomeric excess are 

given. * Dr. Luca Buzzetti performed the scope entries. 
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Scheme 74 Scope of the stereoselective hydrogenation of meta-substituted and other chiral oxazolidines. 

Reactions performed on 0.2 mmol scale using Pd(OH)2/C (~20 wt%). Isolated yields and HPLC enantiomeric 

excess are given. * Dr. Luca Buzzetti performed the scope entries. 

The facial selectivity of the hydrogenation process can be explained by the blocking of one 

face of the oxazolidine with the CF3 group as illustrated by the crystal structure of 

carboetherification product 4.10a (Figure 12). In addition, the crystal structure of the reduced 

product 4.39a was obtained (Figure 14).   

 

Figure 14 Crystal structure of product 4.39a 
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Finally, to demonstrate the traceless nature of our protocol, we performed a mild acidic 

hydrolysis of the model reduction product 4.39a (Scheme 75). When stored or purified, the 

free amino alcohol 4.41 showed to be highly unstable, decomposing rapidly to provide some 

unidentified products. Finally, preparative reverse phase HPLC was used to purify the sample. 

By lyophilizing Product 4.41, the TFA salt of 4.41 was obtained in 74% yield. Products 4.41 

was obtained after treating 4.39a with TsOH•H2O in a 2:1 THF/H2O mixture at room 

temperature for 16 h, the trifluoroacetate salt was obtained after purification by reverse phase 

preparative HPLC  

 

Scheme 75 Acidic hydrolysis of the hemiaminal towards the synthesis of 4.41 

4.2. Discussion of reaction mechanism 
 

217"NMR analysis of the equilibrium between Propargylic Amine 4.7a, Tether 4.8 and 

hemiaminal 4.24 is presented in scheme 76. 

 

 

Scheme 76 Equilibrium between 4.7a, 4.8 and 4.24 

This corresponds to approx. 41% conversion of the propargyl amine 4.7a to the hemiaminal 

4.24 (The conversion was determined from the NMR experiment, Figure 15). 

 
217 This part was taken from the supplementary information of the JACS paper from our group. 

Buzzetti, L.; Puriņš M.; Greenwood, P. D. G.; Waser, J. J. Am. Chem. Soc. 2020, 142, 17334-17339. 
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Figure 15 1H NMR spectrum illustrating the equilibrium between 4.7a, 4.8 and 4.24 

 

We proposed a reaction mechanism in Scheme 77 & 78 based on the previous studies. The 

propargyl amine 4.7a condenses with the ethoxy trifluoroethanol 4.8 to produce hemiaminal I.  

We know from NMR experiments in our previous work that this step is reversible (Scheme 76, 

Figure 15). The reaction is initiated by the oxidative addition of ArI to Pd(0), followed by 

ligand exchange, which would provide the diastereomeric complexes II. The nature of the 

complex II would be determined by the binding properties of the ligand. If one arm of the 

ligand is labile, then partial dissociation might result in a type IIa complex. However, if the 

ligand remains bidentate, a cationic complex IIb is suggested (Scheme 13). Unfortunately, the 

mode of bindings of the ligands have not been studied yet extensively. Two scenarios could 

arise at this point. After a trans-oxypalladation step, vinyl-Pd species IV could be obtained. 

There would be a very good secondary orbital interaction between  Pd-C bond and * C-O in 

the trans-vinyl Pd complex (Scheme 77). Other possibility would be a cis-oxypalladation to 

generate alkenyl palladium species III, followed by cis-trans isomerization, delivering the 

thermodynamically more stable trans-alkenyl species IV (Scheme 78). The cis-oxypalladation 

proceeded via first ligand exchange of the ArPdII species with the oxygen of the hemiaminal 

intermediate I. The cis-oxypalladation intermediate would be sterically more favoured over 

trans-oxypalladation intermediate.  

Finally, a protodemetallation step would deliver the desired trisubstituted alkenes 4.10a and 

regenerate the Pd (II) ArIL* complex. The electronic, steric, as well as coordination properties 

of ArI could favour either protodemetallation or reductive elimination. In theory, electron-

withdrawing groups as well as coordinative heteroatoms will disfavour the reductive 

elimination step. The trend of the electronics as well as the steric properties of the ArI were not 
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completely clear until now and will be the subject of future research to understand the reaction 

mechanism of this DYKAT process.  

Interestingly, the ratio of products of arylation and protodematallation is depending on the 

relative rates of protonation vs reductive elimination. The concentration of ArI is not important 

in this case. 

This result indicated the requirement of a ArPd(II) complex to promote the transformation. In 

absence of aryl iodide, the tethered propargylic amines may undergo oxypalladation with Pd(II) 

catalysts, but  did not provide any product. This would indicate the significance of the reactivity 

of the catalytic Ar-Pd(II) complex in subsequent steps such as isomerization and 

protodemetallation.  

This dynamic kinetic asymmetric transformation is viable because of the equilibrium nature of 

the condensation process between propargylic amines, tether and hemiaminal. Therefore, the 

CF3 centre is racemizing constantly throughout the equilibrium process. Under these catalytic 

reaction conditions, the diastereomers of II undergo coordination, oxypalladation, and 

reductive elimination. The variable kinetics in each step (K1K2K3K4) lead to the 

enantioenriched products. Coordination and oxypalladation can proceed in a reversible manner, 

not sure, cis-trans isomerization could be also reversible, while the reductive elimination, or 

protodemetallation steps are all irreversible.  If reductive elimination is the only irreversible 

enantiodetermining step, it would be surprising, because the Pd is very far away from the chiral 

centre in this case. The same is true if you have anti-palladation as enantiodetermining. In 

contrast, with enantiodetermining coordination, cis-oxypalladation and isomerization, the Pd 

would be closer to the chiral centre constituting the enantiodetermining steps. The cis-

oxypalladation would be expected to lead to higher enantioselection, as the chiral centre is 

closer to the Pd.  
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Scheme 77 Reaction mechanism proceeding through trans-oxypalladation 
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Scheme 78 Proposed mechanism through cis-oxypalladation followed by isomerisation 
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4.3. Conclusion 
 

In this chapter we have demonstrated the development of an effective palladium catalysed 

hydroalkoxylation of propargylic amines based on in situ tether formation that is both 

economical and environmentally friendly. Enantioenriched amino alcohol precursors were 

produced via diastereoselective hydrogenation driven by a chiral oxazolidine auxiliary that was 

catalytically generated. A key factor in the success of the hydroalkoxylation reaction was the 

addition of an ortho-substituted aryl iodide to the reaction mixture, whose exact role in the 

efficiency of the reaction is still unknown, but future research will focus on its understanding. 

In our laboratory, we are actively investigating the design and development of new 

enantioselective transformations that make use of transitory chiral auxiliaries that are produced 

catalytically. 

4.4. Outlook 
 

The facial selectivity is not intrinsic only to the hydrogenation. During studies performed by 

another group member, an epoxidation under biphasic conditions on the enantioenriched 

oxazolidine was performed (Scheme 79.A). The oxirane was formed with high 

diastereoselectivity with no loss of ee in the major product. The facial selectivity could be 

explained by the blocking of the CF3 group of one face of the oxazolidine. Face discrimination 

might potentially be translated into other transformations. 

 

 

 

Scheme 79 A. Epoxidation controlled by chiral auxiliary, B. E Enantioselective Pd catalysed difunctionalization 

of propargylic alcohols via tethering. C. Enantioselective Pd catalysed difunctionalization of allylic amines via 

tethering 
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The enantioselective reaction could be further extended to the propargylic alcohol and allylic 

amines (Scheme 79B-C). The potential products are less attractive (derived from allylic 

amines), because of lacking double bond for further stereoselective transformations. On the 

other hand, propargylic alcohols have not yet been explored in the context of tethered 

transformations. The potential products would be suspectable to similar conditions. We could 

potentially consider nitrogen-based tethers as well for this kind of transformations. 

The strategy could be further extended to propargylic alcohol analogues as well. Beyond 

oxypalladation process, it would be interesting to explore the concept in amino-palladation 

process on the propargylic systems. Beyond Pd chemistry, the similar DYKAT approach could 

be further extend towards other novel and metal-based catalytic processes in the 

functionalisation of both alkenes and alkynes. 
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Chapter 5 
5. PdII/PdIV catalyzed 

diastereoselective 

Aminoacetoxylation of 

unactivated alkenes via 

tethering with Trifluoro- 

acetaldehyde derived 

hemiaminals 
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5.1. Results and discussions 
 

In this chapter, I will present the results obtained during my PhD that concern the development 

of a tethering strategy for the amino oxygenation of cinnamyl alcohol derivatives and allyl 

alcohols for the synthesis of amino alcohols. Pd(II)/Pd(IV) catalysis in combination with 

tethers in the difunctionalization of alkenes will be explored. Unsaturated cinnamyl-derived 

and allylic alcohols were chosen to install the tether part prior to the difunctionalization 

process.  we choose the alcohols as they were more similar to the carbamates used by Sorensen, 

and amines may be more prone to side reactions under strongly oxidizing conditions (see 

introduction chapter 3, scheme 32).150 The initial aminooxygenation results were obtained by 

Dr. Stefano Nicolai, on the Ts-protected Cinnamyl alcohol derived substrate using CF3 acetal 

derived hemiaminal and then I studied the transformations in detail. The first part will include 

the synthesis of tethers of N, O acetals. Then, optimization was performed to access the 

aminooxygenated products containing the oxazolidine core, which could deliver vicinal amino 

alcohols after cleaving the tether. I will subsequently describe the scope of the reaction. The 

optimization and scope were done in collaboration with Dr. Thomas Rossolini (Postdoc in our 

group). The final part of this chapter is dedicated to the mechanistic discussions of the amino 

oxygenation reaction. 

5.1.1. Synthesis of starting materials 

5.1.1.1. Synthesis of tether precursors 

Aiming to the development of a novel Pd-catalysed intramolecular alkene carbohetero 

difunctionalization reaction in combination with tether approach, we decided to start our 

investigation by studying the aminoacetoxylation of olefins. When it came to choosing a 

representative substrate to test the feasibility of the process, we were intrigued by the possibility 

of using trans-cinnamyl alcohol as a starting point for our investigation. We had chosen trans-

cinnamyl alcohol because this substrate was used by Sorensen work in the alkene 

aminoacetoxylation reaction in 2005, where he showed the trans-alkene delivered the desired 

aminoacetoxylated product with moderate yield and very high diastereoselectivity. Although 

in his work, the cis-cinnamyl alcohol seemed to perform better than the trans-analogue. We 

decided to choose trans-cinnamyl alcohol as the cis-cinnamyl alcohol substrate worked already 

well in his condition. If we can improve the reactivity for the trans-alkene substrates, it would 

be interesting as there not many examples in their scope with 1,2-disubstituted alkenes. Another 

important point needs to be considered, in the condition reported by Sorensen et al. the scope 

of reaction is limited to the terminal alkenes in most of the cases except for one example that 

tolerated geminal disubstitution on the alkene. In Sorensen work NTs was used as nucleophile, 

therefore it’s obvious to start with NTs as the nucleophile partner in our case. In the 

investigation of aminoacetoxylatiion reactions described by Sorensen, diacetoxyiodobenzene 

(PIDA) was successfully used as an oxidant and acetate source.  

To prepare our model substrate, we need to prepare the corresponding trifluoroacetaldehyde 

derived tether that should contain a Ts protected nitrogen as well as a potential leaving group.  

Trifluoroacetaldehyde (fluoral) or its hemiacetals could be a good starting materials to 
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construct the tether precursors. Trifluoroacetaldehyde (fluoral) and its hemiacetals are 

commonly accessible starting materials for the synthesis of complex trifluoromethylated 

compounds.218 Under acidic reaction conditions, fluoral hemiacetals are known to react with 

amines to form hemiaminals.219 We modified the conditions reported by Cahard from 

commercially available fluoral hemiacetals 5.1 and tosylamine in the presence of a Lewis acid, 

TiCl4 as dehydrating agent.220 The reaction was performed at room temperature for 24 h 

providing N-(1-chloro-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide 5.2 in 88% yield 

from 5.1 (Scheme 80). In the publication, the authors reported that they obtained N-(1-

hydroxy-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide (5.3) in 65% yield by reacting 5.1 

and tosylamine. Next, the hemiaminal 5.3 smoothly reacted with thionyl chloride to give the 

N-(1-chloro-2,2,2-trifluoromethyl)-4-methylbenzenesulfonamide (5.2) in quantitative yields. 

In contrast, we directly observed the formation of N-(1-chloro-2,2,2-trifluoromethyl)-4-

methylbenzenesulfonamide (5.2) without the thionylchloride step.  It was confirmed that 

filtering off the titanium hydroxide is not needed and leads to lower yield. The N-(1-chloro-

2,2,2-trifluoromethyl)-4-methylbenzenesulfonamide (5.3) was obtained in almost quantitative 

yield and in high purity. Because it rapidly hydrolyzes in open air, N-(1-chloro-2,2,2-

trifluoromethyl)-4-methylbenzenesulfonamide (5.3) was stored under an inert environment 

such as GloveBox or drybox. 

 

In the case of Ts protected chloroaminal, we exclusively obtained chloro derivatives, albeit the 

Ns protecting group delivered the 1:1 mixture of N-(1-chloro-2,2,2-trifluoroethyl)-2-

nitrobenzenesulfonamide (5.4) and 2-nitro-N-(2,2,2-trifluoro-1-

methoxyethyl)benzenesulfonamide (5.5). 

 

 
218 Bégué, J.-P.; Bonnet-Delpon, D.; Crousse, B.; Legros, J. Chem. Soc. Rev. 2005, 34, 562-572. 
219 Guanti, G.; Banfi, L.; Narisano, E.; Scolastico, C.; Bosone, E. Synthesis 1985, 609. 
220 Kumadaki, I.; Jonoshita, S.; Harada, A.; Omote, M.; Ando, A. J. Flour. Chem. 1999, 97, 61-63. 
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Scheme 80 Synthesis of Ts and Ns protected chloroaminals 

The N-Boc, N-acetyl and N-Cbz trifluoromethyl aldimine derivatives were accessed via a two-

step procedure. The aldimines were too unstable and, therefore, only hemiaminals were 

isolated, which could be synthesized from the commercial 2,2,2-trifluoro-1-methoxyethanol 

(5.1) by substitution of the O-methoxy group followed by acetylation of the secondary alcohol, 

with an overall yield of 80% to give 5.10 (Scheme 81, A). The aldimine bearing a Cbz 

protecting group on the nitrogen was synthesized from 5.1 in 71% yield (Scheme 81, B).  

 

 

Scheme 81 Synthesis of hemiaminal 5.10 and 5.11 

We synthesized our model substrate using a slight excess of tether precursor 5.2 in combination 

with excess triethyl amine as a base. We obtained N-(1-(cinnamyloxy)-2,2,2-trifluoroethyl)-4-
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methylbenzenesulfonamide 5.13 in 36% yield (Scheme 82). We did not spend time optimizing 

the preparation of the starting materials at this point.  

 

 

Scheme 82 Synthesis of N-(1-(cinnamyloxy)-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide 5.13 

We prepared a variety of tethered starting materials with a combination of phenyl ring, alkyl 

chain and substitution pattern over the alkene part. All the tethered starting materials were 

prepared using 1 equiv. of unsaturated alcohol 5.14, 1.2 equiv. of tether precursor (hemiaminal 

tethers; 5.2, 5.10, 5.11) in THF at room temperature using triethyl amine as base for 16 hours. 

The results are presented in Scheme 83. The reaction of cinnamyl alcohol 5.12 with Ts tether 

5.2 afforded the corresponding hemiaminal 5.13 in 36-52% yield. The Ns protected cinnamyl 

alcohol derived substrate 5.21 was obtained in 42% yield. Allyl alcohol derived hemiaminals 

(5.16) were obtained in 43-51% yield. Alkyl chain containing trans-hex-2-en-1-ol afforded the 

desired product in slightly lower yield (5.17). The reaction with 2-methylprop-2-en-1-ol 

resulted in desired hemiaminal (5.18)) in 25-51% yield. Propargylic alcohols provided access 

to the corresponding tethered products (5.19, 5.33) in 19-26% yield. In most of the cases, we 

observed moderate to low conversion of the starting alcohols. The homoallylic alcohol 

delivered the corresponding hemiaminal 5.20 in 44% yield. The reaction of the cinnamyl 

alcohol with nosyl tether afforded the product 5.21 in 42% yield. We did not obtain any desired 

product 5.22 from (R)-2-methylpropane-2-sulfinamide derived aldimines. We turned our 

attention to prepare some amide-based tether precursors. The benzoyl derived 5.23 was 

obtained in 80% yield. Moving to trifluoro acetyl group provided access to the hemiaminal 

5.24 in 63% yield.  

Carbamate protecting groups such as Boc and Cbz containing substrates were also prepared 

following this protocol. Cinnamyl alcohol 5.12 provided the product hemiaminal 5.25 in 89% 

yield. Allyl alcohol, trans-hex-2-en-1-ol, 2-methylprop-2-en-1-ol delivered the corresponding 

Boc-hemiaminal products (5.26, 5.27, 5.28) in 21%, 31% and 40% yield respectively. The 

reaction between cinnamyl alcohol 5.12 and Cbz-based tether 5.11 resulted in the formation of 

the desired hemiaminal 5.29 in 68% yield. The use of other alcohols such as allyl alcohol, 

trans-hex-2-en-1-ol, 2-methylprop-2-en-1-ol and propargylic alcohols afforded the desired 

hemiaminal (5.30, 5.31, 5.32, 5.33) in low yields. The yields for making the carbamate based 

hemiaminals are usually higher than for sulfonyl-based tethers in the case of cinnamyl alcohols. 
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Scheme 83 Synthesis of tethered alcohols 5.15 

5.1.1.2. Preparation of cinnamyl-carbamates based starting materials  

 

The optimization of the reaction allowed to identify this class of substrates as the most 

promising, therefore it was necessary to synthesize them (Scheme 91). For the study of the 
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scope of the reaction, we prepared a variety of cinnamyl alcohol derivatives that contain a 

variety of electron-donating and electron-withdrawing groups on the aromatic ring. We also 

synthesized a few heterocycle containing unsaturated alcohols as well. In order to achieve the 

unsaturated alcohols, we used two methods; starting from the corresponding, α,β-unsaturated 

acids or the corresponding, α,β -unsaturated aldehydes. 

There are few methods reported in literature on the carboxylic acid (5.34) activation approach 

such as mixed anhydride approach221 or activation with BOP reagent.222 We selected cyanuric 

chloride (5.36) as the activating reagent as cheaper variant to BOP. We prepared a wide variety 

α,β-unsaturated alcohols (5.38) from the corresponding acids (5.34), followed by activation 

and concomitant reduction of the activated intermediate (5.37) by sodium borohydride.223 The 

results are presented in Scheme 84. 

 

 
221 Kokotos, G. Synthesis, 1990, 299. Rodriguez, M.; Llinares, M.; Doulut, S.; Heitz, A.; Martinez, J. Tetrahedron 

Lett. 1991, 32, 923-926. 
222 Mcgeary, R. P. Tetrahedron Lett. 1998, 39, 3319-3322. 
223 The yields are based on crude NMR, and we never isolated the alcohols unless otherwise mentioned. We 

directly used the crude reaction mixture in the following step for the preparation of the hemiaminal starting 

materials. 
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Scheme 84 Synthesis of cinnamyl alcohols 5.38 from the corresponding cinnamic acids 5.34 

 

 

In the second procedure, we prepared a few more unsaturated alcohols (5.48) from the 

corresponding unsaturated aldehydes (5.47) via sodium borohydride reduction.223 The results 

are presented in Scheme 85. 
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Scheme 85 Synthesis of cinnamyl alcohols via NaBH4 reduction of cinnamyl aldehyde 

We prepared a few more heterocycles containing unsaturated alcohols by following the scheme 

85. We took the aldehyde and performed a Wittig reaction, followed by DIBAL reduction of 

the unsaturated esters, to deliver the corresponding alcohols. In this case we isolated the 

corresponding alcohols (5.56, 5.57, 5.58, 5.59).  

 

Scheme 86 Synthesis of cinnamyl alcohol derivatives via a Wittig/DIBAL reduction sequence 

We slightly modified the synthetic procedure to obtain the tethered starting materials by 

changing the base and stoichiometry of the reactants and solvents. The results are shown in the 

Scheme 87 below. Allyl alcohol and Cinnamyl alcohol-derived products (5.30 and 5.29) were 

obtained in moderate to high yields (Scheme 87). Electron-donating substituents (Me, 5.72; 

NMe2, 5.70; OMe, 5.68, 5.69) as well as electron-withdrawing groups (F, 5.61; Cl, 5.62; Br, 

5.63; CF3, 5.64; NO2, 5.65) also delivered the corresponding tethered compounds with a small 

drop in yield. Interestingly, substituents α-to oxygen atom was also tolerated under this reaction 

condition and delivered 5.71 in 78% yield. 
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Scheme 87 Scope of the Cbz protected alcohols 

We also prepared substrates bearing a ϒ,ϒ-disubstitution pattern (5.73), β- (5.75, 5.76)and ϒ-

alkyl chain (5.74) with a 70–98% yield (Scheme 88). Heterocycles such as indole, pyrrole, 

thiophene, and pyridine containing alcohols delivered the desired compound in 52–75% yield 

(5.78, 5.79, 5.80, 5.81). Ts (5.13) and Boc (5.25) protected substrates were also easily accessed 

under these conditions in good yields. 
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Scheme 88 Synthesis of cinnamyl derived substrates with carbamate and sulfonamide based tethers 

 

5.1.2. Discovery and optimization studies 
 

The first attempt at the catalytic reaction was carried with the hemiaminal 5.13 under the 

conditions established by the Sorensen group. To our delight, the desired amino acetoxylated 

product 5.82 was obtained in 80% yield with 3.5:1 diastereoisomeric ratio. Additionally, the β-



144 
 

hydride elimination product 5.83 was obtained in 16% yield (Scheme 89). Interestingly we 

observed complete conversion of the starting materials in this case.224  

 

Scheme 89 Initial aminooxygenation reaction with 5.13 

Before going to the next step, we carried out control experiments to determine which factors 

were important towards product formation. No conversion of the starting material was observed 

in the absence of both the Pd catalyst (Table 12, entry 1) or PIDA (entry 2). The reaction 

performed well without the additive tetrabutyl ammonium acetate (entry 3) with 1:1 dr. The 

diastereoselectivity dropped in the absence of tetrabutyl ammonium acetate. 

Table 12 Control experiments for the amino oxygenation of 5.13 

 

Entry 
Variation 

Of condition 

5.82 

[%] dr 5.83 

1 Without Pd(OAc)2 - - - 

2 Without PIDA - - - 

3 Without TBAA 80 1:1 - 

Reaction Conditions: 0.1 mmol 5.13 (1 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (20 mol%.), TBAA (1.0 equiv) in 

0.5 mL solvent at 60 °C unless specified otherwise. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. dr values were determined by analysis of the crude NMR. 

 

We turned our attention to testing a couple of protecting groups on the nitrogen atom of the 

tether. We obtained 5.82 in 80% yield under the reported conditions (Table 13, entry 1). Nosyl 

group containing substrate 5.21 delivered the aminoacetoxylated product in 30% with very 

high diastereoselectivity, >20:1 dr (entry 2). Moving from the sulfonamide protecting group 

to benzoyl or trifluoroacetyl completely shut down the reactivity (entries 3-4). We completely 

recovered the starting materials in both cases.  In the presence of the carbamate based protecting 

group such as Cbz (entry 5) and Boc (entry 6), the desired amino acetoxylated product was 

 
224 The initial result was obtained by Dr. Stefano Nicolai and then I investigated the reaction in detail. 
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obtained in 83% yield with 1:1 dr and 82% yield, 2.4:1 dr. Additionally, both Cbz and Boc 

protecting group resulted in formation of elimination products in 10% yield. Among all the 

protecting groups tested, Ts, Cbz and Boc delivered the amino oxygenated product in 80% 

yield with low diastereoselectivity. We decided to continue with the Ts group at this point 

because of the slightly better dr value. 

Table 13 Screening of protecting groups on the nitrogen for the aminooxygenation reaction of 5.84 

 

Entry PG 5.85 [%] dr 5.86 [%] 

1 Ts 80 3.5:1 16 

2 Ns(4-NO2) 32 >20:1 - 

3 COCF3 - - - 

4 COPh - - - 

5 Cbz 83 1:1 10 

6 Boc 82 2.4:1 8 

Reaction Conditions: 0.1 mmol 5.84 (1 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (20 mol%.), TBAA (1.0 equiv) in 

0.5 mL MeCN at 60 °C unless specified otherwise. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. The dr values were determined by analysis of the crude NMR. 

We decided to screen several solvents to see if there was any influence on the reactivity or 

selectivity (Table 14). In DMF and DMSO, the yield of 5.82 was decreased to <10% and the 

diastereoselectivity was not determined (entries 1-2). However, 10% of 5.83 was obtained in 

DMSO. In THF, traces of 5.82 were observed (entry 3). Moving to DCM (entry 4) resulted in 

10% desired product 5.82 as well as 16% elimination product 5.83. Toluene delivered 10% of 

the amino acetoxylated product 5.82 but no 5.83 was detected (entry 5). Acetonitrile (entry 6) 

was found to be the best solvent for this reaction. 

Table 14 Screening of solvents for the aminooxygenation of 5.13 

 

Entry Solvent 5.82 [%] dr 5.83 [%] 

1 DMF <10 ND - 
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2 DMSO <10 ND 10 

3 THF <10 ND 10 

4 DCM <10 ND 16 

5 Toluene <10 ND - 

6 MeCN 80 3.5:1 16 

Reaction Conditions: 0.1 mmol 5.13 (1 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (20 mol%.), TBAA (1.0 equiv) in 

0.5 mL MeCN 60 °C unless specified otherwise. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. The dr values were determined by analysis of the crude NMR. 

5.1.3. Preliminary scope investigation 
 

We performed a preliminary scope investigation with Ts containing hemiaminal substrates. The 

results are presented in Table 13. The model Ts hemiaminal substrate 5.13 delivered 80% of 

the aminoacetoxylated product 5.82 with 3.5:1 dr (Table 15, entry 1). The elimination product 

5.83 was obtained in 20% yield. The Allylic alcohol derived substrate 5.16 delivered 5.87 in 

53% yield with 1:1 dr (entry 2)). In the case of the alkyl chain containing substrate 5.17, only 

the elimination product 5.90 was formed in 20% yield (entry 3). A methyl group at the β-

position of the substrate was not tolerated (entry 4). The propargylic substrates (5.19, 5.96) did 

not react at all under these reaction conditions (entries 5-6). 

Table 15 Preliminary substrates screening with Ts protected hemiaminals for aminooxygenation reaction 

 

Entry Starting material Product 1 Product 2 

1 
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Reaction Conditions: 0.1 mmol SM (1 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (20 mol%.), TBAA (1.0 equiv) in 

0.5 mL MeCN at 60 °C unless specified otherwise. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. The dr values were determined by analysis of the crude NMR. 

We tested a few conditions to remove the Ts group, but unfortunately, we were not able to 

achieve it. In presence of Na/Naphthalene, we observed only decomposition of the starting 

material (Scheme 90, a). No conversion of starting material was observed in presence of DDQ 

(Scheme 90, b). We only recovered the starting materials. PTSA and DIBAL did not give any 

reaction at all (Scheme 90, c & d). All these attempts gave us an indication that it would be 

2 

 
 

 

3 

   

4 

 
  

 

5 

 

  

6 
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very difficult to remove the Ts group. For this reason, other easily removable protective groups 

such as Cbz or Boc were considered. 

 

 

Scheme 90 Attempts towards the removal of the Ts group from compound 5.82 

 

Before continuing to further optimize the reaction, we tested our previously prepared starting 

materials containing Boc and Cbz protecting groups under the same conditions described 

previously and quickly summarized the results in order to gain a quick overview of their 

versatility. (Table 16 & 17). 

The model cinnamyl alcohol containing the Cbz protecting group 5.29 provided access to the 

desired product 5.97 in 83% yield with no diastereocontrol (Table 16, entry 1). Under the 

same conditions, 5.29 delivered the product 5.97 with similar yields and dr when the reaction 

was performed at room temperature. We observed the formation of β-hydride elimination 

product 5.98 as well, with 8-17% yields depending on the temperature, with higher amounts of 

the latter at higher temperatures. Substrate derived from allylic alcohol 5.30 (entry 2) afforded 

the desired cyclized product in moderate yield (40%) and 1:1 diastereomeric ratio. The allyl 

alcohol derived substrate 5.30 delivered 60% yield of 5.99 with marginally improved dr, 1.6:1, 

at room temperature (entry 2). Interestingly, the amount of β-hydride elimination could also 

be significantly reduced at room temperature. An alkyl chain containing unsaturated alcohol 

5.31 did not provide any desired compound 5.101. The elimination product 5.102 was obtained 

in 35% yield (entry 3). Substituents at β-position on the allylic alcohol provided some 

conversion to the desired acetoxylated product 5.103 (34% based on crude NMR) as a single 

diastereomer (based on crude NMR) (entry 4). However, no attempt was made to isolate the 

compound for full characterization. Under these reaction conditions, the propargylic system 

did not show any reactivity at all (entries 5-6). 
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Table 16 Screening of Cbz protected substrates for the aminooxygenation reaction 

 

Entry 
Starting 

material 
Product 1 Product 2 

1 

 
  

2 

 

 
 

3 

 
 

  
 

4 
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5 

 
  

6 

 
 

 

 

Reaction Conditions: 0.1 mmol SM (1 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (20 mol%.), TBAA (1.0 equiv) in 

0.5 mL MeCN at 60 °C unless specified otherwise. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. The dr values were determined by analysis of the crude NMR. 

The model cinnamyl alcohol derived substrate containing the Boc protecting group 5.25 

provided access to 5.109 in 80% yield with low diastereocontrol. In addition, we also observed 

the formation of β-hydride elimination product 5.110 as well in 20% yield (Table 17, entry 1). 

Substrate derived from allylic alcohol 5.26 showed good reactivity, albeit with moderate yield 

(40% NMR yield) and 1:1 diastereoselectivity (entry 2). The elimination product 5.112 was 

obtained in 20% yield as well. An alkyl chain containing unsaturated alcohol 5.27 did not 

provide any desired aminoacetoxylated product 5.113, although the corresponding elimination 

product 5.114 was isolated in 20% yield (entry 3). Substituents at the β-position on the allylic 

alcohol were not tolerated in this case (entry 4).  

 

Table 17 Initial Screening of Boc protected substrates for the aminooxygenation reaction 
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Starting material Product 1 Product 2 

 
 

 

 
 

 

 
 

  
 

 
 

 

 

Reaction Conditions: 0.1 mmol SM (1 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (20 mol%.), TBAA (1.0 equiv.) in 

0.5 mL MeCN at 60 °C unless specified otherwise. 1H NMR yields were determined by addition of 1 equiv. of 

trichloroethylene as the internal standard. The dr values were determined by analysis of the crude NMR. 

In conclusion, we observed a similar reactivity pattern on allyl alcohol or alkyl substituted 

unsaturated alcohol systems. Tethered hemiaminals bearing an alkyl chain did not deliver any 

amino oxygenated product. Under these conditions, substituent at the β-position were not 

tolerated, along with propargylic alcohols derived hemiaminals which showed no reactivity at 

all. 
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We had chosen 5.116 as the model substrate for more in-depth investigations on the reaction 

of alkyl-substituted substrates Different palladium catalysts were examined, resulting in the 

identification of K2PdCl4 as the best catalyst towards the formation of the Aza-Wacker type of 

products (5.117). The results are described in Table 18. In presence of Pd(OAc)2, 5.117 was 

obtained in 30% yield (Table 18, entry 1). Pd(NO3)2 did not give any product 5.117 (entry 2). 

The use of Pd(hfacac)2 afforded 5.117 in 25% yield (entry 3). The product 5.117 was obtained 

in 22% yield when Pd(acac)2 was employed (entry 4).  The yield was low when the reaction 

was conducted in Pd(PhCN)2Cl2 (entry 5). Pd(MeCN)2Cl2 delivered 5.117 in 15% yield (entry 

6). Moving to other palladium sources, resulted in desired products in 45% and 48% yield in 

the presence of Na2PdCl4 (entry 7) and K2PdCl4 (entry 8) respectively. More ionic Pd sources 

provided better yields in the direction of elimination products. This class of Aza-Wacker type 

products is also valuable. Hiemstra and co-workers and Stahl and co-workers have pioneered 

the use of hemiaminal tethers for Wacker-type oxidative cyclization reactions (Scheme 49). 

Nevertheless, installing and removing such tethers required multiple steps. 

Table 18 Screening of palladium sources for the formation of  aza-Wacker type of product 5.117 under amino 

oxygenation conditions 

 

Entry Pd source Yield 5.117 [%] 

1 Pd(OAc)2 30 

2 Pd(NO3)2 0 

3 Pd(hfacac)2 25 

4 Pd(acac)2 22 

5 Pd(PhCN)2Cl2 25 

6 Pd(MeCN)2Cl2 15 

7 Na2PdCl4 45 

8 K2PdCl4 48 

Reaction conditions: All the reactions were performed in 0.1 mmol scale by using 1 equiv. of 5.116, Pd(OAc)2 

(20 mol%), in MeCN [0.2 M] at 60 °C. The yields and dr values were determined from crude NMR using TCE as 

internal standard. 

 

As previously established, the best Pd source in this Aza-Wacker process was K2PdCl4 (Table 

18). We next evaluated the relevance of the catalyst loading. The reaction was performed in 

acetonitrile with different loading of K2PdCl4 (Table 19). With 20 mol% catalyst loading, we 

obtained 48% of 5.117 (Table 19, entry 1). The yields were significantly affected by the use 

of a lower amount of the catalyst. The product 5.117 was obtained in 50% yield using 10 mol% 

catalyst loading (entry 2). Switching to 5 mol% catalyst loading, resulted in 60% yield of 5.117 

(entry 3). Interestingly the yield was increased up to 87% when we lowered down the catalyst 

loading to 2.5 mol% (entry 4). However, 36% of 5.117 was obtained with 1 mol% catalyst 

loading (entry 5). We obtained 5.117 in 87% yield at a 2.5 mol% catalyst loading. Gratifyingly, 

the optimization for the Aza-Wacker cyclization was therefore successful. 
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Table 19 Screening of K2PdCl4 loading for the optimization of aza-Wacker product 5.117 from 5.116 

 

Entry K2PdCl4 Yield 5.117 [%] 

1 20 mol% 48 

2 10 mol% 50 

3 5 mol% 60 

4 2.5 mol% 87 

5 1 mol% 36 

Reaction conditions: All the reactions were performed in 0.1 mmol scale by using 1 equiv. of 5.116, Pd catalyst 

(x mol%), in MeCN [0.2 M] at 60 °C. The yields and dr values were determined from crude NMR using TCE as 

internal standard. 

5.1.4. Final optimization of the aminoacetoxylation of cinnamyl-based 

substrates  
From the previous investigation on the initial scope study, we decided to choose a cinnamyl 

alcohol derived substrate as our model substrate with Cbz as protecting group (5.29). We again 

performed some control experiments in order to check beneficial parameters in our reaction. 

Interestingly we obtained the desired aminoacetoxylated product 5.97 in 80% yields with 9.6 

dr without TBAA (Scheme 91). The presence of TBAA enhanced the dr for the Ts tether but 

diminished it for the Cbz one. A very surprising effect would be difficult to rationalize. In 

addition, 8% of the β-hydride elimination product 5.98 was obtained as well. 

 

Scheme 91 Control experiment without the TBAA for the aminooxygenation of 5.29 

We next evaluated the relevance of the catalyst loading. The reaction was performed in 

acetonitrile with different loading of Pd(OAc)2 as the catalyst (Table 20). Both 20 mol% 

(Table 20, entry 1) and 10 mol% (entry 2) catalyst loadings provided 5.97 in similar yields 

albeit with a slight difference in dr value. With 5 mol% catalyst loading, the aminooxygenated 

product 5.97 was obtained in 67% yield and 12:1 dr (entry 3). Lowering to 2.5 mol% of catalyst 

loading afforded 5.97 in 55% yield and 12:1 (entry 4).  We decided to move on with a 10 mol% 

catalyst loading for further optimization. 
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Table 20 Screening of Catalyst loading for the optimization of the aminooxygenation product 5.97  

 

Entry Catalyst loading 
Yield 5.97 

[%] 

dr 5.98 [%] 

1 20 mol% 86 8:1 10 

2 10 mol% 88 12:1 8 

3 5 mol% 67 12:1 4 

4 2.5 mol% 55 12:1 3 

Reaction conditions: All the reactions were performed in 0.1 mmol scale by using 1 equiv. of 5.29, Pd(OAc)2 (x 

mol%), PIDA (2 equiv.) in MeCN [0.1 M] at 50 °C. The yields and dr values were determined from crude NMR 

using TCE as internal standard. 

A screening of the catalysts was then made, in order to verify if the yields and dr could be 

further improved with acetonitrile as the solvent and 10 mol% catalyst loading (Table 21, entry 

1). Pd2(dba)3 delivered a similar profile as Pd(OAc)2 (entry 2). Pd(TFA)2 afforded  the 

aminoacetoxylated product 5.97 in low yield (44% yield) with low dr (2.4:1) (entry 3). 

Na2PdCl4 failed to yield a significant amount of the 5.97 (entry 4). Among all of the tested Pd 

sources, the initial Pd(OAc)2 was found to be superior in this reaction. We obtained 2-8 % of 

the β-hydride elimination product (5.98) in all cases. 

Table 21 Screening of Pd Source for the aminooxygenation of 5.29  

 

Entry Pd Source (10 mol%) 
Yield 5.97 

[%] 
dr 5.98 [%] 

1 Pd(OAc)2 88 12:1 8 

2 Pd2(dba)3 80 15:1 7 

3 Pd(TFA)2 44 2.4:1 2 

4 Na2PdCl4 26 12:1 1 

Reaction conditions: All the reactions were performed in 0.1 mmol scale by using 1 equiv. of 5.29, Pd catalyst 

(10 mol%), PIDA (2 equiv.) in MeCN [0.1 M] at 50 °C. The yields and dr values were determined from crude 

NMR using TCE as internal standard. 

Following the identification of Pd(OAc)2 as the most promising catalyst in acetonitrile (Table 

22, entry 1), we evaluated the effects of other oxidants especially those that are known to 
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oxidise alkyl-Pd(II) intermediates in other relevant carbon-hetero atom bond forming reactions. 

Selectfluor did not give 5.97 (Table 22, entry 2). The starting materials decomposed under 

these conditions. In the presence of NFSI, 5.97 was not obtained (entry 3). We recovered 74% 

of 5.29. PIFA did not deliver 5.97 as all (entry 4), with degradation of the starting material 

5.29. 

Table 22 Screening of oxidants for the optimization of the aminooxygenation product 5.97  

 

Entry Oxidant screening 

Yield 

5.97 

[%] 

dr 5.98 [%] 

1 PIDA 88 12:1 8 

2 Selectfluora 0  0 

3 NFSIb 0  0 

4 PIFAa 0  0 

Reaction conditions: All the reactions were performed on 0.1 mmol scale by using 1 equiv. of 5.29, Pd catalyst 

(10 mol%), oxidant (2 equiv.) in MeCN [0.1 M] at 50 °C. The yields and dr values were determined from crude 

NMR using TCE as internal standard. a Degradation of the starting material.  b74% SM recovered. 

PIDA is acting as both oxidation and acetate transferring agent, and we were wondering if the 

addition of an external carboxylate source, such as acetic acid, could have a positive effect. 

The reaction gave 79% yield of 5.97 with 9:1 dr in the presence of an additional 4 equiv. of 

acid in the reaction mixture (Table 23, entry 1). Increasing the equivalent of acetic acids to 12 

equiv. led to diminish yield as well as dr value (entry 2). Combination of 1.2 equiv. of PIDA 

and 4 equiv. of AcOH afforded 5.97 in 72% yield and 8:1 dr (entry 3). The yield of 5.97 did 

not improve much with 12 equiv. of AcOH in combination with 1.2 equiv. of PIDA (entry 4). 

Based on the results reported in Table 23 the presence of AcOH is not beneficial, for this 

reaction. The diastereoselectivity dropped in the presence of AcOH in different amounts. 

Table 23 Effects of Acetic acids in the aminooxygenation reaction of 5.29 for the formation 5.97  

 

Entry PIDA AcOH 

Yield 

5.97 

[%] 

dr 5.98 [%] 
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1 PIDA(2 eq.) 4 eq. 79 9:1 3 

2 PIDA(2 eq.) 12 eq. 64 2.8:1 0 

3 PIDA(1.2 eq.) 4 eq. 72 8:1 5 

4 PIDA(1.2 eq.) 12 eq. 75 3.7:1 5 

Reaction conditions: All the reactions were performed on 0.1 mmol scale by using 1 equiv. of 5.29, Pd catalyst 

(10 mol%), oxidant (x equiv.) in MeCN [0.1 M] at 50 °C. The yields and dr values were determined from crude 

NMR using TCE as internal standard. 

The effect of different solvents on the reaction outcome was investigated again. Times up to 

16 hours were needed for full consumption of starting materials with all the screened solvents. 

Under these conditions, polar aprotic solvents such as DMF, DMSO gave the product in low 

yields (Table 24, 1-2 entries). Acetonitrile was found to be the best solvent for this reaction 

(entry 3). THF did not deliver 5.97 at all (entry 4). We recovered 72% of 5.29. Toluene and 

DCM did not afford any product instead starting material 5.29 was recovered in 78% and 79% 

respectively (entries 5-6). The product 97 was obtained in 33% yield with 1.3:1 dr in HFIP 

(entry 7). We did not detect any traces of 5.97 in other solvents like EtOAc, MeOH and AcOH 

(entries 8-10).  

Table 24 Solvent Screening for the optimization of the aminooxygenation product 5.97  

 

Entry Solvent 
Yield 

5.97 [%] 
dr 5.98 [%] 

Unreacted 5.29 

[%] 

1 DMF 21 ND 4  

2 DMSOa 17 ND 10 67 

3 MeCN 88 12:1 8  

4 THFb 0  0 72 

5 PhMec 0  0 78 

6 DCMd 0  0 79 

7 HFIP 33 1.3:1 5  

8 EtOAce 0  0 96 

9 MeOHf 0  0 30 

10 AcOH 0  0 74 

Reaction conditions: All the reactions were performed on 0.1 mmol scale by using 1 equiv. of 5.29, Pd catalyst 

(10 mol%), PIDA (2 equiv.) in Solvent [0.1 M] at 50 °C. The yields and dr values were determined from crude 

NMR using TCE as internal standard. ND = not detected. 

 

Finally, we performed some experiments with varying concentrations of the reaction. The 

desired product 5.97 was obtained in 88% yield with 12:1 dr in acetonitrile at 0.1 M 

concentration (Table 25, entry 3).  At 0.4M concentration the reaction resulted in 70% yield 
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of 97 with 7:1 dr (entry 1). Moving to 0.2 M (entry 2) resulted in a slightly decrease in yield 

to 74% as well as dr to 10:1. However, further increasing the dilution to 0.05 M resulted in 

23% yield with unaltered diastereomeric ratio (entry 4). 

So the final optimized conditions were obtained: 1 equiv. of the 5.29, 10 mol% Pd(OAc)2, 

2.0equiv. of PIDA,  0.1M MeCN at 50°C. 

Table 25 Molarity Screening of molarity of acetonitrile for the optimization of the aminooxygenation product 

5.97 

 

Entry Concentration 

Yield 

5.97 

[%] 

dr 5.98 [%] 

1 [0.4 M] 70 7:1 0 

2 [0.2 M] 74 10:1 2 

3 [0.1 M] 88 12:1 8 

4 [0.05M] 23 12:1 1 

Reaction conditions: All the reactions were performed in 0.1 mmol scale by using 1 equiv. of 5.29, Pd catalyst 

(10 mol%), PIDA (2 equiv.) in MeCN [X M] at 50 °C. The yields and dr values were determined from crude NMR 

using TCE as internal standard. 

 

5.1.5. Scope and limitations 
 

With the set of optimized conditions in hand, we decided to evaluate the tolerance of the 

reaction toward both functional groups and substitution of the cinnamyl alcohol. We performed 

a rapid assessment of the functional group tolerance and electronic effects by varying the 

substitution on the phenyl ring of the cinnamyl alcohol. We performed our scope investigations 

on 0.2 mmol scale. Under the optimized conditions, the model substrate 5.29 provided the 

desired amino acetoxylated product 5.97 in 87% yield with 15:1 dr (Scheme 92). We still did 

not know the exact relative configuration of the two stereocenters. Two stereocenters can arise 

from the α-acetate position as well as α to the nitrogen functionality. From the model product 

5.97 NMR spectrum, we could see two separate peak corresponding to α-CH to acetate group 

for the two diastereoisomers. We isolated as a mixture of two diastereomers by flash column 

chromatography. The stereochemistry we have drawn in the scheme is based on the Sorensen 

work and NMR comparison.Figure 16 On the para position of the aryl ring, electron poor 

substituents such as F, Cl, Br, NO2 and CF3 were well tolerated, and the products (5.118-5.122) 

were obtained in 51-88% yield with moderate to very high diastereoselectivity depending on 

the electron-withdrawing effect. Halogen containing substrates delivered the 

aminoacetoxylated products in moderate to good yields with lower diastereocontrol. Especially 
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in case of F (5.118), the diastereoselectivity dropped to 4.4:1. Interestingly, a bromine-

containing substrate (5.63) was tolerated under these reaction conditions. We observed 8-10% 

unreacted starting materials especially in the cases of fluoro (5.61) and nitro group containing 

substrates (5.65). The reactivity could be improved by increasing the reaction temperature 

slightly.  Interestingly, very high diastereoselectivity was observed with NO2 and CF3 group at 

para position on the aromatic ring. 3,5-difluoro- and 2,6-difluoro substituents delivered the 

desired amino-oxygenated products (5.123, 5.124) in 77% with 20:1 dr and in 56% yield with 

20:1 dr respectively. Electron-donating groups such as the methoxy functionality was tolerated 

with similar diastereoselectivity both in ortho and in para position of the aromatic core (5.125, 

5.126), although with a small drop in yield from 64% to 56% changing from the para to the 

ortho position. Substituents at meta position such as Me, delivered 5.127 in 72% yield and 

8.2:1 dr.  The cis-cinnamyl-alcohol derived substrate 5.60 furnished the amino-oxygenation 

product 5.128 in 53% yield with the minor diastereomer with very high stereoselectivity (from 

crude we could observed only single diastereomer, however the crude was not clean to identify 

others if there were others in the baseline). Alternative nitrogen-protecting groups, such as Ts 

and Boc, also worked well under this condition. While the Ts protecting group afforded the 

product 5.82 in 71% yield with 1.45:1 dr, the Boc-protected substrate 5.25 delivered the 

product 5.109 in 74% yield with very high diastereoselectivity. 5.26 delivered 5.111 in 53% 

yield and 2:1 dr.  Alkyl substituents did not deliver the desired product but exclusively afforded 

the elimination (5.129, 5.130) as a result of facile β-hydride elimination process from alkyl-

Pd(II) intermediates. 

