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Abstract
α-Amino ketones and 1,2-amino alcohols are important structural motifs in organic chemistry, that

can be observed in natural products, pharmaceutically and bioactive compounds. For these reasons,

they constitute privileged targets for the development of new and effective synthetic methods.

The dual-functionalisation of unsaturated carbon-carbon bonds is a powerful approach to access

these crucial motifs. In this context, Pd catalysis has been comprehensively investigated and has

consistently demonstrated its capability. Methods enabling the concomitant formation of a carbon–

heteroatom and a carbon–carbon bond are highly valuable, but the challenges of intermolecular

reactions have led to the development of tether systems that require additional steps for their intro-

duction and removal. In situ tethering strategies have previously been explored within the Waser

group to circumvent these limitations. This approach relies on a one-pot, three component, Pd cata-

lysed carboetherification or amination reaction, leading to rapidly increase in complexity of simple

substrates. So far, the in situ methodologies developed by the Waser group have focused on the

functionalisation of alkenes from allylic amines and alcohols.

In this regard, the goal of my PhD was to expand the in situ tethering methodologies established

within the Waser group, to the synthesis of α-amino ketones and 1,2-amino alcohols. Specifically,

my focus was on the formation a trifluoromethyl hemiaminal with a propargylic amine and using

the resulting aminal to direct the oxyalkynylation and oxyarylation of the alkyne substrate via a Pd

catalysed transformation. Upon optimisation, the reaction of a protected terminal propargylamine,

trifluoroacetaldehyde ethyl hemiacetal and silylbromoacetylene using a Pd0 complex with DPEPhos

as the catalytic system and Cs2CO3 as the base gave the desired oxazolidine alkenes in high yields

and E:Z selectivity. Substrates with substitution on the terminal position and at the propargylic

position required a change of ligand and base. The transformation was broadly tolerant towards

substitution on the nitrogen and the alkyne. An oxyarylative variant was also developed, using

Ruphos as ligand, and worked well with a range of iodoarene partners. The obtained oxazolidines

could be conveniently orthogonally deprotected to access the α-amino ketone and terminal alkyne;

the hydrogenation of the unsaturated oxazolidines has allowed access to 1,2-amino alcohol scaffolds

and the application of gold catalysis converted the enyne-oxazolidine system into trisubstituted silyl

furans.

The identification of a sideproduct of the oxyalkynylation process led to the development of a

carboxy-alkynylation reaction using a "CO2" unit derived from the carbonate base. Optimisation

established CsHCO3 to the best base/"CO2" source, using DPEPhos as ligand. This transformation

gave convenient access to diverse library of cyclic carbamates.

Work is ongoing to achieve an enantioselective oxyarylation using chiral phosphine ligands. The

asymmetric synthesis of oxazolidines, followed by the diastereoselective alkene hydrogenation and

subsequent tether removal would allow the stereodivergent access to interesting diarylalkyl-1,2-

amino alcohols. Most recently, the product was synthesised in 66% yield, with 66%ee using com-

mercially available Trost ligand.

Keywords: palladium catalysis, alkyne dual-functionalisation, oxyalkynylation, oxyarylation, in situ

tethering, hemiaminal, α-amino ketone, 1,2-amino alcohol.
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Riassunto
Riassunto Gli α-ammino chetoni e i vic-amminoalcoli sono importanti motivi strutturali in chimica

organica. Presenti in prodotti naturali e in composti bio- e farmacologicamente attivi, costituiscono

dei target privilegiati per lo sviluppo di nuovi ed efficienti metodi sintetici.

La difunzionalizzazione dei legami insaturi carbonio-carbonio è un valido approcio per generare

tali strutture. In tale ambito, la catalisi di palladio è stata ampiamente studiata ed ha mostrato

la sua efficacia. Tuttavia i metodi che permettono la formazione simultanea di legami C-C e C-

eteroatomo spesso necessitano di tappe aggiuntive per l’introduzione e la rimozione di tether. Per

ovviare a queste limitazioni, il gruppo del Prof. Waser ha messo a punto procedure di tethering

in situ. Queste si basano su reazioni multicomponente di carboeterificazione o carboamminazione

catalizzate da Pd, che portano a un rapido aumento di complessità strutturale a partire da semplici

substrati. Finora, questi metodi sono stati incentrati sulla funzionalizzazione di alcheni contenuti in

alcoli e ammine allilici.

Su queste basi, l’obiettivo di questa tesi è stato di estendere tale tecnica di tethering in situ alla

sintesi di α-ammino chetoni e vic-amminoalcoli. In particolare, sfruttando la catalisi di Pd, sono state

messe a punto l’ossialchinilazione e l’ossiarilazione di ammine propargiliche usando come gruppo

direttore un’amminale formato in situ a partire da esse. In seguito a ottimizzazione, la reazione di

una ammina propargilica con un emiamminale della trifluoroacetaldeide e un bromoalchino sililato,

usando un complesso di Pd0 con DPEPhos come catalizzatore e Cs2CO3 come base, ha fornito

alcheni ossazolinici in ottime rese e alta stereoselettività. L’ossialchinilazione degli alchini disostituiti

ha richiesto l’utilizzo di XantPhos come ligando e K3PO4 come base; la tri(2-furil)fosfina si è rivelata

necessaria in presenza di un sostituente in posizione propargilica. Il processo ha mostrato ampia

tolleranza rispetto alla presenza di sostituenti sull’azoto e sull’alchino. Una variante ossiarilativa è

stata inoltre sviluppata con svariati reagenti iodoarilici, utilizzando il RuPhos come ligando. È stato

poi possibile deproteggere ortogonalmente le ossazoline così generate per ottenere i corrispondenti

α-ammino chetoni o alchini terminali; la loro idrogenazione ha fornito i vic-amminoalcoli corrispond-

enti; infine, tramite la catalisi di oro, sono state convertite in silil furani trisostituiti.