Substrate containing a coordinating dimethylamine (Me2N) group in the para position on the 

phenyl ring (5.70) did not deliver any product at all, probably due to the deactivation of the Pd 

catalyst (Scheme 93). The reaction turned black immediately after adding the substrate to the 

catalyst solution, which is probably an indication of the formation of Pd black. The 

dimethylamino substrate could potentially be also oxidised by the PIDA reagents and 

consequently the reaction failed. The reaction did not tolerate substituents at α (Ph), β (Me and 

n-pentyl) and ϒ (Ph) positions on the substrate well. The starting materials (containing 

substituents at either α or β or ϒ position) either decomposed or delivered only traces of desired 

product (5.133, 5.134, 5.136, 5.137) under these reaction conditions. Substrates containing an 

amide protecting group on the nitrogen moiety, such as 5.23 and 5.24 did not deliver any 

product (5.138, 5.139) at all. These substrates were found to be unreactive under these 

conditions. The resonance stabilization present in amide bonds (rotation barrier of ca. 15-20 

mol/Kcal)225 could be responsible for the unsuccessful reactivity of these substrates towards 

the nucleopalladation step.    

To check the versatility of our protocol, we tested some heterocycles containing substrates. 

Substrate 5.78 containing N-Me indole did not deliver any desired amino acetoxylated products 

instead, decomposition of 5.78 was observed under the optimized conditions. The reason could 

be due to the presence of electron rich aromatic indole heterocycle that might undergo an 

undesired oxidation reaction with PIDA. We observed similar decomposition of the thiophene 

(5.80) to furan (5.77) and pyrrole (5.79) containing substrates. Pyridine ring containing 

substrate (5.81) did not provide any reactivity in our reaction conditions. The pyridine ring 

could be oxidised to pyridine N-oxide in presence of strong oxidant PIDA. The homocinnamyl 

 
225 Liu, C.; Szostak, M. Chem. Eur. J. 2017, 23, 7157-7173. 
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alcohol derived substrate did not afford any six membered ring product 5.145 under these 

conditions.  We recovered the unreacted starting material completely. 

We turned our attention towards the modification of the reagent (Scheme 94). Pivalic acids, 

amino acids (Cbz protected glycine) and mCPBA derived hypervalent iodine (III) reagents 

were found to be less effective compared to PIDA. The corresponding aminoacetoxylated 

products (5.146-5.148) were obtained in moderate to good yields with moderate 

diastereoselectivity. Finally, we also performed the reaction with PhICl2 and PhIF2, but no 

desired products were obtained (5.149, 5.150)). We observed only decomposition of 5.29 when 

these oxidants are present. 
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Scheme 92 Scope of aminooxygenation reaction. Reaction Conditions: All the reactions were performed on 0.2 

mmol scale using starting materials (1.0 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (10 mol%) in acetonitrile [0.1 M] 

at 50 °C for 16 h. NMR yields in the parentheses. The NMR yields and dr values were obtained from the crude 

reaction mixture by using TCE as internal standard. In some cases, we were not able to provide the dr due to 
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complex reaction mixtures but in those cases single diastereoisomer products were isolated. * Marked compounds 

were synthesized by Dr. Thomas Rossolini. 

 

 

Scheme 92  Unsuccessful substrates in the aminooxygenation reaction.  Reaction Conditions: All the reactions 

were performed on 0.2 mmol scale using starting materials (1.0 equiv.), PIDA (2.0 equiv.), Pd(OAc)2 (10 mol%) 

in acetonitrile [0.1 M] at 50 °C for 16 h. 
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Scheme 94 Scope of the hypervalent iodine reagents in aminooxygenation of cinnamyl alcohol derived substrates. 

Reaction Conditions: All the reactions were performed on 0.2 mmol scale using starting material (1.0 equiv.), 

PIDA (2.0 equiv.), Pd(OAc)2 (10 mol%) in acetonitrile [0.1 M] at 50 °C for 16 h. NMR yields in the parentheses. 

The NMR yields and dr values were obtained from the crude reaction mixture by using TCE as internal standard. 

In some cases, we were not able to provide the dr due to complex reaction mixtures but in those cases single 

diastereoisomer products were isolated. 

 

To evaluate the scalability of this protocol, the reaction on a model substrate 5.29 was 

performed on a 1 mmol scale and gave 74% (76%) yield of 5.97 with 13:1 dr (Scheme 95).  

 

Scheme 95 Scale up of the aminooxygenation reaction of model substrate 5.29. 
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5.1.6. Tether removal and Determination of stereocenters 

The efficient removal of the tether to free the 1,2-aminoalcohols was then investigated with 

compound 5.97. The first attempt at the deprotection was performed in THF/H2O, using an 

excess of PTSA (7 equiv.) which was added at room temperature for 24 h (Table 26, entry 1). 

The reaction did not work, we recovered the starting materials 5.97. The 5.97 remained 

untouched with TFA in DCM/MeOH (entry 2). No desired product 153 was obtained by 

changing the solvents (entry 3-4). The hemiaminal product seems to be highly stable under 

acidic conditions. At this point we decided to remove the Cbz group first by hydrogenation and 

subsequent CF3 group removal to give access to our desired amino alcohols. Indeed, this two-

step process worked efficiently (Scheme 96). In the first step we obtained 5.151 in 85% yield 

upon treatment of compound 5.97 with catalytic Pd(OH)2/C conditions. In the following step, 

preliminary results showed that treatment with PTSA in THF/H2O delivered the desired 

product 5.152 in 40% yield. Interestingly, the acetate group survived under strongly acidic 

conditions (Scheme 96). 

Table 26 Tether removal from 5.97: screening of conditions 

 

 

Entry Conditions Solvent Yield 5.153 [%] 

1 PTSA.H2O THF/H2O 0 

2 TFAa DCM/MeOH 0 

3 TFAb MeOH 0 

4 TFAb HFIP 0 

All the reactions were performed in 0.02 mmol scale. 5.97 (1 equiv.), PTSA (7 equiv.) in THF/H2O (10:1) 0.04M 

at room temperature for 24 h. aTFA was used 30 equiv. bTFA was used 5 equiv. Yields were determined by Crude 

NMR by using TCE as internal standard.  

 

Scheme 93 Tether removal of 5.97 via hydrogenation/PTSA sequence. 

To determine the two stereocenters, we decided to protect the amino group in amino diol 5.152, 

followed by cyclisation of the diol to form an acetal or ketal derivative (Scheme 97). Then it 

would be easier to determine the origin of diastereoselectivity via 2D NMR corelation. The 
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other option would be to put a crystalline benzamide group on the amine functionality.  Then 

it would be easier to obtain the crystal structure of the model product to assign the relative 

stereochemistry of the two stereocenters. 

 

Scheme 94 Proposed strategy to the determine the stereocenter 

Additionally, we can speculate the relative structural configuration based on comparable NMR 

data with analogous products obtained by Sorensen (Figure 16)). They reported the NMR of 

both cis and trans-amino acetoxylated products. If we compare NMR data (especially the 

chemical shift values of the proton α-to the acetate group and the corresponding J values) we 

can postulate that in our case, we obtained the major diastereoisomer with a cis relationship 

between the newly formed C-O and C-N bonds.  

 

Figure 16 Speculation of the relative configuration by comparison with Sorensen's work 

 

5.2. Mechanism discussion 

The aminoacetoxylation of cis and trans cinnamyl alcohol derived Cbz protected substrates 

5.60 and 5.29 were investigated to obtain insight into the mechanism of the reaction as well as 

to investigate the diastereoselectivity of the reaction (Scheme 98). When the same reaction 

conditions were applied to both cis- and trans- substrate, we obtained an 18% desired product 

5.128 as single diastereoisomer, whereas the trans-substrate 5.29 provided 5.97 in an 87% yield 

with 15:1 dr.  
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Scheme 95 Reactivity of cis- and trans-cinnamyl alcohols in the aminoacetoxylation reaction 

Based on literature precedents,150 a proposed catalytic cycle is shown in Scheme 99. The 

catalytic cycle begins with the deprotonation of the substrate A. Acetate could play the role of 

a base. Directly, acetate is certainly not able to deprotonate the carbamates, but if A is pre-

coordinated to Pd first, then it may be possible. The other alternative is first nucleopalladation 

then deprotonation. Pd(II)-mediated cis/trans-aminopalladation of the alkene (Scheme 99, 

Pathway A & B) results in the formation of intermediate (II or III depending on the 

deprotonation step). When exposed to PhI(OAc)2, the neutral alkyl-Pd(II) intermediate III 

might be converted to an alkyl-Pd(IV) intermediate IV. Finally, reductive elimination from the 

Pd(IV) centre would complete the aminoacetoxylation process (B) and regenerate the catalyst  

I by creating a C-O bond.226 The last step can also occur via an SN
2 process. Therefore, 

determining the configuration of the product will be also very important for having a better 

mechanism picture. Concerning the β-hydride elimination product C, which is probably formed 

from intermediate III. However, it can be formed from intermediate IV which is less likely to 

happen. 

Concerning β-hydride elimination process, in addition to substrate and reaction conditions 

dependence, the amount of β-hydride elimination product might be susceptible to the stability 

of the corresponding alkyl-Pd(II) intermediate formed after nucleopalladation step. The 

stability of the Pd(II) alkyl intermediate depends mostly of the accessibility of a H for β- 

hydride elimination. On the cinnamyl substrates, there is only the one next to N, which is not 

ideally placed, and the elimination is slow, giving enough time for oxidation. For the aliphatic 

substrates, there are two further H ideally placed that can undergo fast β-H elimination. 

However, it would be difficult to exclude the β-hydride elimination process at the Pd(IV) stage.  

 
226 (a) Desai, L. V.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 9542-9543. (b) Dick, A. R.; Hull, 

K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 2300-2301. (c) Yoneyama, T.; Crabtree, R. H. J. Mol. Catal. 

A. Chem. 1996, 108, 35-40. 
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Scheme 96 Proposed catalytic cycle for the aminooxygenation of unactivated alkene via tethering 

5.3. Conclusion 

In this work, Pd-catalysed aminoacetoxylation reactions of cinnamyl alcohols bearing tethered 

carbamates were described (Scheme 100). This challenging project required various 

optimization studies depending on the substrates involved. The difficulties encountered to 

efficiently form the hemiaminals, especially for the allyl alcohols and alkyl chain containing 

unsaturated alcohols, prevented the development of a one pot process. Pd-catalysed 

aminooxygenation could be achieved in good yields and moderate to high diastereoselectivity 

for the substrates derived from cinnamyl alcohols. However, the efficiency of this protocol 

significantly diminished with allyl alcohols and unsaturated alcohols containing alkyl chain. 

Sulfamide and carbamate based protecting group on nitrogen were tolerated. Substrates bearing 

an amide protecting groups were unreactive under these conditions due to resonance stability. 

The scope of this transformation remains narrow as the reaction did not tolerate any substitution 

pattern around the alkene, probably for steric reasons. 

Our approach demonstrates that high-valent palladium catalysis combined with tethering can 

be used to functionalize alkenes. Notwithstanding unproductive formation of 

aminoacetoxylated products from all alkyl alkene substrates, the obtained corresponding Heck-

type products are still interesting compounds despite lacking difunctionalization. Finally, the 

goal of this initiative is to provide easy access to amino alcohols. This project is now being 

carried out in the lab to determine high yielding conditions for the deprotection of oxazolidines. 

 

Scheme 97 Alkene aminoacetoxylation via high valent Pd-catalysis 

5.4. Outlook 
 

In future work, the group is looking to explore other functionalisation reactions on alkenes, as 

well as the possibility of asymmetric induction in the aminoacetoxylation process.  During the 

preliminary scope investigations, we prepared a substrate derived from benzyl protected trans-

cinnamyl amines 5.157 with our model Cbz protected CF3-based acetate tether 5.11. When we 
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subjected 5.158 under modified reaction conditions, we were able to isolate 20% of the desired 

amino-oxygenated product 5.159 as a single diastereoisomer (Scheme 101). 

 

Scheme 98 Preliminary results for the aminoacetoxylation of the benzyl protected cinnamyl amines. 

This could be an interesting reaction to optimize because we will be able to access diamine 

derivatives, which are valuable building blocks in synthetic organic chemistry, after the 

removal of the CF3 tether.  

This Pd(II)/Pd(IV) catalysis might be extended to other unsaturated systems beyond alkene and 

alkynes such as allenes, 1,3-diynes etc. This would allow to access highly functionalized 

building blocks. 

Our developed strategy delivered a proof of concept that we can apply high-valent Pd chemistry 

in combination with removable tether approaches to functionalize unsaturated systems. This 

process could be even more beneficial if we could develop an in-situ approach using Pd (II) or 

Pd (IV) catalysis. This approach could be extrapolated from the allylic amine or propargylic 

amine functionalisation. If we can install the tether in an enantioselective fashion on allylic 

alcohols/amines or propargylic alcohols/amines, followed by high valent Pd catalysis, we'll be 

able to access a variety of functionalized products that aren't achievable with Pd(0)/Pd(II) 

catalysis. The other option would be racemic, but reversible tether installation followed by 

asymmetric Pd(II)/Pd(IV) catalysed functionalisation of alkenes and alkynes, would deliver 

chiral building blocks. 

Alternatively, we could form a six-membered ring regioselectivity either by changing the 

catalytic system, such as with other metals, or Pd itself, by designing special ligands. During 

our scope investigation we also observed formation of six membered ring with the substrate 

which contained an α-phenyl ring 5.71. This could probably be due to the the steric of the Ph 

group that disfavoured exo attack. However, the substrate 5.71 we prepared was mixture of 

two diastereomers (1:1.3) which we were unable to separate. When we performed the reaction 

with the mix of two diastereomers as substrate, we observed formation of both five- and six-

membered aminoacetoxylated products 160 and 161 in 16% and 24% as a single diastereomer 

in both cases (reaction performed on 0.1 mmol scale) (Scheme 102). The goal would be to 

favor the regioselectivity towards six-membered ring formation. The aminoacetoxylation 

reaction to a six-membered ring might be considered a complementary strategy in this case. 
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Scheme 99 Initial observation of formation of six membered aminoacetoxylated products from substrate 5.71 

We can also think of varying the structure of tethers by moving from CF3-derived tethers to 

silicon-based tethers. The formation of both five and six-membered rings will deliver 

complementary regioisomers after the removal of the tether. 

 

We can also think of alternative directing group approaches in combination with molecular 

tethers (Scheme 103). The directing group227 can control the regioselectivity as well as the 

 
227 Examples of 8-aminoquinoline directing group in C-H activation (a) Zaitsev, V.G.;  Shabashov, D.;  Daugulis, 

O. J. Am. Chem. Soc. 2005, 127, 13154-13155. (b) Shabashov, D.;  Daugulis, O. J. Am. Chem. Soc. 2010, 132, 

3965-3972. (c) Tran, L.D.; Daugulis, O. Angew. Chem. Int. Ed. 2012, 51, 5188-5191. (d) Nadres, E.T.; Santos, 

G.I.F.; Shabashov, D.; Daugulis, O. J. Org. Chem. 2013, 78, 9689-9714. (e) Chen, K.; Hu, F.; Zhang, S.-Q.; Shi, 

B.-F. Chem. Sci. 2013, 4, 3906-3911. (e) Wei, Y.; Tang, H.; Cong, X.; Rao, B.; Wu, C.; Zeng, X. Org. Lett. 2014, 

16, 2248-2251. (f) Gutekunst, W.R.; Gianatassio, R.; Baran, P.S. Angew. Chem. Int. Ed. 2012, 51, 7507-7510. (g) 

Parella, R.; Gopalakrishnan, B.; Babu, S.A. Org. Lett. 2013, 15, 3238-3241. (h) Shrestha, R.; Dorn, S.C.M.; Weix, 

D.J. J. Am. Chem. Soc. 2013, 135, 751-762. (i) Camasso, N.M.; Pérez-Temprano, M.H.; Sanford, M.S. J. Am. 

Chem. Soc. 2014, 136, 12771-12775. (j) Reddy, B.V.S.; Reddy, L.R.; Corey, E.J. Org. Lett. 2006, 8, 3391-3394. 

(k) Chen, K.; Zhang, S.-Q.; Jiang, H.-Z.; Xu, J.-W.; Shi, B.-F. Chem. Eur. J. 2015, 21, 1-8. (l) Wang, M.; Yang, 

Y.; Fan, Z.; Cheng, Z.; Zhu, W.; Zhang, A. Chem. Commun. 2015, 3219-3222. (m) Zhang, S.; He, G.; Zhao, Y.; 

Wright, K.; Nack, W.A.; Chen, G. J. Am. Chem. Soc. 2012, 134, 7313-7316. (n) Rouquet, G.; Chatani, N. Angew. 

Chem. Int. Ed. 2013, 52, 11726-11743. (o) Daugulis, O.; Roane, J.; Tran, L. D. Acc. Chem. Res. 2015, 48, 1053–

1064. (p) Wei, C.; Ye, X.; Xing, Q.; Hu, Y.; Xie, Y.; Shi, X. Org. Biomol. Chem. 2019, 17, 6607–6611. (q) Guo, 

T.; Ding, Y.; Zhou, L.; Xu, H.; Loh, T.-P.; Wu, X. ACS Catal. 2020, 10, 7262–7268. (s) Lu, M.-Z.; Luo, H.; Hu, 

Z.; Shao, C.; Kan, Y.; Loh, T.-P. Org. Lett. 2020, 22, 9022–9028. 
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stereoselectivity. For these reasons, there could be a lot of potential in these fields to explore 

more functionalization of alkenes and alkynes in the near future.228 

 

Scheme 100 Pd-catalysed difunctionalization of alkenes via directing group/tether approach 

Furthermore, the tether approach can also be extended to C-H functionalisation of the SP3 bond 

via the C-H activation approach (Scheme 104). The tether should be easily installed on the 

substrate 5.167, followed by C-H bond activation/functionalisation, which would deliver 

highly functionalised products 5.170. The enantioselective variant could also be very 

interesting with the combination of a suitable metal/chiral ligand system. 

 

 

Scheme 101 SP3 C-H activation via tether approach 

 

 
228 alkene difunctionalisation reaction (a) Liu, Z.; Zeng, T.; Yang, K. S.; Engle, K. M. J. Am. Chem. Soc. 2016, 

138, 15122−15125. (b) Liu, Z.; Wang, Y.; Wang,  Z.; Zeng, T.; Liu, P.; Engle, K. M. J. Am. Chem. Soc. 2017, 

139, 11261−11270. (c) Liu, Z.; Ni, H.-Q.; Zeng, T.; Engle, K. M. J. Am. Chem. Soc. 2018, 140, 3223–3227. (d) 

Zeng, T.; Liu, Z.; Schmidt, M. A.; Eastgate, M. D.; Engle, K. M. Org. Lett. 2018, 20, 3853−3857. (e) Liu, Z.; Li, 

X.; Zeng, T.; Engle, K. M. ACS Catal. 2019, 9, 3260–3265. (f) Bai, Z.; Zheng, S.; Bai, Z.; Song, F.; Wang, H.; 

Peng, Q.; Chen, G.; He, G. ACS Catal. 2019, 9, 6502−6509. (g) Zhang, Y.; Chen, G.; Zhao, D. Chem. Sci. 2019, 

10, 7952−7957. (h) Jeon, J.; Ryu, H.; Lee, C.; Cho, D.; Baik,  M.-H.; Hong, S. J. Am. Chem. Soc. 2019, 141, 

10048−10059. (i) Liu, Z.; Chen, J.; Lu, H.-X.; Li, X.; Gao, Y.; Coombs, J. R.; Goldfogel, M. J.; Engle, K. M. 

Angew. Chem. Int. Ed. 2019, 58, 17068–17073. 
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Chapter 6 
 

6. Conclusion and Outlook 
6.1. Conclusion 
 

The research work discussed in this thesis was aimed to develop a C6 selective heteroarylation 

of pyridine-2-ones using the hypervalent iodine reagent, indoleBX, as coupling partner in the 

presence of [RhCp*Cl2]2 as a catalyst, Ag salt as a co-catalyst, and Zn(OTf)2 as Lewis acid 

(Scheme 105).The requirement of Zn(OTf)2 was crucial for efficient reactivity for this 

reaction. The reaction conditions tolerated various substituents on both pyrodone-2-one. The 

scope of indoleBX reagents unfortunately remained limited.  

 

Scheme 10205 Rh catalysed C-H indolation of pyridone-2-ones 

However, the focus of research work discussed in this thesis was aimed to develop novel in 

situ tethering methods for challenging Pd-catalysed alkyne and alkene difunctionalization 

reactions, involving the concomitant construction of both carbon-heteroatom and carbon-

carbon bonds, to access valuable vicinal amino alcohols building blocks. 

In the end, the use of trifluoro acetaldehyde derived tethers for in situ tether formation with 

propargylic amines in a palladium catalyzed asymmetric intramolecular alkyne 

hydroalkoxylation has been developed (Scheme 106.A). The reaction likely proceeded through 

Pd(0/II) catalytic pathway. The commercially available DACH-Ph Trost ligand showed high 

enantioselectivity for this process. Interestingly, we observed an aryl iodide additive effect in 

this hydroalkoxylation process of propargylic amines under palladium catalysis. The ArPd(II)-

complex, which is formed in situ, facilitated the cyclization process. The presence of ortho 

substituents in aryl iodide additive showed improved conversion. It was shown that the scope 

is very general with high yields and enantioselectivities. A diastereoselective reduction could 

be performed to give protected monoaryl amino alcohol precursors.  

 



172 
 

 

Scheme 106 A. Pd catalysed enantioselective hydroalkoxylation of propargylic amines B. Pd catalysed amino 

oxygenation of unactivated alkenes 

In addition to the work with the hydroalkoxylation transformation, a palladium catalyzed amino 

oxygenation of unactivated alkenes via Pd(II/IV) catalytic approach was developed (Scheme 

106.B). Key to the success of the developed reaction was the identification of trifluoro- 

acetaldehyde derived hemiaminal as an efficient tethering reagent in combination with 

cinnamyl alcohol. Regarding the catalytic system, both the choice of protecting group on 

nitrogen and oxidant were pivotal to achieve high yields and diastereoselectivity for a wide 

range of cinnamyl alcohols. We were able to obtain the products in good yields and 

diastereoselectivity. However, the scope of this reaction remained limited. The reaction 

conditions did not tolerate substitution pattern in either α, β or ϒ position of the substrate. The 

alkyl chain derived substrates provided access to the aza-Wacker type of products.   

 

6.2. Outlook 
Intriguing by the reactivity of indoleBX reagents in transition metal catalysed C-H bond 

functionalization, the reactivity of this reagent could be further explored in photoredox 

catalysis. IndoleBX reagent might transfer indole radical under photoredox conditions in 

decarboxylative indolation of carboxylic acids (Scheme 107). 

 

Scheme 107 Photoredox catalysed decarboxylative indolation of carboxylic acids 

Oxazolidine as a diastereoselective transformation platform 

The facial selectivity is not intrinsic only to the hydrogenation. In previous efforts, during the 

enantioselective carboetherification reaction, the authors subjected the tetrasubstituted olefins 

under epoxidation conditions and, surprisingly, they obtained the product. At the same time, 

studies performed by another group member an epoxidation under biphasic conditions on the 

enantioenriched oxazolidine was performed. The oxirane was formed with high 
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diastereoselectivity with no loss of er in the major product. The facial selectivity could be 

explained by the blocking of the CF3 group of one face of the oxazolidine. Face discrimination 

might potentially be translated into other transformations (Scheme 108). Furthermore, all 

subsequent syntheses would be diastereodivergent owing to the nature of the tethered 

asymmetric carboetherifcation. Fortunately, double bond functionalization is one of the most 

researched organic chemistry processes. The oxazolidine 6.1, for example, might be used in 

cycloadditions such as [2+1] (epoxidation,229 (Eqn a); X=O) aziridination,230 (Eqn a; X=N) 

cyclopropanation (Eqn b)), and [2+3] (donor-acceptor cyclopropane).231 Hydroboration232 

(Eqn c; M= B) and hydrosilylation233 (Equation c; M= Si) are two examples of transformations 

that entail a hydrometalation step like hydrogenation. Diastereoselective access to several 

highly functionalized amino alcohols 6.1b, 6.1c, 6.1d (Equation d, e) or amino ketones 6.1a 

(Equation f) would result from these processes. Initial investigations with tetrasubstituted 

products showed a low reactivity profile under many reaction conditions while the obtained 

trisubstituted compounds in this work might be more reactive. 

 

 

Scheme 108 Diastereoselective epoxidation of an enantioenriched oxazolidine 

The enantioselective reaction could be further extended to the propargylic alcohol and allylic 

amines (Scheme 109.A-B). We can access the same products as via hydrogenation (from 

propargylic alcohols in two steps) but here in a single step we can access, but achieving high 

selectivity is more challenging, as we generate three stereocenters in the reaction.The potential 

 
229 Hassner, A.; Reuss, R. H.; Pinnick, H. W. J. Org. Chem. 1975, 40, 3427–3429. 
230 Zhou, Z.; Cheng, Q.-Q.; Kürti, L. J. Am. Chem. Soc. 2019, 141, 2242–2246. 
231 (a) Xu, H.; Qu, J.-P.; Liao, S.; Xiong, H.; Tang, Y. Angew. Chem. Int. Ed. 2013, 125, 4096–4099. (b) Morisson, 

V.; Barnier, J. P.; Blanco, L. Tetrahedron 1998, 54, 7749–7764. 
232 Larson, G. L.; Hernandez, D.; Hernandez, A. J. Organomet. Chem. 1974, 76, 9–16. 
233 Oertle, K.; Wetter, H. Tetrahedron Lett. 1985, 26, 5511–5514. 
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products are less attractive (derived from allylic amines), because of lacking double bond for 

further stereoselective transformations. However, On the other hand, propargylic alcohols have 

not yet been explored in the context of tethered transformations. The potential products would 

be reactive under similar conditions. We could potentially consider nitrogen-based tethers as 

well for this kind of transformations. 

 

 

Scheme109 Enantioselective Pd catalysed difunctionalization of propargylic alcohols and allylic amines via 

tethering 

We can apply PdII/PdIV catalysis in combination with trifluoro acetaldehyde derived tethers for 

the aminooxygenation of further unsaturated systems such as alkynes, allenes, 1,3-dienes and 

so on (Scheme 110). The other metal catalysed transformations could be possible via tethering 

strategy.  

 

Scheme 110 Pd(II/IV) catalysed functionalization of unsaturated systems via removable tethering approach 
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Chapter 7 
 

Supporting information 
 

7. Rh(III) catalyzed indolation of pyridinones and quinoline-N-oxides by 

using indoleBX hypervalent iodine (III) reagents 
 

7.1. General methods 

 

The NMR spectra were recorded on a Brucker DPX-400 spectrometer at 400 MHz for 1H, 

101 MHz for 13C, 376 MHz for 19F and 162 MHz for 31P. The chemical shift (δ) for 1H and 13C 

are given in ppm relative to residual signals of the solvents (chloroform-d - 7.26 ppm 1H NMR 

and 77.16 ppm 13C NMR; methanol-d4 3.31 ppm 1H NMR and 49.0 ppm 13C NMR; dmso-d6 

2.50 ppm 1H NMR and 39.52 ppm 13C NMR). Carbon spectra have been measured using 

broadband {1H} decoupling. Coupling constants are given in Hertz. The following 

abbreviations are used to indicate the multiplicity: s, singlet; d, doublet; q, quartet; m, multiplet; 

bs, broad signal; app, apparent. Infrared spectra were recorded on a JASCO FT-IR B4100 

spectrophotometer with an ATR PRO410-S and a ZnSe prisma and are reported as cm-1 (w = 

weak, m = medium, s = strong, br = broad). High resolution mass spectrometric measurements 

were performed by the mass spectrometry service of ISIC at the EPFL on a MICROMASS 

(ESI) Q-TOF Ultima API. The raw data obtained from the Q-TOF Waters instrument does not 

take into account the mass of the electron for the ion, the obtained raw data has been therefore 

corrected by removing the mass of the electron (5 mDa). 

The diffraction data for crystal structures were collected by X-Ray service of ISIC at the EPFL 

at low temperature using Cu (323) or Mo (520) Ka radiation on a Rigaku SuperNova dual 

system in combination with Atlas type CCD detector. The data reduction and correction were 

carried out by CrysAlisPro
 (Rigaku Oxford Diffraction, release 1.171.40.68a, 2019). The 

solutions and refinements were performed by SHELXT1 and SHELXL2, respectively. The 

crystal structures were refined using full-matrix least-squares based on F2 with all non-H atoms 

defined in anisotropic manner. Hydrogen atoms were placed in calculated positions by means 

of the “riding” model. Yields of isolated products refer to materials of >95% purity as 

determined by 1H NMR. 

The authors are indebted to the team of the research support service of ISIC at EPFL, 

particularly to the NMR, X-Ray, and the High-Resolution Mass Spectrometry Units. 

General Procedures. All reactions were set up under a nitrogen atmosphere in oven-dried 

glassware using standard Schlenk techniques, unless otherwise stated. Synthesis grade solvents 

were used as purchased; anhydrous solvents (THF, Et2O, Toluene, Acetonitrile and DCM) were 

taken from a commercial SPS solvent dispenser (H2O content < 10 ppm, Karl-Fischer 

titration). Chromatographic purification of products was accomplished using flash 

chromatography (FC) on SiliaFlash P60 silica gel (230 - 400 mesh). For thin layer 
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chromatography (TLC) analysis throughout this work, Pre-coated TLC sheets ALUGRAM® 

Xtra SIL G/UV254 were employed, using UV light as the visualizing agent and basic aqueous 

potassium permanganate (KMnO4) stain solutions, and heat as developing agents. Organic 

solutions were concentrated under reduced pressure on a Büchi rotatory evaporator. 

Determination of Enantiomeric Purity: HPLC analysis on chiral stationary phase was 

performed on a Agilent Acquity instrument using a Daicel CHIRALPAK IA, IB-N5 and IC 

chiral columns. The exact conditions for the analyses are specified within the characterization 

section. HPLC traces were compared to racemic samples prepared by running the reactions 

using racemic ligands. Absolute values of enantiomeric excesses are reported. 

Materials. Most of the starting materials used in this study are commercial and were purchased 

in the highest purity available from Sigma-Aldrich, Fluka, Alfa Aesar, Fluorochem, Enamine 

and used as received, without further purifications. Pd(OH)2/C, Pearlman's catalyst was 

purchased from abcr GmbH (ABCR) as 2.0 g container. 

Tris(dibenzylideneacetone)dipalladium was purchased from Fluorochem and recrystalised in 

200 mg portions following a reported procedure.3 Deactivated silica gel was prepared by 

making a slurry of silica gel (230-400 mesh) with 5% Et3N in pentane solution followed by 

complete removal of solvent by rotary evaporation until obtaining a free-flowing powder.  
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7.2. Syntheses of starting materials 

7.2.1. General procedure A for the synthesis of pyridinones 

 

 
 

Following a reported procedure,234 copper iodide (5 mol %), potassium phosphate tribasic (2.00 

equiv.), the corresponding 2-hydroxypyridine (1.00 equiv.) and the corresponding 2-

bromopyridine (2.00 equiv.) were suspended in toluene [0.4 M] under N2. N,N’-

dimethylethylenediamine (0.10 equiv.) was added and the resulting mixture was stirred 20 h at 

120 °C. The resulting mixture was allowed to cool to rt and then quenched with water. A small 

amount of N,N’-dimethylethylenediamine was added to dissolve the residual copper salts into 

the aqueous phase. The layers were separated and the aqueous layer was extracted three times 

with EtOAc (20 mL). The organic layers were combined, dried over MgSO4 and concentrated 

under reduced pressure. A purification by flash chromatography (eluent DCM/EtOAc 1:1 with 

4%vv of NEt3) afforded the desired product. 

 

2H-[1,2'-Bipyridin]-2-one (2.50a) 

Following general procedure, A and starting from commercially available 2-

hydroxypyridine (1.43 g, 15.0 mmol) and 2-bromopyridine (2.86 mL, 30.0 mmol), 

2.50a (2.46 g, 14.3 mmol, 95%) (CAS number 3480-65-7) was obtained as a pale 

yellow solid. 
1H NMR (400 MHz, CDCl3) δ 8.56 (d, J = 4.7 Hz, 1H, HAr), 7.94 (d, J = 8.2 Hz, 1H, 

HAr), 7.85 (ddd, J = 13.9, 7.4, 4.0 Hz, 2H, HAr), 7.38 (ddd, J = 8.9, 6.5, 2.0 Hz, 1H, HAr), 7.33-

7.29 (m, 1H, HAr), 6.64 (d, J = 9.2 Hz, 1H, HAr), 6.29 (t, J = 6.8 Hz, 1H, HAr). 
13C NMR (101 MHz, CDCl3) δ 162.3, 152.0, 149.0, 140.3, 137.9, 136.2, 123.3, 122.2, 121.6, 

106.4. Spectra data matched with the values reported in literature.235 

HRMS calculated for C10H8N2NaO+ [M+Na]+ 195.0529; found 195.0535. 

 

5’-Nitro-2H-[1,2'-bipyridin]-2-one (2.50b) 

Following general procedure, A and starting from commercially available 2-

hydroxypyridine (143 mg, 1.50 mmol) and 2-bromo-5-nitropyridine (609 mg, 3.00 

mmol), 2.50b (189 mg, 0.87 mmol, 58%) (CAS number 10201-88-4) was obtained as 

yellow solid. 
1H NMR (400 MHz, CDCl3) δ 9.38 (d, J = 2.6 Hz, 1H, HAr), 8.60 (dd, J = 9.0, 2.7 Hz, 

1H, HAr), 8.40 (d, J = 9.0 Hz, 1H, HAr), 8.07 (dd, J = 7.3, 1.5 Hz, 1H, HAr), 7.43 (ddd, 

J = 8.7, 6.5, 2.0 Hz, 1H, HAr), 6.67 (d, J = 9.3 Hz, 1H, HAr), 6.38-6.34 (m, 1H, HAr). 
13C NMR (101 MHz, CDCl3) δ 162.1, 155.3, 144.5, 142.9, 140.8, 134.9, 133.1, 122.6, 121.2, 

107.2. 

HRMS calculated for C10H8N3O3
+ [M+H]+ 218.0560; Found 218.0559. 

 

 
234 Odani, R.; Hirano, K.; Satoh, T.; Miura, M. Angew. Chem. Int. Ed.2014, 53, 10784–10788. 
235Londregan, A. T.; Jennings, S.; Wei, L. Org. Lett.2011, 13, 1840–1843. 



178 
 

5’-(Trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (2.50c) 

Following general procedure A and starting from commercially available 2-

hydroxypyridine (143 mg, 1.50 mmol) and 2-bromo-5-(trifluoromethyl)pyridine (678 

mg, 3.00 mmol), 2.50c (245 mg, 1.02 mmol, 68%) (CAS number 1845694-34-9) was 

obtained as a white solid. 
1H NMR (400 MHz, CDCl3) δ 8.81 (s, 1H, HAr), 8.21 (d, J = 8.6 Hz, 1H, HAr), 8.05 

(dd, J = 8.6, 2.2 Hz, 1H, HAr), 7.96 (dd, J = 7.2, 1.5 Hz, 1H, HAr), 7.40 (ddd, J = 8.7, 

6.5, 2.1 Hz, 1H, HAr), 6.64 (d, J = 9.3 Hz, 1H, HAr), 6.32 (td, J = 7.2, 1.3 Hz, 1H, HAr). 
19F NMR (376 MHz, CDCl3) δ -62.3. 
13C NMR (101 MHz, CDCl3) δ 162.2, 154.3, 146.0 (q, J = 4.2 Hz), 140.7, 135.3, 135.2 (q, J = 

3.3 Hz), 125.9 (q, J = 33.5 Hz), 123.2 (q, J = 272.3 Hz), 122.5, 121.2, 106.9. 

HRMS calculated for C11H8F3N2O
+ [M+H]+ 241.0583; Found 241.0581. 

 

5’-Methoxy-2H-[1,2'-bipyridin]-2-one (2.50d) 

Following general procedure A and starting from commercially available 2-

hydroxypyridine (143 mg, 1.50 mmol) and 2-bromo-5-methoxypyridine (564 mg, 

3.00 mmol), 2.50d (231 mg, 1.14 mmol, 76%) (CAS number 10201-69-1) was 

obtained as a white solid. 
1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 3.0 Hz, 1H, HAr), 7.80 (d, J = 8.9 Hz, 1H, 

HAr), 7.76 (dd, J = 7.0, 1.9 Hz, 1H, HAr), 7.40-7.29 (m, 2H, HAr), 6.61 (d, J = 9.2 Hz, 

1H, HAr), 6.26 (td, J = 6.9, 1.2 Hz, 1H, HAr), 3.88 (s, 3H, OCH3). 
13C NMR (101 MHz, CDCl3) δ 162.4, 155.4, 145.0, 140.1, 136.5, 135.8, 122.4, 122.0, 121.9, 

106.2, 56.1. 

HRMS calculated for C11H11N2O2
+ [M+H]+ 203.0815; Found 203.0810. 

 

3-Methyl-2H-[1,2'-bipyridin]-2-one (2.50e) 

Following general procedure A and starting from commercially available 2-hydroxy-

3-methylpyridine (458 mg, 4.20 mmol) and 2-bromopyridine (0.80 mL, 8.4 mmol), 

2.50e (678 mg, 3.64 mmol, 87%) (CAS number 1644063-32-0) was obtained as a 

colorless oil. 
1H NMR (400 MHz, CDCl3) δ 8.59-8.54 (m, 1H, HAr), 7.95-7.91 (m, 1H, HAr), 7.85-

7.79 (m, 1H, HAr), 7.73 (d, J = 7.1 Hz, 1H, HAr), 7.33-7.26 (m, 2H, HAr), 6.22 (t, J = 6.9 Hz, 

1H, HAr), 2.19 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 162.7, 152.4, 148.9, 137.7, 137.3, 133.6, 130.9, 123.1, 121.7, 

106.1, 17.4. 

HRMS calculated for C11H11N2O
+ [M+H]+ 187.0866; found 187.0866. 

 

4-Methyl-2H-[1,2'-bipyridin]-2-one (2.50f) 

Following general procedure A and starting from commercially available 2-hydroxy-

4-methylpyridine (458 mg, 4.20 mmol) and 2-bromopyridine (0.80 mL, 8.4 mmol), 

2.50f (764 mg, 4.10 mmol, 98%) (CAS number 1644063-34-2) was obtained as an 

off-white solid. 
1H NMR (400 MHz, CDCl3) δ 8.54 (d, J = 4.9 Hz, 1H, HAr), 7.95 (d, J = 8.2 Hz, 1H, 

HAr), 7.84-7.76 (m, 2H, HAr), 7.29 (ddd, J = 7.3, 4.9, 0.9 Hz, 1H, HAr), 6.44 (s, 1H, HAr), 6.14 

(dd, J = 7.2, 1.8 Hz, 1H, HAr), 2.22 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 162.2, 152.1, 152.0, 148.9, 137.8, 135.0, 123.1, 121.5, 120.2, 

109.2, 21.5. 

HRMS calculated for C11H11N2O
+ [M+H]+ 187.0866; found 187.0866. 

 

5-Methyl-2H-[1,2'-bipyridin]-2-one (2.50g) 
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Following general procedure A and starting from commercially available 2-

hydroxy-4-methylpyridine (458 mg, 4.20 mmol) and 2-bromopyridine (0.80 mL, 

8.4 mmol), 2.50g (691 mg, 3.71 mmol, 88%) (CAS number 53427-88-6) was 

obtained as a white solid. 
1H NMR (400 MHz, CDCl3) δ 8.55 (d, J = 3.9 Hz, 1H, HAr), 7.93 (d, J = 8.1 Hz, 

1H, HAr), 7.85-7.78 (m, 1H, HAr), 7.64 (s, 1H, HAr), 7.32-7.22 (m, 2H, HAr), 6.58 (d, J = 9.3 

Hz, 1H, HAr), 2.12 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 161.6, 152.1, 148.9, 143.1, 137.7, 133.2, 123.0, 121.7, 121.6, 

115.3, 17.3. 

HRMS calculated for C11H11N2O
+ [M+H]+ 187.0866; found 187.0867. 

 

3-Fluoro-2H-[1,2'-bipyridin]-2-one (2.50h) 

Following general procedure A and starting from commercially available 3-fluro-2-

hydroxypyridine (226 mg, 2.00 mmol) and 2-bromopyridine (0.38 mL, 4.0 mmol), 

2.50h (281 mg, 1.48 mmol, 74%) (CAS number 1872255-08-7) was obtained as a 

white solid. 
1H NMR (400 MHz, CDCl3) δ 8.56 (ddd, J = 4.9, 1.9, 0.8 Hz, 1H, HAr), 7.97 (dt, J = 

8.2, 0.9 Hz, 1H, HAr), 7.85 (ddd, J = 8.2, 7.5, 1.9 Hz, 1H, HAr), 7.74 (dt, J = 7.2, 1.7 Hz, 1H, 

HAr), 7.34 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H, HAr), 7.15 (ddd, J = 9.2, 7.4, 1.8 Hz, 1H, HAr), 6.22 

(td, J = 7.3, 4.5 Hz, 1H, HAr). 
19F NMR (376 MHz, CDCl3) δ -130.1. 
13C NMR (101 MHz, CDCl3) δ 156.2 (d, J = 26.5 Hz), 152.8 (d, J = 249.9 Hz), 151.1, 149.1, 

138.1, 131.4 (d, J = 5.3 Hz), 123.7, 121.4, 120.4 (d, J = 17.3 Hz), 104.1 (d, J = 5.9 Hz). 

HRMS calculated for C10H8FN2O
+ [M+H]+ 191.0615; Found 191.0618. 

 

4-(Trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (2.50i) 

Following general procedure A and starting from commercially available 2-hydroxy-

3-(trifluoromethyl)-pyridine (245 mg, 1.50 mmol) and 2-bromopyridine (0.29 mL, 

3.0 mmol), 2.50i (203 mg, 0.850 mmol, 57%) (CAS number 1644063-35-3) was 

obtained as a pale yellow solid. 
1H NMR (400 MHz, CDCl3) δ 8.57 (ddd, J = 4.9, 1.8, 0.8 Hz, 1H, HAr), 8.06 (d, J = 

7.4 Hz, 1H, HAr), 7.95 (dt, J = 8.2, 0.9 Hz, 1H, HAr), 7.85 (ddd, J = 8.2, 7.5, 1.9 Hz, 

1H, HAr), 7.35 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H, HAr), 6.93-6.91 (m, 1H, HAr), 6.41 (dd, J = 7.4, 

2.0 Hz, 1H, HAr). 
19F NMR (376 MHz, CDCl3) δ -67.0. 
13C NMR (101 MHz, CDCl3) δ 161.1, 151.0, 149.2, 141.7 (q, J = 34.0 Hz), 138.1, 138.0, 123.8, 

122.1 (q, J = 274.0 Hz), 121.2, 119.9 (q, J = 4.4 Hz), 101.6 (q, J = 2.4 Hz). 

HRMS calculated for C11H8F3N2O
+ [M+H]+ 241.0583; Found 241.0582. 

 

3-(Trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (2.50j) 

Following general procedure, A and starting from commercially available 2-

hydroxy-3-(trifluoromethyl)-pyridine (326 mg, 2.00 mmol) and 2-bromopyridine 

(0.38 mL, 4.0 mmol), 2.50j (252 mg, 1.05 mmol, 52%) (CAS number 1644063-33-

1) was obtained as a white solid. 
1H NMR (400 MHz, CDCl3) δ 8.56 (dd, J = 4.9, 1.7 Hz, 1H), 8.12 (dd, J = 7.1, 1.9 

Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.88-7.79 (m, 2H), 7.35 (ddd, J = 7.4, 4.9, 0.9 Hz, 1H), 6.37 

(t, J = 7.0 Hz, 1H). 
19F NMR (376 MHz, CDCl3) δ -66.0. 
13C NMR (101 MHz, CDCl3) δ 158.1, 150.7, 149.0, 140.2, 139.7 (q, J = 4.9 Hz), 137.9, 123.8, 

122.6 (q, J = 271.8 Hz), 121.8 (q, J = 30.9 Hz), 121.5, 104.4. 
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HRMS calculated for C11H8F3N2O
+ [M+H]+ 241.0583; Found 241.0584. 

 

4H-[1,2'-bipyridin]-4-one (2.50k) 

Following general procedure, A and starting from commercially available 4-

hydroxypyridine (143 mg, 1.50 mmol) and 2-bromopyridine (0.29 mL, 3.0 mmol), 

2.50k (181 mg, 1.05 mmol, 70%) (CAS number 76520-27-9) was obtained as a yellow 

solid. 
1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 4.8 Hz, 1H, HAr), 8.18 (d, J = 8.0 Hz, 2H, 

HAr), 7.89 (ddd, J  = 15.7, 8.2, 1.9 Hz, 1H, HAr), 7.38 (d, J = 8.3 Hz, 1H, HAr), 7.30 (dd, J = 

7.4, 4.8 Hz, 1H, HAr), 6.45 (d, J = 8.0 Hz, 2H, HAr). 
13C NMR (101 MHz, CDCl3) δ 180.0, 152.1, 149.2, 139.7, 136.1 (2C), 122.6, 118.9 (2C), 

113.0. Spectra data matched with the values reported in literature.2 

HRMS calculated for C10H9N2O
+ [M+H]+ 173.0709; Found 173.0713. 

 

1-(Pyrimidin-2-yl)pyridin-4(1H)-one (2.50l) 

2-chloropyrimidine (172 mg, 1.50 mmol), 4-hydroxypyridine (285 mg, 3.00 mmol), 

K2CO3 (415 mg, 3.00 mmol) were solubilized in water (2 mL) and heated at 90 °C for 

30 min. After cooling at rt, the precipitate was filtered off and dried under vacuum to 

give 2.50l (159 mg, 0.918 mmol, 61%) (CAS number 29049-26-1) as a white solid. 
1H NMR (400 MHz, CD2Cl2) δ 8.83 (d, J = 8.2 Hz, 2H), 8.73 (d, J = 4.8 Hz, 2H), 7.26 

(t, J = 4.8 Hz, 1H), 6.36 (d, J = 8.2 Hz, 2H). 
13C NMR (101 MHz, CD2Cl2) δ 180.5, 159.2, 156.0, 134.9, 119.1, 118.7. 

HRMS calculated for C9H8N3O
+ [M+H]+ 174.0662; Found 174.0661. 

 

1-(Quinolin-2-yl)pyridin-2(1H)-one (2.50m) 

Following general procedure A and starting from commercially available 2-

hydroxypyridine (152 mg, 1.60 mmol) and 2-bromoquinoline (666 mg, 3.20 mmol), 

2.50m (342 mg, 1.54 mmol, 96%) (CAS number 10168-48-6) was obtained as a 

white solid. 
1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 8.7 Hz, 1H, HAr), 8.08 (d, J = 8.4 Hz, 1H, 

HAr), 8.01 (t, J = 8.1 Hz, 2H, HAr), 7.89 (d, J = 8.1 Hz, 1H, HAr), 7.76 (t, J = 7.7 Hz, 

1H, HAr), 7.61 (t, J = 7.5 Hz, 1H, HAr), 7.44 (ddd, J = 8.9, 6.5, 1.9 Hz, 1H, HAr), 6.69 (d, J = 

9.3 Hz, 1H, HAr), 6.36 (t, J = 6.8 Hz, 1H, HAr). 
13C NMR (101 MHz, CDCl3) δ 162.7, 152.0, 147.3, 140.6, 137.9, 136.5, 130.2, 129.1, 127.7, 

127.7, 127.4, 122.4, 119.6, 106.7. 