L’identificazione di un sottoprodotto del processo di ossialchinilazione ha poi dato lo spunto per

lo sviluppo di una reazione di carbossi-alchinilazione che impiega un’unità “CO2” derivante dal car-

bonato usato come base. L’ottimizzazione di questa trasformazione ha permesso di identificare il

CsHCO3 come la migliore base e fonte di “CO2”, in presenza di DPEPhos come ligando. Questa

reazione ha dato facile accesso ad un’ampia gamma di carbammati ciclici.

Ulteriori studi sono in corso per sviluppare una variante enantioselettiva dell’ossiarilazione usando

fosfine chirali come ligandi. La sintesi asimmetrica di ossazoline, seguita dall’idrogenazione diaste-

reoselettiva dell’alchene e dalla successiva rimozione del tether permetterebbe la sintesi stereodi-

vergente di diarilalchil-1,2-amminoalcoli di grande interesse.

Parole chiave: catalisi di palladio, difunzionalizzazione di alchini, ossialchinilazione, ossiarilazione,

tethering in situ, emiamminali, α-ammino chetoni, vic-amminoalcoli.
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1 Introduction

Over the past centuries, chemistry has made giant leaps forward alongside its sister pursuits

in science. As an ever deeper understanding of the material world and how we interact with it

develops, so has our ability to modify and change it. In modern society, the products of chemical

manufacturing surround us in our everyday life: inorganic materials such as ceramics, glass and

dielectric compounds; and organic materials, with synthetic dyes, fibres, and plastics to name but a

few. In particular, the ability to synthesise small molecules is pivotal in the continued advancement

of our civilisation as it is the basis of developing biologically active compounds for use as medicines

and therapeutics, nutritional supplements and for crop protecting agents. Research in chemistry is

at the forefront of improving the length and quality of life.

The task of an organic chemist is to take readily obtainable chemicals and to convert them through

synthetic means to the desired target, usually by introducing functionality and molecular complexity,

with atom-economy and step economy being key factors in synthetic pathway development. Mo-

lecular complexity is of growing interest in the realm of medicinal chemistry as it improves specificity

and solubility as well as being linked to higher success rates in drug discovery and development. In

the "toolbox" of an organic chemist, methods to forge new carbon-carbon bonds are vital to quickly

and easily introduce chemical complexity into simple substrates. In this respect, palladium holds a

position of significance as it is used in a wide range of cross coupling reactions, among which the

Heck, Negishi and Suzuki reactions have had a significant impact, for which their respective creators

were awarded the Nobel prize in 2010. Palladium complexes have been used as catalysts in indus-

trial settings for decades such as for the synthesis of acetaldehyde from ethylene with the Wacker

process introduced over fifty years ago. Cross-coupling reactions, to form C–C and C–heteroatom

bond as well as hydrogenation and oxidation reactions are used routinely in both academia and

industry.

In the domain of medicinal chemistry, α-amino ketones and 1,2-amino alcohols constitute priv-

ileged motifs. Their appearance in naturally occurring and (semi)synthetic molecules is enormous

and they display a diverse range of bioactivity. The lone pair electrons and the hydrogens of the oxy-

gen and nitrogen functional groups are able to participate in multiple hydrogen bonding interactions

in complex biological systems. As a result, in medicinal chemistry, the ability to precisely control the

location and orientation of these heteroatoms is key to the fine tuning of the intermolecular interac-

tions with the desired target. This makes the development of regio-, diastereo- and enantioselective

methodologies for accessing these scaffolds and molecular building blocks of great importance.

In this regard, reactions to functionalise unsaturated C–C bonds offer an important route for the

synthesis of these building blocks by either introducing both heteroatoms across the bond, or a

heteroatom next to a pre-existing heteroatom. The two categories of reactions between reactive

species are either intermolecular or intramolecular. Intermolecular reactions take two or more sep-

1



1 Introduction

arate components with different reactive functionalities and brings them together. These reaction

can be highly modular with respect to variations to the reacting species and typically use simple and

readily available substrates. However, the individual components are normally less functionalised

and control of regiochemistry and stereochemistry can present a significant challenge. Intermolecu-

lar also face entropic penalties involved in binging the components together. Counter to this are

intramolecular reactions, where the reactive components are contained within the same substrate.

The reacting components are able to prearrange and conformational restrictions inherent in the sub-

strate provide for a greater control of the stereochemistry, stereochemistry and the reduction in the

order of reaction provides a greater reactivity. The drawback to these transformations is in the design

of the substrates which are, by necessity, more functionalised and complex, making them harder to

access.

The concept of tethering has been developed, combining the modularity and use of simple sub-

strates of intermolecular reactions with the enhanced reactivity and control of intramolecular trans-

formations.1 This strategy aims to take the two reacting components and join them together via

the use of a temporary linker structure. The tether allows the preorganisation of the reacting com-

ponents for the transformation, providing the conformational restrictions to enable high regio- and

stereochemical control while giving high reactivity. The tether is then removed from the structure

after the reaction has taken place. These tethering strategies, however, often have their own draw-

backs in that they require additional synthetic and purification steps to install and remove, limiting

their applicability. In situ tethering strategies have emerged to circumvent these limitations, by com-

bining the substrate and tether in a one-pot protocol with the functionalisation step; with the potential

for tether cleavage as well. In situ methodologies have rarely be applied to alkene or alkyne func-

tionalisation. They have recently been developed in the group in reaction with allylic substrates

X T YH
X
T

Y
X
T Y

X
Y

tether
incorporation

functionalisation tether
removal

R R
R

R

One-Pot transformation

Scheme 1.1. Tethering strategy in alkene and alkyne functionalisation.