HRMS calculated for C14H11N2O
+ [M+H]+ 223.0866; found 223.0872. 

 

2-(Pyridin-2-yl)isoquinolin-1(2H)-one (2.50n) 

Following general procedure A and starting from commercially available isoquinolin-

1(2H)-one (218 mg, 1.50 mmol) and 2-bromopyridine (0.29 mL, 3.0 mmol), 2.50n 

(276 mg, 1.24 mmol, 83%) (CAS number 1532-89-4) was obtained as a white solid. 
1H NMR (400 MHz, CDCl3) δ 8.59 (dd, J = 4.8, 1.7 Hz, 1H), 8.49 (d, J = 8.0 Hz, 1H), 

8.01 (d, J = 8.2 Hz, 1H), 7.86 (td, J = 7.8, 1.9 Hz, 1H), 7.78 (d, J = 7.6 Hz, 1H), 7.69 

(td, J = 8.2, 7.8, 1.3 Hz, 1H), 7.58-7.49 (m, 2H), 7.31 (ddd, J = 7.3, 4.9, 0.9 Hz, 1H), 

6.63 (d, J = 7.6 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 162.1, 152.4, 148.9, 137.7, 137.2, 133.0, 130.1, 128.5, 127.2, 

126.7, 126.1, 122.7, 121.7, 106.9. Spectra data matched with the values reported in literature.2 

HRMS calculated for C14H10N2NaO+ [M+Na]+ 245.0685; Found 245.0694. 

1-(Pyridin-2-yl)pyrazin-2(1H)-one (2.50o) 
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Following general procedure, A and starting from commercially available 2-hydroxy-

4-methylpyridine (192 mg, 2.00 mmol) and 2-bromopyridine (0.38 mL, 4.0 mmol), 

2.50o (335 mg, 1.93 mmol, 97%) was obtained as a white solid. mp 124-126 °C. Rf 

0.80 (DCM/MeOH 19:1). 
1H NMR (400 MHz, CDCl3) δ 8.58 (dd, J = 4.9, 1.0 Hz, 1H, HAr), 8.25 (d, J = 0.9 Hz, 

1H, HAr), 8.16 (d, J = 8.2 Hz, 1H, HAr), 7.94 (dd, J = 4.7, 1.0 Hz, 1H, HAr), 7.87 (td, J = 7.9, 

1.8 Hz, 1H, HAr), 7.42 (d, J = 4.7 Hz, 1H, HAr), 7.36 (ddd, J = 7.4, 4.9, 0.6 Hz, 1H, HAr). 
13C NMR (101 MHz, CDCl3) δ 155.5, 151.5, 149.9, 149.1, 138.3, 125.3, 123.9, 123.9, 120.4. 

IR 2994 (w), 1679 (s), 1587 (s), 1569 (s), 1502 (s), 1470 (m), 1443 (s), 1287 (s), 1264 (s), 1250 

(s), 1216 (s), 1156 (m), 1034 (m), 1020 (m), 995 (m), 851 (m), 798 (s), 782 (s), 736 (s). 

HRMS calculated for C9H8N3O
+ [M+H]+ 174.0662; found 174.0662. 

 

4-(Benzyloxy)-2H-[1,2'-bipyridin]-2-one (2.50p) 

Following general procedure, A and starting from commercially available 4-

benzyloxy-2-hydroxypyridine (302 g, 1.50 mmol) and 2-bromopyridine (0.29 mL, 3.0 

mmol), 2.50p (113 mg, 0.410 mmol, 27%) (CAS number 1644063-36-4) was 

obtained as a white solid. 
1H NMR (400 MHz, CDCl3) δ 8.54 (d, J = 3.9 Hz, 1H, HAr), 7.94 (d, J = 8.2 Hz, 1H, 

HAr), 7.86-7.78 (m, 2H, HAr), 7.403-7.33 (m, 5H, HAr), 7.30-7.27 (m, 1H, HAr), 6.11 

(dd, J = 7.8, 2.6 Hz, 1H, HAr), 6.03 (d, J = 2.5 Hz, 1H, HAr), 5.05 (s, 2H, OCH2). 
13C NMR (101 MHz, CDCl3) δ 167.7, 163.7, 151.8, 148.9, 137.8, 136.2, 135.3, 128.9 (2C), 

128.7, 127.9 (2C), 122.9, 121.5, 102.2, 98.6, 70.5. 

HRMS calculated for C17H14N2NaO2
+ [M+Na]+ 301.0953; Found 301.0948. 

 

7.2.2. General procedure B for the synthesis of N-alkylindoles 

 

 
Sodium hydride (60% in mineral oil, 1.10 equiv.) was suspended in DMF [0.6 M]. N-H-indole 

(1.00 equiv) was solubilized in DMF [1.0 M] and added to the suspension at 0 °C. The mixture 

was stirred at rt for 30 min. Bromoalkyl or TMSCl (1.50 equiv.) was diluted in DMF [3.0 M] 

and added to the solution at 0 °C. The mixture was stirred at rt for 1 hour. The solution was 

quenched with water (20 mL) and extracted three times with EtOAc (10 mL). The organic 

layers were combined, dried over MgSO4 and concentrated under reduced pressure. The liquid 

was filtered through a 5 cm pad of silica with 100% pentane or Et2O to afford the title 

compound. 

 

5-Bromo-1-methyl-1H-indole (7.69a) 

Following general procedure and starting from commercially available 5-

bromoindole (0.59 mg, 3.0 mmol), 7.69a (630 mg, 3.00 mmol, quantitative yield) 

(CAS number 10075-52-2) was obtained as a pale-yellow solid. 
1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 1.6 Hz, 1H, HAr), 7.30 (dd, J = 8.7, 1.8 

Hz, 1H, HAr), 7.19 (d, J = 8.7 Hz, 1H, HAr), 7.05 (d, J = 3.1 Hz, 1H, HAr), 6.43 (d, J = 3.1 Hz, 

1H, HAr), 3.78 (s, 3H, NCH3). 
13C NMR (101 MHz, CDCl3) δ 135.5, 130.2, 130.1, 124.4, 123.4, 112.8, 110.8, 100.6, 33.1. 

Spectra data matched with the values reported in literature.236 

 

 
236Greulich, T.W.; Daniliuc, C.J.; Studer, A. Org. Lett.2015, 17, 254−257. 
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1-(Tert-butyldimethylsilyl)-1H-indole (7.69b) 

Following general procedure and starting from commercially available indole (2.34 

g, 20.0 mmol), 7.51c (4.63 g, 20.0 mmol, quantitative yield) (CAS number 40899-

73-8) was obtained as a pale-yellow solid. 
1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 7.2 Hz, 1H, HAr), 7.44 (d, J = 7.7 Hz, 1H, 

HAr), 7.10 (d, J = 3.2 Hz, 1H, HAr), 7.09-6.99 (m, 2H, HAr), 6.54 (d, J = 2.7 Hz, 1H, 

HAr), 0.85 (s, 9H, C(CH3)3), 0.52 (s, 6H, Si(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 141.1, 131.5, 131.1, 121.5, 120.8, 119.9, 114.0, 104.9, 26.5, 

19.7, -3.8. Spectra data matched with the values reported in literature.237 

 

1-(Tert-butyldimethylsilyl)-1H-indole (7.69c) 

Following general procedure B and starting from commercially available indole 

(2.34 g, 20.0 mmol), 7.51d (4.63 g, 20.0 mmol, quantitative yield) (CAS number 

40899-73-8) was obtained as a pale-yellow solid. 
1H NMR (400 MHz, CDCl3) δ 7.64 (s, 1H, HAr), 7.48 (d, J = 8.4 Hz, 1H, HAr), 

7.21 (dd, J = 8.4, 1.7 Hz, 1H, HAr), 7.15 (d, J = 3.2 Hz, 1H, HAr), 6.58 (dd, J = 

3.2, 0.8 Hz, 1H, HAr), 0.93 (s, 9H, C(CH3)3), 0.61 (s, 6H, Si(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 142.1, 131.9, 130.4, 123.3, 121.9, 116.9, 115.2, 105.1, 26.5, 

19.7, -3.7. Spectra data matched with the values reported in literature.238 

 

7.2.3. General procedure C for the synthesis of indoleBX reagents 

 

1-Acetoxy-1,2-benziodoxol-3-(1H)-one (18) 

 
 

Following a reported procedure239, sodium periodate (18.1 g, 85.0 mmol, 1.05 equiv.) and 2-

iodobenzoic acid (20.0 g, 81.0 mmol, 1.00 equiv.) were suspended in 30% (v:v) aq. AcOH (160 

mL). The mixture was vigorously stirred and refluxed for 4 h and allowed to cool to room 

temperature, while protecting it from light. After 1 h, the crude product was collected by 

filtration. The crystals were washed with ice water (3 x 40 mL) followed by acetone (45 mL) 

and dried under reduced pressure in the dark to afforded 1-hydroxy-1,2-benziodoxol-3-(1H)-

one (20.8 g, 79.0 mmol, 98%) as a white solid. Following a reported procedure, 1-hydroxy-

1,2-benziodoxol-3-(1H)-one (20.8 g, 79.0 mmol, 1.00 equiv.) was suspended in acetic 

anhydride (75.0 mL, 788 mmol, 10.0 equiv.) and heated to reflux (140 °C) until complete 

dissolution (about 15 min). The resulting clears solution was slowly let to cool to room 

temperature and then cooled to 5 °C in the fridge. The white crystals were filtered, washed with 

pentane (3 x 30 mL) and dried under reduced pressure to afforded 1-acetoxy-1,2-benziodoxol-

3-(1H)-one(22.3 g, 73.0 mmol, 92%) as a white solid. 

 

 
237Dhanak, D.; Reese, C. B. J. Chem. Soc., Perkin Trans. 11986, 2181–2186. 
238Kawasaki, I.; Yamashita, M; Ohta, S. Chem. Pharm. Bull.1996, 44, 1831–1839. 
239Parsons, A. T.; Buchwald, S. L. Angew. Chem. Int. Ed.2011, 50, 9120–9123. 
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Following a slightly modified reported procedure,2401-acetoxy-1,2- benziodoxol-3-(1H)-one 

(1.20 equiv.), the corresponding azaheterocycle (1.00 equiv.) and zinc (II) 

trifluoromethanesulfonate (0.20 equiv.) were dissolved in DCM [0.05 M]. The reaction was 

stirred overnight at room temperature, directly purified by flash chromatography (eluent 

DCM/MeOH see ratio thereafter) and triturated in ACN to afford the pure desired hypervalent 

iodine reagent. 

 

1-(3-1-Methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (2.23a) 

Following general procedure C, starting from commercially available 1-

methylindole (0.43 mL, 3.4 mmol) and 2.21, a purification by column 

chromatography (DCM/MeOH 19:1) affordeded the title compound 2.23a 

(0.79 g, 2.1 mmol, 61% yield) (CAS number 2130906-04-4) as an off-white 

solid. 
1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 7.5 Hz, 1H, HAr), 7.77 (s, 1H, CH-N), 7.56-7.49 (m, 

2H, HAr), 7.47-7.41 (m, 2H, HAr), 7.35-7.26 (m, 2H, HAr), 6.85 (d, J = 8.2 Hz, 1H, HAr), 4.02 

(s, 3H, NCH3). 
13C NMR (101 MHz, CDCl3) δ 167.0, 138.7, 137.7, 133.6, 133.4, 132.7, 130.7, 129.5, 125.4, 

124.5, 122.8, 120.1, 116.3, 110.9, 79.2, 34.1. Spectra data matched with the values reported in 

literature.7 

 

1-(3-1H-Indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (2.23b) 

Following general procedure C but replacing Zn(OTf)2 by Sc(OTf)3, starting 

from 7.69c (579 mg, 2.50 mmol) and 2.21, a purification by column 

chromatography (DCM/MeOH 5:1) affordeded the title compound 2.23b (527 

mg, 1.45 mmol, 58% yield)as a pale beige solid. 
1H NMR (400 MHz, DMSO-d6) δ 12.36 (s, 1H, NH), 8.26 (s, 1H, CH-N), 8.12 (d, J = 7.3 Hz, 

1H, HAr), 7.64 (d, J = 8.2 Hz, 1H, HAr), 7.56 (t, J = 7.3 Hz, 1H, HAr), 7.49 (d, J = 7.9 Hz, 1H, 

HAr), 7.41 (t, J = 7.6 Hz, 1H, HAr), 7.31 (t, J = 7.6 Hz, 1H, HAr), 7.20 (t, J = 7.5 Hz, 1H, HAr), 

6.76 (d, J = 8.2 Hz, 1H, HAr). 
13C NMR (101 MHz, DMSO-d6) δ 165.8, 136.5 (2C), 134.6, 133.1, 131.3, 130.1, 128.6, 126.2, 

123.3, 121.6, 119.2, 116.0, 112.9, 80.3. Spectra data matched with the values reported in 

literature.7 

 

1-(3-5-Bromo-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (2.23s) 

Following general procedure C, starting from 7.69a (406 mg, 1.93 mmol) and 

2.21, a purification by column chromatography (DCM/MeOH 19:1) 

affordeded the title compound 2.23s (470 mg, 1.03 mmol, 53% yield)as an off-

white solid. 
1H NMR (400 MHz, CD2Cl2) δ 8.33 (d, J = 7.4 Hz, 1H, HAr), 7.70 (s, 1H, CH-N), 7.63 (s, 1H, 

HAr), 7.57 (t, J = 7.3 Hz, 1H, HAr), 7.52 (dd, J = 8.8, 1.6 Hz, 1H, HAr), 7.44 (d, J = 8.8 Hz, 1H, 

HAr), 7.34 (t, J = 7.1 Hz, 1H, HAr), 6.84 (d, J = 8.3 Hz, 1H, HAr), 3.96 (s, 3H, NCH3). 

 
240Caramenti, P.; Nicolai, S.; Waser, J. Chem. - Eur. J.2017, 23, 14702–14706. 
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13C NMR (101 MHz, CD2Cl2) δ 166.6, 139.9, 136.9, 133.9, 133.7, 132.5, 131.5, 131.0, 127.5, 

125.7, 123.0, 116.7, 116.2, 112.8, 79.5, 34.4. Spectra data matched with the values reported in 

literature.241 
 

1-(3-(6-Bromo-1H-indole))-1H-1λ3 -benzo[b]iodo-3(2H)-one (2.23t) 

Following general procedure C, but replacing Zn(OTf)2 by Sc(OTf)3, 

starting from 7.69d (528 mg, 1.70 mmol) and 2.21, a purification by column 

chromatography (DCM/MeOH 19:1) and washing with DCM affordeded the 

title compound 2.23t (563 mg, 1.27 mmol, 75% yield) as a white solid. mp 

194-196 °C. Rf 0.58 (DCM/MeOH 9:1). 

1H NMR (400 MHz, DMSO-d6) δ 12.46 (bs, 1H, NH), 8.27 (s, 1H, HAr), 8.12 (dd, J = 7.5, 1.5 

Hz, 1H, HAr), 7.86 (d, J = 1.5 Hz, 1H, HAr), 7.57 (t, J = 7.3 Hz, 1H, HAr), 7.49 (d, J = 8.5 Hz, 

1H, HAr), 7.42 (td, J = 7.3, 1.5 Hz, 1H, HAr), 7.32 (dd, J = 8.5, 1.7 Hz, 1H, HAr), 6.74 (d, J = 

8.1 Hz, 1H, HAr). 

13C NMR (101 MHz, DMSO-d6) δ 165.9, 137.5, 137.4, 134.4, 133.3, 131.4, 130.2, 127.7, 

126.3, 124.4, 121.2, 116.1, 116.0, 115.4, 80.9. 

IR νmax 2606 (br), 1593 (m), 1578 (m), 1549 (m), 1366 (s), 1265 (m), 887 (m), 828 (s), 794 (s), 

736 (s). 

HRMS calculated for C15H10
79BrINO2

+ [M+H]+ 441.8934; found 441.8933. 
 

7.3. General procedure D for the synthesis of 6-(indol-3-yl)-1,2'-bipyridin-2-ones 

 

 
 

In a sealed tube, [RhCp*Cl2]2 (3.7 mg, 6.0 µmol, 3 mol %), AgSbF6 (10.3 mg, 30.0 µmol, 

0.15equiv), Zn(OTf)2 (10.9 mg, 30.0 µmol, 0.15 equiv), the corresponding pyridinone (0.20 

mmol, 1.00 equiv) and the corresponding hypervalent iodine reagent (0.20 mmol, 1.00 equiv) 

were solubilized in dry MeOH (2.0 mL, 0.1 M) under N2. The mixture was stirred at 80 °C for 

12 h. The suspension was diluted with DCM (5 mL) and quenched with a saturated aqueous 

solution of NaHCO3 (5 mL). The two layers were separated, and the aqueous layer was 

extracted twice with DCM (5 mL). The organic layers were combined, dried over magnesium 

sulfate dehydrate, filtered and concentrated under reduced pressure. The crude residue was 

purified by preparative TLC using DCM/MeOH 19:1 as eluent to afford the pure title 

compound. 

 

6-(1-Methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51a) 

Following General Procedure D, starting from 2.50a and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51a 

(51.9 mg, 0.172 mmol, 86% yield) as a white solid. mp 231-233 °C. Rf 0.51 

(DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.58 (ddd, J = 4.9, 1.8, 0.7 Hz, 1H, HAr), 7.71 

(d, J = 8.0 Hz, 1H, HAr), 7.63 (td, J = 7.7, 1.9 Hz, 1H, HAr), 7.50 (dd, J = 9.2, 7.0 Hz, 1H, HAr), 

 
241Grenet, E.; Waser, J. Org. Lett. 2018,20, 1473-1475. 
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7.25-7.21 (m, 3H, HAr), 7.19-7.12 (m, 2H, HAr), 6.63 (dd, J = 9.2, 1.1 Hz, 1H, HAr), 6.50 (dd, 

J = 7.0, 1.1 Hz, 1H, HAr), 6.47 (s, 1H, C2indoleH), 3.57 (s, 3H, NCH3). 

13C NMR (101 MHz, CDCl3) δ 164.2, 153.2, 149.2, 143.2, 140.3, 138.4, 136.3, 129.9, 126.7, 

124.2, 123.7, 122.6, 120.6, 119.9, 118.7, 109.6, 109.5, 108.0, 33.0. 

IR νmax 3080 (w), 1660 (s), 1591 (s), 1580 (s), 1557 (s), 1437 (m), 1391 (m), 1237 (m), 1142 

(m), 807 (s), 786 (m), 750 (s). 

HRMS calculated for C19H16N3O
+ [M+H]+ 302.1288; Found 302.1291. 

 

5'-Methoxy-6-(1-methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51b) 

Following General Procedure D, starting from 2.50d and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51b 

(54.3 mg, 0.164 mmol, 82% yield) as a yellow solid. mp 225-227 °C. Rf 0.51 

(DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 2.6 Hz, 1H, HAr), 7.61 (d, J = 8.0 

Hz, 1H, HAr), 7.37 (dd, J = 9.2, 7.0 Hz, 1H, HAr), 7.14 (d, J = 3.8 Hz, 2H, HAr), 7.09-7.00 (m, 

2H, HAr), 6.95 (d, J = 8.7 Hz, 1H, HAr), 6.50 (dd, J = 9.2, 1.2 Hz, 1H, HAr), 6.41 (s, 1H, 

C2indoleH), 6.37 (dd, J = 7.0, 1.2 Hz, 1H, HAr), 3.72 (s, 3H, OCH3), 3.50 (s, 3H, NCH3). 

13C NMR (101 MHz, CDCl3) δ 164.5, 155.5, 145.7, 143.6, 140.1, 136.3, 136.2, 130.0, 126.7, 

124.2, 122.9, 122.6, 120.6, 119.9, 118.5, 109.6, 109.6, 107.9, 56.0, 33.1. 

IR νmax 3080 (w), 1662 (s), 1582 (s), 1543 (s), 1473 (s), 1260 (s), 807 (s), 752 (s), 737 (s). 

HRMS calculated for C20H18N3O2
+ [M+H]+ 332.1394; Found 332.1392. 

 

6-(1-Methyl-1H-indol-3-yl)-5'-(trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (2.51c) 

Following General Procedure D, starting from 2.50c and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51c 

(53.2 mg, 0.144 mmol, 72% yield) as a yellow solid. mp > 300 °C. Rf 0.74 

(DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H, HAr), 7.88 (d, J = 8.2 Hz, 1H, HAr), 

7.66 (d, J = 8.0 Hz, 1H, HAr), 7.54 (dd, J = 9.2, 7.0 Hz, 1H, HAr), 7.34 (d, J = 8.2 Hz, 1H, HAr), 

7.29-7.24 (m, 2H, HAr), 7.22-7.11 (m, 1H, HAr), 6.67 (d, J = 9.2 Hz, 1H, HAr), 6.54-6.49 (m, 

2H, HAr + C2indoleH), 3.63 (s, 1H, NCH3). 
19F NMR (376 MHz, CDCl3) δ -62.3. 

13C NMR (101 MHz, CDCl3) δ 164.0, 156.1, 146.4 (q, J = 3.6 Hz), 142.9, 140.7, 136.4, 135.7 

(q, J = 3.2 Hz), 129.7, 126.6 (q, J = 33.5 Hz), 126.5, 124.4, 123.2 (q, J = 272.7 Hz), 122.9, 

120.8, 119.7, 118.9, 109.8, 109.3, 108.5, 33.1. 

IR νmax 1663 (m), 1583 (m), 1544 (m), 1326 (s), 1128 (s), 1081 (s), 1017 (s), 799 (s), 743 (s). 

HRMS calculated for C20H15F3N3O
+ [M+H]+ 370.1162; Found 370.1160. 

 

6-(1-Methyl-1H-indol-3-yl)-1-(quinolin-2-yl)pyridin-2(1H)-one (2.51d) 

Following General Procedure D, starting from 2.50m and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51d 

(55.4 mg, 0.158 mmol, 79% yield) as a pale-yellow solid. mp 231-233 °C. Rf 

0.58 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.6 Hz, 1H, HAr), 8.08 (d, J = 8.6 

Hz, 1H, HAr), 7.80-7.71 (m, 3H, HAr), 7.59-7.52 (m, 2H, HAr), 7.23-7.13 (m, 4H, HAr), 6.66 

(dd, J = 9.2, 1.2 Hz, 1H, HAr), 6.55-6.52 (m, 2H, HAr + C2indoleH), 3.39 (s, 3H, NCH3). 

13C NMR (101 MHz, CDCl3) δ 164.3, 152.5, 147.1, 143.1, 140.4, 138.8, 136.2, 130.4, 130.1, 

129.5, 127.8, 127.7, 127.5, 126.9, 122.6, 121.6, 120.7, 119.8, 118.8, 109.6, 109.2, 108.1, 32.9. 
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IR νmax 3062 (w), 1669 (s), 1586 (s), 1544 (s), 1504 (m), 1398 (m), 1236 (m), 815 (s), 803 (s), 

768 (s), 745 (s). 

HRMS calculated for C23H17N3NaO+ [M+Na]+ 374.1264; found 374.1271. 

 

3-Methyl-6-(1-methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51e) 

Following General Procedure D, starting from 2.50e and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51e 

(50.5 mg, 0.160 mmol, 80% yield) as a pale-yellow solid. mp 228-230 °C. 

Rf 0.51 (DCM/MeOH 19:1). 
1
H NMR (400 MHz, CDCl3) δ 8.57 (dd, J = 4.9, 1.1 Hz, 1H, HAr), 7.70 (d, J 

= 8.0 Hz, 1H, HAr), 7.61 (td, J = 7.7, 1.9 Hz, 1H, HAr), 7.38 (dd, J = 7.0, 1.1 Hz, 1H, HAr), 7.24-

7.19 (m, 3H, HAr), 7.18-7.10 (m, 2H, HAr), 6.46 (s, 1H, C2indoleH), 6.43 (d, J = 7.0 Hz, 1H, HAr), 

3.57 (s, 3H, NCH3), 2.22 (d, J = 0.8 Hz, 3H, CH3). 
13

C NMR (101 MHz, CDCl3) δ 164.4, 153.6, 149.1, 140.2, 138.2, 137.5, 136.3, 129.6, 127.7, 

126.8, 124.2, 123.5, 122.5, 120.4, 119.9, 109.8, 109.5, 107.7, 32.9, 17.1. 

IR νmax 3087 (w), 2926 (w), 1650 (s), 1603 (m), 1556 (s), 1469 (m), 1243 (m), 1133 (m), 809 

(m), 792 (s), 746 (s). 

HRMS calculated for C20H18N3O
+ [M+H]+ 316.1444; Found 316.1448. 

 

6-(1-Methyl-1H-indol-3-yl)-3-(trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (2.51f) 

Following General Procedure D, starting from 2.50j and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51f 

(48.0 mg, 0.130 mmol, 65% yield) as an off-white solid. mp 265-267 °C. Rf 

0.71 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CD2Cl2) δ 8.59 (d, J = 3.5 Hz, 1H, HAr), 7.89 (d, J = 

7.5 Hz, 1H, HAr), 7.73 (d, J = 7.3 Hz, 2H, HAr), 7.39-7.09 (m, 5H, HAr), 6.60 (d, J = 7.5 Hz, 

1H, HAr), 6.46 (s, 1H, C2indoleH), 3.57 (s, 3H, NCH3). 
19F NMR (376 MHz, CDCl3) δ -63.6. 

13C NMR (101 MHz, CD2Cl2) δ 160.1, 152.6, 149.7, 148.6, 139.8 (q, J = 4.8 Hz), 138.9, 136.8, 

131.2, 126.6, 124.6, 124.4, 123.7 (q, J = 270.8 Hz), 123.2, 121.4, 119.8, 117.0 (q, J = 30.7 Hz), 

110.3, 108.7, 105.9, 33.4. 

IR νmax 3105 (w), 1672 (m), 1555 (s), 1416 (m), 1318 (s), 1142 (s), 1117 (s), 1104 (s), 1057 

(s), 1038 (s), 739 (s). 

HRMS calculated for C20H14F3N3NaO+ [M+Na]+ 392.0981; Found 392.0984. 

 

3-Fluoro-6-(1-methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51g) 

Following General Procedure D, starting from 2.50h and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51g 

(47.9 mg, 0.150 mmol, 75% yield) as an off-white solid. mp 204-206 °C. Rf 

0.58 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.56 (dd, J = 4.9, 1.2 Hz, 1H, HAr), 7.67-7.62 

(m, 2H, HAr), 7.30-7.24 (m, 2H, HAr), 7.24-7.21 (m, 2H, HAr), 7.18-7.11 (m, 2H, HAr), 6.50 (s, 

1H, C2indoleH), 6.38 (dd, J = 7.8, 4.4 Hz, 1H, HAr), 3.59 (s, 3H, NCH3). 
19F NMR (376 MHz, CDCl3) δ -133.9. 

13C NMR (101 MHz, CDCl3) δ 157.5 (d, J = 26.0 Hz), 152.1 (d, J = 1.3 Hz), 151.0 (d, J = 

248.5 Hz), 149.3, 138.7 (d, J = 5.4 Hz), 138.5, 136.2, 129.7, 126.6, 124.0, 123.9, 122.6, 120.9 

(d, J = 16.5 Hz), 120.6, 119.6, 109.6, 108.9, 105.5 (d, J = 5.1 Hz), 33.0. 

IR νmax 3056 (w), 1673 (s), 1617 (s), 1570 (m), 1278 (s), 1239 (s), 1223 (m), 1137 (m), 819 

(m), 784 (m), 753 (s), 745 (s). 
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HRMS calculated for C19H15FN3O
+ [M+H]+ 320.1194; Found 320.1192. 

 

4-Methyl-6-(1-methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51h) 

Following General Procedure D, starting from 2.50f and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51h 

(49.2 mg, 0.156 mmol, 78% yield) as an off-white solid. mp 186-188 °C. Rf 

0.41 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.54 (dd, J = 4.6, 1.4 Hz, 1H, HAr), 7.70 (d, J 

= 8.0 Hz, 1H, HAr), 7.60 (td, J = 7.7, 1.9 Hz, 1H, HAr), 7.24-7.09 (m, 5H, HAr), 6.49 (s, 1H, 

C2indoleH), 6.44 (s, 1H, C(O)CH), 6.34 (d, J = 1.6 Hz, 1H), 3.57 (s, 3H, NCH3), 2.28 (s, 3H, 

CH3). 

13C NMR (101 MHz, CDCl3) δ 164.2, 153.2, 151.7, 149.1, 141.8, 138.2, 136.3, 129.9, 126.6, 

124.3, 123.5, 122.5, 120.5, 119.8, 117.2, 110.6, 109.6, 109.5, 33.0, 21.7. 

IR νmax 2970 (m), 2902 (m), 1657 (s), 1599 (s), 1588 (s), 1549 (s), 1470 (s), 1435 (m), 1396 

(s), 1339 (m), 1261 (m), 1239 (m), 1070 (s), 1051 (s), 1011 (s), 826 (m), 786 (m), 732 (s). 

HRMS calculated for C20H18N3O
+ [M+H]+ 316.1444; Found 316.1446. 

 

6-(1-Methyl-1H-indol-3-yl)-4-(trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (2.51i) 

Following General Procedure D, starting from 2.50i and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51i 

(48.7 mg, 0.132 mmol, 66% yield) as a pale-yellow solid. mp 200-202 °C. Rf 

0.65 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.60 (d, J = 3.7 Hz, 1H, HAr), 7.68 (ddd, J = 

12.2, 6.4, 2.3 Hz, 2H, HAr), 7.33-7.13 (m, 5H, HAr), 6.88 (s, 1H, C(O)CH), 6.63 (d, J = 1.5 Hz, 

1H, HAr), 6.51 (s, 1H, C2indoleH), 3.59 (s, 3H, NCH3). 
19F NMR (376 MHz, CDCl3) δ -66.8. 

13C NMR (101 MHz, CDCl3) δ 163.3, 152.5, 149.5, 145.4, 141.8 (q, J = 33.5 Hz), 138.7, 

136.4, 130.4, 126.3, 124.2, 124.0, 123.1, 122.6 (q, J = 274.2 Hz), 121.2, 119.6, 115.7 (q, J = 

4.0 Hz), 109.8, 108.8, 102.7 (q, J = 2.1 Hz), 33.1. 

IR νmax 3099 (w), 3062 (w), 2926 (w), 1675 (m), 1610 (m), 1552 (s), 1282 (s), 1170 (s), 1133 

(s), 1079 (m), 1006 (m), 932 (m), 857 (s), 734 (s). 

HRMS calculated for C20H14F3N3NaO+ [M+Na]+ 392.0981; Found 392.0990. 

 

4-(Benzyloxy)-6-(1-methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51j) 

Following General Procedure D, starting from 2.50p and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51j 

(68.4 mg, 0.168 mmol, 84% yield) as an off-white solid. mp 162-164 °C. Rf 

0.37 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.56 (d, J = 4.8 Hz, 1H, HAr), 7.71 (d, J = 8.0 

Hz, 1H, HAr), 7.62 (td, J = 7.7, 1.8 Hz, 1H, HAr), 7.48-7.33 (m, 5H, HAr), 7.25-7.19 (m, 3H, 

HAr), 7.18-7.12 (m, 2H, HAr), 6.47 (s, 1H, C2indoleH), 6.33 (d, J = 2.5 Hz, 1H, HAr), 6.12 (d, J = 

2.5 Hz, 1H, HAr), 5.11 (s, 2H, OCH2), 3.56 (s, 3H, NCH3). 

13C NMR (101 MHz, CDCl3) δ 167.6, 165.8, 152.9, 149.1, 143.0, 138.3, 136.3, 135.6, 129.9, 

128.8 (2C), 128.5, 127.9 (2C), 126.5, 124.6, 123.6, 122.6, 120.6, 119.9, 109.6, 109.1, 102.8, 

96.4, 70.3, 33.0. 

IR νmax 2982 (m), 2902 (m), 1660 (m), 1637 (m), 1552 (m), 1431 (m), 1398 (m), 1371 (m), 

1344 (m), 1244 (m), 1197 (m), 1073 (m), 745 (s). 

HRMS calculated for C26H22N3O2
+ [M+H]+ 408.1707; Found 408.1701. 
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3-(1-Methyl-1H-indol-3-yl)-2-(pyridin-2-yl)isoquinolin-1(2H)-one (2.51k) 

Following General Procedure D, starting from 2.50n and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51k 

(57.6 mg, 0.164 mmol, 82% yield) as a pale-yellow solid. mp 173-175 °C. Rf 

0.60 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.52 (ddd, J = 4.9, 1.8, 0.7 Hz, 1H, HAr), 8.42 

(d, J = 8.1 Hz, 1H, HAr), 7.72 (d, J = 8.0 Hz, 1H, HAr), 7.65 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H, HAr), 

7.58 (td, J = 7.8, 1.9 Hz, 1H, HAr), 7.53 (d, J = 7.8 Hz, 1H, HAr), 7.45 (ddd, J = 8.2, 7.2, 1.2 

Hz, 1H, HAr), 7.22-7.09 (m, 5H, HAr), 6.77 (s, 1H, HAr), 6.56 (s, 1H, C2indoleH), 3.57 (s, 1H, 

NCH3). 

13C NMR (101 MHz, CDCl3) δ 163.9, 153.4, 149.1, 138.1, 137.5, 136.5, 136.3, 132.9, 129.7, 

128.3, 127.0, 126.5, 126.0, 125.2, 124.6, 123.4, 122.4, 120.3, 120.0, 110.1, 109.5, 108.1, 32.9. 

IR νmax 2976 (w), 2902 (w), 1655 (m), 1618 (m), 1588 (m), 1563 (m), 1471 (m), 1394 (m), 

1376 (m), 1334 (m), 1244 (m), 1130 (m), 1064 (m), 788 (m), 752 (m), 742 (s). 

HRMS calculated for C23H18N3O
+ [M+H]+ 352.1444; Found 352.1451. 

 

2-(1-Methyl-1H-indol-3-yl)-4H-[1,2'-bipyridin]-4-one (2.51l) 

Following General Procedure D, starting from 2.50k and 2.23a, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51l (34.4 

mg, 0.114 mmol, 57% yield) as an off-white solid. mp 150-152 °C. Rf 0.34 

(DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.52 (d, J = 3.9 Hz, 1H), 7.90 (d, J = 7.8 Hz, 

1H), 7.43-7.33 (m, 2H), 7.24 (d, J = 8.6 Hz, 1H), 7.20-7.13 (m, 2H), 7.02 (t, J = 7.4 Hz, 1H), 

6.81 (d, J = 8.1 Hz, 1H), 6.77 (s, 1H), 6.64 (d, J = 2.5 Hz, 1H), 6.50 (dd, J = 7.8, 2.5 Hz, 1H), 

3.68 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 179.9, 154.0, 149.2, 144.5, 140.8, 137.8, 136.6, 129.6, 125.8, 

123.2, 122.7, 121.5, 120.9, 119.9, 119.6, 117.6, 109.7, 109.3, 33.2. 

IR νmax 3056 (w), 2933 (w), 1625 (s), 1566 (s), 1547 (s), 1466 (s), 1447 (s), 1430 (s), 1277 (s), 

1246 (s), 790 (m), 740 (s). 

HRMS calculated for C19H16N3O
+ [M+H]+ 302.1288; Found 302.1284. 

 

6-(5-Bromo-1-methyl-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51m) 

Following General Procedure D, starting from 2.50a and 2.23s, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51m 

(58.0 mg, 0.156 mmol, 76% yield) as a white solid. mp 215-217 °C. Rf 0.39 

(DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 8.54 (d, J = 3.7 Hz, 1H, HAr), 7.79 (d, J = 1.7 

Hz, 1H, HAr), 7.64 (d, J = 1.9 Hz, 1H, HAr), 7.49 (dd, J = 9.2, 6.9 Hz, 1H, HAr), 7.28 (dd, J = 

8.7, 1.8 Hz, 1H, HAr), 7.22 (ddd, J = 7.5, 4.9, 0.9 Hz, 1H, HAr), 7.14 (d, J = 7.9 Hz, 1H, HAr), 

7.07 (d, J = 8.7 Hz, 1H, HAr), 6.62 (dd, J = 9.2, 1.1 Hz, 1H, HAr), 6.50 (s, 1H, C2indoleH), 6.42 

(dd, J = 6.9, 1.2 Hz, 1H, HAr), 3.55 (s, 3H, NCH3). 

13C NMR (101 MHz, CDCl3) δ 164.0, 152.9, 149.2, 142.4, 140.2, 138.4, 134.9, 130.8, 128.1, 

125.5, 124.1, 123.8, 122.3, 119.2, 114.1, 111.1, 109.2, 108.0, 33.2. 

IR νmax 3093 (w), 2920 (w), 1661 (s), 1588 (s), 1548 (s), 1467 (s), 1434 (m), 1142 (m), 799 (s), 

785 (s), 746 (m), 730 (m). 

HRMS calculated for C19H14
79BrN3NaO+ [M+Na]+ 402.0212; found 402.0210. 

 

6-(1H-Indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51n) 
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Following General Procedure D, starting from 2.50a and 2.23b, a purification 

by preparative TLC (DCM/MeOH 19:1) afforded the title compound 2.51n 

(48.2 mg, 0.168 mmol, 84% yield) as a pale brown solid. mp 175-177 °C. Rf 

0.35 (DCM/MeOH 19:1). 
1H NMR (400 MHz, MeOD) δ 8.47 (ddd, J = 4.9, 1.7, 0.6 Hz, 1H, HAr), 7.78 

(td, J = 7.8, 1.9 Hz, 1H, HAr), 7.73 (dd, J = 9.1, 7.1 Hz, 1H, HAr), 7.62 (d, J = 7.6 Hz, 1H, HAr), 

7.36 (ddd, J = 7.5, 5.0, 0.9 Hz, 1H, HAr), 7.30-7.27 (m, 2H, HAr), 7.14-7.05 (m, 2H, HAr), 6.72-

6.67 (m, 2H, HAr), 6.62 (dd, J = 9.1, 1.0 Hz, 1H, HAr). NH is not resolved in MeOD but could 

be observed at 10.45 ppm as a broad singlet in acetone-d6. 
13C NMR (101 MHz, MeOD) δ 166.2, 153.7, 149.9, 145.8, 143.1, 140.3, 137.2, 127.3, 127.2, 

125.6, 125.5, 123.5, 121.4, 120.0, 118.2, 112.6, 110.6, 110.5. 

IR νmax 3124 (br), 1641 (s), 1545 (s), 1510 (m), 1461 (m), 1431 (s), 1389 (s), 1144 (m), 1016 

(m), 801 (s), 794 (s), 739 (s). 

HRMS calculated for C18H14N3O
+ [M+H]+ 288.1131; found 288.1132. 

 

6-(6-Bromo-1H-indol-3-yl)-2H-[1,2'-bipyridin]-2-one (2.51o) 

Following General Procedure D, starting from 2.50a and 2.23t, a 

purification by preparative TLC (DCM/MeOH 24:1) afforded the title 

compound 2.51o (56.2 mg, 0.153 mmol, 77% yield) as a pale brown solid. 

mp 213-215 °C. Rf 0.28 (DCM/MeOH 19:1). 

1H NMR (400 MHz, CDCl3) δ 9.66 (bs, 1H, NH), 8.44 (dd, J = 4.8, 1.1 

Hz, 1H, HAr), 7.61-7.50 (m, 2H, HAr), 7.47 (d, J = 8.6 Hz, 1H, HAr), 7.31 (d, J = 1.5 Hz, 1H, 

HAr), 7.18 (dd, J = 8.6, 1.7 Hz, 1H, HAr), 7.16-7.08 (m, 1H, HAr), 7.06 (d, J = 7.9 Hz, 1H, HAr), 

6.60 (dd, J = 9.2, 1.0 Hz, 1H, HAr), 6.53 (d, J = 2.7 Hz, 1H, HAr), 6.48 (dd, J = 7.0, 1.0 Hz, 1H, 

HAr). 

13C NMR (101 MHz, CDCl3) δ 164.4, 152.7, 149.2, 143.2, 140.8, 138.6, 136.4, 126.5, 124.9, 

124.0, 123.9, 123.8, 120.5, 118.7, 116.1, 114.8, 110.2, 108.7. 

IR νmax 3253 (br), 1665 (s), 1585 (m), 1546 (s), 1467 (m), 1441 (m), 1104 (m), 803 (s), 788 

(m). 

HRMS calculated for C18H12
79BrN3NaO+ [M+Na]+ 388.0056; found 388.0054. 
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7.4. Spectra of new compounds 
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Aryl iodide-promoted enantioselective palladium-catalyzed trans-

hydroalkoxylation of propargyl amines via in situ tethering 
 

7.5 Synthesis of the Starting Materials 
7.5.1. Synthesis of the Propargylic Amines Precursors 4. 

N-Benzylprop-2-yn-1-amine (4.3) 

 
Scheme 103 Synthesis of Benzyl Propargyl amine 4.3 

To a flame-dried 250 mL two-necked round-bottom flask, benzylamine (55 mL, 0.50 mol, 5.0 

equiv.) and DCM (60 mL) were added. The mixture was cooled to 0 °C. Then, via an addition 

funnel, propargyl bromide (80 wt% solution in toluene, 10.8 mL, 100 mmol, 1.0 equiv.) in 

DCM (40 mL) was added dropwise over 1 hour. The reaction mixture was allowed to reach 

room temperature and stirred for 5 h. The reaction mixture was filtered through a plug of silica 

and concentrated in vacuo to approx. 100 mbar. The mixture was distilled under reduced 

pressure to give the N-benzylprop-2-yn-1-amine 4.3 as a colorless oil (7.3 g, 50 mmol, ~90% 

purity according to 1H NMR (T = 50 – 55 °C, 0.35 mbar). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.31 (m, 4H, ArH), 7.31 – 7.24 (m, 1H, ArH), 

3.90 (s, 2H, PhCH2), 3.44 (d, J = 2.4 Hz, 2H, CH2C≡CH), 2.28 (t, J = 2.4 Hz, 1H, C≡CH), 1.49 

(s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.5, 128.52, 128.49, 127.2, 82.2, 71.6, 52.4, 37.4. 

Spectral data were consistent with the values reported in literature. 242 

 

7.5.2. Synthesis of the Propargylic Amines 

 

 
242 Althuon, D.; Rönicke, F.; Fürniss, D.; Quan, J.; Wellhöfer, I.; Jung, N.; Schepers, U.; Bräse, S. Org. Biomol. 

Chem. 2015, 13, 4226–4230. 
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Scheme 3. The propargylic amines synthesized according to the general procedures reported. 

 

General Procedure 7.5.2.A 

 
Scheme 104 General Procedure 7.5.2.A. 

To a flame-dried 100 mL round bottom flask equipped with a Teflon-coated magnetic stirring 

bar, Pd(PPh3)2Cl2 (42 mg, 60 µmol, 2 mol%), CuI (11 mg, 60 µmol, 2 mol%), Et3N (0.90 g, 

1.2 mL, 9.0 mmol, 3.3 equiv.) and degassed (by bubbling dry N2 for 10 minutes) MeCN (30 

mL) were added. Then, the iodoarene (1.1 equiv.) was added and the mixture was heated to 60 

°C and stirred for 5 minutes. Benzyl propargyl amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.) was 

added and the reaction mixture was stirred for 7 hours at 60 °C. Then, the reaction mixture was 

cooled down to ambient temperature and concentrated in vacuo. The resulting crude mixture 

was dissolved in EtOAc (20 mL), then washed with water (20 mL) and brine (20 mL). The 
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organic layer was dried over Na2SO4, filtered, and concentrated in vacuo. The crude was 

purified with Biotage flash chromatography system using Buchi FlashPure cartridge with 

EcoFlex silica (10%-40% EtOAc in pentane). 

 

General Procedure 7.5.2.B 

 
Scheme 105 General Procedure 7.5.2.B. 

Following a modified version of a reported procedure.243 To a solution of 7.17 (0.80 g, 3.3 

mmol, 1 equiv.), ArI (1.01 equiv.) and Et3N (2.3 mL, 17 mmol, 5 equiv.) in acetonitrile (30 

mL) was added PdCl2(PPh3)2 (47 mg, 0.066 mmol, 2 mol%) and CuI (13 mg, 0.066 mmol, 2 

mol%) in a single portion. The resulting mixture was stirred for 7 hours at 60 °C. Water (20 

mL) was then added and the reaction mixture extracted with EtOAc (3 x 30 mL); the combined 

organic layers were dried over MgSO4, filtered, and concentrated by rotary evaporation. The 

crude material was purified by flash column chromatography (SiO2, 0-5% EtOAc in pentane). 

 

Hydrolysis: following an adapted version of a reported procedure.244 To the trifluoroacetamide 

7.18 obtained from the previous step (1 equiv.) was added a solution of KOH (3.0 equiv.) in 

water (15 mL) and methanol (15 mL) and the resulting mixture was stirred at 60 °C for 3 hours. 

The reaction was then cooled to room temperature and acidified with aq. HCl (1.0 M; 5 mL) 

followed by basification with sat. aq. NaHCO3 (pH >7). The resulting mixture was extracted 

with DCM (3 x 10 mL), dried over MgSO4, filtered, and concentrated by rotary evaporation. 

The crude material was purified by flash column chromatography (SiO2, 10-30% EtOAc in 

pentane). 

 

General Procedure7.5.2.C 

 
Scheme 106 General Procedure 7.5.2.C. 

Following an adapted version of a reported procedure. 9 To a solution of CuBr (0.20 g, 1.4 

mmol, 13 mol%) in MeCN (c = 0.15 M) was added allyl amine 7.19(1.3 equiv.), formaldehyde 

(3 equiv.) and alkyne 7.20(1 equiv.). The reaction mixture was stirred at room temperature for 

16 hours after which it was concentrated by rotary evaporation. The residue was diluted with 

Et2O (20 mL) and washed with aq. NaOH solution (5.0 M; 3 x 10 mL), dried over MgSO4, 

filtered, and concentrated by rotary evaporation. The crude material was purified by flash 

column chromatography (SiO2, 0-2% EtOAc in pentane). 

Deallylation:The tertiary amine 7.21obtained from the previous step (1 equiv.) was added to a 

solution of Pd(PPh3)4 (2 mol%) and 1,3-dimethylbarbituric acid (1.5 equiv.) in DCM (c = 0.18 

M) under an N2 atmosphere. The reaction mixture was stirred at room temperature for 16 hours. 

The reaction mixture was concentrated to a quarter of its original volume and diluted with ether 

(40 mL) and washed with sat. NaHCO3 (3 x 15 mL). The organic layer was extracted with aq. 