In this thesis I will present the successful development of a novel oxyalkynylation and oxyaryla-

tion of propargylic amines through the application of the CF3-hemiacetal tether system previously

introduced by the Waser group. The tether system was developed to enable the access of valuable

α-amino ketone and 1,2-amino alcohol building blocks in a one-pot three component carboetherific-

ation under Pd0 and PdII catalysis and the early efforts to make the transformation enantioselective

and a carboxy-alkynylation that arose from an unexpected observation. The introduction will com-

mence with a description about 1,2-amino alcohols and α-amino ketones; their importance and a

selection of existing methods to access them and a brief summary of palladium catalysis. This is

followed by looking at ways palladium is used to functionalise unsaturated bonds, mainly focusing on

dual functionalisation and the formation of concomitant C–X and C–C bonds. The use of tethers will
1Orcel, U.; Waser, J. Chem. Sci. 2017, 8, 32–39, Link
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1.1 Aims of the Thesis

be discussed and the in situ use of tether systems finishing with an overview of the previous research

carried out in the group related to this work. The following chapters are devoted to the results and

discussions, starting with the oxyalkynylation and oxyarylation of propargylic amines to access α-

amino ketones and 1,2-amino alcohols (chapter 2). Following this, the carboxy-alkynylation reaction,

accessing functionalised cyclic carbamates, arising from the results of the work carried out in the

previous chapter (chapter 3). The next chapter will present the initial work carried out to develop an

enantioselective oxyarylation using the CF3-hemiacetal tether, with the subsequent hydrogenation

of the oxazolidine will allow the access of valuable enriched diarylalkyl-1,2,-amino alcohols. A brief

chapter containing the conclusion to the work presented in this thesis and outlook towards future

related research will end the results portion of this thesis (chapter 5). The final chapter of the thesis

will be a detailed experimental section with attached spectra of unreported compounds (chapter 6).

1.1 Aims of the Thesis

Up until now, tethering systems that have been applied to propargylic substrates have been us-

ing; CO2 to access cyclic carbonates and carbamates; amides to access carbamates and ureas;

and isocyanates to access oxazolines. Only in a limited number of cases have the cyclic products

been further transformed. On the other hand, allylic substrates have seen many more examples

of different tether systems being used. Recently, in our group we have introduced the use of two

trifluoroacetaldehyde based tether systems, in combination with allylic substrates, as a means to

access oxazolidines and pyrrolidines which can be further transformed to useful 1,2-amino alcohols

and 1,2-diamines using mild hydrolysis conditions.

The goal of this thesis was to access α-amino ketones and 1,2-amino alcohols from propargylic

substrates with palladium catalysed dual-functionalisation by the use of in situ installed tether sys-

tems to form oxazolidines which could be further transformed, using mild conditions, to the desired

product. We hoped to achieve this by applying the trifluoroacetaldehyde ethyl hemiacetal tether to

propargylic amines. By achieving this goal, we would be introducing a convenient tether system for

use with propargylic substrates that can be used in situ and can be easily removed.

From the original objective, two secondary objectives arose. The first of these was the formation

of cyclic carbamates by use of caesium hydrogen carbonate as a source of the CO2 unit, based

on an observed side product. The second, development of an asymmetric oxyarylation for the syn-

thesis of oxazolidines which, when hydrogenated, provide access to diastereo- and enantioenriched

diarylalkyl-1,2,-amino alcohols; initiated by the realisation that the hydrogenation of the oxyarylation

oxazolidines was diastereoselective.
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1 Introduction

1.2 1,2-Amino alcohols

1.2.1 Importance of 1,2-amino alcohols

1,2-Amino alcohols are frequently observed structural motifs that can be found throughout nat-

ural products, biologically active compounds for both the medicinal and agrochemical sectors. They

are also important scaffolds for other chemical transformations such as organocatalysis.2,3 Their

prevalence and importance raise them to be considered as privileged scaffolds.4 Some examples

of 1,2-amino alcohols can be seen in Figure 1.1. Sphingosine (1) is a cell membrane lipid whose

derivatives are integral to signalling within the cell.5 Serine (2) is key amino acid that is used to build

proteins and enzymes and is involved in a plethora of biological processes.6 Jaspine B (3) is a de-

rivative of a natural product isolated from a marine sponge which has been found to have cytotoxic

effects against several cancer cell lines at low concentrations.7,8 The compounds doxorubicin (4)

and hapalosin (5) are both natural products that have been found to have anti-cancer properties.9,10

Moving away from natural products, the synthetic drug metaprolol (6) is a commonly prescribed drug,

used to treat a range of heart conditions due to its β1-receptor blocking effect11 and is listed on the

’World Health Organisation’s List of Essential Medicines’.12 The 3-amino-1,1-diaryl-2-propanol scaf-

fold (7) has been shown to have antidepressant effects in mouse models.13 The primary amine of 7

is used as a key building block for a drug to treat orthomyxovirus infections.14 Jørgensen’s catalyst

(8), derived from proline, is an extremely effective organocatalyst for asymmetric addition to satur-

ated and unsaturated carbonyl systems, finding widespread use in organic synthesis.15 The chiral

oxazolidinone 9 also referred to as Evans’ auxiliary and similar structures16 are examples of 1,2-

amino alcohols that have found important roles in chemistry to introduce chirality into a substrate.2