HCl (1.0 M; 3 x 15 mL) after which the combined aqueous layers and any precipitated solids 

 
243 Kundu, N. G.; Chaudhuri, G. Tetrahedron Lett. 2001, 42, 2883–2886. 
244 Reis, O., Koyuncu, H., Esiringu, I., Sahin, Y.; Gulcan, O. H. A New Method for the Synthesis of 

Rasagiline.U.S. Patent No US 8, 901, 352 B2, 2014. 
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were basified with K2CO3 (pH >7) and extracted with DCM (3 x 25 mL). The combined 

extracts were dried over MgSO4, filtered, and concentrated by rotary evaporation. The crude 

material was purified by flash column chromatography (SiO2, 20-50% EtOAc in pentane) to 

obtain the compound 7.22. 

Characterization of propargylic amines: 

N-Benzyl-3-phenylprop-2-yn-1-amine (4.7a) 

Prepared following an up-scaled general procedure B2. A using N-

benzylprop-2-yn-1-amine 4.3 (2.20 g, 13.5 mmol, 1.0 equiv.), iodobenzene 

(3.1 g, 1.7 mL, 15 mmol, 1.1 equiv.), Et3N (4.5 g, 6.3 mL, 45 mmol, 3.3 equiv.), Pd(PPh3)2Cl2 

(211 mg, 300 µmol, 2 mol%) and CuI (57 mg, 300 µmol, 2 mol%). Purification was performed 

by Biotage flash column chromatography system with a 120 g cartridge (SiO2, 10 – 40% EtOAc 

in pentane) to afford N-benzyl-3-phenylprop-2-yn-1-amine (4.7a) as an orange oil (2.5 g, 11 

mmol, 75% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.20 (m, 9H, ArH), 3.96 (s, 2H, PhCH2), 3.66 (s, 

2H, CH2C≡C), 1.73 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.5, 131.7, 128.5 (2C), 128.3, 128.1, 127.2, 

123.2, 87.5, 83.8, 52.5, 38.3. 

Spectral data were consistent with the values reported in literature.245 

 

N-Benzyl-3-(p-tolyl)prop-2-yn-1-amine (4.7b) 

Prepared following general procedure B2. A using p-tolyliodobenzene (667 

mg, 3.06 mmol, 1.1 equiv.). Purification was performed by Biotage flash 

column chromatography system with a 25 g cartridge (SiO2, 10 – 40% EtOAc in pentane) to 

afford N-benzyl-3-(p-tolyl)prop-2-yn-1amine (4.7b) as an orange oil (512 mg, 2.13 mmol, 79% 

yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.29 (m, 6H, ArH), 7.29 – 7.22 (m, 1H, ArH), 

7.12 (d, J = 7.9 Hz, 2H, ArH), 3.95 (s, 2H, PhCH2), 3.65 (s, 2H, CH2C-CC), 2.35 (s, 3H), 

1.68 (br. s., 1H, NH) 
13C{1H} NMR (101 MHz, CDCl3) δ 139.7, 138.3, 131.7, 129.2, 128.62, 128.59, 127.3, 120.3, 

86.7, 84.0, 52.6, 38.4, 21.6. 

Spectral data were consistent with the values reported in literature.245 

 

N-benzyl-3-(4-(tert-butyl)phenyl)prop-2-yn-1-amine(4.7c) 

Prepared following an scaled-up general procedure B2.A using N-

benzylprop-2-yn-1-amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.), 1-tert-butyl-

4-iodobenzene (0.84 g, 0.57 mL, 3.2 mmol, 1.2 equiv.), Et3N (0.90 g, 1.3 

mL, 8.9 mmol, 3.3 equiv.), Pd(PPh3)2Cl2 (38 mg, 54 µmol, 2 mol%) and CuI (11 mg, 54 µmol, 

2 mol%). Purification was performed by Biotage flash column chromatography system with a 

120 g cartridge (SiO2, 10-40% EtOAc in pentane) to afford N-benzyl-3-(4-(tert-

butyl)phenyl)prop-2-yn-1-amine(4.7c) as an orange oil (0.53 g, 1.9 mmol, 71% yield). 

Rf value: 0.35 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 8H, ArH), 7.30 – 7.24 (m, 1H, ArH), 

3.95 (s, 2H, PhCH2), 3.65 (s, 2H, CH2C≡C), 1.62 (br. s, 1H, NH), 1.32 (s, 9H, ArC(CH3)3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 151.4, 139.8, 131.5, 128.6, 128.6, 127.3, 125.4, 

120.4, 86.9, 83.9, 52.6, 38.4, 34.9, 31.3. 

 
245 Shao, Y., Zhang, F., Zhang, J. & Zhou, X. Angew. Chem. Int. Ed. 2016, 55, 11485–11489. 
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IR (cm-1) 3032 (m), 2962 (s), 1658 (s), 1504 (s), 1458 (s), 1361 (m), 1269 (m), 1115 (m), 837 

(m), 741 (s), 702 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H24N
+ 278.1903; Found 278.1901. 

 

N-Benzyl-3-(4-methoxyphenyl)prop-2-yn-1-amine (4.7d) 

Prepared following modified general procedure B2.A using Pd(PPh3)2Cl2 

(90 mg, 0.13 mmol, 5 mol%), dppf (86 mg, 0.16 mmol, 6 mol%), CuI (25 

mg, 0.13 mmol, 5 mol%), DABCO (0.76 g, 6.8 mmol, 2.6 equiv.) and 4-iodo-anisole (0.79 g, 

6.4 mmol, 1.3 mmol) in DMSO (10 mL; degassed by bubbling N2). The crude material was 

dry-loaded onto SiO2 and purified by column chromatography (SiO2, 15-30% EtOAc in 

pentane) affording N-benzyl-3-(4-methoxyphenyl)prop-2-yn-1-amine (4.7d) as a light orange 

solid (0.28 g, 1.1 mmol, 43% yield). 

Rf value: 0.28 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.23 (m, 7H, ArH), 6.87 – 6.81 (m, 2H, ArH), 

3.95 (s, 2H, ArCH2), 3.81 (s, 3H, CH3), 3.64 (s, 2H, CH2C≡C), 1.64 (bs, 1H, NH). 
13C NMR (101 MHz, Chloroform-d) δ 159.4, 139.6, 133.0, 128.4 (2C), 127.1, 115.3, 113.9, 

86.0, 83.5, 55.3, 52.5, 38.3. 

Spectral data was consistent with the values reported in literature.246 

 

N-Benzyl-3-(4-fluorophenyl)prop-2-yn-1-amine (4.7e) 

Prepared following general procedure B2.A using 4-fluoroiodobenzene 

(0.68 g, 0.35 mL, 3.1 mmol, 1.1 equiv.). Purification was performed by 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 40 % EtOAc 

in pentane) to afford N-benzyl-3-(4-fluorophenyl)prop-2-yn-1-amine (4.7e) as an orange oil 

(512 mg, 2.02 mmol, 79% yield). 

Rf value: 0.39 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.30 (m, 6H, ArH), 7.30 – 7.22 (m, 1H, ArH), 

7.07 – 6.91 (m, 2H, o-FArH), 3.95 (s, 2H, PhCH2), 3.64 (s, 2H, CH2CC), 1.61 (br. s., 1H, 

NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 162.5 (d, J = 249.0 Hz), 139.7, 133.6 (d, J = 8.3 

Hz), 128.61, 128.55, 127.3, 119.4 (d, J = 3.5 Hz), 115.7 (d, J = 22.0 Hz), 87.4, 82.8, 52.7, 38.3. 
19F NMR (376 MHz, Chloroform-d) δ -111.4 (tt, J = 8.7, 5.4 Hz). 

Spectral data were consistent with the values reported in literature.245 

 

N-Benzyl-3-(4-chlorophenyl)prop-2-yn-1-amine (4.7f) 

Prepared following general procedure B2.A using 4-chloroiodobenzene 

(730 mg, 3.06 mmol, 1.1 equiv.). Purification was performed by Biotage 

flash column chromatography system with a 25 g cartridge (SiO2, 10 – 40% EtOAc in pentane) 

to afford N-benzyl-3-(4-chlorophenyl)prop-2yn-1-amine (4.7f) as an orange oil (540 mg, 2.08 

mmol, 77% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.29 (m, 6H, ArH), 7.29 – 7.22 (m, 1H, ArH), 

7.12 (d, J = 7.9 Hz, 2H, o-MeArH), 3.95 (s, 2H, PhCH2), 3.65 (s, 2H, CH2CC), 2.35 (s, 3H, 

CH3), 1.57 (br. s., 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.6, 134.2, 133.0, 129.1, 128.6, 128.6, 127.3, 

121.9, 87.7, 82.8, 52.7, 38.3. 

IR (cm-1) 3327 (w), 3031 (m), 2921 (m), 2840 (m), 2104 (w), 1727 (m), 1487 (s), 1335 (m), 

1254 (m), 1166 (m), 1094 (s). 

 
246 García-Domínguez, P., Fehr, L., Rusconi, G.; Nevado, C. Chem. Sci. 2016, 7, 3914–3918. 
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HRMS(ESI/QTOF) m/z: [M + H]+ Calculated for C16H15ClN+ 256.0888; Found 256.0890. 

Spectral data were consistent with the values reported in literature.247 
 

N-benzyl-3-(4-bromophenyl)prop-2-yn-1-amine(4.7g) 

Prepared following an scaled-up general procedure B2.Ausing N-

benzylprop-2-yn-1-amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.), 1-bromo-4-

iodobenzene (0.92 g, 3.2 mmol, 1.2 equiv.), Et3N (0.90 g, 1.3 mL, 8.9 

mmol, 3.3 equiv.), Pd(PPh3)2Cl2 (38 mg, 54 µmol, 2 mol%) and CuI (11 mg, 54 µmol, 2 mol%). 

Purification was performed by Biotage flash column chromatography system with a 120 g 

cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford N-benzyl-3-(4-bromophenyl)prop-2-

yn-1-amine (4.7g) as an orange oil (0.60 g, 1.9 mmol, 73% yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.41 (m, 2H, ArH), 7.39-7.31 (m, 4H, ArH), 7.31-

7.26 (m, 3H, ArH), 3.94 (s, 2H, PhCH2), 3.64 (s, 2H, CH2C≡C), 1.58 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.6, 133.3, 131.7, 128.6, 128.5, 127.3, 122.4, 

122.3, 88.9, 82.8, 52.7, 38.4. 

IR (cm-1) 3032 (w), 2920 (w), 2835 (w), 1485 (s), 1331 (m), 1111 (m), 1072 (m), 1011 (m), 

910 (w), 825 (s), 741 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H15BrN+ 300.0382; Found 300.0381. 

Spectral data were consistent with the values reported in literature.245 
 

N-Benzyl-3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-amine (4.7h) 

Prepared following modified general procedure B2.A using Pd(PPh3)2Cl2 

(90 mg, 0.13 mmol, 5 mol%), dppf (86 mg, 0.16 mmol, 6 mol%), CuI (25 

mg, 0.13 mmol, 5 mol%), DABCO (0.76 g, 6.8 mmol, 2.6 equiv.) and 4-

trifluro-Iodobenzene (0.92 g, 3.4 mmol, 1.3 equiv.) in DMSO (10 mL; degassed by bubbling 

N2). The crude material was dry-loaded onto SiO2 and purified by column chromatography 

(SiO2, 10-20% EtOAc in pentane) affordingN-benzyl-3-(4-(trifluoromethyl)phenyl)prop-2-yn-

1-amine (4.7h) as a dark orange oil (0.55 g, 1.9 mmol, 72% yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.61 – 7.24 (m, 9H, ArH), 3.95 (s, 2H, ArCH2), 3.67 (s, 

2H, CH2C≡C), 1.76 (bs, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.3, 131.9, 129.8 (q, J = 32.7 Hz), 128.5, 128.4, 

127.2, 127.0, 125.2 (q, J = 3.9 Hz), 123.91 (q, J = 272.2 Hz), 90.2, 82.5, 52.6, 38.2. 
19F NMR (376 MHz, Chloroform-d) δ -63.2. 

Spectral data was consistent with the values reported in literature.246 

 

N-benzyl-3-(4-(trifluoromethoxy)phenyl)prop-2-yn-1-amine(4.7i) 

Prepared following an up-scaled general procedure B2.A using N-

benzylprop-2-yn-1-amine 4.3 (0.58 g, 4.0 mmol, 1.0 equiv.), 1-iodo-4-

(trifluoromethoxy)benzene (1.38 g, 0.751 mL, 4.80 mmol, 1.20 equiv.), 

Et3N (1.34 g, 1.84 mL, 13.2 mmol, 3.30 equiv.), Pd(PPh3)2Cl2 (56 mg, 80 µmol, 2.0 mol%) and 

CuI (15 mg, 80 µmol, 2.0 mol%). Purification was performed by flash column chromatography 

system (SiO2, 10 – 40% EtOAc in pentane) to afford N-benzyl-3-(4-

(trifluoromethoxy)phenyl)prop-2-yn-1-amine (4.7i) as an orange oil (1.0 g, 3.4 mmol, 86% 

yield). 

Rf value: 0.39 (20% Ethyl acetate in Pentane). 

 
247 Buzzetti, L., Purins, M., Greenwood, P. D. G., Waser, J. J. Am. Chem. Soc. 2020, 142, 17334-17339. 
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1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.41 (m, 2H, ArH), 7.40 – 7.31 (m, 4H, ArH), 

7.31 – 7.25 (m, 1H, ArH), 7.16 (dp, J = 7.8, 1.1 Hz, 2H, ArH), 3.95 (s, 2H, PhCH2), 3.65 (s, 

2H, CH2C≡C), 1.57 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 148.9, 139.6, 133.3, 128.6, 128.6, 127.4, 122.2, 

121.0, 120.5 (q, J = 257.6 Hz), 88.7, 82.5, 52.7, 38.3. 
19F NMR (376 MHz, Chloroform-d) δ -57.8(s, 3F, ArOCF3). 

IR (cm-1) 3035 (w), 2916 (w), 2835 (w), 1504 (m), 1454 (w), 1257 (s), 1215 (s), 1169 (s), 849 

(w), 741 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C17H15F3NO+ 306.1100; Found 

306.1092. 

 

Methyl 4-(3-(benzylamino)prop-1-yn-1-yl)benzoate (4.7j) 

Prepared following an up-scaled general procedure B2.A using N-

benzylprop-2-yn-1-amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.), methyl 4-

iodobenzoate (0.849 g, 3.24 mmol, 1.20 equiv.), Et3N (0.902 g, 1.24 

mL, 8.91 mmol, 3.30 equiv.), Pd(PPh3)2Cl2 (38 mg, 54 µmol, 2.0 mol%) and CuI (11 mg, 54 

µmol, 2.0 mol%). Purification was performed by flash column chromatography system (SiO2, 

10 – 40% EtOAc in pentane) to afford Methyl 4-(3-(benzylamino)prop-1-yn-1-yl)benzoate 

(4.7j) as an orange solid (0.58 g, 2.1 mmol, 76% yield). 

Rf value: 0.39 (30% Ethyl acetate in Pentane). 

Melting point: 45°C. 
1H NMR (400 MHz, Chloroform-d) δ 8.02 – 7.94 (m, 2H, ArH), 7.53 – 7.45 (m, 2H, ArH), 

7.42 – 7.30 (m, 4H, ArH), 7.30 (s, 1H, ArH), 3.93 (s, 2H, PhCH2), 3.92 (s, 3H, CO2CH3), 3.67 

(s, 2H, CH2C≡C), 1.64 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 166.7, 139.5, 131.7, 129.6, 129.5, 128.6, 128.5, 

128.1, 127.3, 91.0, 83.2, 52.7, 52.3, 38.4. 

IR (cm-1)3029 (w), 2951 (w), 2841 (w), 1719 (s), 1606 (m), 1454 (m), 1435 (m), 1274 (s), 1176 

(m), 1107 (s), 1019 (w), 859 (m), 769 (s), 741 (m), 697 (s). 
HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H18NO2

+ 280.1332; Found 280.1332. 

 

1-(4-(3-(Benzylamino)prop-1-yn-1-yl)phenyl)ethan-1-one(4.7k) 

Prepared following an up-scaled general procedure B2.A using N-

benzylprop-2-yn-1-amine 4.3 (0.58 g, 4.0 mmol, 1.0 equiv.), 1-(4-

iodophenyl)ethanone (1.2 g, 4.8 mmol, 1.2 equiv.), Et3N (1.3 g, 1.8 mL, 

13 mmol, 3.3 equiv.), Pd(PPh3)2Cl2 (56 mg, 80 µmol, 2 mol%) and CuI (15 mg, 80 µmol, 2 

mol%). Purification was performed by flash column chromatography system (SiO2, 10 – 40% 

EtOAc in pentane) to afford 1-(4-(3-(benzylamino)prop-1-yn-1-yl)phenyl)ethan-1-one (4.7k) 

as an orange oil (0.80 g, 3.03 mmol, 76% yield). 

Rf value: 0.32 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.94 – 7.87 (m, 2H, ArH), 7.55 – 7.47 (m, 2H, ArH), 

7.42 – 7.31 (m, 4H, ArH), 7.30 – 7.23 (m, 1H, ArH), 3.96 (s, 2H, PhCH2), 3.68 (s, 2H, 

CH2C≡C), 2.60 (s, 3H, COCH3), 1.60 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 197.5, 139.5, 136.3, 131.9, 128.6, 128.6, 128.4, 

128.3, 127.4, 91.3, 83.2, 52.7, 38.4, 26.8. 

IR (cm-1) 3336 (w), 3035 (w), 2920 (w), 2835 (w), 1682 (s), 1604 (m), 1358 (m), 1265 (s), 841 

(m), 741 (m), 702 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C18H18NO+ 264.1383; Found 

264.1377. 
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4-(3-(Benzylamino)prop-1-yn-1-yl)benzonitrile (4.7l) 

Prepared following an up-scaled general procedure B2.Ausing N-

benzylprop-2-yn-1-amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.), 4-

iodobenzonitrile (0.74 g, 3.2 mmol, 1.2 equiv.), Et3N (0.90 g, 1.2 mL, 8.9 

mmol, 3.3 equiv.), Pd(PPh3)2Cl2 (38 mg, 54 µmol, 2.0 mol%) and CuI (11 mg, 54 µmol, 2.0 

mol%). Purification was performed by Biotage flash column chromatography system with a 

120 g cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford 4-(3-(benzylamino)prop-1-yn-1-

yl)benzonitrile(4.7l) as an orange solid (0.48 g, 1.9 mmol, 72% yield). 

Rf value: 0.32 (20% Ethyl acetate in Pentane). 

Melting point: 48°C. 
1H NMR (400 MHz, Chloroform-d) δ 7.64 – 7.55 (m, 2H, ArH), 7.55 – 7.46 (m, 2H, ArH), 

7.40 – 7.31 (m, 4H, ArH), 7.31 – 7.24 (m, 1H, ArH), 3.94 (s, 2H, PhCH2), 3.68 (s, 2H, 

CH2C≡C), 1.63 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.4, 132.3, 132.1, 128.6, 128.5, 128.3, 127.4, 

118.6, 111.5, 92.6, 82.4, 52.7, 38.3. 

IR (cm-1) 3324 (w), 3028 (m), 2909 (w), 2835 (m), 2227 (s), 1604 (s), 1499 (s), 1454 (m), 1328 

(m), 1273 (m), 1177 (m), 1105 (m), 839 (s), 737 (s), 700 (s). 
HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H15N2

+ 247.1230; Found 247.1234. 

 

N-Benzyl-3-(m-tolyl)prop-2-yn-1-amine(4.7m) 

Prepared following an up-scaled general procedure B2.A using N-

benzylprop-2-yn-1-amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.), 1-iodo-3-

methylbenzene (0.71 g, 0.42 mL, 3.2 mmol, 1.2 equiv.), Et3N (0.90 g, 1.3 mL, 8.9 mmol, 3.3 

equiv.), Pd(PPh3)2Cl2 (38 mg, 54 µmol, 2 mol%) and CuI (11 mg, 54 µmol, 2 mol%). 

Purification was performed by Biotage flash column chromatography system with a 120 g 

cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford N-benzyl-3-(m-tolyl)prop-2-yn-1-amine 

(4.7m) as an orange oil (0.45 g, 1.9 mmol, 71% yield). 

Rf value: 0.42 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 4H, ArH), 7.30 – 7.23 (m, 3H, ArH), 

7.20 (td, J = 7.5, 0.7 Hz, 1H, ArH), 7.12 (dtd, J = 7.4, 1.5, 0.8 Hz, 1H, ArH), 3.95 (s, 2H, 

PhCH2), 3.65 (s, 2H, CH2C≡C), 2.33 (d, J = 0.8 Hz, 3H, ArCH3), 1.58 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.7, 138.1, 132.4, 129.1, 128.9, 128.6 (2C), 

128.3, 127.3, 123.2, 87.3, 84.0, 52.6, 38.4, 21.4. 

IR (cm-1) 3032 (m), 2920 (m), 2850 (m), 1601 (m), 1485 (m), 1454 (m), 1331 (m), 1254 (m), 

1107 (m), 910 (m), 787 (s), 737 (s), 698 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H18N
+ 236.1434; Found 236.1436. 

 

N-benzyl-3-(3-fluorophenyl)prop-2-yn-1-amine(4.7n) 

Prepared following an up-scaled general procedure B2.Ausing N-

benzylprop-2-yn-1-amine 4.3 (0.78 g, 5.4 mmol, 1.0 equiv.), 1-fluoro-3-

iodobenzene (1.4 g, 0.76 mL, 6.4 mmol, 1.2 equiv.), Et3N (1.8 g, 2.6 mL, 18 mmol, 3.3 equiv.), 

Pd(PPh3)2Cl2 (0.076 g, 108 µmol, 2.00 mol%) and CuI (0.022 g, 108 µmol, 2.00 mol%). 

Purification was performed by Biotage flash column chromatography system with a 120 g 

cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford N-benzyl-3-(3-fluorophenyl)prop-2-yn-

1-amine (4.7n) as an orange oil (0.87 g, 3.6 mmol, 67% yield). 

Rf value: 0.43 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.31 (m, 4H, ArH), 7.30 – 7.19 (m, 3H, ArH), 

7.13 (ddd, J = 9.5, 2.6, 1.4 Hz, 1H, ArH), 7.02 (tdd, J = 8.2, 2.7, 1.2 Hz, 1H, ArH), 3.95 (s, 2H, 

PhCH2), 3.65 (s, 2H, CH2C≡C), 1.59 (br. s, 1H, NH). 
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13C{1H} NMR (101 MHz, Chloroform-d) δ 162.5 (d, J = 246.4 Hz), 139.6, 130.0 (d, J = 8.7 

Hz), 128.6, 128.6, 127.7 (d, J = 3.2 Hz), 127.3, 125.2 (d, J = 9.4 Hz), 118.6 (d, J = 22.6 Hz), 

115.6 (d, J = 21.1 Hz), 88.8, 82.7 (d, J = 3.4 Hz), 52.7, 38.3. 
19F NMR (376 MHz, Chloroform-d) δ -113.1(s, 1F, ArF). 

IR (cm-1) 3066 (m), 3032 (m), 2920 (m), 2843 (m), 1577 (s), 1481 (s), 1446 (m), 1331 (m), 

1277 (m), 1157 (s), 1107 (m), 991 (m), 872 (m), 787 (s), 737 (s), 690 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H15FN+ 240.1183; Found 240.1181. 

 

N-Benzyl-3-(3-chlorophenyl)prop-2-yn-1-amine (4.7o) 

Prepared following general procedure B2.Ausing 3-chloroiodobenzene (730 

mg, 3.06 mmol, 1.1 equiv.). Purification was performed by Biotage flash 

column chromatography system with a 25 g cartridge (SiO2, 10 – 40% EtOAc in pentane) to 

afford N-benzyl-3-(3-chlorophenyl)prop-2yn-1-amine (4.7o)as an orange oil (530 mg, 2.08 

mmol, 77% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.40 (m, 1H, ArH), 7.40 – 7.18 (m, 8H, ArH), 

3.94 (s, 2H, PhCH2), 3.65 (s, 2H, CH2CC), 1.60 (br. s., 1H. NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.6, 134.2, 131.7, 129.9, 129.6, 128.62, 128.56, 

128.5, 127.4, 125.1, 89.1, 82.5, 52.7, 38.3. 

IR (cm-1) 3324 (m), 3030 (m), 2909 (m), 2833 (m), 2357 (w), 1589 (m), 1560 (m), 1465 (m). 

HRMS(ESI/QTOF) m/z: [M + H]+ Calculated for C16H15ClN+ 256.0888; Found 256.0886. 

Spectral data were consistent with the values reported in literature.247 
 

N-benzyl-3-(3-bromophenyl)prop-2-yn-1-amine (4.7p) 

Prepared following general procedure B2.B using PdCl2(PPh3)2 (47 mg, 

66 µmol, 2 mol%), CuI (13 mg, 66 µmol, 2 mol%, 4.3 (0.80 g, 3.3 mmol, 

1 equiv.), 1-bromo-3-iodobenzene (0.95 g, 3.4 mmol, 1.01 equiv.) and Et3N (2.3 mL, 17 mmol, 

5 equiv.) in acetonitrile (30 mL). The crude material was purified by flash column 

chromatography (SiO2, 0-5% EtOAc in pentane) affording N-benzyl-N-(3-(3-

bromophenyl)prop-2-yn-1-yl)-2,2,2-trifluoroacetamide as an yellow oil (1.2 g, 3.0 mmol, 92% 

yield). 

Hydrolysis: the obtained trifluoroacetamide (1.2 g, 3.0 mmol, 1 equiv.) was treated with KOH 

(0.50 g, 9.0 mmol, 3.0 equiv.) in H2O (15 mL) and MeOH (15 mL). Purification by column 

chromatography (SiO2, 10-30% EtOAc in pentane) afforded N-benzyl-3-(3-

bromophenyl)prop-2-yn-1-amine (4.7p) as a light yellow oil (0.80 g, 2.7 mmol, 88% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.59 (t, J = 1.7 Hz, 1H, ArH), 7.45 (ddd, J = 8.0, 2.1, 1.1 

Hz, 1H, ArH), 7.43 – 7.24 (m, 6H, ArH), 7.18 (t, J = 7.9 Hz, 1H, ArH), 3.96 (s, 2H, ArCH2), 

3.66 (s, 2H, CH2C≡C), 2.37 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 138.7, 134.4, 131.3, 130.2, 129.7, 128.5, 128.5, 

127.4, 125.1, 122.1, 88.4, 82.6, 52.3, 37.9. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C16H15
79BrN+300.0382; Found 300.0384. 

Spectral data were consistent with the values reported in literature.247 
 

N-Benzyl-3-(2-fluorophenyl)prop-2-yn-1-amine (4.7q) 

Prepared following general procedure B2.Ausing 2-fluoroiodobenzene 

(0.80 g, 0.42 mL, 3.6 mmol, 1.2 equiv.). Purification was performed by 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 40% EtOAc in 

pentane) to afford N-benzyl-3-(2-fluorophenyl)prop-2-yn-1-amine (4.7q) as an orange oil (520 

mg, 2.17 mmol, 72% yield). 
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Rf value: 0.40 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.19 (m, 5H, ArH), 7.19 – 7.10 (m, 2H, ArH), 

7.00 – 6.92 (m, 2H, ArH), 3.86 (s, 2H, PhCH2), 3.58 (s, 2H, CH2CC), 1.48 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 163.0 (d, J = 250.9 Hz), 139.6, 133.7, 129.9 (d, J 

= 7.9 Hz), 128.7, 128.6, 127.3, 124.0 (d, J = 3.7 Hz), 115.6 (d, J = 21.0 Hz), 111.9 (d, J = 15.7 

Hz), 93.2, 77.3, 52.5, 38.4. 
19F NMR (376 MHz, Chloroform-d) δ -110.4 (d, 1F, J = 5.9 Hz, ArF). 

IR (cm-1) 3324 (m), 3032 (m), 2912 (m), 2836 (m), 2104 (w), 1494 (s), 1451 (s), 1327 (m), 

1214 (m), 1107 (m). 

HRMS(ESI/QTOF) m/z: [M + H]+ Calculated for C16H15FN+ 240.1183; Found 240.1184. 

Spectral data were consistent with the values reported in literature.247 

 

N-benzyl-3-(3,5-dimethylphenyl)prop-2-yn-1-amine (4.7r) 

Prepared following modified general procedure B2.BusingPdCl2(PPh3)2 

(0.14 g, 0.20 mmol, 5 mol%), PPh3 (0.21 g, 0.80 mmol, 20 mol%) and CuI 

(76 mg, 0.40 mmol, 10 mol%). 4.3 (0.97 g, 4.0 mmol, 1 equiv.), 1-iodo-

3,5-dimethylbenzene (1.1 g, 4.8 mmol, 1.2 equiv.) in DMF (3.3 mL) and Et3N (10 mL).The 

crude material was purified by flash column chromatography (SiO2, 0-5% EtOAc in pentane) 

afforded N-benzyl-N-(3-(3,5-dimethylphenyl)prop-2-ynyl)-trifluoroacetamide as an orange oil 

(1.2 g, 3.6 mmol, 90% yield). 

Hydrolysis: the obtained trifluoroacetamide (0.84 g, 2.4 mmol, 1 equiv.) was treated with KOH 

(0.15 g, 2.7 mmol, 1.3 equiv.) in H2O (5 mL) and MeOH (5 mL). Purification by column 

chromatography (SiO2, 10-40% EtOAc in pentane) afforded N-benzyl-3-(3,5-

dimethylphenyl)prop-2-ynylamine (4.7r) as an orange oil (0.49 g, 2.0 mmol, 76% yield). 

Rf value: 0.41 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d)δ 7.42 – 7.24 (m, 5H, ArH), 7.08 (m, 2H, ArH), 6.95 (m, 

1H, ArH), 3.96 (s, 2H, ArCH2), 3.65 (s, 2H, CH2C≡C), 2.29 (s, 6H, CH3), 2.09 (bs, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d)δ 139.3, 137.8, 130.0, 129.3, 128.5, 128.4, 127.2, 

122.8, 86.5, 84.2, 52.3, 38.1, 21.1. 

Spectral data was consistent with the values reported in literature.248 
 

N-benzyl-3-(thiophen-2-yl)prop-2-yn-1-amine (4.7s) 

Prepared following general procedure B2.B using PdCl2(PPh3)2 (36 mg, 51 

µmol, 2 mol%), CuI (12 mg, 66 µmol, 3 mol%), 4.3 (0.50 g, 2.0 mmol, 1 

equiv.), 2-iodothiophene (0.43 g, 2.0 mmol, 1.01 equiv.) and Et3N (1.4 mL, 10 mmol, 5 equiv.) 

in acetonitrile (30 mL). The The crude material was purified by flash column chromatography 

(SiO2, 0-5% EtOAc in pentane) afforded N-benzyl-2,2,2-trifluoro-N-(3-(thiophen-2-yl)prop-2-

yn-1-yl)acetamide as an yellow oil (0.58 g, 1.8 mmol, 88% yield). 

Hydrolysis: the obtained trifluoroacetamide (0.58 g, 1.8 mmol, 1 equiv.) was treated with KOH 

(0.30 g, 5.4 mmol, 3.0 equiv.) in H2O (9 mL) and MeOH (9 mL). Purification by column 

chromatography (SiO2, 10-30% EtOAc in pentane) afforded N-benzyl-3-(thiophen-2-yl)prop-

2-yn-1-amine(4.7s) as an orange amorphous solid (0.38 g, 1.7 mmol, 93% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.27 (m, 5H, ArH), 7.24 (dd, J = 5.2, 1.2 Hz, 1H, 

ArH), 7.20 (dd, J = 3.6, 1.1 Hz, 1H, ArH), 6.97 (dd, J = 5.2, 3.6 Hz, 1H, ArH), 3.95 (s, 2H, 

ArCH2), 3.68 (s, 2H, CH2C≡C), 3.00 (s, 1H NH). 

 
248 Greenwood, P. D. G., Grenet, E. & Waser, J. Palladium-Catalyzed Carbo-Oxygenation of Propargylic 

Amines using in Situ Tether Formation. Chem. Eur. J. 2019, 25, 3010–3013. 
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13C{1H} NMR (101 MHz, Chloroform-d) δ 138.8, 131.8, 128.5, 128.5, 127.3, 126.9, 126.8, 

123.1, 91.0, 77.3, 52.3, 38.2. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C14H14NS+ 228.0841; Found 228.0844. 

Spectral data were consistent with the values reported in literature.13 

N-Benzyl-3-(pyridin-3-yl)prop-2-yn-1-amine (4.7t) 

Prepared following general procedure B2.Ausing 3-bromopyridine (0.48 g, 

0.30 mL, 3.06 mmol, 1.1 equiv.). Purification was performed by two 

sequential runs of Biotage flash column chromatography system with a 25 g cartridge (SiO2, 0 

– 10% MeOH in DCM) to afford N-benzyl-3-(pyridin-3-yl)prop-2-yn-1-amine (4.7t) as a dark 

orange oil (401 mg, 1.80 mmol, 60% yield). The material was used without further purification. 

Rf value: 0.35 (DCM/EA/MeOH 6:4:0.3). 
1H NMR (400 MHz, DMSO-d6) δ 8.62 (br. s, 1H, HetArH), 8.55 (br. s, 1H, HetArH), 7.84 (dt, 

J = 7.9, 1.9 Hz, 1H, HetArH), 7.45 – 7.29 (m, 5H, HetArH and ArH), 7.26 – 7.19 (m, 1H, ArH), 

3.82 (s, 2H, PhCH2), 3.56 (s, 2H, CH2CC). 
13C{1H} NMR (101 MHz, DMSO-d6) δ 151.6, 148.6, 140.1, 138.5, 128.1, 128.1, 126.7, 123.6, 

119.8, 92.3, 79.8, 51.5, 37.4. 

IR (cm-1) 3649 (m), 3276 (m), 3032 (m), 2914 (m), 2831 (m), 2233 (w), 1663 (m), 1465 (m), 

1112 (m). 

HRMS(ESI/QTOF) m/z: [M + H]+ Calculated for C15H15N2
+ 223.1230; Found 223.1232. 

Spectral data were consistent with the values reported in literature.247 
 

N-benzyl-3-(quinolin-6-yl)prop-2-yn-1-amine (4.7u) 

Prepared following an up-scaled general procedure B2.Ausing N-

benzylprop-2-yn-1-amine 4.3 (0.39 g, 2.7 mmol, 1.0 equiv.), 6-

iodoquinoline (0.83 g, 3.2 mmol, 1.2 equiv.), Et3N (0.90 g, 1.3 mL, 8.9 

mmol, 3.3 equiv.), Pd(PPh3)2Cl2 (38 mg, 54 µmol, 2 mol%) and CuI (11 mg, 54 µmol, 2 mol%). 

Purification was performed by Biotage flash column chromatography system with a 120 g 

cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford N-benzyl-3-(quinolin-6-yl)prop-2-yn-

1-amine (4.7u) as an orange oil (0.64 g, 2.3 mmol, 87% yield). 

Rf value: 0.26 (DCM/EA/MeOH 6:4:0.3). 
1H NMR (400 MHz, Chloroform-d) δ 8.91 (dd, J = 4.3, 1.7 Hz, 1H, ArH), 8.10 (dt, J = 8.1, 1.4 

Hz, 1H, ArH), 8.04 (dd, J = 8.6, 0.8 Hz, 1H, ArH), 7.92 (d, J = 1.8 Hz, 1H, ArH), 7.72 (dd, J 

= 8.7, 1.8 Hz, 1H, ArH), 7.45 – 7.32 (m, 5H, ArH), 7.31 – 7.26 (m, 1H, ArH), 3.99 (s, 2H, 

PhCH2), 3.71 (s, 2H, CH2C≡C), 1.64 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 151.0, 147.8, 139.6, 135.8, 132.5, 131.2, 129.7, 

128.6, 128.6, 128.1, 127.4, 121.8, 121.7, 89.1, 83.5, 52.8, 38.5. 

IR (cm-1) 3309 (w), 3032 (m), 2916 (w), 2835 (w), 1589 (w), 1496 (m), 1454 (m), 1331 (m), 

1115 (m), 895 (m), 841 (s), 741 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H17N2
+ 273.1386; Found 273.1390. 

 

N-benzylnon-2-yn-1-amine (4.7y) 

Prepared following general procedure B2.C using CuBr (54 mg, 0.37 

mmol, 12 mol%), allyl benzylamine (0.55 g, 0.59 mL, 3.7 mmol, 1.3 

equiv), formaldehyde (0.75 g, 0.70 mL, 9.0 mmol 36% aq. solution, 3.0 

equiv) and 1-octyne (0.33 g, 0.44 mL, 3.0 mmol, 1.0 equiv.) in MeCN (25 mL). Purification of 

the crude product by column chromatography (SiO2, 0-2% EtOAc in pentane) to afford N-allyl-

N-benzylnon-2-yn-1-amine as a colourless oil (0.68 g, 2.5 mmol, 84% yield). 

Deallylation: the obtained tertiary amine (0.84 g, 3.1 mmol, 1 equiv.) was treated with 

Pd(PPh3)4 (72 mg, 63 µmol, 2 mol%) and 1,3-dimethylbarbituric acid (0.73 g, 4.7 mmol, 1.5 

equiv.) in DCM (20 mL). Purification by flash column chromatography (SiO2, 40-60% EtOAc 
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in pentane) to afford N-benzylnon-2-yn-1-amine (4.7y) as a straw-coloured oil (0.12 g, 0.5 

mmol, 16% yield). 

Rf value: 0.46 (40% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.16 (m, 5H, ArH), 3.86 (s, 2H, PhCH2), 3.40 (t, 

J = 2.2 Hz, 2H, CH2C≡C-CH2(CH2)4CH3), 2.21 (tt, J = 7.1, 2.2 Hz, 2H, CH2C≡C-

CH2(CH2)4CH3), 1.58 – 1.19 (m, 9H, CH2C≡C-CH2(CH2)4CH3+ br. s, 1H, NH), 0.94 – 0.82 

(m, 3H, CH2C≡C-CH2(CH2)4CH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 139.9, 128.6, 128.5, 127.2, 84.2, 78.1, 52.6, 38.0, 

31.5, 29.0, 28.7, 22.7, 18.9, 14.2. 

IR (cm-1) 3066 (w), 3032 (w), 2927 (s), 2858 (m), 1581 (m), 1454 (m), 1331 (m), 1277 (m), 

1161 (m), 787 (m), 741 (s), 698 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H24N
+ 230.1903; Found 230.1904. 

N-benzyl-5-phenylpent-2-yn-1-amine (4.7z) 

Prepared following general procedure B2.Cusing CuBr (0.053 g, 0.37 

mmol, 12 mol%), allyl benzylamine (0.55 g, 0.59 mL, 3.8 mmol, 1.3 

equiv), formaldehyde (0.7 mL, 9 mmol 36% aq. solution, 3.0 equiv) and 

but-3-ynylbenzene (0.4 g, 0.4 mL, 3 mmol, 1 equiv.) in MeCN (25 mL). 

Purification of the crude product by column chromatography (SiO2, 0-2% EtOAc in pentane) 

to afford N-allyl-N-benzyl-5-phenylpent-2-yn-1-amine as a colourless oil (0.83 g, 2.9 mmol, 

96% yield). 

Deallylation: the obtained tertiary amine (0.83 g, 2.9 mmol, 1 equiv.) was treated with 

Pd(PPh3)4 (67 mg, 57 µmol, 2 mol%) and 1,3-dimethylbarbituric acid (0.67 g, 4.3 mmol, 1.5 

equiv.) in DCM (20 mL). Purification by flash column chromatography (SiO2, 20-30% EtOAc 

in pentane) to afford N-benzyl-5-phenylpent-2-yn-1-amine (4.7z) as a straw-coloured oil (46 

mg, 0.18 mmol, 6% yield). 

Rf value: 0.16 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.17 (m, 10H, ArH), 3.81 (s, 2H, PhCH2NH), 3.39 

(t, J = 2.2 Hz, 2H, CH2C≡C), 2.85 (t, J = 7.5 Hz, 2H, PhCH2), 2.52 (tt, J = 7.5, 2.2 Hz, 2H, 

PhCH2CH2C≡C), 1.45 (br. s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 140.9, 139.8, 128.6, 128.5, 128.5 (2C), 127.2, 

126.4, 83.2, 78.9, 52.5, 37.9, 35.4, 21.0. 

IR (cm-1) 3321 (w), 3028 (w), 2924 (m), 2846 (w), 1604 (w), 1581 (w), 1493 (m), 1454 (m), 

1331 (w), 1265 (w), 1157 (w), 1107 (w), 702 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H20N
+ 250.1590; Found 250.1589. 

 

7.6. Stereoselective Tethered Cyclization ofPropargylic Amines 
7.6.1. General Procedure for the Enantioselective Cyclization of Propargylic Amines 

 

 
Scheme 7. Enantioselevtive Carboetherification of Propargylic Amines 

An oven-dried 8 mL microwave vial equipped with a Teflon coated stirring bar was charged 

with Pd2(dba)3• CHCl3 (5.2 mg, 5.0μmol, 1.25 mol%), the ligand (9.7 mg, 14 μmol, 3.5 mol%), 

K3PO4 (85 mg, 0.40 mmol, 1.0 equiv.) and, if solid, the propargylic amine (0.40 mmol, 1.0 

equiv.). The vial was then sealed, purged with N2 and placed in a heatingmetal block. 1.5 mL 

of DCM were added, and the suspension was stirred at room temperature for 10 minutes. 1-

Iodo-2-methoxybenzene (10.5 μL, 800 μmol, 0.200 equiv.) was then added, followed by 0.5 
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mL of DCM and the mixture was stirred at room temperature for extra 10 minutes. 1-Ethoxy-

2,2,2-trifluoroethanol (85% in EtOH, 76 uL, 0.56 mmol 1.4 equiv.) and, if liquid, the 

propargylic amine (0.40 mmol, 1.0 equiv.) wereadded, and the resulting suspension was stirred 

at 50 °C for 16 hours. Next, the reaction mixture was filtered through a plug of deactivated 

silica gel eluting with 15 mL of pentane/EtOAc 8:2 and concentrated in vacuo. The crude 

material was purified by flash column chromatography on silica gel to afford the corresponding 

product. 

 

7.6.2. Characterization of Products of the Enantioselective Cyclization of Propargyl amines 

 

(R,Z)-3-Benzyl-5-benzylidene-2-(trifluoromethyl)oxazolidine (4.10a) 

Prepared according to the general procedure D1 usingN-benzyl-3-phenylprop-

2-yn-1-amine 4.7a(87 μL, 0.40 mmol, 1.0 equiv.). The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 to 

100:3) to give the corresponding olefin3a(106 mg, 0.332 mmol, 83% yield) as 

a white amorphous solid.The enantiomeric excess was determined to be 90% by HPLC analysis 

on a Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm:τMinor 

= 19.6 min τMajor = 11.2 min. Absolute configuration was determined by X-Ray diffraction 

analysis of a single crystal of 4.10a(details in section F). 

Rf value: 0.56 (5% Ethyl acetate in Pentane). 

[α]D20 = +25.7 (c = 0.49, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.59 – 7.54 (m, 2H, ArH), 7.42 – 7.30 (m, 7H, ArH), 

7.21 – 7.15 (m, 1H, ArH), 5.36 (br.s., 1H, vinyl CH), 5.17 (q, J = 5.3 Hz, 1H, CHCF3), 4.11 – 

4.03 (d, J = 15.5 Hz, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.91 (d, J = 13.1 

Hz, 1H, PhCHaHb), 3.61 (d, J = 15.5 Hz, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 150.2, 137.0, 135.4, 128.9, 128.8, 128.5, 128.1, 

127.8, 126.0,122.7 (q, J = 283.5 Hz) 98.8, 95.0 (q, J = 34.5 Hz), 60.5, 55.5. 
19F{1H} NMR(376 MHz, Chloroform-d)δ -80.3. 

IR (cm-1) 3028 (w), 1693 (m), 1496 (w), 1450 (w), 1369 (w), 1296 (m), 1173 (s), 1146 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C18H17F3NO+ 320.1257; Found 320.1248. 

 

3 mmol scale reaction. The model reaction was repeated on 3 mmol scale.An oven dried 25 

mL sealed tube equipped with a Teflon stir bar was charged with Pd2(dba)3• CHCl3 (39mg, 

38μmol, 1.25 mol%), the ligand (73mg, 0.11 mmol, 3.5 mol%) and K3PO4 (637mg, 3.00 mmol, 

1.00 equiv.). The tube was then purged with N2.and sealed11 mL of DCM were added under a 

nitrogen flow and the suspension was stirred at room temperature for 10 minutes.1-Iodo-2-

methoxybenzene 4.33 (78 μL, 0.60 mmol, 0.20 equiv.) was then added under nitrogen flow, 

followed by 4 mL of DCM. The mixture was stirred at room temperature for extra 10 minutes. 

1-ethoxy-2,2,2-trifluoroethanol 8 (85% in EtOH, 575 uL, 4.20 mmol 1.40 equiv.) and N-

benzyl-3-phenylprop-2-yn-1-amine 4.7a (650 μL, 3.00 mmol, 1.00 equiv.) were added under a 

nitrogen flow, the tube was sealed, and the resulting suspension was stirred at 50 °C for 16 

hours.Then, the reaction mixture was filtered through a plug of silica gel eluting with 150 mL 

of pentane/EtOAc 8:2 and concentrated in vacuo and analyzed by 1H NMR with an internal 

standard (trichloroethylene, 0.33 equiv., NMR yield: =90%). The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to give the 

corresponding product 4.10a (783 mg, 2.45 mmol, 82% yield) as a white solid.The 

enantiomeric excess was determined to be 92% by HPLC analysis on a Daicel Chiralpak IB N-

5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 19.6 min τMajor = 11.2 

min. 

 



237 
 

(R,Z)-3-Benzyl-5-(4-methylbenzylidene)-2-(trifluoromethyl)oxazolidine (4.10b) 

Prepared according to the general procedure D1 usingN-benzyl-3-(p-

tolyl)prop-2-yn-1-amine 4.7b (94 mg, 0.40 mmol, 1.0 equiv.). The crude 

material was purified by flash column chromatography (pentane/EtOAc 

gradient 100:0 to 97:3) to give the corresponding olefin 4.10b (107 mg, 

0.321 mmol, 80% yield) as pale yellow amorphous solid. The enantiomeric 

excess was determined to be 90% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 

99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 14.5 min, τMajor = 11.1 min. Absolute 

configuration determined in comparison to compound 4.10a. 

Rf value: 0.58 (5% Ethyl acetate in Pentane). 

[α]D20 = 21.8 (c = 0.49, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.41 (m, 2H, ArH), 7.41 – 7.28 (m, 5H, ArH), 

7.13 (d, J = 8.0 Hz, 2H, ArH), 5.32 (s, 1H, vinyl CH), 5.15 (q, J = 5.4 Hz, 1H, CHCF3), 4.04 

(d, J = 15.4 Hz, 1H, NCHaHbC=C), 3.98 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 

1H, PhCHaHb), 3.59 (d, J = 15.3,  1H, NCHaHbC=C), 2.34 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 149.5, 137.1, 135.7, 132.5, 129.2, 128.9, 128.8, 

128.07, 127.7, 122.7 (q, J = 283.5 Hz), 98.7, 94.8 (q, J = 34.4 Hz), 60.5, 55.4, 21.3. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -80.4(s, 3F, CHCF3). 

IR (cm-1) 3028 (w), 2927 (w), 1693 (m), 1512 (w), 1454 (w), 1369 (w), 1296 (m), 1173 (s), 

1146 (s), 1018 (m), 976 (m), 837 (m), 752 (w), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H19F3NO+ 334.1413; Found 334.1417. 

 

(R,Z)-3-Benzyl-5-(4-(tert-butyl)benzylidene)-2-(trifluoromethyl)oxazolidine (4.10c) 

Prepared according to the general procedure D1 usingN-benzyl-3-(4-(tert-

butyl)phenyl)prop-2-yn-1-amine 4.7c (111 mg, 0.400 mmol, 1.00 equiv.). 

The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 97:3) to give the corresponding olefin 

4.10c (122 mg, 0.325 mmol, 81% yield) as a dark red liquid. The 

enantiomeric excess was determined to be 84% by HPLC analysis on a 

Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 

12.2 min, τMajor = 9.2 min. Absolute configuration determined in comparison to compound 

4.10a. 

Rf value: 0.60 (5% Ethyl acetate in Pentane). 

[α]D20 = 2.85 (c = 0.48, CHCl3, 84% ee). 
1H NMR (400 MHz, CDCl3) δ 7.52 – 7.47 (m, 2H, ArH), 7.40 – 7.35 (m, 5H, ArH), 7.35 – 

7.29 (m, 2H, ArH), 5.34 (s, 1H,vinyl CH), 5.14 (q, J = 5.4 Hz, 1H, CHCF3), 4.05 (d, J = 15.3, 

1H, NCHaHbC=C), 3.97 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.89 (d, J = 13.1 Hz, 1H, PhCHaHb), 

3.59 (d, J = 15.4, 1H, NCHaHbC=C), 1.32 (s, 9H, C(CH3)3). 
13C{1H} NMR (101 MHz, Chloroform-d)δ 149.7, 148.9, 137.1, 132.6, 128.9, 128.8, 128.1, 

127.5, 125.4, 122.7 (q, J = 283.6 Hz), 98.6, 94.8 (q, J = 34.3 Hz), 60.5, 55.4, 34.6, 31.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.3(s, 3F, CHCF3). 

IR (cm-1) 2958 (m), 2866 (w), 1693 (m), 1458 (w), 1369 (m), 1296 (m), 1173 (s), 1149 (s), 

1014 (w), 972 (m), 849 (w), 756 (w), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H25F3NO+ 376.1883; Found 376.1879. 

 

(R,Z)-3-Benzyl-5-(4-methoxybenzylidene)-2-(trifluoromethyl)oxazolidine (4.10d) 

Prepared according to the general procedure D1 using N-benzyl-3-(4-

(methoxy)phenyl)prop-2-yn-1-amine 4.7d (101 mg, 0.400 mmol, 

1.0 equiv.). The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 97:3) to give the corresponding olefin 
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4.10d (100 mg, 0.286 mmol, 72% yield) as an orange oil. The enantiomeric excess was 

determined to be 84% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 

hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 15.1 min, τMajor = 10.7 min. Absolute 

configuration determined in comparison to compound 4.10a. 

Rf value: 0.42 (5% Ethyl acetate in Pentane). 

[α]D20 = 13.9 (c = 0.48, CHCl3, 84% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.49 (d, J = 8.8 Hz, 2H, ArH), 7.43 – 7.29 (m, 5H, ArH), 

6.88 (d, J = 8.8 Hz, 2H, ArH), 5.30 (s, 1H, vinyl CH), 5.14 (q, J = 5.4 Hz, 1H, CHCF3), 4.04 

(d, J = 15.3 Hz, 1H,NCHaHbC=C), 3.98 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 

1H, PhCHaHb), 3.81 (s, 3H, OCH3), 3.58 (d, J = 15.3 Hz, 1H,NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 157.8, 148.5, 137.1, 129.0, 128.8, 128.8, 128.2, 

128.1, 122.7 (q, J = 283.5 Hz), 114.0, 98.3, 94.7 (q, J = 34.3 Hz), 60.4, 55.4, 55.3. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.4. 

IR (cm-1) 2947 (w), 1693 (m), 1608 (m), 1512 (m), 1454 (m), 1292 (m), 1250 (s), 1173 (s), 

1149 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calculated for C19H19F3NO2
+ 350.1362; 

Found 350.1356. 

 

(R,Z)-3-Benzyl-5-(4-fluorobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10e) 

Prepared according to the general procedure D1 usingN-benzyl-3-(4-fluorophenyl)prop-2-yn-

1-amine 4.7e (96 mg, 0.40 mmol, 1.0 equiv.). The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to 

give the corresponding olefin 4.10e (112 mg, 0.332 mmol, 83% yield) as a 

pale yellow amorphous solid. The enantiomeric excess was determined to be 

92% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 

hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 16.4 min τMajor = 12.3 min. Absolute 

configuration was determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.62 (5% Ethyl acetate in Pentane). 

[α]D20 = +13.6 (c = 0.39, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.56 – 7.46 (m, 2H, ArH), 7.43 – 7.27 (m, 5H, ArH), 

7.08 – 6.95 (m, 2H, ArH), 5.32 (s, 1H, vinyl CH), 5.16 (q, J = 5.4 Hz, 1H, CHCF3), 4.04 (d, J 

= 15.4 Hz, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.59 (d, J = 15.5, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 162.3, 159.9, 149.8 (d, J = 2.5 Hz), 137.0, 131.5 

(d, J = 3.3 Hz), 129.3 (d, J = 7.7 Hz), 128.8 (d, J = 1.6 Hz), 128.1, 122.7 (q, J = 283.3 Hz), 

115.3 (d, J = 21.3 Hz), 97.8, 94.9 (q, J = 34.4 Hz), 60.5, 55.3. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.4 (s, 3F, CHCF3), -116.3 (s, 1F, ArF). 

IR (cm-1) 3035 (w), 2846 (w), 1693 (m), 1508 (m), 1296 (m), 1227 (m), 1146 (s), 1014 (m), 

976 (m), 845 (m), 702 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C18H16F4NO+ 338.1163; 

Found 338.1165. 

 

(R,Z)-3-Benzyl-5-(4-chlorobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10f) 

Prepared according to the general procedure D1 usingN-benzyl-3-(4-

chlorophenyl)prop-2-yn-1-amine 4.7f (102 mg, 0.400 mmol, 1.00 equiv.). 

The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 100:3) to give the corresponding olefin 

4.10f (123 mg, 0.348 mmol, 87% yield) as an orange liquid. The enantiomeric 

excess was determined to be 90% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 
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99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 16.8 min τMajor = 13.3 min. Absolute 

configuration was determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.58 (5% Ethyl acetate in Pentane). 

[α]D20 = +36.4 (c = 0.6, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.51 – 7.42 (m, 2H, ArH), 7.42 – 7.30 (m, 5H, ArH), 

7.30 – 7.24 (m, 2H, ArH), 5.31 (s, 1H, vinyl CH), 5.18 (q, J = 5.3 Hz, 1H, CHCF3), 4.05 (d, J 

= 15.6 Hz, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.60 (d, J = 15.6, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 150.8, 136.9, 133.9, 131.4, 129.0, 128.8 (2C), 

128.6, 128.2, 122.6 (q, J = 283.5 Hz), 97.8, 95.1 (q, J = 34.5 Hz), 60.5, 55.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.4(s, 3F, CHCF3). 

IR (cm-1) 3035 (w), 2935 (w), 1689 (m), 1493 (m), 1369 (w), 1296 (m), 1176 (s), 1146 (s), 

1088 (m), 1014 (m), 972 (m), 845 (m), 702 (m), 752 (w). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H16ClF3NO+ 354.0867; Found 354.0862. 

 

(R,Z)-3-Benzyl-5-(4-bromobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10g) 

Prepared according to the general procedure D1 using N-benzyl-3-(4-bromophenyl)prop-2-yn-

1-amine 4.7g (120 mg, 0.400 mmol, 1.00 equiv.). The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 to 

100:3) to give the corresponding olefin 4.10g (138 mg, 0.346 mmol, 87% 

yield) as a white amorphous solid. The enantiomeric excess was determined 

to be 94% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 

hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 18.1 min τMajor = 14.4 min. Absolute 

configuration was determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.57 (5% Ethyl acetate in Pentane). 

[α]D20 = +29.98 (c = 0.54, CHCl3, 94% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.27 (m, 9H, ArH), 5.29 (s, 1H, vinyl CH), 5.18 

(q, J = 5.3 Hz, 1H, CHCF3), 4.07 – 4.01 (d, J = 15.6, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 

1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.60 (d, J = 15.6, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 151.0, 136.9, 134.3, 131.5, 129.4, 128.8 (2C), 

128.2, 122.6 (q, J = 283.4 Hz), 119.5, 97.8, 95.1 (q, J = 34.6 Hz), 60.5, 55.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.4(s, 3F, CHCF3). 

IR (cm-1) 2931 (w), 2854 (w), 1689 (m), 1489 (m), 1296 (m), 1176 (s), 1146 (s), 1076 (m), 

1011 (m), 972 (m), 841 (m), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H16BrF3NO+ 398.0362; Found 398.0348. 

 

(R,Z)-3-Benzyl-2-(trifluoromethyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidine 

(4.10h) 

Prepared according to the general procedure D1 using N-benzyl-3-(4-

(trifluoromethyl)phenyl)prop-2-yn-1-amine 4.7h (116 mg, 0.400 mmol, 

1.0 equiv.). The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 97:3) to give the 

corresponding olefin 4.10h (128 mg, 0.330 mmol, 83% yield) as colorless 

oil. The enantiomeric excess was determined to be 92% by HPLC analysis on a Daicel 

Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 19.0 

min, τMajor = 11.2 min. Absolute configuration determined in comparison to compound 4.10a. 

Rf value: 0.65 (5% Ethyl acetate in Pentane). 

[α]D20 = 34.5 (c = 0.50, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.63 (d, J = 8.2 Hz, 2H, ArH), 7.56 (d, J = 8.3 Hz, 2H, 

ArH), 7.41 – 7.30 (m, 5H, ArH), 5.39 (s, 1H,vinyl CH), 5.22 (q, J = 5.3 Hz, 1H, CHCF3), 4.09 
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(d, J = 15.7 Hz, 1H,NCHaHbC=C), 4.00 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.92 (d, J = 13.1 Hz, 

1H, PhCHaHb), 3.65 (d, J = 15.8 Hz, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ152.5, 139.0, 136.8, 128.88, 128.86, 128.2, 127.8, 

127.5, 125.40 (q, J = 3.7 Hz),124.37 (q, J = 271.6 Hz),122.42 (q, J = 283.5 Hz), 97.8, 95.2 (q, 

J = 34.7 Hz), 60.5, 55.7. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -62.3(s, 3F, ArCF3), -80.4(s, 3F, CHCF3). 

IR (cm-1) 1689 (m), 1616 (w), 1454 (w), 1415 (w), 1369 (w), 1327 (s), 1146 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z:[M + H]+ Calculated for C19H16F6NO+ 388.1131; 

Found 388.1126. 

 

(R,Z)-3-benzyl-5-(4-(trifluoromethoxy)benzylidene)-2(trifluoromethyl)oxazolidine(4.10i) 

Prepared according to the general procedure D1 usingN-benzyl-3-(4-

(trifluoromethoxy)phenyl)prop-2-yn-1-amine 4.7i (122 mg, 0.400 mmol, 1.00 

equiv.). The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 100:3) to give the corresponding olefin 

4.10i (136 mg, 0.337 mmol, 84% yield) as an orange oil. The enantiomeric 

excess was determined to be 90% by HPLC analysis on a Daicel Chiralpak 

IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 

14.5 min τMajor = 9.6 min. Absolute configuration was determined by X-Ray diffraction analysis 

of a single crystal of 4.10a. 

Rf value: 0.56 (5% Ethyl acetate in Pentane). 

[α]D20 = +1.26 (c = 0.49, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.59 – 7.51 (m, 2H, ArH), 7.42 – 7.28 (m, 5H, ArH), 

7.20 – 7.12 (m, 2H, ArH), 5.34 (s, 1H, vinyl CH), 5.18 (q, J = 5.4 Hz, 1H, CHCF3), 4.06 (d, J 

= 15.7 Hz, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.62 (d, J = 15.7 Hz, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 150.9, 147.1, 136.9, 134.2, 129.0, 128.9 (2C), 

128.2, 122.6 (q, J = 283.4 Hz), 121.1, 120.7 (q, J = 260 Hz), 97.6, 95.1 (q, J = 34.6 Hz), 60.5, 

55.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -57.9(s, 3F, ArOCF3), -80.4(s, 3F, CHCF3). 

IR (cm-1) 2931 (w), 2854 (w), 1689 (w), 1508 (w), 1261 (s), 1173 (s), 972 (w), 856 (w), 702 

(w). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H16F6NO2
+ 404.1080; Found 404.1079. 

 

Methyl (R,Z)-4-((3-benzyl-2-(trifluoromethyl)oxazolidin-5-ylidene)methyl) benzoate 

(4.10j) 

Prepared according to the general procedure D1 usingmethyl 4-(3-

(benzylamino)prop-1-yn-1-yl)benzoate 4.7j (112 mg, 0.400 mmol, 

1.0 equiv.). The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 90:10) to give the 

corresponding olefin 4.10j (117 mg, 0.311 mmol, 78% yield) as a pale-

yellow solid. The enantiomeric excess was determined to be 92% by HPLC analysis on a Daicel 

Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 10.0 min, 

τMajor = 8.2 min. Absolute configuration determined in comparison to compound 4.10a. 

Rf value: 0.35 (5% Ethyl acetate in Pentane). 

[α]D20 = 46.9 (c = 0.49, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.98 (d, J = 8.5 Hz, 2H, ArH), 7.59 (d, J = 8.6 Hz, 2H, 

ArH), 7.48 – 7.27 (m, 5H, ArH), 5.40 (s, 1H, vinyl CH), 5.23 (q, J = 5.3 Hz, 1H, CHCF3), 4.09 

(d, J = 14.8 Hz, 1H, NCHaHbC=C), 4.00 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.92 (s + d, J = 9.3 

Hz, 4H, PhCHaHb+ OCH3), 3.65 (d, J = 15.9 Hz, 1H, NCHaHbC=C). 
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13C{1H} NMR (101 MHz, Chloroform-d)167.2, 152.6, 140.1, 136.8, 129.9, 128.9 (2 x C), 

128.2, 127.6, 127.2, 122.6 (q, J = 283.5 Hz), 98.2, 95.4 (q, J = 34.6 Hz), 60.5, 55.8, 52.1. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -80.3. 

IR (cm-1) 1716 (s), 1608 (m), 1442 (m), 1373 (w), 1284 (s), 2951 (w), 3028 (w), 1180 (s), 1146 

(s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C20H19F3NO3
+ 378.1312; Found 378.1320. 

 

(R,Z)-1-(4-((3-Benzyl-2-(trifluoromethyl)oxazolidin-5-ylidene)methyl)phenyl)ethan-1-

one (4.10k) 

Prepared according to the general procedure D1 using1-(4-(3-

(benzylamino)prop-1-yn-1-yl)phenyl)ethan-1-one 4.7k (105 mg, 0.400 

mmol, 1.00 equiv.). The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 100:3) to give the 

corresponding olefin 4.10k (105 mg, 0.291 mmol, 73% yield) as an orange 

liquid. The enantiomeric excess was determined to be 88% by HPLC 

analysis on a Daicel Chiralpak IB N-5 column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 214 

nm: τMinor = 26.7 min τMajor = 19.4 min. Absolute configuration was determined by X-Ray 

diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.48 (5% Ethyl acetate in Pentane). 

[α]D20 = +12.86 (c = 0.48, CHCl3, 88% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.87 (m, 2H, ArH), 7.65 – 7.57 (m, 2H, ArH), 

7.42 – 7.36 (m, 4H, ArH), 7.34 (ddt, J = 8.9, 5.2, 2.5 Hz, 1H, ArH), 5.41 (s, 1H, vinyl CH), 

5.23 (q, J = 5.3 Hz, 1H, CHCF3), 4.09 (d, J = 15.9, 1H, NCHaHbC=C), 4.00 (d, J = 13.1 Hz, 

1H, PhCHaHb), 3.92 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.66 (d, J = 15.9, 1H, NCHaHbC=C), 2.59 

(s, 3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 197.7, 152.9, 140.4, 136.8, 134.4, 128.9, 128.9, 

128.8, 128.2, 127.7, 122.5 (q, J = 283.5 Hz), 98.2, 95.4 (q, J = 34.8 Hz), 60.5, 55.8, 26.7. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.3 (s, 3F, CHCF3). 

IR (cm-1) 2927 (w), 2854 (w), 1678 (s), 1604 (m), 1277 (s), 1176 (s), 1149 (s), 968 (m), 856 

(m), 706 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H19F3NO2
+ 362.1362; Found 362.1360. 

 

(R,Z)-4-((3-Benzyl-2-(trifluoromethyl)oxazolidin-5-ylidene)methyl)benzonitrile (4.10l) 

Prepared according to the general procedure D1 using4-(3-(benzylamino)prop-1-yn-1-

yl)benzonitrile 4.7l (99 mg, 0.40 mmol, 1.0 equiv.). The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 

to 90:10) to give the corresponding olefin 4.10l (120 mg, 0.349 mmol, 87% 

yield) as a pale yellow oil. The enantiomeric excess was determined to be 

90% by HPLC analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, 

flow rate 1 mL/min, λ = 254 nm: τMinor = 11.9 min, τMajor = 9.3 min. Absolute 

configuration determined in comparison to compound 4.10a. 

Rf value: 0.45 (5% Ethyl acetate in Pentane). 

[α]D20 = 49.0 (c = 0.54, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.71 – 7.51 (m, 4H, ArH), 7.44 – 7.29 (m, 5H, ArH), 

5.37 (s, 1H, vinyl CH), 5.24 (q, J = 5.3 Hz, 1H, CHCF3), 4.09 (d, J = 16.0 Hz, 1H, 

NCHaHbC=C), 4.00 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.92 (d, J = 13.0 Hz, 1H, PhCHaHb), 3.67 

(d, J = 16.0 Hz, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 153.6, 140.1, 136.6, 132.3, 128.9, 128.8, 128.3, 

128.1, 122.5 (q, J = 283.4 Hz), 119.5, 108.8, 97.7, 95.6 (q, J = 34.7 Hz), 60.5, 55.8. 
19F{1H} NMR (376 MHz, Chloroform-d) -80.3. 



242 
 

IR (cm-1) 2225 (w), 1685 (m), 1604 (m), 1504 (w), 1450 (w), 1373 (w), 1296 (m), 1176 (s), 

1149 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C19H16F3N2O
+ 345.1209; Found 345.1213. 

 

(R,Z)-3-Benzyl-5-(3-methylbenzylidene)-2-(trifluoromethyl)oxazolidine (4.10m) 

Prepared according to the general procedure D1 usingN-benzyl-3-(m-tolyl)prop-2-yn-1-amine 

4.7m (94 mg, 0.40 mmol, 1.0 equiv.). The crude material was purified by flash 

column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to give the 

corresponding olefin 4.10m (106 mg, 0.318 mmol, 79% yield) as an orange 

liquid. The enantiomeric excess was determined to be 88% by HPLC analysis 

on a Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ 

= 254 nm: τMinor = 15.9 min τMajor = 9.5 min. Absolute configuration was determined by X-Ray 

diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.63 (5% Ethyl acetate in Pentane). 

[α]D20 = +1.46 (c = 0.63, CHCl3, 88% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.29 (m, 7H, ArH), 7.22 (t, J = 7.6 Hz, 1H, ArH), 

6.99 (d, J = 7.5, 1H, ArH), 5.32 (s, 1H, vinyl CH), 5.17 (q, J = 5.4 Hz, 1H, CHCF3), 4.05 (d, J 

= 15.5, 1H, NCHaHbC=C), 3.98 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.60 (d, J = 15.6, 1H, NCHaHbC=C), 2.35 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 150.1, 138.0, 137.1, 135.3, 128.8, 128.5, 128.1, 

126.8, 125.0, 122.7 (q, J = 283.3 Hz), 98.9, 94.9 (q, J = 34.5 Hz), 60.5, 55.5, 21.7. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.3(s, 3F, CHCF3). 

IR (cm-1) 3028 (m), 2951 (m), 2110 (s), 1697 (s), 1377 (s), 1142 (s), 1018 (s), 976 (s), 760 (s), 

698 (s), 629 (s), 1604 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H19F3NO+ 334.1413; Found 

334.1419. 

 

(R,Z)-3-Benzyl-5-(3-fluorobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10n) 

Prepared according to the general procedure D1 using N-benzyl-3-(3-

fluorophenyl)prop-2-yn-1-amine 4.7n (96 mg, 0.40 mmol, 1.0 equiv.). The 

crude material was purified by flash column chromatography (pentane/EtOAc 

gradient 100:0 to 100:3) to give the corresponding olefin 4.10n (120 mg, 0.356 

mmol, 89% yield) as a white amorphous solid. The enantiomeric excess was 

determined to be 90% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 

99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 19.0 min τMajor = 11.1 min. Absolute 

configuration was determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.59 (5% Ethyl acetate in Pentane). 

[α]D20 = +19.8 (c = 0.52, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.29 (m, 6H, ArH), 7.29 – 7.19 (m, 2H, ArH), 

6.86 (ddt, J = 9.2, 5.2, 2.1 Hz, 1H, ArH), 5.33 (s, 1H, vinyl CH), 5.20 (q, J = 5.4 Hz, 1H, 

CHCF3), 4.06 (d, J = 15.7, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.91 (d, J 

= 13.1 Hz, 1H, PhCHaHb), 3.62 (d, J = 15.7, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 163.1 (d, J = 243.7 Hz), 151.4, 137.6 (d, J = 8.4 

Hz), 136.9, 129.8 (d, J = 8.7 Hz), 128.9 (2C), 128.2, 123.5 (d, J = 2.8 Hz), 122.6 (q, J = 283.6 

Hz), 114.4 (d, J = 22.5 Hz), 112.8 (d, J = 21.5 Hz), 98.0 (d, J = 2.7 Hz), 95.2 (q, J = 34.6 Hz), 

60.5, 55.1. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.3(s, 3F, CHCF3), -113.7(s, 1F, ArF). 

IR (cm-1) 3035 (w), 2850 (w), 1689 (m), 1612 (m), 1581 (w), 1485 (w), 1446 (m), 1373 (w), 

1292 (m), 1149 (s), 1014 (m), 968 (m), 879 (m), 698 (m), 752 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H16F4NO+ 338.1163; Found 338.1168. 
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(R,Z)-3-Benzyl-5-(3-chlorobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10o) 

Prepared according to the general procedure D1 usingN-benzyl-3-(3-chlorophenyl)prop-2-yn-

1-amine 4.7o (102 mg, 0.400 mmol, 1.00 equiv.). The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 to 

100:3) to give the corresponding olefin 4.10o (116 mg, 0.328 mmol, 82% yield) 

as an orange liquid. The enantiomeric excess was determined to be 90% by 

HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow 

rate 1 mL/min, λ = 254 nm: τMinor = 22.3 min τMajor = 12.4 min. Absolute configuration was 

determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.63 (5% Ethyl acetate in Pentane). 

[α]D20 = +28.4 (c = 0.5, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.55 (t, J = 1.9 Hz, 1H, ArH), 7.42 – 7.36 (m, 5H, ArH), 

7.36 – 7.29 (m, 1H, ArH), 7.23 (t, J = 7.9 Hz, 1H, ArH), 7.13 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H, 

ArH), 5.30 (s, 1H, vinyl CH), 5.20 (q, J = 5.4 Hz, 1H, CHCF3), 4.06 (d, J = 15.7 Hz, 1H, 

NCHaHbC=C), 3.98 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.62 

(d, J = 15.7, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 151.5, 137.2, 136.9, 134.3, 129.7, 128.9 (2C), 

128.2, 127.7, 125.9 (2C), 122.6 (q, J = 283.6 Hz), 97.7, 95.2 (q, J = 34.6 Hz), 60.5, 55.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.3(s, 3F, CHCF3). 

IR (cm-1) 3066 (w), 2939 (w), 1689 (m), 1593 (w), 1296 (m), 1176 (s), 1146 (s), 972 (m), 698 

(m), 887 (m), 1466 (w), 1369 (w), 1084 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H16ClF3NO+ 354.0867; Found 354.0865. 

 

(R,Z)-3-Benzyl-5-(3-bromobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10p) 

Prepared according to the general procedure D1 usingN-benzyl-3-(3-bromophenyl)prop-2-yn-

1-amine 4.7p (120 mg, 0.400 mmol, 1.00 equiv.). The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 to 

100:3) to give the corresponding olefin 4.10p (137 mg, 0.344 mmol, 86% 

yield) as a dark red liquid. The enantiomeric excess was determined to be 86% 

by HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, 

flow rate 1 mL/min, λ = 254 nm: τMinor = 26.0 min τMajor = 13.8 min. Absolute configuration 

was determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.62 (5% Ethyl acetate in Pentane). 

[α]D20 = +3.9 (c = 0.46, CHCl3, 86% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.70 (t, J = 1.8 Hz, 1H, ArH), 7.46 (dt, J = 7.8, 1.4 Hz, 

1H, ArH), 7.41 – 7.36 (m, 4H, ArH), 7.36 – 7.27 (m, 2H, ArH), 7.18 (t, J = 7.9 Hz, 1H, ArH), 

5.28 (s, 1H, vinyl CH), 5.20 (q, J = 5.3 Hz, 1H, CHCF3), 4.07 (d, J = 15.7, 1H, NCHaHbC=C), 

3.98 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.62 (d, J = 15.7, 

1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 151.5, 137.5, 136.8, 130.6, 130.0, 128.8 (3C), 

128.2, 126.3, 122.6, 122.6 (q, J = 283.5 Hz), 97.6, 95.2 (q, J = 34.6 Hz), 60.5, 55.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.3(s, 3F, CHCF3). 

IR (cm-1) 2927 (m), 2858 (w), 1689 (m), 1589 (m), 1466 (m), 1296 (m), 1176 (s), 1146 (s), 972 

(m), 694 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H16BrF3NO+ 398.0362; Found 398.0354. 

 

(R,Z)-3-Benzyl-5-(2-fluorobenzylidene)-2-(trifluoromethyl)oxazolidine (4.10q) 
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Prepared according to the general procedure D1 using N-benzyl-3-(2-

fluorophenyl)prop-2-yn-1-amine 4.7q (96 mg, 0.40 mmol, 1.0 equiv.).The 

crude material was purified by flash column chromatography (pentane/EtOAc 

gradient 100:0 to 97:3) to give the corresponding olefin 4.10q (60 mg, 

0.18 mmol, 45% yield) as pale yellow oil. The enantiomeric excess was 

determined to be 84% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 

hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 17.3 min, τMajor = 10.7 min. Absolute 

configuration determined in comparison to compound 4.10a. 

Rf value: 0.58 (5% Ethyl acetate in Pentane). 

[α]D20 = 16.5 (c = 0.22, CHCl3, 84% ee). 
1H NMR (400 MHz, Chloroform-d) δ 8.08 – 7.92 (m, 1H, ArH), 7.46 – 7.28 (m, 5H, ArH), 

7.17 – 7.08 (m, 2H, ArH), 7.06 – 6.96 (m, 1H, ArH), 5.62 (s, 1H, vinyl CH), 5.18 (q, J = 5.3 

Hz, 1H, CHCF3), 4.09 (d, J = 15.7 Hz, 1H, NCHaHbC=C), 3.99 (d, J = 13.1 Hz, 1H, PhCHaH), 

3.92 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.66 (d, J = 15.7 Hz, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 159.1 (d, J = 247.4 Hz), 151.64 (d, J = 2.2 

Hz),136.9, 129.4 (d, J = 3.1 Hz), 128.9, 128.8, 128.2, 127.2 (d, J = 8.4 Hz), 124.1 (d, J = 3.6 

Hz), 123.2 (d, J = 12.0 Hz), 122.6 (q, J = 283.5 Hz), 115.0 (d, J = 22.1 Hz), 95.1 (q, J = 34.6 

Hz), 89.9 (d, J = 8.1 Hz), 60.5, 55.7. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -80.3(s, 3F, CHCF3), -119.1 (s, 1F, ArF) 

IR (cm-1) 1697 (m), 1658 (m), 1489 (m), 1454 (m), 1292 (m), 1176 (s), 1149 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for  C18H16F4NO+ 338.1163; Found 338.1170. 

 

(R,Z)-3-Benzyl-5-(3,5-dimethylbenzylidene)-2-(trifluoromethyl)oxazolidine (4.10r) 

Prepared according to the general procedure D1 using N-benzyl-3-(3,5-dimethylphenyl)prop-

2-yn-1-amine 4.7r (100 mg, 0.400 mmol, 1.00 equiv.).The crude material 

was purified by flash column chromatography (pentane/EtOAc gradient 

100:0 to 97:3) to give the corresponding olefin 4.10r (107 mg, 0.307 mmol, 

77% yield) as colorless oil. The enantiomeric excess was determined to be 

86% by HPLC analysis on a Daicel Chiralpak IB N-5 column: 99:1 

hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 12.8 min, τMajor = 8.5 min. Absolute 

configuration determined in comparison to compound 4.10a. 

Rf value: 0.60 (5% Ethyl acetate in Pentane). 

[α]D20 = 24.1 (c = 0.53, CHCl3, 86% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 5H, ArH), 7.18 (d, J = 1.5 Hz, 2H, ArH), 

6.83 (s, 1H, ArH), 5.29 (s, 1H, vinyl CH), 5.17 (q, J = 5.4 Hz, 1H, CHCF3), 4.1 (d, J = 15.4 

Hz, 1H, NCHaHbC=C), 3.98 (d, J = 13.1 Hz, 1H, PhCHaH), 3.90 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.59 (d, J = 15.4 Hz, 1H, NCHaHbC=C), 2.32 (s, 6H, 2×ArCH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 149.9, 137.9, 137.1, 135.2, 128.86, 128.79, 128.1, 

127.8, 125.7, 122.71 (q, J = 283.6 Hz), 98.9, 94.87 (q, J = 34.5 Hz), 60.5, 55.5, 21.6. 
19F{1H} NMR (376 MHz, Chloroform-d)δ -80.3. 

IR (cm-1) 3024 (w), 2924 (w), 2862 (w), 1689 (m), 1601 (w), 1458 (w), 1369 (m), 1300 (m), 

1173 (s), 1146 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C20H21F3NO+ 348.1570; Found 348.1572. 

 

(R,Z)-3-Benzyl-5-(thiophen-3-ylmethylene)-2-(trifluoromethyl)oxazolidine (4.10s) 

Prepared according to the general procedure D1 using N-benzyl-3-(thiophen-3-yl)prop-2-yn-

1-amine 4.7s (91 mg, 0.40 mmol, 1.0 equiv.). The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to 

give the corresponding olefin 4.10s (112 mg, 0.344 mmol, 86% yield) as a black 

oil. The enantiomeric excess was determined to be 86% by HPLC analysis on a 
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Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMinor = 

24.6 min τMajor = 12.5 min. Absolute configuration was determined by X-Ray diffraction 

analysis of a single crystal of 4.10a. 

Rf value: 0.56 (5% Ethyl acetate in Pentane). 

[α]D20 = +25.3 (c = 0.48, CHCl3, 86% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.36 (m, 4H, ArH), 7.36 – 7.29 (m, 2H, ArH), 

7.29 – 7.24 (m, 2H, ArH), 5.47 (s, 1H, vinyl CH), 5.14 (q, J = 5.3 Hz, 1H, CHCF3), 4.03 (d, J 

= 15.5, 1H, NCHaHbC=C), 3.97 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.90 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.57 (d, J = 15.5, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 149.5, 137.0, 136.0, 128.8, 128.8, 128.1, 128.0, 

125.0, 122.7 (q, J = 283.4 Hz), 121.0, 94.6 (q, J = 34.4 Hz), 93.7, 60.4, 54.8. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.4(s, 3F, CHCF3). 

IR (cm-1) 3035 (w), 2939 (w), 2846 (w), 1693 (m), 1296 (m), 1173 (s), 1142 (s), 976 (m), 768 

(m), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H15F3NOS+ 326.0821; Found 326.0820. 

 

(R,Z)-3-Benzyl-5-(pyridin-3-ylmethylene)-2-(trifluoromethyl)oxazolidine (4.10t) 

Prepared according to the general procedure D1 using N-benzyl-3-(pyridin-3-yl)prop-2-yn-1-

amine  4.7t (89 mg, 0.40 mmol, 1.0 equiv.). The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to 

give the corresponding olefin 4.10t (52 mg, 0.16 mmol, 41% yield) as an 

orange liquid. The enantiomeric excess was determined to be 80% by HPLC 

analysis on a Daicel Chiralpak IB N-5 column: 80:20 hexane/IPA, flow rate 1 mL/min, λ = 254 

nm: τMinor = 23.3 min τMajor = 17.9 min. Absolute configuration was determined by X-Ray 

diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.12 (40% Ethyl acetate in Pentane). 

[α]D20 = -0.06 (c = 0.46, CHCl3, 80% ee). 
1H NMR (400 MHz, Chloroform-d) δ 8.63 (dd, J = 2.4, 0.8 Hz, 1H, (Hetero)ArH), 8.38 (dd, J 

= 4.8, 1.6 Hz, 1H, (Hetero)ArH), 7.97 (dt, J = 8.0, 2.0 Hz, 1H, (Hetero)ArH), 7.43 – 7.28 (m, 

5H, ArH), 7.24 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H, (Hetero)ArH), 5.33 (s, 1H, vinyl CH), 5.20 (q, J 

= 5.3 Hz, 1H, CHCF3), 4.13 – 4.03 (d, J = 15.7, 1H, NCHaHbC=C), 4.00 (d, J = 13.1 Hz, 1H, 

PhCHaHb), 3.91 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.65 (d, J = 15.7, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 152.4, 149.1, 146.9, 136.8, 134.4, 131.4, 128.9, 

128.9, 128.2, 123.4, 122.6 (q, J = 283.6 Hz), 95.3, 95.2 (q, J = 34.7 Hz), 60.5, 55.5. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.4(s, 3F, CHCF3). 

IR (cm-1) 2931 (m), 2858 (w), 2110 (w), 1693 (m), 1377 (m), 1292 (m), 1176 (s), 1149 (s), 972 

(m), 706 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H16F3N2O
+ 321.1209; Found 321.1208. 

 

(R,Z)-3-benzyl-5-(quinolin-6-ylmethylene)-2-(trifluoromethyl)oxazolidine (4.10u) 

Prepared according to the general procedure D1 using N-benzyl-3-(quinolin-6-yl)prop-2-yn-1-

amine 4.7u (109 mg, 0.400 mmol, 1.00 equiv.). The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to 

give the corresponding olefin 4.10u (123 mg, 0.332 mmol, 83% yield) as an 

orange liquid. The enantiomeric excess was determined to be 90% by HPLC 

analysis on a Daicel Chiralpak IB N-5 column: 90:10 hexane/IPA, flow rate 1 

mL/min, λ = 254 nm: τMinor = 26.8 min τMajor = 20.4 min. Absolute configuration 

was determined by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.12 (40% Ethyl acetate in Pentane). 

[α]D20 = +27.4 (c = 0.75, CHCl3, 90% ee). 
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1H NMR (400 MHz, Chloroform-d) δ 8.84 (dd, J = 4.3, 1.7 Hz, 1H, (Hetero)ArH), 8.11 (ddd, 

J = 8.2, 1.8, 0.7 Hz, 1H, (Hetero)ArH), 8.07 – 8.00 (m, 1H, (Hetero)ArH), 7.98 – 7.88 (m, 2H, 

(Hetero)ArH), 7.44 – 7.28 (m, 6H, ArH), 5.52 (s, 1H, vinyl CH), 5.25 (q, J = 5.3 Hz, 1H, 

CHCF3), 4.13 (d, J = 15.6, 1H, NCHaHbC=C), 4.02 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.94 (d, J 

= 13.1 Hz, 1H, PhCHaHb), 3.69 (d, J = 15.6, 1H, NCHaHbC=C). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 151.6, 149.9, 147.0, 136.9, 136.0, 133.8, 130.3, 

129.4, 128.9 (2C), 128.6, 128.2, 125.7, 122.6 (q, J = 283.3 Hz), 121.3, 98.3, 95.2 (q, J = 34.6 

Hz), 60.5, 55.7. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.2(s, 3F, CHCF3). 

IR (cm-1) 3032 (w), 2931 (w), 2850 (w), 1685 (m), 1500 (w), 1296 (m), 1176 (s), 1146 (s), 972 

(m), 756 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H18F3N2O
+ 371.1366; Found 371.1364. 

 

(R,Z)-3-Benzyl-2-(trifluoromethyl)-5-(3,3,3-trimethyl-3l8-butylidene)oxazolidine (4.10v) 

Prepared according to the general procedure D1 using N-benzylnon-2-yn-1-

amine 4.7y (92 mg, 0.40 mmol, 1.0 equiv.). The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to 

give the corresponding olefin 4.10v (20 mg, 0.061 mmol, 15% yield) as a 

colorless oil. The enantiomeric excess was determined to be 56% by HPLC analysis on a Daicel 

Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 214 nm: τMinor = 5.2 min 

τMajor = 4.5 min. Absolute configuration was determined by X-Ray diffraction analysis of a 

single crystal of 4.10a. 

Rf value: 0.45 (5% Ethyl acetate in Pentane). 

[α]D20 = +0.45 (c = 0.50, CHCl3, 54% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.27 (m, 5H, ArH), 4.91 (q, J = 5.3 Hz, 1H, 

CHCF3), 4.31 (tt, J = 7.4, 1.6 Hz, 1H, NCH2(O)C=CH(CH2)(CH2)4CH3), 3.95 (d, J = 13.1 Hz, 

1H, PhCHaHb), 3.83 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.78 (d, J = 14.6 Hz, 1H, NCHaHbC=C), 

3.39 – 3.29 (d, 14.6 Hz, 1H, NCHaHbC=C), 2.18 – 2.05 (m, 2H, C=CH(CH2)(CH2)4CH3), 1.39 

– 1.22 (m, 8H, C=CH(CH2)(CH2)4CH3), 0.94 – 0.79 (m, 3H, C=CH(CH2)(CH2)4CH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 148.9, 137.4, 128.8, 128.7, 127.9, 122.9 (q, J = 

283.6 Hz), 98.3, 93.1 (q, J = 33.9 Hz), 60.3, 53.5, 31.8, 29.9, 28.9, 25.4, 22.8, 14.2. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.6(s, 3F, CHCF3). 

IR (cm-1) 3321 (w), 2927 (s), 2858 (s), 1454 (m), 1331 (m), 1111 (m), 741 (s), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H25F3NO+ 328.1883; Found 328.1879. 

 

(R,Z)-3-Benzyl-5-(3-phenylpropylidene)-2-(trifluoromethyl)oxazolidine (4.10w) 

Prepared according to the general procedure D1 using N-benzyl-5-phenylpent-2-yn-1-amine 

4.7z (100 mg, 0.400 mmol, 1.00 equiv.). The crude material was purified by 

flash column chromatography (pentane/EtOAc gradient 100:0 to 100:3) to 

give the corresponding olefin 4.10w (50 mg, 0.14 mmol, 36% yield) as a 

colorless oil. The enantiomeric excess was determined to be 74% by HPLC 

analysis on a Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 

1 mL/min, λ = 214 nm: τMinor = 8.6 min τMajor = 7.6 min. Absolute configuration was determined 

by X-Ray diffraction analysis of a single crystal of 4.10a. 

Rf value: 0.48 (5% Ethyl acetate in Pentane). 

[α]D20 = +3.9 (c = 0.49, CHCl3, 72% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.35 (d, J = 4.4 Hz, 4H, ArH), 7.33 – 7.24 (m, 3H), ArH, 

7.24 – 7.15 (m, 3H, ArH), 4.89 (q, J = 5.3 Hz, 1H, CHCF3), 4.34 (tt, J = 7.2, 1.5 Hz, 1H, 

C=CH(CH2)(CH2)Ph), 3.89 (d, J = 13.1 Hz, 1H, PhCHaHb), 3.81 – 3.72 (m, 2H, PhCHaHb , 



247 
 

NCHaHbC=C), 3.32 (ddd, J = 14.7, 2.6, 1.3 Hz, 1H, NCHaHbC=C), 2.79 – 2.61 (m, 2H, 

C=CH(CH2)(CH2)Ph), 2.51 – 2.41 (m, 2H, C=CH(CH2)(CH2)Ph). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 149.5, 142.2, 137.4, 128.8, 128.7, 128.6, 128.3, 

127.9, 125.9, 122.9 (q, J = 283.7 Hz), 97.1, 93.2 (q, J = 34.1 Hz), 60.2, 53.5, 36.0, 27.0. 
19F{1H} NMR(376 MHz, Chloroform-d) δ -80.6(s, 3F, CHCF3). 

IR (cm-1) 3032 (w), 2927 (w), 2854 (w), 1712 (w), 1296 (m), 1169 (s), 1146 (s), 1030 (m), 980 

(m), 744 (m), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H21F3NO+ 348.1570; Found 348.1573. 

 

7.6.3. General Procedure for the Asymmetric Hydrogenation of the 

Trisubstituted Olefins. 
 

 
Scheme 8. Palladium-catalyzed asymmetric hydrogenation of olefins. 

An oven-dried 25 mL round-bottom flask equipped with a Teflon coated stirring bar was 

charged with Pd(OH)2/C (20% Pd on C) (14 mg, 0.020 mmol, 10 mol%) and the olefin 4.10. 

The flask was sealed andevacuated and back-filled with N2 three times. MeOH (2.7 mL), AcOH 

(1.3 mL) and EtOAc (0.2 mL) were added and the suspension was stirred at room temperature 

for 10 minutes under a nitrogen flow. Then, a hydrogen balloon was connected to the flask 

through a needle and the mixture was vigorously stirred at room temperaturefor 16 hours. Then, 

the reaction mixture was degassed by bubbling nitrogen for 10 minutes and filtered through a 

plug of celite eluting with 10 mL of MeOH. The crude extract was washed with saturated 

NaHCO3 and extracted with DCM (3 x 25 mL). The combined organic layer was dried over 

sodium sulfate, filtered and concentrated in vacuum. The crude material was purified by flash 

column chromatography on silica gel to afford the corresponding product 4.39 as a single 

diastereoisomer. 

 

7.6.4. Characterization of Hydrogenated Products 
(2R,5S)-5-Benzyl-2-(trifluoromethyl)oxazolidine ((R,S)-4.39a) 

Prepared according to the general procedure D3 using 4.10a (64 mg, 0.20 

mmol, 1.0 equiv., 90% ee).The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39a (39 mg, 0.17 mmol, 85% yield) as a 

colorless oil. The enantiomeric excess was determined to be 90% by HPLC analysis on a Daicel 

Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm: τMajor = 10.8 min, 

τMinor = 8.5 min. Absolute and relative configuration were determined by X-Ray diffraction 

analysis of a single crystal of (R,S)-4.39b (Details in section F). 

Rf value: 0.31 (20% Ethyl acetate in Pentane). 

[α]D20 = 16.5 (c = 0.64, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.28 (m, 2H, ArH), 7.27 – 7.21 (m, 3H, ArH), 

4.93 (dq, J = 8.6, 5.5 Hz, 1H, CHCF3), 4.11 (dq, J = 9.1, 6.3 Hz, 1H, OCH), 3.27 (dddd, J = 

11.7, 7.3, 5.6, 1.4 Hz, 1H, NCHaHb), 3.08 (dd, J = 13.7, 6.8 Hz, 1H, ArCHaHb), 2.89 – 2.75 

(m, 2H, ArCHaHb +NCHaHb), 2.63 (q, J = 10.1, 9.3 Hz, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 137.7, 129.2, 128.7, 126.8, 123.5 (q, J = 282.6 Hz), 

88.0 (q, J = 33.9 Hz), 80.7, 50.8, 39.9. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4. 
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IR (cm-1)  3352 (w), 3032 (w), 2939 (w), 1709 (w), 1608 (w), 1496 (w), 1454 (w), 1292 (m), 

1161 (s). 
HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C11H13F3NO+ 232.0944; Found 232.0939. 

 

1.0 mmol scale reduction. The model reduction was repeated on 1.0 mmol scale. An oven dried 

50 mL round-bottom flask equipped with a Teflon stirring bar was charged with Pd(OH)2 (5.0 

wt%, 70 mg, 0.10 mmol, 10 mol%) and olefin 4.10a (319 mg, 1.00 mmol, 1.00 equiv.). MeOH 

(13 mL), AcOH (7 mL) and EtOAc (1 mL) were added and the suspension was stirred at 

ambient temperature for 10 minutes under a nitrogen flow. Then, a hydrogen balloon was 

connected to the flask through a needle and the mixture was vigorously stirred at ambient 

temperature for 16 hours. Then, the reaction mixture was degassed by bubbling nitrogen for 10 

minutes and filtered through a plug of celite eluting with 20 mL of MeOH. The crude extract 

was washed with saturated NaHCO3 and extracted with DCM (3×50 mL). The combined 

organic layer was dried over sodium sulfate, filtered and concentrated in vacuo. The crude 

material was purified by flash column chromatography (pentane/EtOAc gradient 100:0 to 

80:20) to give the corresponding product (R,S)-4.39a (284 mg, 0.884 mmol, 72% yield) as a 

colorless oil, which solidified upon vigorous scratching with a spatula. The enantiomeric 

excess was determined to be 90% by HPLC analysis on a Daicel Chiralpak IA column: 95:5 

hexane/IPA, flow rate 1 mL/min, λ = 210 nm: τMajor = 10.8 min, τMinor = 8.5 min. 

 

(2R,5S)-5-(4-Methylbenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39b) 

Prepared according to the general procedure D3 using 4.10b (67 mg, 0.20 mmol, 1.0 equiv., 

90% ee). The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 80:20) to give the corresponding product 

(R,S)-4.39b (38 mg, 0.15 mmol, 77% yield) as a white amorphous solid. The 

enantiomeric excess was determined to be 90% by HPLC analysis on a Daicel 

Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 214 nm: τMajor 

= 10.1 min, τMinor = 7.5 min. Absolute and relative configuration were determined by X-Ray 

diffraction analysis of a single crystal of (R,S)-4.39b (Details in section F). 

Rf value: 0.34 (20% Ethyl acetate in Pentane). 

[α]D20 = +14.8 (c = 0.48, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.11 (s, 4H, ArH), 4.93 (q, J = 5.5 Hz, 1H, CHCF3), 4.08 

(dq, J = 9.0, 6.4 Hz, 1H, OCH), 3.26 (dd, J = 11.4, 5.5 Hz, 1H, NCHaHb), 3.04 (dd, J = 13.7, 

6.8 Hz, 1H, ArCHaHb), 2.86 – 2.71 (m, 2H, ArCHaHb +NCHaHb), 2.64 (s, 1H, NH), 2.33 (s, 

3H, ArCH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 136.4, 134.6, 129.4, 129.1, 123.5 (q, J = 282.6 Hz), 

88.0 (q, J = 33.9 Hz), 80.9, 50.8, 39.5, 21.2. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4 (s, 3F, CHCF3). 