1.2.2 Existing strategies for the synthesis of 1,2-amino alcohols

Due to the importance ot 1,2-amino alcohols there are numerous pathways to access them.17,18

Four broad categories can be defined; functional group manipulations (Scheme 1.2a), C–C bond

2Ager, D. J.; Prakash, I.; Schaad, D. R. Chem. Rev. 1996, 96, 835–876, Link
3Lait, S. M.; Rankic, D. A.; Keay, B. A. Chem. Rev. 2007, 107, 767–796, Link
4Wappes, E. A.; Nakafuku, K. M.; Nagib, D. A. J. Am. Chem. Soc. 2017, 139, 10204–10207, Link
5Czubowicz, K.; Jęśko, H.; Wencel, P.; Lukiw, W. J.; Strosznajder, R. P. Mol. Neurobiol. 2019, 56, 5436–5455, Link
6Hanson, R. W.; Kalhan, S. C. J. Biol. Chem. 2012, 287, 19786–19791, Link
7Kuroda, I.; Musman, M.; Ohtani, I. I.; Ichiba, T.; Tanaka, J.; Gravalos, D. G.; Higa, T. J. Nat. Prod 2002, 65, 1505–1506,

Link
8Ledroit, V.; Debitus, C.; Lavaud, C.; Massiot, G. Tetrahedron Lett. 2003, 44, 225–228, Link
9Tacar, O.; Sriamornsak, P.; Dass, C. R. J. Pharm. Pharmacol. 2013, 65, 157–170, Link

10Stratmann, K.; Burgoyne, D. L.; Moore, R. E.; Patterson, G. M. L.; Smith, C. D. J. Org. Chem. 1994, 59, 7219–7226,

Link
11MERIT-HF Study Group. The Lancet 1999, 353, 2001–2007, Link
12Organisation, W. H.; World Health Organization: 2014; Vol. 985
13Clark, 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, Link
14Jain, R.; Koester, D. C.; Manning, J. R.; Sutton, J. C.; Taft, B. R.; Wan, L.; Zhao, Q., WO2017153919, 2019
15Jensen, K. L.; Dickmeiss, G.; Jiang, H.; Albrecht, Ł.; Jørgensen, K. A. Acc. Chem. Res. 2012, 45, 248–264, Link
16Heravi, M. M.; Zadsirjan, V.; Farajpour, B. RSC Adv. 2016, 6, 30498–30551, Link
17Bergmeier, S. C. Tetrahedron 2000, 56, 2561–2576, Link
18Karjalainen, O. K.; Koskinen, A. M. Org. Biomol. Chem. 2012, 10, 4311–4326, Link

4

http://dx.doi.org/10.1021/cr9500038
http://dx.doi.org/10.1021/cr050065q
http://dx.doi.org/10.1021/jacs.7b05214
http://dx.doi.org/10.1007/s12035-018-1448-3
http://dx.doi.org/10.1074/jbc.R112.357194
http://dx.doi.org/10.1021/np010659y
http://dx.doi.org/10.1016/S0040-4039(02)02541-8
http://dx.doi.org/10.1111/j.2042-7158.2012.01567.x
http://dx.doi.org/10.1021/jo00103a011
http://dx.doi.org/10.1016/S0140-6736(99)04440-2
http://dx.doi.org/10.1021/jm00197a018
http://dx.doi.org/10.1021/ar200149w
http://dx.doi.org/10.1039/C6RA00653A
http://dx.doi.org/10.1016/S0040-4020(00)00149-6
http://dx.doi.org/10.1039/c2ob25357g


1.2 1,2-Amino alcohols

Metoprolol 

Jorgensen Catalyst 

Serine 
natural amino acid

Sphingosine 
Cell membrane lipid

Doxorubicin 
anti-cancer Drug

Hapalosin 
anti-cancer drug β1 receptor blocker

N
H

Ar

Ar
O

SiR3OH
N

Me

potential antidepressant agent

Me Me

HO
NH2

OH

1212

CH3

H2N CO2H

HO

MeO O

O OH

OH O

HO
O

OH

O CH3

OH
NH2

O
NMe

O

OHO

O

Me

Me
O

H3C

55

H3C

Ph

Evans' auxiliary 

OMe
O

OH H
N Me

Me

O N

O

Me
Me

O

H2N OH

Me
12

Jaspine B 
natural product derivative

(1) (2) (3)

(4) (5) (6)

7 (8) (9)

Figure 1.1. Examples of 1,2-amino alcohols and their derivatives

forming reactions (Scheme 1.2b), C–H bond functionalisations (Scheme 1.2c) and alkene function-

alisations (Scheme 1.2d). A significant challenge for the synthesis of 1,2-amino alcohols relates to

the regioselectivity and diastereoselectivity of the transformations. The aim of this section is to give

a brief overview of some of the different routes covering the four categories mentioned above.
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Functional group manipulations:

These are transformations of a functional group directly into the desired amino alcohol, using its

inherent reactivity, where one or or both of the heteroatoms are already in place in the structure.