IR (cm-1) 3352 (w), 2931 (w), 1516 (w), 1450 (w), 1292 (m), 1161 (s), 1103 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H15F3NO+ 246.1100; Found 246.1103. 

 

(2R,5S)-5-(4-(Tert-butyl)benzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39c) 

Prepared according to the general procedure D3 using 4.10c (75 mg, 0.20 

mmol, 1.0 equiv., 90% ee). The crude material was purified by flash 

column chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give 

the corresponding product (R,S)-4.39c (46 mg, 0.16 mmol, 80% yield) as a 

white amorphous solid. The enantiomeric excess was determined to be 84% 

by HPLC analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, flow 

rate 1 mL/min, λ = 214 nm: τMajor = 7.9 min, τMinor = 6.7 min. Absolute and relative 

configuration were determined by X-Ray diffraction analysis of a single crystal of (R,S)-4.39b. 
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Rf value: 0.36 (20% Ethyl acetate in Pentane). 

[α]D20 = +10.5 (c = 0.51, CHCl3, 84% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.29 (m, 2H, ArH), 7.20 – 7.12 (m, 2H, ArH), 

4.94 (q, J = 5.7 Hz, 1H, CHCF3), 4.10 (dq, J = 8.8, 6.3 Hz, 1H, OCH), 3.28 (dd, J = 12.0, 5.4 

Hz, 1H, NCHaHb), 3.05 (dd, J = 13.8, 6.8 Hz, 1H, ArCHaHb), 2.84 (d, J = 10.4 Hz, 1H, 

NCHaHb), 2.76 (dd, J = 13.8, 6.5 Hz, 1H, ArCHaHb), 2.64 (s, 1H, NH), 1.31 (s, 9H, C(CH3)3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 149.6, 134.6, 128.8, 125.6, 123.5 (q, J = 282.7 Hz), 

88.0 (q, J = 33.9 Hz), 80.9, 50.9, 39.4, 34.6, 31.5. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4(s, 3F, CHCF3). 

IR (cm-1)  3352 (w), 2962 (m), 2904 (w), 1516 (w), 1462 (w), 1288 (m), 1165 (s), 1103 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H21F3NO+ 288.1570; Found 288.1566. 

 

(2R,5S)-5-(4-Methoxybenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39d) 

Prepared according to the general procedure D3 using 4.10d (70 mg, 0.20 mmol, 1.0 equiv., 

84% ee). The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 80:20) to give the corresponding product 

(R,S)-4.39d (31 mg, 0.12 mmol, 59% yield) as colorless oil The 

enantiomeric excess was determined to be 84% by HPLC analysis on a 

Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 

nm: τMajor = 14.7 min, τMinor = 10.6 min. Absolute configuration was determined in comparison 

to compound (R,S)-4.39b. 

Rf value: 0.26 (20% Ethyl acetate in Pentane). 

[α]D20 = 10.4 (c = 0.53, CHCl3, 84% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.14 (d, J = 8.6 Hz, 2H, ArH), 6.85 (d, J = 8.6 Hz, 2H, 

ArH), 4.93 (dq, J = 8.4, 5.5 Hz, 1H, CHCF3), 4.06 (dq, J = 9.2, 6.3 Hz, 1H, OCH), 3.79 (s, 3H, 

OCH3), 3.25 (dt, J = 11.7, 6.0 Hz, 1H, NCHaHb), 3.01 (dd, J = 13.8, 6.8 Hz, 1H, ArCHaHb), 

2.87 – 2.69 (m, 2H, ArCHaHb +NCHaHb), 2.63 (t, J = 9.3 Hz, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 158.5, 130.2, 129.7, 123.5 (q, J = 282.6 Hz), 114.1, 

88.0 (q, J = 33.9 Hz), 81.0, 55.4, 50.7, 39.0. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4. 

IR (cm-1) 3352 (w), 2943 (w), 2843 (w), 1701 (w), 1612 (w), 1516 (m), 1458 (w), 1292 (m), 

1250 (s), 1165 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C12H15F3NO2
+ 262.1049; Found 262.1053. 

 

(2R,5S)-5-(4-Fluorobenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39e) 

Prepared according to the general procedure D3 using 4.10e (68 mg, 0.20 

mmol, 1.0 equiv., 90% ee). The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39e (42 mg, 0.17 mmol, 84% yield) as a white 

amorphous solid. The enantiomeric excess was determined to be 92% by 

HPLC analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm: τMajor = 11.1 min, τMinor = 9.6 min. Absolute and relative configuration were determined 

by X-Ray diffraction analysis of a single crystal of (R,S)-4.39b. 

Rf value: 0.38 (20% Ethyl acetate in Pentane). 

[α]D20 = +7.6 (c = 0.48, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.23 – 7.13 (m, 2H, ArH), 7.04 – 6.94 (m, 2H, ArH), 

4.94 (q, J = 5.5 Hz, 1H, CHCF3), 4.07 (dq, J = 8.7, 6.0 Hz, 1H, OCH), 3.28 (ddd, J = 11.8, 5.6, 

1.5 Hz, 1H, NCHaHb), 3.01 (dd, J = 13.9, 7.1 Hz, 1H, ArCHaHb), 2.86 – 2.75 (m, 2H, ArCHaHb 

+NCHaHb), 2.73 – 2.48 (m, 1H, NH). 
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13C{1H} NMR (101 MHz, Chloroform-d) δ 162.0 (d, J = 244.6 Hz), 133.4 (d, J = 3.3 Hz), 

130.7 (d, J = 7.9 Hz), 123.4 (q, J = 282.6 Hz), 115.5 (d, J = 21.3 Hz), 88.0 (q, J = 34.0 Hz), 

80.6, 50.7, 39.0. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4(s, 3F, CHCF3), -116.5(s, 1F, ArF). 

IR (cm-1) 3363 (w), 2931 (w), 1512 (m), 1292 (m), 1223 (m), 1161 (s), 1107 (m), 852 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H12F4NO+ 250.0850; Found 250.0858. 

 

(2R,5S)-2-(Trifluoromethyl)-5-(4-(trifluoromethyl)benzyl)oxazolidine ((R,S)-4.39h) 

Prepared according to the general procedure D3 using 4.10h (77 mg, 

0.20 mmol, 1.0 equiv., 92% ee). The crude material was purified by flash 

column chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give 

the corresponding product (R,S)-4.39h (51 mg, 0.17 mmol, 84% yield) as 

colorless oil The enantiomeric excess was determined to be 92% by HPLC 

analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm: 

τMajor = 6.8 min, τMinor = 7.3  min. Absolute configuration was determined in comparison to 

compound (R,S)-4.39b. 

Rf value: 0.42 (20% Ethyl acetate in Pentane). 

[α]D20 = 1.1 (c = 0.45, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.57 (d, J = 8.0 Hz, 2H, ArH), 7.35 (d, J = 8.0 Hz, 2H, 

ArH), 4.94 (dq, J = 8.6, 5.5 Hz, 1H, CHCF3), 4.11 (ddd, J = 13.8, 8.4, 5.7 Hz, 1H, OCH), 3.33 

(dddd, J = 11.7, 7.3, 5.7, 1.5 Hz, 1H, NCHaHb), 3.06 (dd, J = 13.9, 7.5 Hz, 1H, ArCHaHb), 2.98 

– 2.75 (m, 2H, ArCHaHb +NCHaHb), 2.67 (q, J = 9.5, 9.0 Hz, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 141.9, 129.6, 129.2 (q, J = 29.9), 125.6 (m), 124.4 

(q, J = 271.6 Hz), 123.41 (q, J = 282.6 Hz), 88.1 (q, J = 34.0 Hz), 80.1, 50.7, 39.7. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -62.5 (s, 3F, ArCF3), -81.4 (s, 3F, CHCF3). 

IR (cm-1) 3348 (w), 2943 (w), 1705 (w), 1624 (w), 1423 (w), 1327 (s), 1292 (m), 1165 (s), 

1126 (s), 1072 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C12H12F6NO+ 300.0818; Found 300.0816. 

 

(2R,5S)-5-(4-(Trifluoromethoxy)benzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39i) 

Prepared according to the general procedure D3 using 4.10i (81 mg, 0.20 mmol, 1.0 equiv., 

90% ee).The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 80:20) to give the corresponding product 

(R,S)-4.39i (46 mg, 0.15 mmol, 73% yield) as a colorless liquid. The 

enantiomeric excess was determined to be 90% by HPLC analysis on a Daicel 

Chiralpak IB column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm: τMajor 

= 13.1 min, τMinor = 10.3 min. Absolute and relative configuration were 

determined by X-Ray diffraction analysis of a single crystal of (R,S)-4.39b. 

Rf value: 0.34 (20% Ethyl acetate in Pentane). 

[α]D20 = -0.76 (c = 0.51, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.21 (m, 2H, ArH), 7.20 – 7.11 (m, 2H, ArH), 

4.94 (s, 1H, CHCF3), 4.15 – 4.03 (m, 1H, OCH), 3.31 (d, J = 11.0 Hz, 1H, NCHaHb), 3.02 (dd, 

J = 13.9, 7.3 Hz, 1H, ArCHaHb), 2.88 – 2.79 (m, 2H, ArCHaHb +NCHaHb), 2.66 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 148.2, 136.5, 130.6, 123.4 (q, J = 282.7 Hz), 121.2, 

120.6 (q, J = 255.7 Hz), 88.1 (q, J = 34.0 Hz), 80.3, 50.7, 39.2. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -57.9(s, 3F, ArOCF3), -81.4(s, 3F, CHCF3). 

IR (cm-1) 2931 (m), 3340 (w), 2862 (w), 1504 (w), 1454 (w), 1265 (s), 1169 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H12F6NO2
+ 316.0767; Found 316.0768. 
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Methyl 4-(((2R,5S)-2-(trifluoromethyl)oxazolidin-5-yl)methyl)benzoate ((R,S)-4.39j) 

Prepared according to the general procedure D3 using 4.10j (75 mg, 0.20 mmol, 1.0 equiv., 

92% ee). The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39j (48 mg, 0.16 mmol, 82% yield) as 

colorless oil. The enantiomeric excess was determined to be 92% by 

HPLC analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, flow 

rate 1 mL/min, λ = 230 nm: τMajor = 26.8 min, τMinor = 17.8 min. Absolute 

configuration was determined in comparison to compound (R,S)-4.39b. 

Rf value: 0.35 (20% Ethyl acetate in Pentane). 

[α]D20 = 6.5 (c = 0.44, CHCl3, 92% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 8.2 Hz, 2H, ArH), 7.23 (d, J = 8.3 Hz, 2H, 

ArH), 4.87 (dq, J = 8.6, 5.6 Hz, 1H, CHCF3), 4.05 (dq, J = 8.8, 6.0 Hz, 1H, OCH), 3.84 (s, 3H, 

COOCH3) 3.22 (dddd, J = 11.7, 7.3, 5.7, 1.5 Hz, 1H, NCHaHb), 3.01 (dd, J = 13.8, 7.2 Hz, 1H, 

ArCHaHb), 2.86 – 2.69 (m, 2H, NCHaHb + ArCHaHb), 2.64 – 2.53 (m, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 167.1, 143.1, 130.0, 129.0, 128.8, 123.4 (q, J = 

282.5 Hz), 88.1 (q, J = 33.9 Hz), 80.1, 52.2, 50.7, 39. 9. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4. 

IR (cm-1) 3352 (w), 2951 (w), 1716 (s), 1612 (w), 1442 (m), 1288 (s), 1165 (s), 1115 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C13H15F3NO3
+ 290.0999; Found 290.0998. 

 

(2R,5S)-5-(3-Methylbenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39m) 

Prepared according to the general procedure D3 using 4.10m (67 mg, 0.20 

mmol, 1.0 equiv., 90% ee). The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39m (36 mg, 0.15 mmol, 73% yield) as a 

colorless liquid. The enantiomeric excess was determined to be 88% by HPLC 

analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 

mL/min, λ = 214 nm: τMajor = 10.1 min, τMinor = 7.5 min. Absolute and relative configuration 

were determined by X-Ray diffraction analysis of a single crystal of (R,S)-4.39b. 

Rf value: 0.33 (20% Ethyl acetate in Pentane). 

[α]D20 = +11.9 (c = 0.47, CHCl3, 88% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.20 (td, J = 7.4, 1.0 Hz, 1H, ArH), 7.08 – 6.98 (m, 3H, 

ArH), 5.03 – 4.83 (m, 1H, CHCF3), 4.10 (dq, J = 9.1, 6.3 Hz, 1H, OCH), 3.26 (dd, J = 12.1, 

5.5 Hz, 1H, NCHaHb), 3.05 (dd, J = 13.7, 6.6 Hz, 1H, ArCHaHb), 2.87 – 2.70 (m, 2H, ArCHaHb 

+NCHaHb), 2.63 (s, 1H, NH), 2.34 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 138.3, 137.5, 130.0, 128.6, 127.5, 126.2, 123.5 (q, 

J = 282.6 Hz), 88.0 (q, J = 33.9 Hz), 80.8, 50.8, 39.8, 21.5. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.37(s, 3F, CHCF3). 

IR (cm-1) 3348 (w), 3024 (w), 2935 (w), 1454 (m), 1288 (m), 1149 (s), 1099 (s), 787 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H15F3NO+ 246.1100; Found 246.1110. 

 

(2R,5S)-5-(3-fluorobenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39n) 

Prepared according to the general procedure D3 using 4.10n (68 mg, 0.20 

mmol, 1.0 equiv., 90% ee).The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39n (41 mg, 0.16 mmol, 82% yield) as a 

colorless liquid. The enantiomeric excess was determined to be 90% by HPLC 

analysis on a Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 
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mL/min, λ = 254 nm: τMajor = 12.2 min, τMinor = 9.8 min. Absolute and relative configuration 

were determined by X-Ray diffraction analysis of a single crystal of (R,S)-4.39b. 

Rf value: 0.37 (20% Ethyl acetate in Pentane). 

[α]D20 = +5.1 (c = 0.51, CHCl3, 90% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.21 (m, 1H, ArH), 7.00 (dt, J = 7.6, 1.3 Hz, 1H, 

ArH), 6.97 – 6.89 (m, 2H, ArH), 4.94 (q, J = 5.3 Hz, 1H, CHCF3), 4.10 (dq, J = 8.8, 6.0 Hz, 

1H, OCH), 3.29 (t, J = 8.3 Hz, 1H, NCHaHb), 3.04 (dd, J = 13.9, 7.1 Hz, 1H, ArCHaHb), 2.81 

(dd, J = 13.9, 5.9 Hz, 2H, ArCHaHb +NCHaHb), 2.66 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 163.0 (d, J = 245.9 Hz), 140.2 (d, J = 7.3 Hz), 

130.1 (d, J = 8.3 Hz), 124.9 (d, J = 2.9 Hz), 123.4 (q, J = 282.7 Hz), 116.1 (d, J = 21.2 Hz), 

113.7 (d, J = 21.0 Hz), 88.1 (q, J = 34.0 Hz), 80.3, 50.7, 39.6 (d, J = 1.8 Hz). 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4(s, 3F, CHCF3), -113.3(s, 1F, ArF). 

IR (cm-1) 3356 (w), 2931 (w), 1593 (w), 1450 (w), 1288 (m), 791 (m), 1254 (m), 1489 (w), 

868 (m), 941 (w). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H12F4NO+ 250.0850; Found 250.0855. 

 

(2R,5S)-5-(2-Fluorobenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39q) 

Prepared according to the general procedure D3 using 4.10q (34 mg, 

0.20 mmol, 1.0 equiv., 84% ee). The crude material was purified by flash 

column chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39q (18 mg, 0.072 mmol, 72% yield) as 

colorless oil. The enantiomeric excess was determined to be 84% by HPLC analysis on a Daicel 

Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm: τMajor = 12.2 min, 

τMinor = 7.6 min. Absolute configuration was determined in comparison to compound (R,S)-

4.39b. 

Rf value: 0.38 (20% Ethyl acetate in Pentane). 

[α]D20 = 11.1 (c = 0.48, CHCl3, 84% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.18 (m, 2H, ArH), 7.13 – 6.98 (m, 2H, ArH), 

4.93 (d, J = 5.7 Hz, 1H, CHCF3), 4.16 (dq, J = 9.0, 6.3 Hz, 1H, OCH), 3.38 – 3.24 (m, 1H, 

NCHaHb), 3.02 (ddd, J = 13.9, 6.8, 1.3 Hz, 1H, ArCHaHb), 2.94 (ddd, J = 13.9, 6.2, 1.3 Hz, 

1H, ArCHaHb), 2.84 (q, J = 8.9, 8.4 Hz, 1H, NCHaHb), 2.66 (s, 1H, NH). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 161.2 (d, J = 245.0 Hz), 131.8 (d, J = 4.7 Hz), 

128.7 (d, J = 8.1 Hz), 124.5 (d, J = 15.9 Hz), 124.3 (d, J = 3.6 Hz), 123.5 (q, J = 283.1 Hz), 

115.4 (d, J = 22.0 Hz), 88.0 (q, J = 34.0 Hz), 79.3, 50.7, 33.0 (d, J = 1.7 Hz). 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4 (s, 3F, CHCF3), -118.2 (s, 1F, ArF). 

IR (cm-1) 3348 (w), 2939 (w), 1585 (w), 1493 (m), 1454 (w), 1292 (m), 1230 (m), 1165 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C11H12F4NO+ 250.0850; Found 250.0852. 

 

(2R,5S)-5-(3,5-Dimethylbenzyl)-2-(trifluoromethyl)oxazolidine ((R,S)-4.39r) 

Prepared according to the general procedure D3 using 4.10r (70 mg, 0.20 mmol, 1.0 equiv., 

86% ee). The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 80:10) to give the corresponding product 

(R,S)-4.39r (43 mg, 0.17 mmol, 83% yield) as colorless oil. The 

enantiomeric excess was determined to be 84% by HPLC analysis on a 

Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 

nm: τMajor = 8.8 min, τMinor = 6.5 min. Absolute configuration was determined in comparison to 

compound (R,S)-4.39b. 

Rf value: 0.40 (20% Ethyl acetate in Pentane). 

[α]D20 = 14.6 (c = 0.49, CHCl3, 84% ee). 
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1H NMR (400 MHz, Chloroform-d) δ 6.88 (s, 1H, ArH), 6.84 (s, 2H, ArH), 4.93 (dq, J = 8.6, 

5.6 Hz, 1H, CHCF3), 4.10 (dq, J = 9.2, 6.4 Hz, 1H, OCH), 3.25 (dddd, J = 11.8, 7.3, 5.7, 1.4 

Hz, 1H, NCHaHb), 3.02 (dd, J = 13.6, 6.6 Hz, 1H, ArCHaHb), 2.86 – 2.76 (m, 1H, NCHaHb), 

2.72 (dd, J = 13.6, 6.7 Hz, 1H, ArCHaHb), 2.61 (q, J = 9.5, 8.9 Hz, 1H, NH), 2.30 (s, 6H, 2 x 

ArCH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 138.2, 137.5, 127.0, 123.5 (q, J = 282.8 Hz), 88.0 

(q, J = 33.8 Hz), 80.8, 50.8, 39.7, 21.4. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4. 

IR (cm-1) 3348 (w), 3012 (w), 2931 (w), 1709 (w), 1608 (w), 1458 (w), 1292 (m), 1165 (s), 

1103 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C13H17F3NO+ 260.1257; Found 260.1262. 

 

1-(4-(((2R,5S)-2-(Trifluoromethyl)oxazolidin-5-yl)methyl)phenyl)ethan-1-ol ((R,S)-

4.39k) 

Prepared according to the general procedure D3 using 4.10k( 72 mg, 0.20 

mmol, 1.0 equiv., 90% ee).The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (R,S)-4.39k (45 mg, 0.16 mmol, 82%yield) as a 

colorless amorphous solid as a mixture of diasteteisomers in equal amounts. 

The enantiomeric excess was determined to be 88% by HPLC analysis on 

a Daicel Chiralpak IB column: 80:20 hexane/IPA, flow rate 1 mL/min, λ = 

210 nm: τMajor = 17.1 min, 15.5 min, τMinor = 11.3 min, 10.4 min. Absolute and relative 

configuration were determined by X-Ray diffraction analysis of a single crystal of (R,S)-4.39b. 

Rf value: 0.25 (20% Ethyl acetate in Pentane). 

[α]D20 = +8.2 (c = 0.46, CHCl3, 88% ee). 
1H NMR (400 MHz, Chloroform-d)δ 7.32 – 7.25 (m, 2H, ArH), 7.24 – 7.16 (m, 2H, ArH), 4.94 

(dq, J = 8.5, 5.9 Hz, 1H, CHCF3), 4.77 (qd, J = 6.5, 4.1 Hz, 1H, CH3CH(OH)), 4.02 (dq, J = 

12.9, 5.7 Hz, 1H, OCH), 3.30 – 3.15 (m, 2H, NCHaHb+NCHaHb), 3.13 (d, J = 4.2 Hz, 1H, 

CH3CH(OH)), 2.89 (dd, J = 13.9, 7.4 Hz, 1H, ArCHaHb), 2.81 (dd, J = 13.8, 5.7 Hz, 1H, 

ArCHaHb), 2.68 – 2.56 (m, 1H, NH), 1.37 (d, J = 6.5 Hz, 3H, CH3CH(OH)). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 144.3, 136.9, 129.3, 125.8, 123.5 (q, J = 282.7 Hz), 

88.0 (q, J = 33.8 Hz), 80.7, 70.3, 50.8, 39.6, 25.2. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4(s, 3F, CHCF3). 

IR (cm-1) 3351 (w), 3344 (m), 2931 (w), 1666 (w), 1446 (w), 1292 (m), 1157 (s), 1095 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H16F3NNaO2
+ 298.1025; Found 298.1030. 

 

(4-(((2R,5S)-2-(Trifluoromethyl)oxazolidin-5-yl)methyl)phenyl)methanamine((R,S)-

4.39l) 

Prepared according to the general procedure D3 using 4.10l (69 mg, 0.20 mmol, 

1.0 equiv., 90% ee). The crude material was purified by flash column 

chromatography (DCM/MeOH gradient 100:0 to 90:10) to give the 

corresponding product (R,S)-4.39l (29 mg, 0.11 mmol, 56% yield) as colorless 

oil. The enantiomeric excess was determined to be 88% by HPLC analysis on a 

Daicel Chiralpak IC column: 80:20 hexane/IPA, flow rate 1 mL/min, λ = 210 

nm: τMajor = 13.5 min, τMinor = 10.6 min. Absolute configuration was determined in comparison 

to compound (R,S)-4.39b. 

Rf value: 0.28 (20% Ethyl acetate in Pentane). 

[α]D20 = 54.5 (c = 0.40, CHCl3, 89% ee). 
1H NMR (400 MHz, Chloroform-d) δ 7.25 (d, J = 6.8 Hz, 2H, ArH), 7.19 (d, J = 8.1 Hz, 2H, 

ArH), 4.92 (q, J = 5.6 Hz, 1H, CHCF3), 4.09 (dq, J = 9.0, 6.3 Hz, 1H, OCH), 3.85 (s, 2H, 
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CH2NH2), 3.26 (ddd, J = 11.9, 5.6, 1.5 Hz, 1H, NCHaHb), 3.04 (dd, J = 13.8, 6.9 Hz, 1H, 

ArCHaHb), 2.88 – 2.73 (m, 2H, NCHaHb + ArCHaHb), 2.44 – 1.72 (br. s., 3H, NH + NH2). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 141.6, 136.3, 129.4, 127.5,123.5 (q, J = 282.5 Hz), 

88.0 (q, J = 33.9 Hz), 80.7, 50.8, 46.2, 39.6. 
19F{1H} NMR (376 MHz, Chloroform-d) δ -81.4. 

IR (cm-1) 3344 (w), 3020 (w), 2935 (w), 1589 (w), 1454 (w), 1292 (m), 1161 (s) 

HRMS (ESI/QTOF) m/z: [M + H-2N-1]
+ Calculated for C12H13F3NO+ 244.0944; Found 

244.0947. 

 

(S)-1-Amino-3-phenylpropan-2-ol 2,2,2-trifluoroacetic acidsalt (11) 

 

 
Scheme 9. Acidic hydrolysis of the hemiaminal, synthesis of 4.41 

In 5 mL round bottom flask 4.39aa (69 mg, 0.30 mmol, 90% ee) was dissolved in a mixture of 

THF (5.4 mL) and H2O (0.6 mL). Tosylsulfonic acid (400 mg, 2.10 mmol, 7.0 equiv) was 

added and the mixture was stirred at room temperature for 16 hours. The reaction was diluted 

with DCM (10 mL) and quenched by adding 1M NaOH (6 mL). The layers were separated, 

and the aqueous layer was extracted with DCM (2 x 10 mL). The combined organic layers 

werewashed with brine, dried over Na2SO4, filtered and concentrated. The crude material was 

purified by preparative RP-HPLC on an Agilent 1260 HPLC system with a G2260A 1260 Prep 

ALS Autosampler, a G1361a 1260 Prep Pump, a G1365C 1260 MWD detector and a G1364B 

1260 FC-PS collector, coupled with a Waters XBridge semi-preparative C18 column (19 x 150 

mm, 5 μm). Water (solvent A) and water:acetonitrile 5:95 (solvent B), each containing 0.1% 

TFA, were used as the mobile phase at a flow rate of 20 mL.min-1. The following method was 

used: 100% A to 100% B in 20 minutes. The desired product (S)-1-amino-3-phenylpropan-2-

ol 2,2,2-trifluoroacetic acid salt 4.41 was obtained as gummy solid (62 mg, 0.23 mmol, 74%). 

[α]D20 = -0.45 (c = 0.40, CHCl3). 
1H NMR (400 MHz, MeOD) δ 7.35 – 7.18 (m, 5H, ArH), 3.99 (dtd, J = 9.7, 6.7, 3.0 Hz, 1H, 

HOCH), 2.98 (dd, J = 12.8, 3.0 Hz, 1H, H2NCHaHb), 2.89 – 2.72 (m, 3H, H2NCHaHb+ ArCH2). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 161.7 (q, J = 34.3 Hz), 137.2, 129.0, 128.2, 126.3, 

116.8 (q, J = 292.9 Hz), 68.6, 44.03, 41.3. 
19F NMR (376 MHz, MeOD) δ -76.9(s, 3F, -OOCCF3). 

IR (cm-1) 3398 (w), 2933 (m), 1676 (s), 1137 (s), 840 (m), 801 (m), 748 (m), 724 (m), 702 (m). 

HRMS (APCI/QTOF)m/z: [M]+ Calcd for C9H14NO+ 152.1070; Found 152.1072. 

 

7.6.5. Unsuccessful Substrates 
Unreactive propargylic amines, aryl iodides and failed hydrogenations are reported in the 

following scheme. Yields are reported in the case of low conversions. 



255 
 

 
Scheme 10. Unsuccessful propargylic amines for the hydroalkoxylation step and trisubstituted olefins for hydrogenation step 

 

7.7. X-Ray Crystallographic Data 
7.7.1. Single Crystal X-Ray Diffraction for the chiral compound (S)-4.10a 
Crystals of the compound (S)-4.10a were obtained by slow evaporation of a 

hexane/isopropanol solution. 

Data acquisition:Single clear pale colourless prism crystals of (S)-4.10a were used as supplied. 

A suitable crystal with dimensions 0.60 × 0.48 × 0.35 mm3 was selected and mounted on a 

SuperNova, Dual, Cu at home/near, Atlas diffractometer. The crystal was kept at a steady T = 

140.00(10) K during data collection. The structure was solved with the ShelXS (Sheldrick, 

2008) solution program using direct methods and by using Olex2 (Dolomanov et al., 2009) as 

the graphical interface. The model was refined with ShelXL 2018/3 (Sheldrick, 2015) using 

full matrix least squares minimisation on F2 

 

 
Scheme14: Crystal data and structure refinement for (S)-3a. CCDC 2020478 

Crystal Data.  C18H16F3NO, Mr = 319.32, orthorhombic, P212121 (No. 19), a = 8.36428(10) Å, b = 
10.91132(12) Å, c = 17.10096(18) Å,  =  =  = 90°, V = 1560.72(3) Å3, T = 140.00(10) K, Z = 4, Z' = 1, 
(Cu K) = 0.923, 16378 reflections measured, 3257 unique (Rint = 0.0120) which were used in all 
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calculations. The final wR2 was 0.0607 (all data) and R1 was 0.0231 (I≥2 (I)). 
 

Compound 4.10a   
    
Formula C18H16F3NO   
Dcalc./ g cm-3 1.359   
/mm-1 0.923   
Formula Weight 319.32   
Colour clear pale 

colourless 
  

Shape prism   
Size/mm3 0.60×0.48×0.35   
T/K 140.00(10)   
Crystal System orthorhombic   
Flack Parameter 0.022(14)   
Hooft Parameter 0.048(12)   
Space Group P212121   
a/Å 8.36428(10)   
b/Å 10.91132(12)   
c/Å 17.10096(18)   
/° 90   

/° 90   

/° 90   
V/Å3 1560.72(3)   
Z 4   
Z' 1   
Wavelength/Å 1.54184   
Radiation type Cu K   

min/° 4.808   

max/° 76.213   
Measured Refl's. 16378   
Indep't Refl's 3257   
Refl's I≥2 (I) 3238   
Rint 0.0120   
Parameters 273   
Restraints 0   
Largest Peak 0.138   
Deepest Hole -0.114   
GooF 1.043   
wR2 (all data) 0.0607   
wR2 0.0606   
R1 (all data) 0.0233   
R1 0.0231   
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7.7.2. Single Crystal X-Ray Diffraction for the chiral compound 4.39b 
Crystals of the compound 4.39b were obtained by slow evaporation of a hexane/isopropanol 

(10:1) solution. 

Data Acquisition: Single colourless plate crystals of 4.39b were used as supplied. A suitable 

crystal with dimensions 0.40 × 0.10 × 0.05 mm3 was selected and mounted on a SuperNova, 

Dual, Cu at home/near, Atlas diffractometer. The crystal was kept at a steady T = 140.00(10) K 

during data collection. The structure was solved with the ShelXT 2018/2 (Sheldrick, 2015) 

solution program using dual methods and by using Olex2 (Dolomanov et al., 2009) as the 

graphical interface. The model was refined with ShelXL 2018/3 (Sheldrick, 2015) using full 

matrix least squares minimisation on F2. 
 

 
Scheme 15: Crystal data and structure refinement for 4.39b. CCDC2020479 
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Compound 4.39b   
Formula C12H14F3NO   
Dcalc./ g cm-3 1.419   
/mm-1 1.066   
Formula Weight 245.24   
Colour colourless   
Shape Plate   
Size/mm3 0.40×0.10×0.05   
T/K 140.00(10)   
Crystal System orthorhombic   
Flack Parameter -0.04(3)   
Space Group P212121   
a/Å 5.65596(10)   
b/Å 7.72749(12)   
c/Å 26.2606(4)   
/° 90   

/° 90   

/° 90   
V/Å3 1147.76(3)   
Z 4   
Z' 1   
Wavelength/Å 1.54184   
Radiation type CuK   

min/° 3.366   

max/° 72.464   
Measured Refl's. 18872   
Indep't Refl's 2256   
Refl's I≥2(I) 2187   
Rint 0.0269   
Parameters 161   
Restraints 0   
Largest Peak/e 
Å-3 

0.144   

Deepest Hole/e 
Å-3 

-0.173   

GooF 1.058   
wR2 (all data) 0.0585   
wR2 0.0575   
R1 (all data) 0.0246   
R1 0.0231   
    
    
Crystal Data.  C12H14F3NO, Mr = 245.24, orthorhombic, P212121 (No. 19), a = 5.65596(10) Å, b = 
7.72749(12) Å, c = 26.2606(4) Å,  =  =  = 90°, V = 1147.76(3) Å3, T = 140.00(10) K, Z = 4, Z' = 1, (Cu 
K) = 1.066, 18872 reflections measured, 2256 unique (Rint = 0.0269) which were used in all 
calculations. The final wR2 was 0.0585 (all data) and R1 was 0.0231 (I≥2 (I)). 
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7.7.3. NMR analysis of the equilibrium between Propargyl Amine 1, Tether 3 and 

hemiaminal I 

 
Scheme 107 Equilibrium between 4.7a, 4.24 and 4.8. 

An NMR tube (180×5 mm) was charged with propargylic amine 4.7a (21.5 µL, 22.0 mg, 0.10 

mmol, 1.0 equiv) and 1-ethoxy-2,2,2-trifluoroethanol 4.8 (85% in EtOH, 19 uL, 

0.14 mmol, 1.4 equiv.) and CDCl3 (1.0  mL). 1H NMR spectra was obtained using the 

following acquisition parameters: pulse program zg30, TD 65536, NS 16, D1 1.00000000 s, 

TE 298.0 K. 

The integral ratio between the CHCF3 protons of the heminal I and 3 was found to be 1.00:2.41. 

By simple calculation: 

{
[𝟑] + [𝐈] = 140 𝜇𝑀

[𝟑] = 2.41 ∙ [𝐈]
 

This corresponds to approx. 41% conversion of the propargyl amine 1 to the hemiaminal I. 

 
Scheme 108 1H-NMR spectrum of the equilibrium between 1, 3 and I 

 

7.8. Spectra of Propargyl Amines 
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7.9. Spectra of Enantioselective Cyclization Products 
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7.10. Spectra of Asymmetric Hydrogenation Products 
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7.11. HPLC Spectra for the Enantioselective Cyclization of 

propargylic amines 

Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 

 

 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 

 

 



339 
 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IB N-5 column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 

 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 

214 nm 

 

 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 

 

 

 

 



347 
 

 

Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 80:20 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 

 

 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IB N-5 column: 90:10 hexane/IPA, flow rate 1 mL/min, λ = 

254 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

214 nm 
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Chiral HPLC Daicel Chiralpak IB N-5 column: 99:1 hexane/IPA, flow rate 1 mL/min, λ = 

214 nm 
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7.12. HPLC Spectra for Hydrogenation of enantioenriched 

trisubstituted olefins 

Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 214 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 214 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm 
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Chiral HPLC Daicel Chiralpak IB column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm 

 

 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 230 nm 
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Chiral HPLC Daicel Chiralpak IB column: 80:20 hexane/IPA, flow rate 1 mL/min, λ = 210 

nm 

 

 

 

 

 

 

 

Chiral HPLC Daicel Chiralpak IC column: 80:20 hexane/IPA, flow rate 1 mL/min, λ = 210 

nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 214 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 254 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm 
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Chiral HPLC Daicel Chiralpak IA column: 95:5 hexane/IPA, flow rate 1 mL/min, λ = 210 nm 
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PdII/PdIV catalysed aminooxygenation of unactivated alkenes 
7.13. Synthesis of the Starting Materials  
7.13.1. Synthesis of the Tether Precursors 5.2, 5.10 and 5.11 

Synthesis of 1-((Tert-butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (5.10) 

 
1) Following a slightly modified procedure,249 a 100 mL pressure tube was charged with tert-

butyl carbamate (7.03 g, 60.0 mmol), 2,2,2-trifluoro-1-methoxyethanol (5.1) (7.69 mL, 66.0 

mmol, 1.1 equiv.), 4Å MS (10 g) and dioxane (80 mL). The tube was sealed under nitrogen 

atmosphere. The resulting mixture was heated at 100 °C for 5 d and then cooled down to rt. 

The mixture was filtered over Celite, and the cake was washed with ether (3x20 mL). The 

volatiles were removed under reduced pressure and the resulting solid was recrystallized in 

chloroform to afford white crystals 5.10 (8.20 g, 38.1 mmol, 64% for 2 crops). 

2) To a solution of pyridine (1.84 mL, 22.8 mmol, 1.4 equiv.) and DMAP (50 mg, 0.41 mmol, 

2.5 mol%) in dichloromethane (80 mL) at 0 °C was slowly added acetyl chloride (1.39 mL, 

19.5 mmol, 1.2 equiv.). To the resulting mixture was added tert-butyl (2,2,2-trifluoro-1- 

hydroxyethyl) carbamate (3.50 g, 16.3 mmol) portion-wise. Then the mixture was stirred at 0 

°C for 20 min and quenched with water (10 mL). The pH was adjusted to 2 by addition of 0.1 

N HCl and the layers were separated. The organic layer was washed with 0.1 N HCl (3x20 mL) 

and brine (30 mL), dried over MgSO4, filtered, and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (Pentane: EtOAc 10:1) affording the 

title compound 5 (4.05 g, 15.8 mmol, 97 % yield) as a white solid. 
1H NMR (400 MHz, Chloroform-d) δ 6.66 (bs, 1H, CHCF3), 5.25 (bs, 1H, NH), 2.08 (s, 3H, 

COCH3), 1.41 (s, 9H, C(CH3)3).  
13C{1H} NMR (101 MHz, Chloroform-d) δ 168.0, 152.9, 123.1 (q, J = 281.3), 82.2, 72.0 (q, J 

= 39.1 Hz), 28.1, 20.5. 

Spectral data was consistent with the values reported in literature.249 

Synthesis of 1-(((benzyloxy)carbonyl)amino)-2,2,2-trifluoroethyl acetate (5.11) 

 
The Cbz protected tether (5.11) was prepared by following a similar protocol as for the Boc 

derivative. 

1) Following a slightly modified procedure,249 a 100 mL pressure tube was charged with benzyl 

carbamate (2.27 g, 15.0 mmol), 2,2,2-trifluoro-1-methoxyethanol (5.1) (1.59 mL, 16.5 mmol, 

1.10 equiv.), 4Å MS (3 g) and dioxane (23 mL). The tube was sealed under nitrogen 

atmosphere. The resulting mixture was heated at 100 °C for 5 d and then cooled down to rt. 

The mixture was filtered over Celite, and the cake was washed with ether (3x5 mL). The 

volatiles were removed under reduced pressure and the resulting solid was recrystallized in 

chloroform to afford white crystals (1.87 g, 7.50 mmol, 50% for 2 crops). 

2) To a solution of pyridine (1.14 mL, 14.0 mmol, 1.4 equiv.) and DMAP (30 mg, 0.25 mmol, 

2.5 mol%) in dichloromethane (50 mL) at 0 °C was slowly added acetyl chloride (0.93 mL, 

12.0 mmol, 1.2 equiv.). To the resulting mixture was added benzyl (2,2,2-trifluoro-1-

hydroxyethyl)carbamate (2.50 g, 10.0 mmol, 1 equiv.) portion-wise. Then the mixture was 

 
249 U. Orcel, J. Waser, Angew. Chem. Int. Ed. 2016, 55, 12881. 
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stirred at 0 °C for 20 min and quenched with water (10 mL). The pH was adjusted to 2 by 

addition of 0.1 N HCl and the layers were separated. The organic layer was washed with 0.1 N 

HCl (3x20 mL) and brine (30 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressure. The crude residue was purified by column chromatography (Pentane: EtOAc 10:1) 

affording the title compound 5 (2.40 g, 8.32 mmol, 83% yield) as a white solid. 
1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.29 (m, 5H, ArH), 6.80 (dd, J = 11.0, 5.6 Hz, 

1H, CHCF3), 5.58 (s, 1H, NH), 5.23 – 5.09 (m, 2H, PhCH2), 2.14 (s, 3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 168.1, 154.2, 135.3, 128.8 (2), 128.6, 121.7 (q, J = 

281.0 Hz), 72.3 (q, J = 36.9 Hz), 68.3, 20.6. 
19F NMR (376 MHz, Chloroform-d) δ -80.2. 

IR (cm-1) 3031 (w), 1665 (w), 1503 (w), 1451 (w), 1293 (m), 1175 (s), 1153 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calculated for C25H23F3NO+ 410.1726; Found 410.1728. 

 

Synthesis of N-(1-chloro-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide (5.2) 

 
In a 100-mL two-necked round-bottomed flask, p-tosyl amide (8.56 g, 50.0 mmol, 1.0 equiv.) 

was suspended in DCM (dry, 86 mL). 2,2,2-trifluoro-1-methoxyethanol 5.1 (4.8 mL, 50 mmol, 

1.0 equiv.) was then added at room temperature. Finally, titanium tetrachloride (11 mL, 100 

mmol, 2.0 equiv.) was slowly added to the suspension, resulting in a clear bright yellow 

solution. The latter was stirred at room temperature overnight, slowly becoming a yellow 

suspension. After 20 hours, the reaction was quenched through cautious and slow addition of 

water (20 mL) at 0 °C (attention: vigorous release of gas and fume !!). The quenched mixture 

looked like a milky organic solution separated from a yellowish aqueous layer. The latter was 

extracted with DCM (3 x 100 mL). The combined organic layers were dried over MgSO4, 

filtered and concentrated in vacuo to obtain an off-white solid (12.2 g, 42.3 mmol, 85%). The 

compound was used without further purification in the next step. 
1H NMR (400 MHz, Chloroform-d) δ 7.81 (d, J = 8.0 Hz, 2H, ArH), δ 7.36 (d, J = 8.0 Hz, 2H, 

ArH), 6.16 (d, J = 10.0 Hz, 1H, NH), 5.85 (dq, J = 10.0 Hz, 4.0 Hz, 1H, CF3CH), 2.46 (s, 3H, 

CH3).  

Spectral data was consistent with the values reported in literature.250 

Synthesis of Alcohols:251 

Procedure A: To a solution of cyanuric chloride (1 equiv.) dissolved in DME (3/4th commercial 

grade)N-methyl morpholine (1 equiv.) was added at room temperature under stirring. A white 

suspension was formed and to this mixture a solution cinnamic acid (1 equiv.) in 1/4th DME 

was added. After 3 h at room temperature the mixture was filtered (Buchner funnel). The flask 

was cooled to 0°C and NaBH4 (1.5 equiv.) dissolved in water was added (attention: evolution 

of gas was observed during the addition). The mixture was stirred for additional 5 min at 0°C 

and diethyl ether was added. The solution was acidified (HCI 10% or KHSO4 can be used 

depending on the nature of the substrate).The organic layer was separated and subsequently 

washed with a solution of Na2CO3 10% and brine. After drying over anhydrous Na2SO4 the 

solvent was evaporated to give the pure Products. 

Procedure B: To a solution of 1.0 eq. of aldehyde in MeOH (1.5 mL/mmol) under Ar, 1.0 eq. 

of NaBH4 was slowly added at 0 °C. The reaction was stirred for 30 min. and let it warmed up 

slowly to rt until completion (usually 12 hours). The reaction was quenched with saturated 

 
250 V. Petrik, G.V. Röschenthaler, D. Cahard, Tetrahedron 2011, 18, 3254-3259. 
251 All the alcohols were directly submitted for the next step. 
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NH4Cl solution (5.0 mL/mmol) and the aqueous layer was extracted with Et2O (3 x 5.0 

mL/mmol). The combined organic layers were washed with brine (5.0 mL/mmol), dried over 

anhydrous MgSO4 and the solvent was removed under reduced pressure.  

Procedure C:  

Conversion of carboxaldehydes to α,β-unsaturated esters: 

Prepared in the manner of Travas-Sejdic, et al.252 To a flame-dried 2-neck round-bottom flask 

with stir bar, condenser, septum, and nitrogen inlet, carboxaldehyde (1 equiv.), THF (0.17 M), 

and methyl(triphenylphosphoranylidene) acetate (1.5 equiv.) were added and the solution was 

heated to 50 °C in an oil bath. The reaction progress was monitored by TLC. The solvent was 

removed in vacuo and the crude material was purified by flash column chromatography. 

Conversion of α,β-unsaturated esters to allylic alcohols: 

To a flame-dried round-bottomed flask equipped with stir bar, septum, and nitrogen inlet, a 

solution of α,β-unsaturated esters (1 equiv.) in DCM (0.02 M), was added via syringe. The 

solution was cooled to -78 °C in a dry ice/acetone bath. Diisobutylaluminum hydride (DIBAL, 

1.0 M in toluene unless otherwise specified, 3.5 equiv.) was added dropwise via syringe and 

the reaction mixture was stirred for 1 h. The reaction was monitored by TLC. Half-saturated 

sodium potassium tartrate solution was added and the mixture was vigorously stirred for 

approximately 16 h at rt before adding to a separatory funnel. The organic layer was separated 

and the aqueous layer was extracted with ether (2x). The combined organic phase was washed 

with deionized water (1x) and brine (1x), then dried over magnesium sulfate, gravity filtered, 

and concentrated under reduced pressure. The crude product was purified by silica gel flash 

column chromatography. 

 

 
 

 
252 Peng, H.; Soeller, C.; Travas-Sejdic, J. Macromolecules. 2007, 40, 909-914. 
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B.2. General Procedure B2.A 

 

 
 

To a stirred solution of alcohol (1.0 equiv.) in toluene [0.15 M] at room temperature was added 

Cs2CO3 (1.5 equiv.). Then the tether precursors (1.3 equiv.) and caesium carbonate (1.5 equiv.) 

were added, and the resulting mixture was stirred for 12 h. After completion of the reaction 

according to TLC the reaction mixture was filtered through a plug of silica and eluted with 

ethyl acetate (as an alternative an aqueous work up could be also performed). The filtrate was 

then evaporated under reduced pressure to give the title compound. 

Characterizations of Tethered Starting materials 

N-(1-(Cinnamyloxy)-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide (5.13) 

Prepared following an up-scaled general procedure B2.A Purification was 

performed on a Biotage flash column chromatography system with a 120 g cartridge 

(SiO2, 10 – 40% EtOAc in pentane) to afford N-(1-(cinnamyloxy)-2,2,2-

trifluoroethyl)-4-methylbenzenesulfonamide (5.13) as a white solid (2.5 g, 11 mmol, 

75% yield). 

Rf value: 0.26 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.79 – 7.73 (m, 2H, ArH), 7.43 – 7.23 (m, 7H, ArH), 

6.63 (dd, J = 15.9, 1.5 Hz, 1H, ArCH), 6.13 (ddd, J = 15.9, 7.1, 5.6 Hz, 1H, ArCH=CH), 5.48 
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(d, J = 10.2 Hz, 1H, NH), 5.09 (dq, J = 9.2, 4.6 Hz, 1H, CF3CH), 4.40 (ddd, J = 12.5, 5.6, 1.5 

Hz, 1H, OCHA), 4.31 (ddd, J = 12.5, 7.1, 1.3 Hz, 1H, OCHB), 2.41 (s, 3H, ArCH3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 144.4, 137.7, 136.2, 135.2, 130.0, 128.8, 128.3, 

127.0, 126.8, 123.0, 122.0 (q, J = 282.7 Hz), 80.2 (q, J = 35.3 Hz), 69.8, 21.7. 
19F NMR (376 MHz, Chloroform-d) δ -80.3. 

IR (cm-1) 3258 (w), 2925 (w), 1600 (w), 1451 (w), 1338 (m), 1275 (m), 1189 (s), 1157 (s), 

1070 (s), 967 (m), 914 (m), 814 (m), 749 (m), 666 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H18F3NNaO3S
+ 408.0852; Found 408.0855. 

 

N-(1-(Allyloxy)-2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide (5.16) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 

– 40% EtOAc in pentane) to afford N-(1-(allyloxy)-2,2,2-trifluoroethyl)-4-

methylbenzenesulfonamide (5.16) as a white solid (512 mg, 2.13 mmol, 79% 

yield).  