α-amino ketones differ from 1,2-amino alcohols by only a single site of oxidation. It is of course

possible to transform α-amino ketones19 as well as α-amino aldehydes or acids20 and esters21 to

the corresponding 1,2-amino alcohol by reduction with a suitable reducing reagent such as lithium

aluminium hydride or sodium borohydride. Indeed, amino acids are commonly used as starting ma-

terials to access enantiomerically pure amino alcohols. Reductive amination similarly can furnish

1,2-amino alcohols from α-hydroxy aldehydes and ketones by imine reduction.22,23 For these meth-

ods involving reduction, diastereoselectivity is generally well controlled by the existing stereocentre

of the amine or alcohol which, depending on the conditions, can facilitate the syn- or anti- attack

of the incoming hydride species.19 Regioselectivity is not a factor as the heteroatoms are not being

introduced. Nucleophilic addition to a α-amino aldehyde or ketone is also a convenient method for

their synthesis using an alkyl metal species (typically zinc or magnesium) in place of the hydride

source.24,25

Other functional groups such as cyclic epoxides26 and aziridines27,28 can undergo ring opening

by the corresponding nitrogen or oxygen nucleophile. This is a common strategy to access amino

alcohols in the synthesis of natural products due to the high diastereoselectivity of the reaction to get

either the syn- or anti- product. The epoxide or aziridine is installed either by oxidation of a suitable

double bond or the elimination of a leaving group by a vicinal alcohol or amine group. While the

diastereoselectivity of this transformation can be controlled quite well by the substrate and reaction

conditions, the regioselectivity can be an issue where there is not a large degree of differentiation

between the two sides of the cyclic system. If the ends of the epoxide/aziridine are well differentiated,

either by electronics or sterics, then the selectivity is generally very high and in some cases, can be

directed by the conditions and ligands used.

C–C bond forming reactions

These reactions concern the formation of the C–C bond present between the two hetero atoms

of the 1,2-amino alcohol. For this reason, regioselectivity does not factor into this transformation,

as the hetero-atoms are already attached to their respective sides of the C–C bond. The Henry or

nitroaldol reaction is a coupling between a nitroalkane with an aldehyde or ketone.29–31 The acidic
19Hoffman, R. V.; Maslouh, N.; Cervantes-Lee, F. J. Org. Chem. 2002, 67, 1045–1056, Link
20McKennon, M. J.; Meyers, A. I.; Drauz, K.; Schwarm, M. J. Org. Chem. 1993, 58, 3568–3571, Link
21Soai, K.; Oyamada, H.; Takase, M.; Ookawa, A. Bull. Chem. Soc. Jpn. 1984, 57, 1948–1953, Link
22Abdel-Magid, A. F.; Mehrman, S. J. Org. Process Res. Dev. 2006, 10, 971–1031, Link
23Evans, J. W.; Ellman, J. A. J. Org. Chem. 2003, 68, 9948–9957, Link
24Pu, L.; Yu, H.-B. Chem. Rev. 2001, 101, 757–824, Link
25Tang, T. P.; Volkman, S. K.; Ellman, J. A. J. Org. Chem. 2001, 66, 8772–8778, Link
26Wang, C.; Luo, L.; Yamamoto, H. Acc. Chem. Res. 2016, 49, 193–204, Link
27Fan, R.-H.; Hou, X.-L. J. Org. Chem. 2003, 68, 726–730, Link
28Kumar, M.; Gandhi, S.; Kalra, S. S.; Singh, V. K. Synth. Commun. 2008, 38, 1527–1532, Link
29Henry, L. Bull. Soc. Chim. Fr 1895, 13, 999
30Henry, L. CR Hebd Acad Sci 1895, 120, 1265–1268
31Luzzio, F. A. Tetrahedron 2001, 57, 915–945, Link
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proton αto the nitro group can be easily removed by a suitable base to produce a nucleophilic carbon

species. The carbonyl group is attacked by the nucleophile to give a β-nitro alcohol. The nitro group

can then be reduced to afford the 1,2-amino alcohol. The reaction can be performed catalytically

and high enantioselectivities can be obtained with metal and organocatalysis31,32

Samarium iodide is often used as a very mild and selective reagent for the reduction of functional

groups such as carbonyls.33 The mechanism proceeds via a single electron transfer between SmI2
and the carbonyl which generates a radical centre αto the oxygen. For the carbonyl reduction, this

radical gets further reduced and traps a proton to give an alcohol. The αoxygen radical can also

be trapped by a suitable partner to form a C–C bond.34 The use of enantiomerically pure N-tert-

butanesulfinyl imines as coupling partner has been demonstrated to give a highly diastereoselective

and enantioselective transformation to 1,2-amino alcohols.35 A similar reaction has been carried out

intramolecularly between a ketone and aldimine via enantioselective photoredox catalysis to give

cyclic 1,2-amino alcohols.36

C–H functionalisation

The ability to directly transform unactivated C–H bonds into a C–X bond (X = C, O, N, . . . ) is

a field of chemistry that is receiving a great deal of attention; as successful methods can provide

powerful tools to access otherwise difficult to obtain structures. Principally, these reactions rely

on the use of directing groups with transition metal catalysis.37–40 These strategies often revolve

around a directing group bound to the substrate by an existing heteroatom that can coordinate or

chelate a metal centre, acting like a ligand and bringing the metal into proximity to nearby hydrogen

atoms. From here, one possibility is for the metal to insert into the C–H bond to form a C–M bond

which can then be attacked by a suitable oxygen41,42 or nitrogen nucleophile.43–45

Asymmetric C–H functionalisations have been developed with some degree of success.46 After

the transformation, the directing group can then be removed to give the desired 1,2-amino alcohol.

Some more activated C–H bonds, such as those at benzylic positions can be directly activated

without a special directing group.47 Depending on its properties, the directing group itself can act

as the nucleophile. Reductive elimination from the cyclic metallacycle after C–H insertion would

32Palomo, C.; Oiarbide, M.; Mielgo, A. Angew. Chem. Int. Ed. 2004, 43, 5442–5444, Link
33Szostak, M.; Spain, M.; Procter, D. J. Chem. Soc. Rev. 2013, 42, 9155–9183, Link
34Szostak, M.; Fazakerley, N. J.; Parmar, D.; Procter, D. J. Chem. Rev. 2014, 114, 5959–6039, Link
35Zhong, Y.-W.; Dong, Y.-Z.; Fang, K.; Izumi, K.; Xu, M.-H.; Lin, G.-Q. J. Am. Chem. Soc. 2005, 127, 11956–11957, Link
36Rono, L. J.; Yayla, H. G.; Wang, D. Y.; Armstrong, M. F.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 17735–17738,

Link
37Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147–1169, Link
38Jazzar, R.; Hitce, J.; Renaudat, A.; Sofack-Kreutzer, J.; Baudoin, O. Chem. Eur. J. 2010, 16, 2654–2672, Link
39Collet, F.; Lescot, C.; Dauban, P. Chem. Soc. Rev. 2011, 40, 1926–1936, Link
40Davies, H. M.; Du Bois, J.; Yu, J.-Q. Chem. Soc. Rev. 2011, 40, 1855–1856, Link
41Xu, Y.; Yan, G.; Ren, Z.; Dong, G. Nat. Chem. 2015, 7, 829, Link
42Ren, Z.; Mo, F.; Dong, G. J. Am. Chem. Soc. 2012, 134, 16991–16994, Link
43Huang, X.; Wang, Y.; Lan, J.; You, J. Angew. Chem. Int. Ed. 2015, 54, 9404–9408, Link
44Dong, Y.; Liu, G. J. Org. Chem. 2017, 82, 3864–3872, Link
45Kang, T.; Kim, H.; Kim, J. G.; Chang, S. Chem. Commun. 2014, 50, 12073–12075, Link
46Reddy, R. P.; Davies, H. M. Org. Lett. 2006, 8, 5013–5016, Link
47Nörder, A.; Herrmann, P.; Herdtweck, E.; Bach, T. Org. Lett. 2010, 12, 3690–3692, Link
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1 Introduction

give rise to a cyclic amino alcohol which can then be cleaved to reveal the underlying 1,2-amino

alcohol.48–50 Metal catalysed allylic C–H functionalisation typically takes place via the formation of

a π-allyl intermediate,51 this it then attacked by an intramolecular nucleophilic source.52–54

Directed radical reactions can also be used to perform C–H functionalisations by hydrogen ab-

straction. A 1,5-hydrogen atom transfer (HAT) abstracts hydrogen at the position beta to the het-

eroatom to give an alkyl radical. Trapping of radical species directly or after an electron transfer

process by an intramolecular cyclisation gives heterocyclic products that can be further transformed

into 1,2-amino alcohols.55,56

Functionalisation of unsaturated carbon-carbon bonds

Alkenes in particular are of great importance and utility for the formation of amino alcohols.57

Alkenes are relatively easy to install using mild conditions through a range of possible methods

such as allylation, Wittig olefination or metathesis. Alkenes can be easily functionalised but still

remain tolerant to a wide range of reaction conditions. Some methods developed overlap with the

functional group manipulations category as it is possible to first convert the alkene to an epoxide58

or aziridine59 to then be further transformed into the 1,2-amino alcohol.

One of the standout reactions in this category is the osmium catalysed Sharpless aminohydroxyla-

tion. The reaction involves the addition of both oxygen and nitrogen atom to a double bond in a single

transformation. The aminohydroxylation reaction has been widely applied in both natural and non-

natural product synthesis.60–63 While the diastereoselectivity of the Sharpless aminohydroxylation is

well controlled due to the cyclic osmium intermediate to give a syn-addition product (Scheme 1.3a),

the reaction demonstrates a key issue with regioselectivity that can arise with intermolecular trans-

formations on unsaturated C–C bonds. In order to facilitate regioselectivity, double bonds biased by

EWGs or EDGs to induce a dipole or by sterics should be used to direct the attack of the reactive

catalyst species onto the double bond.63 The use of chiral ligands for the reaction gives very high

ee and the application of a suitable ligand can allow for complete inversion of regioselectivity for

the reaction. Some publications have demonstrated the application of directed aminohydroxylations

using a tether directed nitrogen nucleophile.64 Iron has been used as a catalyst for the conver-

48Espino, C. G.; Du Bois, J. Angew. Chem. Int. Ed. 2001, 40, 598–600, Link
49Liang, J.-L.; Yuan, S.-X.; Huang, J.-S.; Yu, W.-Y.; Che, C.-M. Angew. Chem. Int. Ed. 2002, 41, 3465–3468, Link
50Cui, Y.; He, C. Angew. Chem. Int. Ed. 2004, 43, 4210–4212, Link
51Trost, B. M.; Van Vranken, D. L. Chem. Rev. 1996, 96, 395–422, Link
52Hayashi, T.; Yamamoto, A.; Ito, Y. Tetrahedron Lett. 1988, 29, 99–102, Link
53Trost, B. M.; Van Vranken, D. L. Angew. Chem. Int. Ed. in English 1992, 31, 228–230, Link
54Fraunhoffer, K. J.; White, M. C. J. Am. Chem. Soc. 2007, 129, 7274–7276, Link
55Wappes, E. A.; Nakafuku, K. M.; Nagib, D. A. J. Am. Chem. Soc. 2017, 139, 10204–10207, Link
56Mou, X.-Q.; Chen, X.-Y.; Chen, G.; He, G. Chem. Commun. 2018, 54, 515–518, Link
57Donohoe, T. J.; Callens, C. K. A.; Flores, A.; Lacy, A. R.; Rathi, A. H. Chem. Eur. J. 2011, 17, 58–76, Link
58Meninno, S.; Lattanzi, A. Chem. Eur. J. 2016, 22, 3632–3642, Link
59Degennaro, L.; Trinchera, P.; Luisi, R. Chem. Rev. 2014, 114, 7881–7929, Link
60O’Brien, P. Angew. Chem. Int. Ed. 1999, 38, 326–329, Link
61Bodkin, J. A.; McLeod, M. D. J. Chem. Soc., Perkin Trans. 1 2002, 2733–2746, Link
62Nilov, D.; Reiser, O. Adv. Synth. Catal. 2002, 344, 1169–1173, Link
63Heravi, M. M.; Lashaki, T. B.; Fattahi, B.; Zadsirjan, V. RSC Adv. 2018, 8, 6634–6659
64Donohoe, T. J.; Callens, C. K. A.; Lacy, A. R.; Winter, C. Eur. J. Org. Chem. 2012, 2012, 655–663, Link
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1.2 1,2-Amino alcohols