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.78 – 7.72 (m, 2H, ArH), 7.36 – 7.28 (m, 2H, ArH), 

5.80 (dddd, J = 17.0, 10.4, 6.5, 5.1 Hz, 1H, CF3CH), 5.45 – 5.19 (m, 3H, CHaHb=CH+NH+ 

CHaHb=CH), 5.03 (d, J = 5.5 Hz, 1H, CHaHb=CH), 4.25 (ddt, J = 12.7, 5.2, 1.5 Hz, 1H, 

OCHaHb), 4.12 (ddt, J = 12.7, 6.5, 1.3 Hz, 1H, OCHaHb), 2.44 (s, 3H, ArCH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 144.4, 137.7, 132.2, 129.9, 127.0, 121.9 (q, J = 282.4 Hz), 

119.7, 80.3 (q, J = 35.4 Hz), 69.9, 21.7. 
19F NMR (376 MHz, Chloroform-d) δ -80.5. 

HRMS (APCI/QTOF) m/z: [M + Na]+ Calcd for C12H14F3NNaO3S
+ 332.0539; Found 

332.0537. 

 

 4-Methyl-N-(2,2,2-trifluoro-1-((2-methylallyl)oxy)ethyl)benzenesulfonamide (5.18) 

Prepared following general procedure B2.A on 10 mmol scale. Purification 

was performed on a Biotage flash column chromatography system with a 250 

g cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford 4-methyl-N-(2,2,2-

trifluoro-1-((2-methylallyl)oxy)ethyl)benzenesulfonamide (5.18) as 

amorphous white solid (1.56 g, 4.82 mmol, 48% yield).  

Rf value: 0.29 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.81 – 7.71 (m, 2H, ArH), 7.36 – 7.27 (m, 2H, ArH), 

5.28 (d, J = 10.2 Hz, 1H, CHaHb=C), 5.06 – 4.94 (m, 3H, CF3CH+ CHaHb=C+NH), 4.08 (q, J 

= 12.4 Hz, 2H, OCHaHb), 2.43 (s, 3H, ArCH3), 1.71 (s, 3H, alkene CH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 144.4, 139.8, 137.7, 129.9, 127.0, 121.9 (q, J = 282.4 Hz), 

114.8, 80.2 (q, J = 35.5 Hz), 72.7, 21.7, 19.4. 
19F NMR (376 MHz, Chloroform-d) δ -80.5. 

IR (cm-1) 3260 (w), 2930 (w), 1454 (w), 1341 (m), 1276 (m), 1193 (s), 1162 (s), 1076 (m), 917 

(m), 816 (w), 668 (m). 

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C13H17F3NO3S
+ 324.0876; Found 324.0869. 

 

N-(1-(Cinnamyloxy)-2,2,2-trifluoroethyl)benzamide (5.23) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford N-(1-(cinnamyloxy)-2,2,2-

trifluoroethyl)benzamide (5.23) as a white amorphous solid (0.80 g, 2.39 mmol, 

80% yield).  

Rf value: 0.39 (20% Ethyl acetate in Pentane). 
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1H NMR (400 MHz, Chloroform-d) δ 7.86 – 7.78 (m, 2H, ArH), 7.62 – 7.54 (m, 1H, ArH), 

7.53 – 7.43 (m, 2H, ArH), 7.42 – 7.35 (m, 2H, ArH), 7.35 – 7.28 (m, 2H, ArH), 7.28 – 7.23 

(m, 1H, ArH), 6.74 – 6.62 (m, 2H, ArCH+ NH), 6.27 (ddd, J = 15.9, 6.8, 6.0 Hz, 1H, 

ArCH=CH), 5.96 (dq, J = 10.0, 5.0 Hz, 1H, CF3CH), 4.44 (ddd, J = 12.5, 6.0, 1.4 Hz, 1H, 

OCHA), 4.37 (ddd, J = 12.5, 6.8, 1.3 Hz, 1H, OCHA). 
13C{1H} NMR (101 MHz, CDCl3) δ 167.6, 136.3, 134.9, 132.8, 132.7, 129.0, 128.7, 128.2, 

127.4, 126.8, 123.5, 122.5 (q, J = 281.5 Hz), 76.4 (q, J = 34.9 Hz), 70.5. 
19F NMR (376 MHz, Chloroform-d) δ -80.2. 

IR (cm-1) 3290 (m), 3033 (w), 1715 (w), 1658 (s), 1519 (s), 1375 (m), 1264 (m), 1195 (s), 1159 

(s), 1089 (s), 968 (m), 715 (m), 693 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H16F3NNaO2
+ 358.1025; Found 358.1025. 

 

N-(1-(Cinnamyloxy)-2,2,2-trifluoroethyl)-2,2,2-trifluoroacetamide (5.24) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford N-(1-(cinnamyloxy)-2,2,2-trifluoroethyl)-2,2,2-

trifluoroacetamide (5.24) as white amorphous solid (0.21 g, 0.65 mmol, 63% yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.25 (m, 5H, ArH), 6.77 (d, J = 9.6 

Hz, 1H, NH), 6.68 (dt, J = 15.8, 1.4 Hz, 1H, ArCH), 6.22 (ddd, J = 15.9, 7.2, 6.0 Hz, 1H, 

ArCH=CH), 5.70 (dq, J = 9.4, 4.6 Hz, 1H, CF3CH), 4.43 (ddd, J = 12.3, 6.0, 1.4 Hz, 1H, 

OCHA), 4.30 (ddd, J = 12.4, 7.2, 1.2 Hz, 1H, OCHB).  
13C{1H} NMR (101 MHz, CDCl3) δ 157.6 (q, J = 39.0 Hz), 136.3, 135.8, 128.8, 128.6, 126.9, 

122.2, 121.7 (q, J = 281.6 Hz), 115.4 (q, J = 287.9 Hz), 76.1 (q, J = 36.2 Hz), 71.3. 
19F NMR (376 MHz, Chloroform-d) δ -75.9, -80.5. 

IR (cm-1) 3272 (w), 1724 (m), 1547 (m), 1215 (s), 1173 (s), 1126 (m), 1086 (m), 970 (w), 739 

(m), 694 (m). 

HRMS not found. 
 

tert-butyl (1-(cinnamyloxy)-2,2,2-trifluoroethyl)carbamate (5.25)  

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford N-(1-(cinnamyloxy)-2,2,2-

trifluoroethyl)pivalamide (5.25) as amorphous solid (550 mg, 1.66 mmol, 83% 

yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.37 (m, 2H, ArH), 7.36 – 7.29 (m, 

2H, ArH), 7.28 – 7.22 (m, 1H, ArH), 6.66 (dd, J = 15.9, 1.5 Hz, 1H, ArCH), 6.26 (ddd, J = 

15.9, 6.7, 5.8 Hz, 1H, ArCH=CH), 5.41 (dq, J = 9.9, 4.8 Hz, 1H, CF3CH), 5.20 (d, J = 10.9 Hz, 

1H, NH), 4.39 (ddd, J = 12.9, 5.7, 1.4 Hz, 1H, OCHA), 4.34 – 4.24 (m, 1H, OCHB), 1.48 (s, 

9H, (CH3)3). 
13C{1H} NMR (101 MHz, CDCl3) δ 154.6, 136.4, 134.4, 128.7, 128.2, 126.8, 123.9, 122.4 (q, 

J = 281.7 Hz), 81.5, 78.1 (d, J = 34.8 Hz), 69.9, 28.3. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3326 (w), 2981 (w), 1720 (m), 1503 (m), 1371 (m), 1053 (m), 968 (w), 890 (w), 745 

(w), 695 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C16H20F3NNaO3
+ 354.1287; Found 354.1286. 
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 Benzyl (1-(cinnamyloxy)-2,2,2-trifluoroethyl)carbamate (5.29) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 120 g cartridge (SiO2, 10 

– 40% EtOAc in pentane) to afford benzyl (1-(cinnamyloxy)-2,2,2-

trifluoroethyl)carbamate (5.29) as white amorphous solid (5.2 g, 14 mmol, 91% 

yield). 

Rf value: 0.25 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.23 (m, 10H, ArH), 6.66 (d, J = 

15.9 Hz, 1H, ArCH), 6.25 (dt, J = 15.9, 6.4 Hz, 1H, ArCH=CH), 5.52 – 5.37 (m, 2H, 

CF3CH+NH), 5.20 – 5.08 (m, 2H, PhCH2), 4.39 (dd, J = 12.6, 6.0 Hz, 1H, OCHA), 4.31 (dd, J 

= 12.6, 6.7 Hz, 1H, OCHB). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 136.3, 135.5, 134.7, 128.8, 128.8, 128.7, 128.4, 

128.3, 126.8, 123.6, 120.8, 78.5 (q, J = 35.0 Hz), 70.2, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3280 (m), 3034 (w), 1700 (s), 1537 (s), 1335 (m), 1254 (s), 1197 (s), 1157 (s), 1119 

(s), 1057 (s), 965 (m), 749 (s), 701 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H18F3NNaO3
+ 388.1131; Found 388.1124. 

 

Benzyl (1-(allyloxy)-2,2,2-trifluoroethyl)carbamate (5.30) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (1-(allyloxy)-2,2,2-

trifluoroethyl)carbamate (5.30) as a white solid (507 mg, 1.75 mmol, 58% 

yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.30 (m, 5H, ArH), 5.88 (ddt, J = 16.5, 11.0, 5.8 

Hz, 1H, CH2=CH), 5.47 – 5.29 (m, 3H, CF3CH+ NH+ CHaHb=CH), 5.29 – 5.22 (m, 1H, 

CHaHb=CH), 5.17 (s, 2H, PhCH2), 4.23 (dd, J = 12.8, 5.3 Hz, 1H, OCHA), 4.12 (dd, J = 12.8, 

6.3 Hz, 1H, OCHA). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 135.6, 132.6, 128.8, 128.7, 128.4, 122.2 (q, J = 

281.5 Hz), 119.3, 78.4 (q, J = 35.1 Hz), 70.2, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.8. 

IR (cm-1) 3307 (w), 3036 (w), 1714 (s), 1531 (s), 1336 (m), 1280 (s), 1237 (s), 1193 (s), 1159 

(s), 1048 (s), 699 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H14F3NNaO3
+ 312.0818; Found 312.0823. 

 

Benzyl (Z)-(2,2,2-trifluoro-1-((3-phenylallyl)oxy)ethyl)carbamate (5.60) 

Prepared following general procedure B2.A. Purification was performed on 

a Biotage flash column chromatography system with a 250 g cartridge 

(SiO2, 10 – 40% EtOAc in pentane) to afford benzyl (Z)-(2,2,2-trifluoro-1-

((3-phenylallyl)oxy)ethyl)carbamate (5.60) as a white solid (7.92 g, 20.1 

mmol, 100% yield). 

Rf value: 0.29 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.26 (m, 8H, ArH), 7.23 – 7.17 (m, 2H, ArH), 

6.69 (d, J = 11.7 Hz, 1H, ArCHCH), 5.82 (dt, J = 12.2, 6.5 Hz, 1H, ArCHCH), 5.48 – 5.32 (m, 

2H, CHCF3 and NH), 5.12 (s, 2H, CO2CH2Ar), 4.47 (dd, J = 12.3, 6.5, 1.6 Hz, 2H, CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 155.4, 136.2, 135.5, 133.6, 128.9, 128.8, 128.7, 128.5, 

128.4, 127.7, 126.4, 122.2 (q, J = 281.6 Hz), 79.0 (q, J = 34.9 Hz), 67.9, 66.2. 
19F NMR (376 MHz, Chloroform-d) δ -80.7 (d, J = 5.6 Hz). 
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IR (cm-1) 3313 (w), 3032 (w), 2951 (w), 1720 (s), 1523 (m), 1277 (m), 1234 (s), 1188 (s), 1157 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H18F3NNaO3
+ 388.1131; Found 388.1142. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(4-fluorophenyl)allyl)oxy)ethyl)carbamate (5.61) 

Prepared following general procedure B2.A. Purification was performed on a Biotage flash 

column chromatography system with a 25 g cartridge (SiO2, 10 – 40% 

EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(4-

fluorophenyl)allyl)oxy)ethyl)carbamate (5.61) as amorphous solid 

(960 mg, 2.50 mmol, 83% yield). 

Rf value: 0.39 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.31 (m, 7H, ArH), 7.09 – 6.97 (m, 2H, ArH), 

6.61 (d, J = 15.9 Hz, 1H, ArCHCH), 6.16 (dt, J = 15.9, 6.3 Hz, 1H, ArCHCH), 5.57 – 5.38 (m, 

2H, CHCF3 and NH), 5.14 (d, J = 2.7 Hz, 2H, CO2CH2Ar), 4.47 – 4.24 (m, 2H, CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 162.8 (d, J = 247.5 Hz), 155.5, 135.5, 133.6, 132.5 (d, 

J = 2.9 Hz), 128.8 (d, J = 9.9 Hz), 128.4 (d, J = 7.8 Hz), 123.3, 122.2 (q, J = 281.7 Hz), 115.7 

(d, J = 21.6 Hz), 78.5 (q, J = 35.0 Hz), 70.1, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.6 (d, J = 4.6 Hz, 3F, CF3), -113.6 (dd, J = 11.7, 6.4 

Hz, 1F, ArF). 

IR (cm-1) 3429 (w), 2256 (w), 1728 (w), 1512 (w), 1196 (w), 1049 (w), 906 (s), 729 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H17F4NNaO3
+ 406.1037; Found 406.1035. 

 

Benzyl (E)-(1-((3-(4-chlorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.62) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10–

40% EtOAc in pentane) to afford benzyl (E)-(1-((3-(4-chlorophenyl)allyl)oxy)-

2,2,2-trifluoroethyl)carbamate (5.62) as an orange oil (860 mg, 2.15 mmol, 72% 

yield). 

Rf value: 0.35 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.25 (m, 9H, ArH), 6.60 (d, J = 

15.9 Hz, 1H, ArCH), 6.22 (dt, J = 15.9, 6.3 Hz, 1H, ArCH=CH), 5.46 (m, 2H, CF3CH+ NH), 

5.24 – 5.08 (m, 2H, PhCH2), 4.46 – 4.34 (dd, J = 12.8, 1H, OCHA), 4.30 (dd, J = 12.8, 6.6 Hz, 

1H, OCHB). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 135.5, 134.8, 133.9, 133.3, 128.9, 128.8, 128.7, 

128.4, 128.0, 124.3, 122.2 (q, J = 281.9 Hz), 78.6 (q, J = 35.1 Hz), 70.0, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3293 (m), 3036 (w), 1701 (s), 1534 (m), 1339 (m), 1279 (s), 1192 (s), 1158 (s), 1051 

(s), 968 (m), 745 (m), 698 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H17ClF3NNaO3
+ 422.0741; Found 422.0736. 

 

Benzyl (E)-(1-((3-(4-bromophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.63) 

 

Prepared following general procedure B2A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10–

40% EtOAc in pentane) to afford benzyl (E)-(1-((3-(4-bromophenyl)allyl)oxy)-

2,2,2-trifluoroethyl)carbamate (5.63) as amorphous solid (1234 mg, 2.778 

mmol, 93% yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.42 (m, 2H, ArH), 7.36 (qdt, J = 7.3, 4.8, 2.4 Hz, 

5H, ArH), 7.25 (d, J = 8.4 Hz, 2H, ArH), 6.59 (d, J = 15.9 Hz, 1H, ArCH), 6.23 (dt, J = 15.8, 
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6.3 Hz, 1H, ArCH=CH), 5.50 – 5.37 (m, 2H, CF3CH+ NH), 5.19 – 5.08 (m, 2H, PhCH2), 4.37 

(dd, J = 12.7, 5.9 Hz, 1H, OCHa), 4.29 (dd, J = 12.7, 6.6 Hz, 1H, OCHb). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 135.5, 135.2, 133.2, 131.9, 128.8, 128.7, 128.4, 

128.3, 124.5, 122.2 (q, J = 281.5 Hz), 122.1, 78.6 (q, J = 35.1 Hz), 70.0, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3295 (m), 1701 (s), 1536 (s), 1371 (w), 1279 (s), 1194 (s), 1161 (s), 1123 (s), 1055 

(s), 969 (m), 743 (m), 701 (m) 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H17BrF3NNaO3
+ 466.0236; Found 466.0234. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(4-(trifluoromethyl)phenyl)allyl)oxy)ethyl)carbamate 

(5.64) 

 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(4-

(trifluoromethyl)phenyl)allyl)oxy)ethyl)carbamate (5.64) as a white solid  (728 

mg, 1.68 mmol, 56% yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.57 (d, J = 8.1 Hz, 2H, ArH), 7.48 (d, J 

= 8.1 Hz, 2H, ArH), 7.42 – 7.30 (m, 5H, ArH), 6.68 (d, J = 16.0 Hz, 1H, ArCH), 6.33 (dt, J = 

15.9, 6.1 Hz, 1H, ArCH=CH), 5.51 – 5.40 (m, 2H, CF3CH+ NH), 5.20 – 5.09 (m, 2H, PhCH2), 

4.41 (dd, J = 13.1, 5.8 Hz, 1H, OCHA), 4.33 (dd, J = 13.1, 6.4 Hz, 1H, OCHA). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 139.8, 135.4, 132.7, 130.0 (d, J = 32.6 Hz), 128.8, 

128.8, 128.4, 127.0, 126.5, 125.7 (q, J = 3.8 Hz), 124.2 (q, J = 271.9 Hz), 122.1 (q, J = 281.6 

Hz), 78.7 (q, J = 35.4 Hz), 69.7, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -62.6, -80.6. 

IR (cm-1) 3294 (w), 3040 (w), 1702 (m), 1533 (m), 1326 (s), 1190 (s), 1159 (s), 1119 (s), 1065 

(s), 969 (m), 753 (m), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H17F6NNaO3
+ 456.1005; Found 456.1002. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(4-nitrophenyl)allyl)oxy)ethyl)carbamate (5.65) 

 

Prepared following general procedure B2.A. Purification was 

performed on a Biotage flash column chromatography system with a 

250 g cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford benzyl 

(E)-(2,2,2-trifluoro-1-((3-(4-nitrophenyl)allyl)oxy)ethyl)carbamate 

(5.65) as amorphous white solid (7.92 g, 20.1 mmol, 100% yield). 

Rf value: 0.24 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 8.18 (d, J = 8.8 Hz, 2H, ArH), 7.51 (d, J = 8.5 Hz, 2H, 

ArH), 7.41 – 7.31 (m, 5H, ArH), 6.71 (d, J = 15.9 Hz, 1H, ArCHCH), 6.41 (dt, J = 16.0, 5.8 

Hz, 1H, ArCHCH), 5.57 – 5.37 (m, 2H, CHCF3 and NH), 5.16 (d, J = 6.1 Hz, 2H, CO2CH2Ar), 

4.52 – 4.39 (m, 1H, CH2O), 4.39 – 4.29 (m, 1H, CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 155.6, 147.4, 142.7, 135.4, 131.6, 128.8, 128.3, 127.3, 

124.2, 122.1 (q, J = 281.8 Hz), 78.8 (q, J = 34.5 Hz), 69.4, 68.1. 
19F NMR (376 MHz, Chloroform-d) δ -80.5 (d, J = 3.8 Hz). 

IR (cm-1) 3305 (w), 3039 (w), 2947 (w), 1724 (s), 1520 (s), 1342 (s), 1192 (s), 1157 (s), 1045 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H19F3N2NaO7
+ 491.1037; Found 491.1037. 

Benzyl (E)-(1-((3-(3,5-difluorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.66) 
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Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 

– 40% EtOAc in pentane) to afford benzyl (E)-(1-((3-(3,5-

difluorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.66) as white solid 

(960 mg, 2.39 mmol, 80% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.29 (m, 5H, ArH), 6.89 (d, J = 

7.4 Hz, 2H, ArH), 6.71 (tt, J = 8.8, 2.3 Hz, 1H, ArH), 6.56 (d, J = 15.9 Hz, 1H, ArCH), 6.25 

(dt, J = 15.9, 6.0 Hz, 1H, ArCH=CH), 5.44 (d, J = 5.0 Hz, 2H, CF3CH+NH), 5.15 (d, J = 2.2 

Hz, 2H, PhCH2), 4.39 (dd, J = 13.3, 5.6 Hz, 1H, OCHA), 4.30 (dd, J = 13.2, 6.4 Hz, 1H, OCHB). 
13C{1H} NMR (101 MHz, CDCl3) δ 163.3 (dd, J = 247.9, 13.0 Hz), 155.5, 139.7 (t, J = 9.5 

Hz), 135.4, 132.0, 128.8, 128.8, 128.4, 126.6, 122.1 (q, J = 281.6 Hz), 110.4 – 108.7 (m), 103.4 

(t, J = 25.5 Hz), 78.7 (q, J = 35.1 Hz), 69.4, 68.1. 
19F NMR (376 MHz, Chloroform-d) δ -80.6, -110.0. 

IR (cm-1) 3318 (w), 2925 (w), 1720 (s), 1591 (m), 1516 (m), 1453 (m), 1333 (m), 1279 (s), 

1236 (s), 1193 (s), 1160 (s), 1117 (s), 1044 (s), 985 (s), 674 (w). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H16F5NNaO3
+ 424.0943; Found 424.0938. 

 

Benzyl (E)-(1-((3-(2,6-difluorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.67) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(1-((3-(2,6-

difluorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.67) as an 

amorphous solid (640 mg, 1.59 mmol, 53% yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.35 (h, J = 5.2 Hz, 5H, ArH), 7.17 (tt, J 

= 8.4, 6.2 Hz, 1H, ArH), 6.94 – 6.80 (m, 2H, ArH), 6.69 (d, J = 16.4 Hz, 1H, ArCH), 6.57 (dt, 

J = 16.4, 5.8 Hz, 1H, ArCH=CH), 5.54 – 5.39 (m, 2H, CF3CH+NH), 5.16 (d, J = 2.2 Hz, 2H, 

PhCH2), 4.42 (dd, J = 13.0, 5.5 Hz, 1H, OCHA), 4.33 (dd, J = 13.0, 6.1 Hz, 1H, OCHB). 
13C{1H} NMR (101 MHz, CDCl3) δ 161.1 (dd, J = 252.0, 7.5 Hz), 155.5, 135.5, 130.8 (t, J = 

7.8 Hz), 128.9, 128.8, 128.7, 128.4, 122.2 (q, J = 281.5 Hz), 120.3, 113.7 (t, J = 15.2 Hz), 

112.07 – 111.2 (m), 78.8 (q, J = 35.2 Hz), 70.7, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.7, -113.0. 

IR (cm-1) 3269 (m), 3038 (w), 1699 (s), 1539 (m), 1465 (m), 1254 (s), 1197 (s), 1153 (s), 1124 

(m), 1059 (s), 987 (s), 781 (m), 701 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H16F5NNaO3
+ 424.0943; Found 424.0947. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(4-methoxyphenyl)allyl)oxy)ethyl)carbamate (5.68) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(4-

methoxyphenyl)allyl)oxy)ethyl)carbamate (5.68) as amorphous solid (850 mg, 

2.15 mmol, 72% yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.35 (tq, J = 5.9, 3.6 Hz, 7H, ArH), 6.90 

– 6.82 (m, 2H, ArH), 6.60 (d, J = 15.8 Hz, 1H, ArCH), 6.11 (dt, J = 15.8, 6.5 Hz, 1H, 

ArCH=CH), 5.52 – 5.38 (m, 2H, CF3CH+ NH), 5.14 (d, J = 5.0 Hz, 2H, PhCH2), 4.37 (dd, J 

= 12.3, 6.2 Hz, 1H, OCHA), 4.28 (dd, J = 12.4, 6.9 Hz, 1H, OCHB), 3.81 (s, 3H, OCH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 159.8, 155.5, 135.5, 134.5, 129.0, 128.8, 128.7, 128.4, 

128.1, 122.2 (q, J = 281.5 Hz), 121.2, 114.1, 78.4 (q, J = 35.0 Hz), 70.4, 67.9, 55.4. 
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19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3312 (w), 2956 (w), 1717 (s), 1608 (m), 1512 (s), 1246 (s), 1189 (s), 1158 (s), 1041 

(s), 969 (m), 753 (m), 698 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO4
+ 418.1237; Found 418.1239. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(2-methoxyphenyl)allyl)oxy)ethyl)carbamate (5.69) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(2-

methoxyphenyl)allyl)oxy)ethyl)carbamate (5.69) as  white solid (760 mg, 1.92 

mmol, 64% yield). 

Rf value: 0.39 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.43 (d, J = 7.6 Hz, 1H, ArH), 7.36 (q, J 

= 6.4 Hz, 5H, ArH), 7.30 – 7.21 (m, 1H, ArH), 7.02 – 6.90 (m, 2H, ArH), 6.88 (dd, J = 8.3, 1.1 

Hz, 1H, ArCH), 6.29 (dt, J = 16.0, 6.4 Hz, 1H, ArCH=CH), 5.49 (dq, J = 9.6, 4.7 Hz, 1H, 

CF3CH), 5.41 (d, J = 10.5 Hz, 1H, NH), 5.21 – 5.09 (m, 2H, PhCH2), 4.40 (dd, J = 12.3, 6.2 

Hz, 1H, OCHA), 4.32 (dd, J = 12.4, 6.7 Hz, 1H, OCHB), 3.85 (s, 3H, OCH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 157.1, 155.5, 135.6, 129.7, 129.3, 128.8, 128.6, 128.4, 

127.4, 125.3, 124.3, 122.3 (q, J = 281.4 Hz), 120.8, 111.0, 78.6 (q, J = 35.1 Hz), 70.9, 67.9, 

55.6. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

IR (cm-1) 3310 (w), 2944 (w), 1716 (s), 1526 (m), 1281 (s), 1191 (s), 1160 (s), 1048 (s), 976 

(m), 752 (s), 700 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO4
+ 418.1237; Found 418.1239. 

 

Benzyl (E)-(1-((3-(4-(dimethylamino)phenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate 

(5.70) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(1-((3-(4-

(dimethylamino)phenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.70) as 

amorphous solid (960 mg, 2.35 mmol, 78% yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.26 (m, 7H, ArH), 6.71 – 6.63 (m, 

2H, ArH), 6.57 (d, J = 15.8 Hz, 1H, ArCH), 6.04 (dt, J = 15.8, 6.8 Hz, 1H, ArCH=CH), 5.48 

(dd, J = 10.2, 5.0 Hz, 1H, CF3CH), 5.38 (d, J = 10.4 Hz, 1H, NH), 5.21 – 5.07 (m, 2H, PhCH2), 

4.36 (dd, J = 12.1, 6.3 Hz, 1H, OCHA), 4.27 (dd, J = 12.1, 7.1 Hz, 1H, OCHB), 2.97 (s, 6H, 

N(CH3)2). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 150.6, 135.6, 135.5, 128.8, 128.6, 128.4, 127.9, 

124.6, 122.3 (q, J = 281.4 Hz), 118.8, 112.4, 78.2 (q, J = 35.3 Hz), 70.9, 67.9, 40.6. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

IR (cm-1)  3328 (w), 2926 (w), 1721 (s), 1610 (s), 1522 (s), 1240 (s), 1185 (s), 1154 (s), 1043 

(s), 741 (m), 697 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H24F3N2O3
+ 409.1734; Found 409.1732. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(m-tolyl)allyl)oxy)ethyl)carbamate (5.72) 
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Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(m-

tolyl)allyl)oxy)ethyl)carbamate (5.72) as amorphous solid (560 mg, 1.48 mmol, 

49% yield). 

Rf value: 0.39 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.35 (m,  5H, ArH), 7.26 – 7.15 (m, 3H, 

ArH), 7.13 – 7.05 (m, 1H, ArH), 6.63 (d, J = 15.9 Hz, 1H, ArH), 6.24 (dt, J = 15.8, 6.4 Hz, 1H, 

ArCH=CH), 5.48 (dq, J = 9.4, 4.6 Hz, 1H, CF3CH), 5.40 (d, J = 10.6 Hz, 1H, NH), 5.20 – 5.08 

(m, 2H, PhCH2), 4.38 (dd, J = 12.5, 6.0 Hz, 1H, OCHA), 4.30 (dd, J = 12.6, 6.7 Hz, 1H, OCHB), 

2.35 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 138.3, 136.2, 135.5, 134.9, 129.1, 128.8, 128.7, 

128.6, 128.4, 127.6, 124.0, 123.4, 122.2 (q, J = 281.3 Hz), 78.5 (q, J = 35.1 Hz), 70.2, 68.0, 

21.5. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3319 (w), 3035 (w), 1715 (s), 1514 (m), 1279 (m), 1234 (s), 1190 (s), 1158 (s), 1044 

(s), 969 (m), 775 (m), 697 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO3
+ 402.1287; Found 402.1284. 

 

Benzyl (1-((3,3-diphenylallyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.73) 

Prepared following general procedure B2.A on 20 mmol scale. 

Purification was performed on a Biotage flash column chromatography 

system with a 250 g cartridge (SiO2, 10 – 40% EtOAc in pentane) to 

afford benzyl (1-((3,3-diphenylallyl)oxy)-2,2,2-trifluoroethyl)carbamate 

(5.73) as a white solid (7.92 g, 20.1 mmol, 100% yield). 

Rf value: 0.38 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.24 (m, 13H, ArH), 7.23 – 7.13 (m, 2H, ArH), 

6.19 (t, J = 6.9 Hz, 1H, (C6H5)2CCH), 5.51 – 5.24 (m, 2H, CHCF3 and NH), 5.19 – 5.00 (m, 

2H, CO2CH2Ar), 4.30 (dd, J = 11.9, 6.8 Hz, 1H, CH2O), 4.22 (dd, J = 11.9, 7.1 Hz, 1H, CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 155.3, 147.0, 141.5, 138.8, 135.5, 129.8, 128.8, 128.7, 

128.4, 128.3, 128.0, 127.9, 127.8, 122.9, 122.2 (q, J = 281.9 Hz), 79.0 (q, J = 35.3 Hz), 67.9, 

67.4. 
19F NMR (376 MHz, Chloroform-d) δ -80.80 (d, J = 4.6 Hz). 

IR (cm-1) 3306 (m), 3036 (w), 1706 (s), 1531 (s), 1253 (s), 1197 (s), 1158 (s), 1055 (s), 701 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C25H22F3NNaO3
+ 464.1444; Found 464.1432. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((5-phenylpent-2-en-1-yl)oxy)ethyl)carbamate (5.74) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 250 g cartridge (SiO2, 10 

– 40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((5-

phenylpent-2-en-1-yl)oxy)ethyl)carbamate (5.74) as a white solid (7.92 g, 20.1 

mmol, 100% yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.11 (m, 10H, ArH), 5.81 (dt, J = 

14.2, 6.7 Hz, 1H, CH=CH), 5.60 – 5.48 (m, 1H, CH=CH), 5.42 – 5.29 (m, 2H, CF3CH+NH), 

5.16 (d, J = 4.9 Hz, 2H, PhCH2O), 4.16 (dd, J = 12.1, 5.8 Hz, 1H, OCHaHb), 4.04 (dd, J = 12.0, 

7.2 Hz, 1H, OCHaHb), 2.70 (h, J = 7.7 Hz, 2H, CH2CH2Ph), 2.38 (q, J = 7.4 Hz, 2H, 

CH2CH2Ph). 
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13C{1H} NMR (101 MHz, CDCl3) δ 155.1, 141.3, 136.2, 135.3, 128.5, 128.4, 128.2, 128.2, 

128.1, 125.7, 124.5, 121.9 (q, J = 281.6 Hz), 77.7 (d, J = 35.0 Hz), 69.6, 67.6, 35.0, 33.9. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C21H23F3NO3
+ 394.1625; 

Found 394.1621. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((2-methyl-3-phenylallyl)oxy)ethyl)carbamate (5.75) 

Prepared following general procedure B2.A Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((2-methyl-3-

phenylallyl)oxy)ethyl)carbamate (5.75) as amorphous solid (426 mg, 2.15 mmol, 

69% yield). 

Rf value: 0.41 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.20 (m, 10H, ArH), 6.54 (s, 1H, ArCH), 5.47 

(dq, J = 9.4, 4.7 Hz, 1H, CF3CH), 5.40 (d, J = 10.5 Hz, 1H, NH), 5.16 (s, 2H, PhCH2), 4.26 (d, 

J = 12.0 Hz, 1H, OCHaHb), 4.18 (d, J = 12.0 Hz, 1H, OCHaHb), 1.90 (d, J = 1.5 Hz, 3H, CH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 137.1, 135.6, 132.9, 129.6, 129.1, 128.8, 128.7, 

128.4, 128.3, 127.0, 122.3 (q, J = 281.3 Hz), 78.3 (q, J = 35.0 Hz), 75.7, 67.9, 15.4. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

IR (cm-1) 3320 (w), 3032 (w), 1717 (s), 1516 (m), 1281 (s), 1235 (s), 1191 (s), 1160 (s), 1044 

(s), 991 (m), 747 (m), 699 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO3
+ 402.1287; Found 402.1288. 

 

Benzyl (E)-(1-((2-benzylideneheptyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.76) 

Prepared following general procedure B2.A Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(1-((2-benzylideneheptyl)oxy)-

2,2,2-trifluoroethyl)carbamate (5.76) as white solid (512 mg, 2.13 mmol, 79% 

yield). 

Rf value: 0.42 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.30 (m, 7H, ArH), 7.29 – 7.20 (m, 

3H, ArH), 6.53 (s, 1H, ArCH), 5.48 (dq, J = 9.6, 4.7 Hz, 1H, CF3CH), 5.39 (d, J = 10.5 Hz, 

1H, NH), 5.17 (s, 2H, PhCH2), 4.31 (d, J = 12.1 Hz, 1H, OCHaHb), 4.18 (d, J = 12.1 Hz, 1H, 

OCHaHb), 2.27 (qdd, J = 13.6, 9.5, 6.4 Hz, 2H, CH2CH2CH2CH2CH3), 1.49 (q, J = 7.2 Hz, 2H, 

CH2CH2CH2CH2CH3), 1.28 (dq, J = 7.4, 3.4 Hz, 4H, CH2CH2CH2CH2CH3), 0.93 – 0.83 (m, 

3H, CH2CH2CH2CH2CH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 137.6, 137.1, 135.6, 129.7, 128.9, 128.8, 128.7, 

128.4, 128.3, 127.0, 122.3 (q, J = 281.9 Hz), 78.4 (q, J = 35.1 Hz), 73.5, 67.9, 32.1, 28.5, 27.8, 

22.5, 14.1. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3318 (w), 2957 (m), 2931 (m), 2864 (w), 1720 (s), 1515 (m), 1281 (m), 1234 (s), 

1190 (s), 1162 (s), 1046 (s), 751 (m), 698 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H28F3NNaO3
+ 458.1913; Found 458.1913. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(furan-3-yl)allyl)oxy)ethyl)carbamate (5.77) 
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Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(furan-3-

yl)allyl)oxy)ethyl)carbamate (5.77) as white solid (343 mg, 0.674 mmol, 52% 

yield). 

Rf value: 0.34 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.44 (s, 1H, (Het)ArH), 7.42 – 7.29 (m, 6H, (Het)ArH), 

6.56 – 6.48 (m, 2H, (Het)ArH+HetArCH), 5.97 (dt, J = 15.8, 6.5 Hz, 1H, HetArCH=CH), 5.49 

– 5.35 (m, 2H, CF3CH+NH), 5.15 (d, J = 2.0 Hz, 2H, PhCH2), 4.33 (dd, J = 12.5, 6.0 Hz, 1H, 

OCHA), 4.24 (dd, J = 12.5, 6.9 Hz, 1H, OCHA). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 143.8, 141.3, 135.5, 128.8, 128.7, 128.4, 124.8, 

123.4, 123.1, 122.2 (q, J = 281.5 Hz), 107.7, 78.4 (q, J = 35.1 Hz), 70.0, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

IR (cm-1) 3334 (w), 3035 (w), 1729 (m), 1522 (m), 1368 (m), 1154 (s), 1046 (s), 911 (m), 813 

(w), 732 (s), 671 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C17H16F3NNaO4
+ 378.0924; Found 378.0932. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(1-methyl-1H-indol-3-yl)allyl)oxy)ethyl)carbamate 

(5.78) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(1-methyl-

1H-indol-3-yl)allyl)oxy)ethyl)carbamate (5.78) as amorphous solid (350 mg, 

0.836 mmol, 64% yield). 

Rf value: 0.26 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.86 (d, J = 7.9 Hz, 1H, (Het)ArH), 7.40 

– 7.29 (m, 5H, (Het)ArH), 7.29 – 7.24 (m, 2H, (Het)ArH), 7.19 (ddd, J = 8.1, 

6.8, 1.4 Hz, 1H, (Het)ArH), 7.14 (s, 1H, (Het)ArH), 6.82 (d, J = 16.0 Hz, 1H, (Het)ArCH), 

6.21 (dt, J = 14.9, 6.8 Hz, 1H, HetArCH=CH), 5.53 (dq, J = 9.8, 4.8 Hz, 1H, CF3CH), 5.39 (d, 

J = 10.5 Hz, 1H, NH), 5.21 – 5.07 (m, 2H, PhCH2), 4.47 – 4.37 (m, 1H, OCHA), 4.32 (dd, J = 

12.0, 7.3 Hz, 1H, OCHA), 3.76 (s, 3H, NCH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 137.7, 135.6, 129.2, 128.8, 128.8, 128.6, 128.6, 

128.3, 126.2, 122.4, 122.4 (q, J = 281.7 Hz),120.3, 119.0, 112.7, 109.7, 78.0 (q, J = 35.0 Hz), 

71.4, 67.9, 33.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

IR (cm-1) 3313 (w), 2935 (w), 1715 (s), 1533 (m), 1335 (m), 1280 (s), 1238 (s), 1192 (s), 1160 

(s), 1048 (s), 911 (m), 741 (s), 699 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H21F3N2NaO3
+ 441.1396; Found 441.1391. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(1-tosyl-1H-pyrrol-2-yl)allyl)oxy)ethyl)carbamate (5.79) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(1-tosyl-1H-

pyrrol-2-yl)allyl)oxy)ethyl)carbamate (5.79) as amorphous solid (343 mg, 0.674 

mmol, 52% yield). 

Rf value: 0.24 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, J = 8.0 Hz, 2H, ArH), 7.42 – 7.28 

(m, 7H, ArH), 7.25 (d, J = 7.0 Hz, 1H, ArH), 7.08 (d, J = 15.8 Hz, 1H, ArH), 6.44 – 6.38 (m, 

1H, ArCH), 6.23 (t, J = 3.4 Hz, 1H, ArH), 5.95 (dt, J = 15.8, 6.3 Hz, 1H, HetArCH=CH), 5.42 
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(d, J = 4.0 Hz, 2H, CF3CH+NH), 5.18 (s, 2H, PhCH2), 4.33 (dd, J = 13.1, 5.7 Hz, 1H, OCHA), 

4.22 (dd, J = 12.9, 6.8 Hz, 1H, OCHB), 2.38 (s, 3H, ArCH3). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.6, 145.2, 136.0, 135.5, 132.4, 130.1, 128.8, 128.7, 

128.4, 127.2, 124.9, 123.6, 122.9, 121.8 (q, J = 281.3 Hz), 112.6, 112.4, 78.4 (q, J = 35.0 Hz), 

69.6, 68.0, 21.7. 
19F NMR (376 MHz, Chloroform-d) δ -80.6. 

IR (cm-1) 3308 (w), 2926 (w), 1715 (s), 1525 (m), 1279 (m), 1236 (s), 1192 (s), 1159 (s), 1046 

(s), 968 (m), 780 (m), 740 (m), 699 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H23F3N2NaO5S
+ 531.1172; Found 531.1177. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(thiophen-3-yl)allyl)oxy)ethyl)carbamate (5.80) 

Prepared following general procedure B2.A Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(thiophen-3-

yl)allyl)oxy)ethyl)carbamate (5.80) as white amorphous solid (350 mg, 0.985 

mmol, 75% yield). 

Rf value: 0.23 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 7.35 (qd, J = 5.9, 2.8 Hz, 5H, (Het)ArH), 7.28 (ddd, J = 

5.1, 2.9, 0.6 Hz, 1H, (Het)ArH), 7.21 (d, J = 5.7 Hz, 2H, (Het)ArH ), 6.66 (d, J = 15.8 Hz, 1H, 

HetArCH), 6.09 (dt, J = 15.8, 6.5 Hz, 1H, HetArCH=CH), 5.46 (dd, J = 10.2, 4.9 Hz, 1H, 

CF3CH), 5.37 (d, J = 10.4 Hz, 1H, NH), 5.20 – 5.08 (m, 2H, PhCH2), 4.35 (dd, J = 12.5, 6.0 

Hz, 1H, OCHA), 4.27 (dd, J = 12.4, 6.9 Hz, 1H, OCHB). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.5, 139.0, 135.5, 129.0, 128.8, 128.7, 128.4, 126.3, 

125.2, 123.4, 123.3, 122.2 (q, J = 281.3 Hz), 78.4 (q, J = 35.1 Hz), 70.1, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.7. 

IR (cm-1) 3299 (w), 3035 (w), 1718 (s), 1533 (m), 1337 (m), 1280 (s), 1237 (s), 1194 (s), 1161 

(s), 1050 (s), 968 (m), 773 (m), 698 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C17H16F3NNaO3S
+ 394.0695; Found 394.0696. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((3-(pyridin-3-yl)allyl)oxy)ethyl)carbamate (5.81) 

Prepared following general procedure B2.A. Purification was performed on a 

Biotage flash column chromatography system with a 25 g cartridge (SiO2, 10 – 

40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-trifluoro-1-((3-(pyridin-3-

yl)allyl)oxy)ethyl)carbamate (5.81) as amorphous solid (350 mg, 0.955 mmol, 

73% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane).  
1H NMR (400 MHz, Chloroform-d) δ 8.60 (s, 1H, ArH), 8.49 (dd, J = 4.8, 1.6 

Hz, 1H, ArH), 7.69 (dt, J = 8.0, 2.0 Hz, 1H, ArH), 7.42 – 7.29 (m, 5H, ArH), 7.27 – 7.21 (m, 

1H, ArH), 6.63 (d, J = 16.0 Hz, 1H, (Het)ArCH), 6.30 (dt, J = 16.0, 6.0 Hz, 1H, HetArCH=CH), 

5.73 (d, J = 10.4 Hz, 1H, NH), 5.47 (dq, J = 9.9, 4.8 Hz, 1H, CF3CH), 5.21 – 5.09 (m, 2H, 

PhCH2), 4.46 – 4.36 (m, 1H, OCHA), 4.36 – 4.26 (m, 1H, OCHB). 
13C{1H} NMR (101 MHz, CDCl3) δ 155.6, 149.2, 148.6, 135.5, 133.3, 132.0, 130.6, 128.8, 

128.7, 128.4, 126.1, 123.6, 122.2 (q, J = 281.3 Hz), 78.7 (q, J = 35.1 Hz), 69.7, 68.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.5. 

IR (cm-1) 3178 (w), 2925 (w), 2338 (w), 1725 (s), 1556 (m), 1281 (s), 1244 (s), 1187 (s), 1159 

(s), 1044 (s), 970 (m), 740 (m), 702 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H18F3N2O3
+ 367.1264; Found 367.1264. 
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Ester I and alcohol II were 

prepared according to 

adapted literature procedures.253 

NMR data of intermediate I matched those from reported literature, whereas alcohol 

intermediate II was used in the next step without further purification. 

Benzyl (E)-(1-((3-cyclohexylallyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.171)   

Prepared following general procedure B2.A. Purification was performed 

on a Biotage flash column chromatography system with a 25 g cartridge 

(SiO2, 10 – 40% EtOAc in pentane) to afford benzyl (E)-(1-((3-

cyclohexylallyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.171) as white 

solid (195 mg, 0.53 mmol, 61% yield). 

Rf  = 0.51 in 95:5 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.31 (m, 5H, ArH), 5.72 (dd, J = 15.6, 6.5 Hz, 

1H, C6H11CHCH), 5.56 – 5.30 (m, 3H, C6H11CHCH and CHCF3 and NH), 5.16 (s, 2H, 

CO2CH2Ar), 4.18 (dd, J = 11.9, 5.9 Hz, 1H, CH2O), 4.05 (dd, J = 11.9, 7.1 Hz, 1H, CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 155.5, 143.4, 135.6, 128.8, 128.7, 128.4, 122.3 (q, J = 

281.3 Hz), 121.5, 77.9 (q, J = 35.1 Hz), 70.4, 67.8, 40.5, 32.7, 32.6, 26.2, 26.1. 
19F NMR (376 MHz, Chloroform-d) δ -80.8 (d, J = 5.9 Hz). 

IR (cm-1) 3339 (w), 2926 (m), 2853 (m), 1715 (s), 1526 (m), 1281 (m), 1235 (s), 1189 (s), 1156 

(s), 1045 (s), 972 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C19H24F3NNaO3
+ 394.1600; 

Found 394.1594. 

 

 

 

 

 

 

 

 

 

 

Ester I and alcohol II were prepared according to adapted literature procedures.254 NMR data 

of intermediate I matched those from reported literature,255 whereas alcohol intermediate II 

was used in the next step without further purification. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((4-phenylbut-2-en-1-yl)oxy)ethyl)carbamate (5.172)   

Prepared following general procedure B2.A. Purification was performed 

on a Biotage flash column chromatography system with a 120 g 

cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford benzyl (E)-(2,2,2-

 
253 J. Am. Chem. Soc. 2007, 129, 1910 and Org. Lett. 2011, 13, 70, respectively. 
254 Angew. Chem. Int. Ed. 2014, 53, 255 and Org. Lett. 2011, 13, 70, respectively. 
255 J. Am. Chem. Soc. 2019, 141, 15356. 
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trifluoro-1-((4-phenylbut-2-en-1-yl)oxy)ethyl)carbamate (5.172) as a white solid (618 mg, 

1.63 mmol, 60% yield).. 

Rf  = 0.53 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.13 (m, 10H ArH), 6.04 – 5.87 (m, 1H, 

C6H5CH2CHCH), 5.72 – 5.50 (m, 1H, C6H5CH2CHCH), 5.47 – 5.34 (m, 2H, CHCF3 and NH), 

5.23 – 5.07 (m, 2H, NHCO2CH2Ar), 4.22 (dd, J = 12.1, 5.8 Hz, 1H, CH2O), 4.16 – 4.03 (m, 

1H, CH2O), 3.41 (d, J = 6.7 Hz, 2H, C6H5CH2CHCH). 
13C NMR (101 MHz, Chloroform-d) δ 155.5, 139.6, 135.6, 135.5, 128.8, 128.7, 128.6, 128.4, 

126.4, 126.2, 125.6, 122.2 (d, J = 281.5 Hz), 78.2 (q, J = 35.2 Hz), 69.9, 67.9, 38.8. 
19F NMR (376 MHz, Chloroform-d) δ -80.7 (d, J = 4.2 Hz). 

IR (cm-1) 3312 (w), 3032 (w), 1735 (s), 1532 (m), 1281 (s), 1236 (s), 1192 (s), 1046 (s), 973 

(m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO3
+ 402.1287; Found 402.1280. 