sion of alkenes to either the completely unprotected 1,2-amino alcohol65 or to the cyclic carbamate

derivative.66

Oxaziridines are a highly reactive three membered ring cyclic systems with a C–N, C–O and a

N–O bond.67 Depending on the catalyst and conditions it is possible to break just one of those

bonds to give a more reactive 1,3-dipole intermediate which can then undergo cycloaddition to an

alkene to make a five membered ring. If the C–N68 or C–O69 bonds are broken, the 5-membered

ring that, when opened, gives 1,3-amino alcohols. If however the N–O bond is broken, a radical 3-2

cycloaddition gives rise to oxazolidines (Scheme 1.3b) which can be cleaved to generate 1,2-amino

alcohols. While internal double bonds can be used, the reaction is typically applied to terminal

double bonds. The use of copper catalysis give the product with the nitrogen at the more substituted

position,70 while iron catalysts were found to give the inverse regioselectivity.71 Both the copper72

and iron73 catalysed reactions have enantioselective variants.
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Scheme 1.3. Alkene functionalisation a) by osmium catalysis in the Sharpless aminohydroxylation and b)
copper catalysed radical reaction with oxaziridine.

The use of palladium catalysis for the formation of concomitant formation of C–heteroatom and

C–C bonds in a single transformation will be discussed later in the introduction in the context of

palladium catalysed dual-functionalisations.(section 1.4)

65Legnani, L.; Morandi, B. Angew. Chem. Int. Ed. 2016, 55, 2248–2251, Link
66Lu, D.-F.; Zhu, C.-L.; Jia, Z.-X.; Xu, H. J. Am. Chem. Soc. 2014, 136, 13186–13189, Link
67Williamson, K. S.; Michaelis, D. J.; Yoon, T. P. Chem. Rev. 2014, 114, 8016–8036, Link
68Partridge, K. M.; Guzei, I. A.; Yoon, T. P. Angew. Chem. Int. Ed. 2010, 49, 930–934, Link
69Partridge, K. M.; Anzovino, M. E.; Yoon, T. P. J. Am. Chem. Soc. 2008, 130, 2920–2921, Link
70Benkovics, T.; Du, J.; Guzei, I. A.; Yoon, T. P. J. Org. Chem. 2009, 74, 5545–5552, Link
71Williamson, K. S.; Yoon, T. P. J. Am. Chem. Soc. 2010, 132, 4570–4571, Link
72Michaelis, D. J.; Williamson, K. S.; Yoon, T. P. Tetrahedron 2009, 65, 5118–5124, Link
73Williamson, K. S.; Yoon, T. P. J. Am. Chem. Soc. 2012, 134, 12370–12373, Link
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1.3 α-amino ketones

1.3.1 Importance of α-amino ketones

While α-amino ketones receive less attention compared to 1,2-amino alcohols, they are still an

important target due to their presence in natural products and as a key intermediate for accessing

1,2-amino alcohols2 as well as other structures such as heterocycles.74–78 Some example α-amino

ketones are shown in Figure 1.2. Preamlmazole C (10) is a metabolite isolated from red alga. The

compound is likely an intermediate within the organism for producing the potent antibacterial Al-

mazole class of compounds.79 Indeed, one of the synthetic strategies for the synthesis of almazole

C uses 10 as an intermediate.80 Rupintrivir (11) is an FDA approved protease inhibitor effective for

the antiviral treatment against human rhinovirus81 as well as showing effectiveness against infec-

tions of enterovirus.82 The antidepressant drug bupropion (12)83 is used to treat depression84 as

well as seasonal affective disorder85 and can be proscribed to aid smoking cessation.86 Keto-ACE

13 and its analogues have been found to have a highly domain specific inhibition against angiotensin

I-converting enzyme.87,88

74Moiseev, I.; Makarova, N.; Zemtsova, M. Chem. Heterocycl. Compd. 1999, 35, 637–649, Link
75Langer, P.; Bodtke, A. Tetrahedron Lett. 2003, 44, 5965–5967, Link
76Adam, I.; Orain, D.; Meier, P. Synlett 2004, 2004, 2031–2033, Link
77Bhajammanavar, V.; Mallik, S.; Baidya, M. Org. Biomol. Chem. 2019, 17, 1740–1743, Link
78Miyake, F. Y.; Yakushijin, K.; Horne, D. A. Org. Lett. 2000, 2, 3185–3187, Link
79Guella, G.; Mancini, I.; Pietra, F. Helv. Chim. Acta 1994, 77, 1999–2006, Link
80Miyake, F.; Hashimoto, M.; Tonsiengsom, S.; Yakushijin, K.; Horne, D. A. Tetrahedron 2010, 66, 4888–4893, Link
81Binford, S.; Maldonado, F.; Brothers, M.; Weady, P.; Zalman, L.; Meador, J.; Matthews, D.; Patick, A. Antimicrob. Agents