 

Benzyl (E)-(2,2,2-trifluoro-1-((4-phenylbut-3-en-1-yl)oxy)ethyl)carbamate(5.173) 

 Prepared following general procedure B2.A. Purification was 

performed on a Biotage flash column chromatography system with a 

250 g cartridge (SiO2, 10 – 40% EtOAc in pentane) to afford benzyl (E)-

(2,2,2-trifluoro-1-((4-phenylbut-3-en-1-yl)oxy)ethyl)carbamate (5.173) 

as a white solid (7.92 g, 20.1 mmol, 100% yield). 

Rf value: 0.36 (20% Ethyl acetate in Pentane). 
1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.28 (m, 9H, ArH), 7.26 – 7.20 (m, 1H, ArH), 

6.47 (d, J = 15.8 Hz, 1H, ArCHCH), 6.18 (dt, J = 15.8, 6.9 Hz, 1H, ArCHCH), 5.65 – 5.31 (m, 

2H, CHCF3 and NH), 5.17 (s, 2H, CO2CH2Ar), 3.93 – 3.65 (m, 2H, CH2CH2O), 2.61 – 2.41 

(m, 2H, CH2CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 155.7, 137.4, 135.5, 132.5, 128.8, 128.7, 128.7, 128.4, 

127.4, 126.2, 125.7, 122.2 (q, J = 281.7 Hz), 79.5 (q, J = 35.1 Hz), 69.4, 67.9, 33.0. 
19F NMR (376 MHz, Chloroform-d) δ -80.7 (d, J = 4.4 Hz). 

IR (cm-1) 3311 (w), 3027 (w), 2950 (w), 1722 (s), 1530 (m), 1280 (s), 1240 (s), 1191 (s), 1161 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO3
+ 402.1287; Found 402.1283. 

 

7.14. Amino oxygenation of alkenes 
C.1 General Procedure for the Amino oxygenation of alkenes 

 

 
Scheme 108. Amino acetoxylation of alkenes 

An oven-dried 8 mL microwave vial equipped with a Teflon coated stirring bar was charged 

with Pd(OAc)2  (4.49 mg, 20.0 μmol, 10 mol%), PIDA (129 mg, 0.400 mmol, 2.00 equiv.) and 

tethered starting material (73 mg, 0.20 mmol, 1.0 equiv.). The vial was then sealed, purged 

with N2 and placed in a heating metal block.  2.0 mL of MeCN were added and the suspension 

was stirred at 50 °C for 16 hours. Next, the reaction mixture was filtered through a plug of 

silica gel eluting with 15 mL of EtOAc and concentrated in vacuo. The crude material was 

purified by flash column chromatography on silica gel to afford the corresponding product. 

 

C.2. Characterization of Amino oxygenation products 

Phenyl(3-tosyl-2-(trifluoromethyl)oxazolidin-4-yl)methyl acetate (5.82) 
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Prepared according to the general procedure C1 using N-(1-(cinnamyloxy)-

2,2,2-trifluoroethyl)-4-methylbenzenesulfonamide (5.13) (77 mg, 0.20 mmol, 

1.0 equiv.). crude dr 1: 1.3. The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product phenyl(3-tosyl-2-(trifluoromethyl)oxazolidin-4-

yl)methyl acetate (5.82) (63 mg, 0.14 mmol, 71% yield, as 1:0.73 diastereomeric mixtures) as 

a viscous liquid. The dr was determined by integrating the 1H NMR signal at 6.11 and 5.85 

ppm. 

Rf = 0.45 (20% EA/Pentane). 
1H NMR (400 MHz, Chloroform-d, ca. 1:0.69 mixture of diastereomers) 7.88 – 7.79 (m, 2H, 

ArH), 7.60 – 7.54 (m, 1H, ArH), 7.43 – 7.22 (m, 13H, ArH), 6.11 (d, J = 4.5 Hz, 1H, CHOAc, 

minor), 5.85 (d, J = 9.3 Hz, 1H, CHOAc, major), 5.63 (q, J = 5.1 Hz, 1H, CHCF3, major), 5.51 

(q, J = 5.2 Hz, 1H, CHCF3, minor), 4.44 – 4.31 (m, 3H, major CHN + minor CHN + minor 

OCH2), 3.92 – 3.82 (m, 1H, minor OCH2), 3.78 (dd, J = 9.2, 4.8 Hz, 1H, major OCH2), 3.64 – 

3.55 (m, 1H, OCH2), 2.46 (s, 3H, major ArCH3), 2.43 (s, 2H, minor ArCH3), 2.08 (s, 2H, minor 

COCH3), 1.85 (s, 3H, major COCH3).. 
13C{1H} NMR (101 MHz, Chloroform-d, ca. 1:0.69 mixture of diastereomers) δ 169.6, 169.3, 

145.3 (2C), 136.9, 136.2, 134.7, 134.0, 130.3, 130.2, 129.2, 129.0, 128.9, 128.7, 128.2 (2C), 

127.9, 126.4, 122.4 (q, J = 285.2 Hz), 122.2 (q, J = 284.5 Hz), 87.9 (2q, J = 36.6 Hz, two 

quartets are merging for two diastereomer), 74.9, 73.0, 69.5, 68.9, 63.6, 62.7, 21.8 (2C), 20.9 

(2C). 
19F NMR (376 MHz, Chloroform-d, ca. 1:0.69 mixture of diastereomers) δ -78.2 (minor), -78.8 

(major). 

IR (cm-1) 2924 (w), 1746 (m), 1369 (m), 1229 (s), 1187 (s), 1165 (s), 1132 (s), 1026 (m), 760 

(m), 703 (m), 670 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO5S
+ 466.0906; Found 466.0907. 

 

(Benzyl 4-(acetoxy(phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.97) 

Prepared according to the general procedure C1 using benzyl (1-

(cinnamyloxy)-2,2,2-trifluoroethyl)carbamate (5.29) (73 mg, 0.20 mmol, 1.0 

equiv.). crude dr 1:15.9. The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product (benzyl 4-(acetoxy(phenyl)methyl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (5.97) (74 mg, 0.17 mmol, 87% yield as 15:1 

diastereomeric mixtures) as a viscous liquid.  

Rf = 0.36 (20% EA/Pentane). 
1H NMR (400 MHz, Chloroform-d, assigned major isomer peaks with 15:1 dr) δ 7.47 – 7.30 

(m, 10H, ArH), 5.89 (d, J = 9.0 Hz, 1H, CHOAc), 5.60 (q, J = 5.0 Hz, 1H, CHCF3), 5.26 (s, 

2H, ArCH2), 4.68 (ddd, J = 9.2, 7.2, 5.4 Hz, 1H, CHN), 3.99 – 3.87 (m, 2H, OCH2), 1.92 (s, 

3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d, assigned major isomer peak, 15:1 dr) δ 169.7, 155.0, 

136.5, 135.6, 129.1, 128.9, 128.8, 128.7, 128.2, 127.8, 122.5 (q, J = 285.3 Hz), 86.4 (q, J = 

36.1 Hz), 75.5, 69.3, 68.6, 60.3, 20.9. 
19F NMR (376 MHz, Chloroform-d, assigned major isomer peak,15:1 dr) δ -79.4. 

IR (cm-1) 2923 (w), 1725 (s), 1395 (m), 1348 (m), 1290 (s), 1231 (s), 1032 (m), 971 (m), 854 

(w), 757 (m), 700 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H20F3NNaO5
+ 446.1186; Found 446.1181. 

 

Tert-butyl 4-(acetoxy(phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.109) 
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Prepared according to the general procedure C1 using tert-butyl (1-

(cinnamyloxy)-2,2,2-trifluoroethyl)carbamate (5.25) (67 mg, 0.20 mmol, 1.0 

equiv.). crude dr >20:1. The crude material was purified by flash column 

chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product tert-butyl 4-(acetoxy(phenyl)methyl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (5.109) (58 mg, 0.15 mmol, 74% yield, as single 

diastereoisomer) as a viscous liquid. 

Rf = 0.35 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.27 (m, 5H, ArH), 5.91 (d, J = 8.8 Hz, 1H, 

CHOAc), 5.50 (q, J = 5.0 Hz, 1H, CHCF3), 4.60 (td, J = 8.1, 5.6 Hz, 1H, CHN), 4.00 – 3.86 

(m, 2H, OCH2), 2.06 (s, 3H, COCH3), 1.53 (s, 9H, C(CH3)3). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 169.7, 153.9, 136.6, 129.0, 128.8, 127.8, 122.6 (q, 

J = 285.3 Hz), 86.4 (q, J = 35.9 Hz), 82.6, 75.6, 69.2, 59.9, 28.2, 21.1. 
19F NMR (376 MHz, Chloroform-d) δ -79.5. 

IR (cm-1) 2922 (w), 1745 (m), 1719 (s), 1369 (s), 1234 (s), 1159 (s), 1038 (m), 963 (w), 853 

(w), 703 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H22F3NNaO5
+ 412.1342; Found 412.1342. 

 

Benzyl 4-(acetoxy(4-fluorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.118) 

Prepared following general procedure C1 using benzyl (E)-(2,2,2-trifluoro-1-

((3-(4-fluorophenyl)allyl)oxy)ethyl)carbamate (5.61) (77 mg, 0.20 mmol, 1.0 

equiv.). Crude dr 4.4:1. Purification by flash column chromatography (SiO2; 

pentane/EtOAc 98:2 to 90:10) gave an inseparable mixture of diastereoisomers 

benzyl 4-(acetoxy(4-fluorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.118) (major and minor, 62 mg, 0.14 mmol, 70% yield) as 

colorless oil. 

Rf  = 0.30 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d, ca. 5:1 mixture of diastereoisomers) δ 7.44 – 7.35 (m, 10H, 

ArH, major and minor), 7.34 – 7.27 (m, 4H, ArH, major and minor), 7.09 – 6.99 (m, 2H, ArH, 

major), 6.99 – 6.90 (m, 2H, ArH, minor), 6.21 (br, 1H, CHOAc, minor), 5.90 (d, J = 8.8 Hz, 

1H, CHOAc, major), 5.68 – 5.51 (m, 2H, CHCF3, major and minor; for major: 5.59 (q, J = 5.0 

Hz)), 5.25 (s, 2H, CO2CH2Ar, major), 5.15 (d, J = 12.0 Hz, 1H, CO2CH2Ar, minor), 5.06 (br, 

1H, CO2CH2Ar, minor), 4.63 (td, J = 8.2, 5.6 Hz, 1H, CHNCbz, major), 4.43 – 4.28 (m, 2H, 

CHNCbz and CHCH2O, minor), 4.11 – 4.01 (m, 1H, CHCH2O, minor), 4.02 – 3.93 (m, 1H, 

CHCH2O, major), 3.89 (dd, J = 9.2, 5.4 Hz, 1H, CHCH2O, major), 2.11 (s, 3H, OC(O)CH3, 

minor), 1.93 (s, 3H, OC(O)CH3, major). 
13C NMR (101 MHz, Chloroform-d, mixture of diastereoisomers, signals not fully resolved) δ 

169.6, 169.5, 162.9 (d, J = 248.1 Hz), 154.8, 154.6, 135.4, 135.1, 132.7, 132.2 (d, J = 3.2 Hz), 

129.5 (d, J = 8.3 Hz), 128.7, 128.6, 128.2, 127.9 (d, J = 8.2 Hz), 122.3 (q, J = 285.0 Hz), 115.8 

(d, J = 21.5 Hz), 115.5, 86.3 (q, J = 36.5 Hz), 74.6, 72.0, 69.0, 68.7, 68.6, 61.5, 60.1, 20.8. 
19F NMR (376 MHz, Chloroform-d, mixture of diastereoisomers) δ -78.5 – -78.9 (m, CF3, 

minor), -79.4 (d, J = 6.5 Hz, CF3, major), -112.4 (ddd, J = 14.2, 8.9, 5.3 Hz, ArF, major), -

113.3 (br, ArF, minor). 

IR (cm-1) 3039 (w), 2958 (w), 2920 (w), 1728 (s), 1608 (w), 1512 (m), 1392 (m), 1296 (s), 

1157 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H19F4NNaO5
+ 464.1092; Found 464.1100. 

 

Benzyl 4-(acetoxy(4-chlorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.119) 
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Prepared following general procedure C1 using benzyl (E)-(2,2,2-trifluoro-1-

((3-(4-chlorophenyl)allyl)oxy)ethyl)carbamate (5.62) (80 mg, 0.20 mmol, 1.0 

equiv.). Crude dr 10:1. Purification by flash column chromatography (SiO2; 

pentane/EtOAc 98:2 to 90:10) gave an inseparable mixture of diastereoisomers 

benzyl 4-(acetoxy(4-chlorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.119) (major and minor, 56 mg, 0.12 mmol, 60% yield) as yellow 

oil. 

Rf  = 0.29 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d, ca. 11:1 mixture of diastereoisomers) δ 7.49 – 7.35 (m, 

10H, ArH, major and minor), 7.34 – 7.29 (m, 4H, ArH, major and minor), 7.28 – 7.22 (m, 4H, 

ArH, major and minor), 6.19 (br, 1H, CHOAc, minor), 5.87 (d, J = 8.8 Hz, 1H, CHOAc, major), 

5.59 (br q, J = 5.0 Hz, 2H, CHCF3, major and minor), 5.24 (s, 2H, CO2CH2Ar, major), 5.15 (d, 

J = 11.9 Hz, 2H, CO2CH2Ar, minor), 4.62 (td, J = 8.0, 5.4 Hz, 1H, CHNCbz, major), 4.40 – 

4.29 (m, 2H, CHNCbz and CHCH2O, minor), 4.09 – 4.01 (m, 1H, CHCH2O, minor), 3.98 (t, J 

= 8.3 Hz, 1H, CHCH2O, major), 3.89 (dd, J = 9.2, 5.4 Hz, 1H, CHCH2O, major), 2.11 (s, 3H, 

OC(O)CH3, minor), 1.93 (s, 3H, OC(O)CH3, major). 
13C NMR (101 MHz, Chloroform-d, mixture of diastereoisomers, signals not fully resolved) δ 

169.6, 154.9, 135.6, 135.5, 135.0, 134.9, 129.2, 129.1, 128.8, 128.7, 128.3, 127.6, 122.4 (q, J 

= 285.0 Hz), 86.4 (q, J = 36.2 Hz), 74.7, 72.1, 69.1, 68.8, 61.6, 60.1, 20.9. 
19F NMR (376 MHz, Chloroform-d, mixture of diastereoisomers) δ -78.7 (br, minor), -79.3 (d, 

J = 6.2 Hz, major). 

IR (cm-1) 3035 (w), 2958 (w), 2924 (w), 1728 (s), 1493 (w), 1392 (m), 1292 (s), 1227 (s), 1157 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H19ClF3NNaO5
+ 480.0796; Found 480.0798. 

 

Benzyl 4-(acetoxy(4-bromophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.120) 

Prepared according to the general procedure C1 using benzyl (E)-(1-((3-(4-

bromophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.63) (89 mg, 0.20 

mmol, 1.0 equiv.). Crude dr 6.5:1. The crude material was purified by flash 

column chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product benzyl 4-(acetoxy(4-bromophenyl)methyl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (5.120) (88 mg, 0.17 mmol, 88% yield, as 11:1 

diastereomeric mixtures) as a viscous liquid. 

Rf = 0.24 in 9:1 Pentane/EtOAc. 
1H NMR (400 MHz, Chloroform-d, ca. 11:1 mixture of diastereomers, assigned the major 

diastereomer) δ 7.52 – 7.44 (m, 2H, ArH), 7.45 – 7.33 (m, 5H, ArH), 7.26 – 7.16 (m, 2H, ArH), 

5.85 (d, J = 8.7 Hz, 1H, CHOAc), 5.58 (q, J = 5.0 Hz, 1H, CHCF3), 5.24 (s, 2H, ArCH2), 4.61 

(td, J = 8.0, 5.4 Hz, 1H, CHN), 3.98 (t, J = 8.3 Hz, 1H, OCHaHb), 3.89 (dd, J = 9.2, 5.4 Hz, 

1H, OCHaHb), 1.93 (s, 3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d, ca. 11:1 mixture of diastereomers, assigned the 

major diastereomer) δ 169.6, 154.9, 135.5, 135.4, 132.1, 129.4, 128.8, 128.7, 128.3, 123.2, 

122.4 (q, J = 285.0 Hz), 86.4 (q, J = 36.2 Hz), 74.7, 69.0, 68.7, 60.0, 20.8. 
19F NMR (376 MHz, Chloroform-d, ca. 11:1 mixture of diastereomers, assigned the major 

diastereomer) δ -79.3. 

IR (cm-1) 2923 (w), 1725 (s), 1395 (s), 1291 (s), 1228 (s), 1157 (s), 853 (m), 738 (m), 697 (m).  

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H19BrF3NNaO5
+ 524.0291; Found 524.0295. 

 

Benzyl 4-(acetoxy(4-nitrophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.121) 
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Prepared following general procedure C1 using benzyl (E)-(2,2,2-trifluoro-1-

((3-(4-nitrophenyl)allyl)oxy)ethyl)carbamate (5.65) (82 mg, 0.20 mmol, 1.0 

equiv.). Crude dr >20:1. Purification by flash column chromatography (SiO2; 

pentane/EtOAc 98:2 to 80:20) gave the title compound benzyl 4-(acetoxy(4-

nitrophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.121) 

(single diastereoisomer, 48 mg, 0.10 mmol, 51% yield) as a yellow oil. 

Rf  = 0.27 in 4:1 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d) δ 8.33 – 8.01 (m, 2H), 7.44 (d, J = 8.7 Hz, 2H, ArH), 7.42 

– 7.29 (m, 5H, ArH), 6.08 (d, J = 7.6 Hz, 1H, CHOAc), 5.55 (q, J = 5.0 Hz, 1H, CHCF3), 5.23 

(s, 2H, CO2CH2Ar), 4.61 (q, J = 7.0 Hz, 1H, CHNCbz), 4.20 – 4.02 (m, 1H, CHCH2O), 3.96 

(dd, J = 9.2, 6.1 Hz, 1H, CHCH2O), 2.02 (s, 3H, OC(O)CH3). 
13C NMR (101 MHz, Chloroform-d) δ 169.5, 154.8, 148.2, 143.2, 135.3, 128.9, 128.9, 128.5, 

128.5, 123.9, 122.3 (q, J = 281.7 Hz), 86.4 (q, J = 36.0 Hz), 73.9, 68.9, 68.8, 59.9, 20.8. 
19F NMR (376 MHz, Chloroform-d) δ -79.2 (d, J = 4.9 Hz). 

IR (cm-1) 3074 (w), 2958 (w), 1724 (s), 1523 (m), 1392 (m), 1346 (s), 1292 (s), 1227 (s), 1157 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H19F3N2NaO7
+ 491.1037; Found 491.1037. 

 

Benzyl 4-(acetoxy(4-(trifluoromethyl)phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.122) 

 

Prepared according to the general procedure C1 using benzyl (E)-(2,2,2-

trifluoro-1-((3-(4-(trifluoromethyl)phenyl)allyl)oxy)ethyl)carbamate (5.64) 

(87 mg, 0.20 mmol, 1.0 equiv.). Crude dr >20:1. The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 to 

80:20) to give the corresponding product benzyl 4-(acetoxy(4-

(trifluoromethyl)phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.122) (73 mg, 0.15 mmol, 74% yield, as single diastereomer) as a viscous liquid. 

Rf = 0.35 in 9:1 Pentane/EtOAc. 
1H NMR (400 MHz, Chloroform-d, as single diastereomer, major) δ 7.63 – 7.56 (m, 2H, ArH), 

7.46 – 7.32 (m, 7H, ArH), 5.98 (d, J = 8.4 Hz, 1H, CHOAc), 5.58 (q, J = 4.9 Hz, 1H, CHCF3), 

5.25 (d, J = 2.4 Hz, 2H, ArCH2), 4.63 (td, J = 7.8, 5.5 Hz, 1H, CHN), 4.08 – 3.97 (m, 1H, 

OCHaHb), 3.92 (dd, J = 9.2, 5.6 Hz, 1H, OCHaHb), 1.97 (s, 3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d, as single diastereomer, major) δ 169.6, 154.9, 140.3, 

135.4, 131.2 (q, J = 32.6 Hz), 128.8, 128.8, 128.4, 128.1, 125.9 (q, J = 3.8 Hz), 123.9 (q, J = 

272.2 Hz), 122.3 (q, J = 285.2 Hz), 86.4 (q, J = 36.2 Hz), 74.6, 69.0, 68.8, 60.0, 20.8. 
19F NMR (376 MHz, Chloroform-d, as single diastereomer, major) δ -62.8, -79.4. 

IR (cm-1) 2923 (w), 1727 (s), 1395 (m), 1326 (s), 1229 (s), 1162 (s), 1129 (s), 1068 (m), 851 

(m), 757 (m), 698 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C22H20F6NO5
+ 492.1240; 

Found 492.1246. 

 

Benzyl 4-(acetoxy(3,5-difluorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.123) 

Prepared according to the general procedure C1 using benzyl (E)-(1-((3-

(3,5-difluorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.66) (80 

mg, 0.20 mmol, 1.0 equiv.). Crude dr >20:1. The crude material was 

purified by flash column chromatography (pentane/EtOAc gradient 100:0 

to 80:20) to give the corresponding product benzyl 4-(acetoxy(3,5-
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difluorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.123) (71 mg, 0.15 

mmol, 77% yield, as single diastereomer) as a viscous liquid. 

Rf = 0.36 in 9:1 Pentane/EtOAc. 
1H NMR (400 MHz, Chloroform-d, assigned as single diastereomer, major) δ 7.46 – 7.30 (m, 

5H, ArH), 6.94 – 6.82 (m, 2H, ArH), 6.76 (tt, J = 8.8, 2.3 Hz, 1H, ArH), 5.91 (d, J = 8.2 Hz, 

1H, CHOAc), 5.57 (q, J = 5.0 Hz, 1H, CHCF3), 5.25 (s, 2H, ArCH2), 4.56 (td, J = 7.8, 5.8 Hz, 

1H, CHN), 4.10 – 4.01 (m, 1H, OCHaHb), 3.96 (dd, J = 9.2, 5.7 Hz, 1H, OCHaHb), 1.98 (s, 3H, 

COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d, assigned as single diastereomer, major) δ 169.4, 

163.2 (dd, J = 250.3, 12.7 Hz), 154.8, 140.0 (t, J = 8.8 Hz), 135.4, 128.9, 128.8, 128.3, 122.3 

(q, J = 285.2 Hz), 111.0 – 110.4 (m), 104.5 (t, J = 25.1 Hz), 86.3 (q, J = 36.3 Hz), 74.0, 68.9, 

68.9, 59.9, 20.8. 
19F NMR (376 MHz, Chloroform-d, assigned as single diastereomer, major) δ -79.4, -108.3. 

IR (cm-1) 2922 (w), 1747 (s), 1602 (m), 1460 (m), 1293 (s), 1230 (s), 1185 (s), 1162 (s), 1127 

(s), 966 (m), 854 (m), 702 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H18F5NNaO5
+ 482.0997; Found 482.1006. 

 

Benzyl 4-(acetoxy(2,6-difluorophenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.124) 

 

Prepared according to the general procedure C1 using benzyl (E)-(1-((3-(2,6-

difluorophenyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (5.67) (80 mg, 0.20 

mmol, 1.0 equiv.). Crude dr >20:1. The crude material was purified by flash 

column chromatography (pentane/EtOAc gradient 100:0 to 80:20) to give the 

corresponding product benzyl 4-(acetoxy(2,6-difluorophenyl)methyl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (5.124) (51 mg, 0.11 mmol, 56% yield, 1:6.84 

diastereomeric ratio) as a viscous liquid. The dr was determined by integrating the 1H NMR 

signal at 5.65 and 5.58 ppm. 

Rf = 0.34 in 9:1 Pentane/EtOAc. 
1H NMR (400 MHz, Chloroform-d, ca. 1:6.84 diastereomeric mixtures, assigned the major 

isomer) δ 7.44 – 7.23 (m, 6H, ArH), 6.90 (t, J = 8.4 Hz, 2H, ArH), 6.28 (d, J = 9.2 Hz, 1H, 

CHOAc), 5.65 (q, J = 5.1 Hz, 1H, CHCF3), 5.26 (d, J = 1.4 Hz, 2H, ArCH2), 5.01 (td, J = 8.4, 

5.5 Hz, 1H, CHN), 4.08 (ddd, J = 9.1, 7.7, 1.1 Hz, 1H, OCHaHb), 3.88 (dd, J = 9.2, 5.2 Hz, 1H, 

OCHaHb), 1.90 (s, 3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d, ca. 1:6.84 diastereomeric mixtures, assigned the 

major isomer) δ 169.8, 161.4 (dd, J = 251.9, 7.6 Hz), 155.0, 135.5, 131.3 (t, J = 10.5 Hz), 

128.8, 128.6, 128.1, 122.5 (q, J = 285.0 Hz), 112.6 (t, J = 16.9 Hz), 112.2 (d, J = 25.1 Hz), 86.5 

(q, J = 36.2 Hz), 69.3, 68.7, 67.4, 58.7, 20.6. 
19F NMR (376 MHz, Chloroform-d, ca. 1:6.84 diastereomeric mixtures, assigned the major 

isomer) δ -79.6, -111.4. 

IR (cm-1) 2922 (w), 1724 (s), 1627 (m), 1471 (m), 1394 (m), 1286 (s), 1229 (s), 1157 (s), 968 

(m), 791 (m), 736 (m), 696 (m).  

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H18F5NNaO5
+ 482.0997; Found 482.0983. 

 

Benzyl 4-(acetoxy(2-methoxyphenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.125) 
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Prepared according to the general procedure C1 using benzyl (E)-(2,2,2-

trifluoro-1-((3-(2-methoxyphenyl)allyl)oxy)ethyl)carbamate (5.69) (79 mg, 

0.20 mmol, 1.0 equiv.). Crude dr >20:1. The crude material was purified by 

flash column chromatography (pentane/EtOAc gradient 100:0 to 80:20) to 

give the corresponding product benzyl 4-(acetoxy(2-

methoxyphenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.125) (68 mg, 0.15 mmol, 75% yield, as single diastereomer) as a viscous liquid. 

Rf = 0.32 in 9:1 Pentane/EtOAc. 
1H NMR (400 MHz, Chloroform-d, as single diastereomer) δ 7.42 – 7.28 (m, 6H, ArH), 7.28 

– 7.24 (m, 1H, ArH), 6.94 (td, J = 7.5, 1.1 Hz, 1H, ArH), 6.84 (d, J = 8.3 Hz, 1H, ArH), 6.37 

(d, J = 8.1 Hz, 1H, CHOAc), 5.59 (q, J = 5.0 Hz, 1H, CHCF3), 5.22 (d, J = 12.3 Hz, 1H, 

ArCHaHb), 5.12 (d, J = 12.3 Hz, 1H, ArCHaHb), 4.72 (td, J = 7.8, 5.2 Hz, 1H, CHN), 4.08 – 

3.94 (m, 2H, OCH2), 3.77 (s, 3H, OCH3), 1.94 (s, 3H, COCH3). 
13C{1H} NMR (101 MHz, Chloroform-d, as single diastereomer) δ 169.8, 156.9, 155.1, 135.7, 

129.9, 128.7, 128.5, 128.2 (2C), 125.5, 122.6 (q, J = 285.2 Hz), 121.0, 111.1, 86.6 (q, J = 36.5 

Hz), 69.9, 69.3, 68.4, 60.3, 55.7, 21.0. 
19F NMR (376 MHz, Chloroform-d, as single diastereomer) δ -79.1. 

IR (cm-1) 2929 (w), 1726 (s), 1496 (m), 1396 (m), 1293 (s), 1233 (s), 1182 (s), 1158 (s), 1031 

(m), 757 (m), 738 (m), 697 (m), 607 (w). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C22H22F3NNaO6
+ 476.1291; 

Found 476.1269. 

 

Benzyl 4-(acetoxy(4-methoxyphenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate  (5.126) 

 

Prepared following general procedure C1 using Benzyl (E)-(2,2,2-trifluoro-

1-((3-(4-methoxyphenyl)allyl)oxy)ethyl)carbamate (5.68) (79 mg, 0.20 

mmol, 1.0 equiv.). Crude dr >20:1. Purification by flash column 

chromatography (SiO2; pentane/EtOAc 98:2 to 90:10) gave title compound 

benzyl 4-(acetoxy(4-methoxyphenyl)methyl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (5.126) (single diastereoisomer, 

58 mg, 0.13 mmol, 65% yield) as a yellow oil. 

Rf  = 0.30 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.30 (m, 5H, ArH), 7.15 (s, 2H, ArH), 6.81 (br d, 

J = 8.2 Hz, 2H, ArH), 6.27 (br d, J = 4.3 Hz, 1H, CHOAc), 5.59 – 5.49 (m, 1H, CHCF3), 5.19 

(d, J = 12.0 Hz, 1H, CO2CH2Ar), 5.13 – 5.02 (br m, 1H, CO2CH2Ar), 4.41 (t, J = 7.9 Hz, 1H, 

CHCH2O), 4.37 – 4.26 (br m, 1H, CHNCbz), 4.13 – 3.98 (m, 1H, CHCH2O), 3.78 (s, 3H, 

OCH3), 2.11 (s, 3H, OC(O)CH3). 
13C NMR (101 MHz, Chloroform-d) δ 169.8, 159.7, 154.9, 135.3, 129.1, 128.8, 128.7, 127.4, 

122.8 (d, J = 286.0 Hz), 114.2, 86.30 (d, J = 35.7 Hz), 72.0, 68.8, 68.8, 61.9, 55.4, 21.0. 
19F NMR (376 MHz, Chloroform-d) δ -78.7 (br s). 

IR (cm-1) 2958 (w), 2843 (w), 1728 (s), 1616 (w), 1516 (m), 1396 (m), 1300 (s), 1234 (s), 1169 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H22F3NNaO6
+ 476.1291; Found 476.1297. 
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Benzyl 4-(acetoxy(m-tolyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.127) 

Prepared according to the general procedure C1 using benzyl (E)-(2,2,2-trifluoro-1-((3-(m-

tolyl)allyl)oxy)ethyl)carbamate (5.72) (76 mg, 0.20 mmol, 1.0 equiv.). Crude 

dr 8.2:1. The crude material was purified by flash column chromatography 

(pentane/EtOAc gradient 100:0 to 80:20) to give the corresponding product 

benzyl 4-(acetoxy(m-tolyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.127) (60 mg, 0.14 mmol, 69% yield, as single diastereomer) as 

a viscous liquid. 

Rf = 0.34 in 9:1 pentane/EtOAc. 
1H NMR (400 MHz, Chloroform-d, as single diastereomer, major) δ 7.51 – 7.30 (m, 5H, ArH), 

7.28 – 7.19 (m, 1H, ArH), 7.14 (d, J = 8.5 Hz, 3H, ArH), 5.83 (d, J = 9.3 Hz, 1H, CHOAc), 

5.61 (q, J = 5.0 Hz, 1H, CHCF3), 5.26 (s, 2H, ArCH2), 4.73 – 4.63 (m, 1H, CHN), 3.98 – 3.86 

(m, 2H, OCH2), 2.33 (s, 3H, ArCH3), 1.91 (s, 3H, COCH3).  
13C{1H} NMR (101 MHz, Chloroform-d, as single diastereomer, major) δ 169.8, 155.0, 138.7, 

136.5, 135.6, 129.9, 128.8, 128.8, 128.6, 128.5, 128.2, 124.8, 122.5 (q, J = 285.0 Hz), 86.4 (q, 

J = 36.3 Hz), 75.7, 68.6, 60.3, 21.5, 21.0. 
19F NMR (376 MHz, Chloroform-d, as single diastereomer, major) δ -79.4. 

IR (cm-1) 2923 (w), 1726 (s), 1396 (s), 1348 (m), 1293 (s), 1233 (s), 1158 (s), 1038 (m), 974 

(m), 757 (m), 699 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H22F3NNaO5
+ 460.1342; Found 460.1337. 

 

Benzyl 4-(acetoxy(phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.128) 

Prepared following general procedure C1 using benzyl (Z)-(2,2,2-trifluoro-

1-((3-phenylallyl)oxy)ethyl)carbamate (5.60) (91 mg, 0.20 mmol, 1.0 

equiv.). Crude dr could not be determined, poor conversion (15-20% with 

trichloroethylene as internal standard) and messy crude NMR. Purification 

by flash column chromatography (SiO2; pentane/EtOAc 98:2 to 90:10) gave 

the title compound benzyl 4-(acetoxy(phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (5.128) (single diastereoisomer, 15 mg, 0.035 mmol, 18% yield) as a yellow oil. 

Rf  = 0.32 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Acetonitrile-d3) δ 7.42 – 7.21 (m, 10H, ArH), 6.07 (d, J = 5.5 Hz, 1H, 

CHOAc), 5.61 (q, J = 5.1 Hz, 1H, CHCF3), 5.11 (d, J = 12.4 Hz, 1H, CO2CHAHBAr), 4.98 (d, 

J = 12.3 Hz, 1H, CO2CHAHBAr), 4.51 – 4.42 (m, 1H, CHNCbz), 4.37 (ddd, J = 8.8, 6.3, 0.9 

Hz, 1H, CHCH2O),  4.06 (ddd, J = 8.5, 6.6, 1.1 Hz, 1H, CHCH2O), 2.07 (s, 3H, OC(O)CH3). 
13C NMR (101 MHz, Acetonitrile-d3) δ 170.8, 155.8, 138.4, 136.9, 129.5, 129.5, 129.3, 129.0, 

127.1, 124.0 (d, J = 285.1 Hz), 87.0 (d, J = 35.5 Hz), 73.5, 69.6, 69.0, 62.5, 21.0 
19F NMR (376 MHz, Acetonitrile-d3) δ -78.5 (br s). 

IR (cm-1) 3552 (w), 3035 (w), 2958 (w), 2264 (w), 1732 (s), 1400 (m), 1300 (s), 1230 (s), 1161 

(s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C21H20F3NNaO5
+ 446.1186; 

Found 446.1183.  

 

Benzyl 4-(cyclohexylidenemethyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.129) 

 

Prepared following general procedure C1 using benzyl (E)-(1-((3-

cyclohexylallyl)oxy)-2,2,2-trifluoroethyl)carbamate (74 mg, 0.20 mmol, 1.0 

equiv.). Purification on a Biotage flash column chromatography system (SiO2; 

pentane/EtOAc 100:0 to 95:5) gave an inseparable diastereoisomers of benzyl 4-
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(cyclohexylidenemethyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (5.129) (major and 

minor256, 16 mg, 0.04 mmol, 22% yield) as colorless oil. 

Rf  = 0.42 in 98:2 pentane/EtOAc.  
1H NMR (400 MHz, Acetonitrile-d3, major) δ 7.43 – 7.31 (m, 5H, ArH), 5.64 (q, J = 5.5 Hz, 

1H, CHCF3), 5.13 (d, J = 2.0 Hz, 2H, CO2CH2Ar), 5.04 (d, J = 9.3 Hz, 1H, CHCHNCbz), 4.92 

(q, J = 8.1 Hz, 1H, CHNCbz), 4.34 (ddt, J = 10.3, 7.9, 1.6 Hz, 1H, CHCH2O),  3.78 (ddq, J = 

9.2, 7.9, 1.4 Hz, 1H, CHCH2O), 2.12 – 2.01 (m, 4H, C6H10), 1.53 – 1.34 (m, 4H, C6H10), 1.33 

– 1.10 (m, 2H, C6H10). 
13C NMR (101 MHz, Acetonitrile-d3, major) δ 155.8, 146.2, 137.3, 129.5, 129.2, 128.9, 124.4 

(d, J = 286.1 Hz), 119.8, 86.2 (q, J = 34.9 Hz), 74.0, 68.5, 55.5, 37.6, 29.7, 29.2, 28.4, 27.2. 
19F NMR (376 MHz, Acetonitrile-d3, major) δ -80.1 (d, J = 7.4 Hz). 

IR (cm-1) 3609 (m), 3092 (w), 2604 (w), 2262 (s), 1631 (m), 1400 (w), 1035 (m), 833 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H22F3NNaO3
+ 392.1444; Found 392.1445. 

 

Benzyl (E)-4-styryl-2-(trifluoromethyl)oxazolidine-3-carboxylate  (5.130) 

 

Prepared following general procedure C1 using benzyl (E)-(2,2,2-trifluoro-1-

((4-phenylbut-2-en-1-yl)oxy)ethyl)carbamate (85% purity, 89 mg, 0.20 

mmol, 1.0 equiv.). Purification on a Biotage flash column chromatography 

system (SiO2; pentane/EtOAc 100:0 to 85:15) gave title compound benzyl 

(E)-4-styryl-2-(trifluoromethyl)oxazolidine-3-carboxylate (single 

diastereoisomer, 39 mg, 0.10 mmol, 52% yield) as a yellow oil. 

Rf  = 0.24 in 95:5 pentane/EtOAc.  
1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.26 (m, 10H, ArH), 6.60 (d, J = 15.8 Hz, 1H, 

C6H5CHCH), 6.08 (dd, J = 15.8, 8.3 Hz, 1H, C6H5CHCH), 5.65 (q, J = 5.4 Hz, 1H, CHCF3), 

5.19 (d, J = 3.8 Hz, 2H, CO2CH2Ar), 4.73 (p, J = 7.3 Hz, 1H, CHNCbz), 4.59 – 4.33 (m, 1H, 

CH2O), 4.07 (t, J = 8.5 Hz, 1H, CH2O). 
13C NMR (101 MHz, Chloroform-d) δ 154.6, 136.0, 135.6, 135.0, 128.7, 128.7, 128.5, 128.4, 

128.2, 127.4, 126.8, 125.6, 123.1 (q, J = 286.8 Hz), 85.5 (q, J = 35.4 Hz), 72.8, 68.4, 59.9. 
19F NMR (376 MHz, Chloroform-d) δ -79.35 (d, J = 7.1 Hz). 

IR (cm-1) 3308 (w), 3033 (w), 2905 (w), 1719 (s), 1398 (s), 1344 (s), 1286 (s), 1154 (s), 1134 

(s), 962 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H18F3NNaO3
+ 400.1131; Found 400.1130. 

 

Benzyl 4-(phenyl(pivaloyloxy)methyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(5.146) 

 

Prepared according to the general procedure C1 using benzyl (1-

(cinnamyloxy)-2,2,2-trifluoroethyl)carbamate (5.129) (73 mg, 0.20 mmol, 

1.0 equiv.) phenyl-ƛ3-iodanediyl bis(2,2-dimethylpropanoate) (162 mg, 

0.40 mmol, 2.00 equiv.). Crude dr > 20:1. The crude material was purified 

by flash column chromatography (pentane/EtOAc gradient 100:0 to 80:20) 

to give the corresponding product benzyl 4-(phenyl(pivaloyloxy)methyl)-

2-(trifluoromethyl)oxazolidine-3-carboxylate (35 mg, 0.075 mmol, 38% yield, as single 

diastereomer) as a viscous liquid. 

Rf = 0.36 in 95:5 pentane/EtOAc. 

 
256 Traces of minor diastereoisomer visible by NMR but not fully resolved. NMR data given for major diastereoisomer. 
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1H NMR (400 MHz, CD3CN, single diastereomer) δ 7.50 – 7.29 (m, 9H, ArH), 5.69 – 5.58 (m, 

2H, CHCF3 +CHCO2tBu), 5.29 (d, J = 12.3 Hz, 1H, CO2CHAHBAr), 5.17 (d, J = 12.4 Hz, 1H, 

CO2CHAHBAr), 4.69 (ddd, J = 9.9, 6.6, 3.5 Hz, 1H, CHNCbz), 4.04 – 3.90 (m, 2H, CHCH2O), 

1.05 (s, 9H, OCOC(CH3)3). 
13C{1H} NMR (101 MHz, CD3CN, single diastereomer) δ 177.8, 155.7, 138.6, 137.0, 129.7 

(2C), 129.5, 129.3, 129.1, 128.5, 123.6 (q, J = 283.6 Hz), 87.0 (q, J = 35.5 Hz), 75.8, 69.8, 

69.0, 61.4, 39.3, 27.0. 
19F NMR (376 MHz, Chloroform-d, single diastereomer) δ -80.4. 

IR (cm-1) 2965 (w), 1731 (s), 1396 (m), 1349 (m), 1285 (s), 1157 (s), 974 (m), 912 (m), 737 

(m), 700 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C24H26F3NNaO5
+ 488.1655; 

Found 488.1631. 

 

Benzyl 4-(((3-chlorobenzoyl)oxy)(phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate  (5.148) 

Prepared following general procedure C1 using Benzyl (1-

(cinnamyloxy)-2,2,2-trifluoroethyl)carbamate (5.129) (73 mg, 0.20 

mmol, 1.0 equiv.) and HIR phenyl- ƛ3-iodanediyl bis(3-chlorobenzoate) 

(206 mg, 0.4 mmol, 2.0 equiv.). Crude dr 9:2. Purification by flash 

column chromatography (SiO2; pentane/EtOAc 98:2 to 90:10) gave an 

inseparable mixture of diastereoisomers of benzyl 4-(((3-

chlorobenzoyl)oxy)(phenyl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (major and minor, 57 mg, 0.11 mmol, 55% yield) as a yellow oil. 

Rf  = 0.32 in 9:1 pentane/EtOAc.  
1H NMR (400 MHz, Acetonitrile-d3, ca. 4:1 mixture of diastereoisomers) δ 8.09 (t, J = 1.9 Hz, 

1H, ArH, minor), 8.03 (t, J = 1.8 Hz, 1H, ArH, major), 8.00 (t, J = 1.4 Hz, 1H, ArH, minor), 

7.88 (dt, J = 7.9, 1.3 Hz, 1H, ArH, major), 7.65 (ddd, J = 8.1, 2.2, 1.1 Hz, 1H, ArH, minor), 

7.63 – 7.58 (m, 1H, ArH, major), 7.51 – 7.44 (m, 3H, ArH, major and minor), 7.43 – 7.25 (m, 

19H, ArH, major and minor), 6.28 (d, J = 6.0 Hz, 1H, CHOAc, minor), 5.95 (d, J = 9.6 Hz, 

1H, CHOCOAr, major), 5.70 (q, J = 4.8 Hz, 1H, CHCF3, major), 5.62 (q, J = 5.0 Hz, 1H, 

CHCF3, minor), 5.33 (d, J = 12.4 Hz, 1H, CO2CH2Ar, major), 5.17 – 5.10 (m, 2H, CO2CH2Ar, 

major and minor), 4.97 (d, J = 12.4 Hz, 1H, CO2CH2Ar, minor), 4.90 (ddd, J = 10.2, 7.1, 3.9 

Hz, 1H, CHNCbz, major), 4.65 (q, J = 6.2 Hz, 1H, CHNCbz, minor), 4.50 (dd, J = 8.9, 5.7 Hz, 

1H, CHCH2O, minor), 4.22 – 4.12 (m, 1H, CHCH2O, minor), 4.12 – 4.03 (m, 1H, CHCH2O, 

major), 3.97 (dd, J = 9.1, 3.9 Hz, 1H, CHCH2O, major). 
13C NMR (101 MHz, Acetonitrile-d3, mixture of diastereoisomers, signals not fully resolved) 

δ 165.0, 164.9, 155.9, 155.8, 138.2, 137.7, 137.0, 136.8, 135.1, 134.4, 134.2, 132.6, 131.3, 

130.3, 130.1, 129.8, 129.6, 129.5, 129.5, 129.2, 128.9, 128.9, 128.8, 127.4, 123.7 (q, J = 283.9 

Hz), 87.1 (q, J = 35.4 Hz), 77.7, 75.1, 69.9, 69.1, 69.0, 62.6, 61.4. 
19F NMR (376 MHz, Acetonitrile-d3, mixture of diastereoisomers) δ -79.3 – -79.6 (br m, 

minor), -80.2 (d, J = 4.7 Hz, major). 

IR (cm-1) 3323 (w), 3068 (w), 2919 (w), 1725 (s), 1575 (w), 1395 (m), 1288 (s), 1253 (s), 1157 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C26H21ClF3NNaO5
+ 542.0953; Found 542.0957. 

 

7.15. Spectra of tethered hemiaminal starting materials 

 

1H NMR (400 MHz, CDCl3) 



396 
 

 
13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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*Remnants of corresponding fully saturated product visible by NMR, yield has been adjusted accordingly. 

13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 

*remnants of coupling partner visible by NMR, yield has been adjusted accordingly. 

13C NMR (101 MHz, CDCl3) 



416 
 

 
19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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*Remnants of corresponding tether product with alkene in benzylic position visible by NMR, yield has been adjusted accordingly. This by-

product was generated in the previous step and could not be removed. Under these conditions, 6-exo cyclisation of this by-product is not 

viable. 

13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 

7.16. Spectra of Amino-oxygenated products  
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 



447 
 

 
13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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 1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CD3CN) 

 
13C NMR (101 MHz, CD3CN) 
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19F NMR (376 MHz, CD3CN) 

 
1H NMR (400 MHz, CD3CN) 
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*remnants of not completely resolved minor diastereoisomer visible, NMR data given for 

major isomer. 

13C NMR (101 MHz, CD3CN) 

 
19F NMR (376 MHz, CD3CN) 
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19F NMR (376 MHz, CDCl3) 

 
1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 

 
19F NMR (376 MHz, CDCl3) 
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1H NMR (400 MHz, CD3CN) 

 
13C NMR (101 MHz, CD3CN) 
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19F NMR (376 MHz, CD3CN) 
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Fèdèrale de Lausanne (EPFL), Lausanne, Switzerland.  

▪ CH-120: Advance general chemistry II (Waser Jèrome, Patiny Luc; EPFL), Teaching 

Assistant, 2018-2019. 

▪ CH-309(a): Experimental analytical chemistry (Roussel Christophe; EPFL), TP, 2019-

2020. 

▪ CH-201: Structural Analysis (Patiny Luc; EPFL), Teaching Assistant, 2018-2019. 

▪ CH-162: Organic Chemistry I: (Patiny Luc; EPFL), Teaching Assistant, 2017-2018. 

▪ CH-112: Organic chemistry (Zakeeruddin Shaik Mohammed; EPFL), Teaching 

Assistant, 2018-2020. 

Technical Skills 

o Polarimeter: Measured specific rotation of chiral molecules using manual Polarimeter. 

o UV-Vis Spectrometer: Carried out experiments in JASCO V530 UV-Vis spectrometer 

and interpreted the spectral features of UV-Vis spectrum of inorganic transition metal 

complexes. 
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o FT-IR Spectrometer: Carried out and interpreted many experiments of inorganic 

samples using KBr pellet as well as Nujol Mull method. 

o Fluorescence Spectrometer: Have carried fluorescence quenching experiments using 

fluorescent dyes and calculated the quantum yield. 

o Cyclic Voltammeter: Performed experiments to study the redox behavior of ions in 

solution using rotating disc electrode and linear sweep voltammeter. 

o Software: Worked with Origin-Pro 8 and MS-excel, and Chem-Draw Ultra 19.0., M-

nova, Mercury. 

o Platform: Can work with Windows XP/7/8/10. 

o GC-MS, SPS, Glovebox, LCMS, Flash Chromatography-Biotage, NMR, MS, HPLC 

(normal and reverse phase with prep as well) (responsible in the group). 
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