Chemother. 2005, 49, 619–626, Link
82Zhang, X.; Song, Z.; Qin, B.; Zhang, X.; Chen, L.; Hu, Y.; Yuan, Z. Antivir. Res. 2013, 97, 264–269, Link
83Foley, K. F.; Cozzi, N. V. Drug development research 2003, 60, 252–260, Link
84Cipriani, A.; Furukawa, T. A.; Salanti, G.; Geddes, J. R.; Higgins, J. P.; Churchill, R.; Watanabe, N.; Nakagawa, A.;

Omori, I. M.; McGuire, H. et al. The lancet 2009, 373, 746–758, Link
85Gartlehner, G.; Nussbaumer, B.; Gaynes, B. N.; Forneris, C. A.; Morgan, L. C.; Kaminski-Hartenthaler, A.; Greenblatt,

A.; Wipplinger, J.; Lux, L. J.; Sonis, J. H. et al. Cochrane Database of Syst. Rev. 2015, Link
86Hughes, J. R.; Stead, L. F.; Hartmann-Boyce, J.; Cahill, K.; Lancaster, T. Cochrane database of systematic reviews

2014, Link
87Acharya, K. R.; Sturrock, E. D.; Riordan, J. F.; Ehlers, M. R. Nat. Rev. Drug Discov 2003, 2, 891, Link
88Nchinda, A. T.; Chibale, K.; Redelinghuys, P.; Sturrock, E. D. Bioorg. Med. Chem. Lett. 2006, 16, 4612–4615, Link
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Figure 1.2. Examples of α-amino ketones

1.3.2 Existing strategies for the synthesis of α-amino ketones

As with their amino alcohol counterparts, there exists a wide range of methods to access α-amino

ketones with various strategies being employed. Key examples will be taken following the different

disconnection possibilities mirroring the strategies of 1,2-amino alcohols.

Functional group manipulations

One of the obvious possibilities is to start with an 1,2-amino alcohol and oxidise the alcohol to

a ketone. The selective oxidation of the alcohol from the 1,2-amino alcohol is possible using a

wide range of different oxidants such as pyridinium dichromate (PDC),89,90 Dess-Martin periodin-

ane (DMP),90,91 trichloroisocyanuric acid (TCC)92 as well as reactions such as the swern oxida-

tion.93,94 On the other hand, α-amino ketones can be accessed from the selective reduction of

acylcyanides78,95 or the alkylation of amino acids96,97 for the selective reductive amination of 1,2-

dicarbonyls.98 Similar to 1,2-amino alcohols, aziridines can undergo oxidative ring-opening to install

the carbonyl next to the amine.99–101 α-halo ketones can react with secondary amines, undergoing

an SN2 substitution process.102 And finally, N-sulfonyl-1,2,3-triazoles can undergo denitrogenative

89Boehm, J. C.; Gleason, J. G.; Pendrak, I.; Sarau, H. M.; Schmidt, D. B.; Foley, J. J.; Kingsbury, W. D. J. Med. Chem.

1993, 36, 3333–3340, Link
90Dias, L. C.; Diaz, G.; Ferreira, A. A.; Meira, P. R.; Ferreira, E. Synthesis 2003, 2003, 0603–0622, Link
91Grimm, E. L.; Roy, B.; Aspiotis, R.; Bayly, C. I.; Nicholson, D. W.; Rasper, D. M.; Renaud, J.; Roy, S.; Tam, J.; Tawa, P.

et al. Bioorg. Med. Chem. 2004, 12, 845–851, Link
92De Luca, L.; Giacomelli, G.; Porcheddu, A. Org. Lett. 2001, 3, 3041–3043, Link
93Overman, L. E.; Okazaki, M. E.; Mishra, P. Tetrahedron Lett. 1986, 27, 4391–4394, Link
94Belov, D. S.; Ratmanova, N. K.; Andreev, I. A.; Kurkin, A. V. Chem. Eur. J. 2015, 21, 4141–4147
95Pfaltz, A.; Anwar, S. Tetrahedron Lett. 1984, 25, 2977–2980, Link
96De Luca, L.; Giacomelli, G.; Porcheddu, A. Org. Lett. 2001, 3, 1519–1521, Link
97Concellon, J. M.; Rodriguez-Solla, H. Curr. Org. Chem. 2008, 12, 524–543, Link
98Wen, W.; Zeng, Y.; Peng, L.-Y.; Fu, L.-N.; Guo, Q.-X. Org. Lett. 2015, 17, 3922–3925, Link
99Zhang, X.; Li, S.-S.; Wang, L.; Xu, L.; Xiao, J.; Liu, Z.-J. Tetrahedron 2016, 72, 8073–8077, Link

100Shiomi, N.; Yamamoto, K.; Nagasaki, K.; Hatanaka, T.; Funahashi, Y.; Nakamura, S. Org. Lett. 2016, 19, 74–77, Link
101Luo, Z.-B.; Wu, J.-Y.; Hou, X.-L.; Dai, L.-X. Org. Biomol. Chem. 2007, 5, 3428–3430, Link
102Géant, P.-Y.; Martınez, J.; Salom-Roig, X. J. Eur. J. Org. Chem. 2011, 2011, 1300–1309, Link
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hydration in the presence of a ruthenium catalyst.103

C–C bond forming reactions

While there are several major reactions to synthesise 1,3-amino alcohols by C–C bond forming re-

actions (e.g. Mannich and aza-Aldol) and methods to access α-amino acids, esters,104 amides105,106

and nitriles;107,108 which can be further transformed to access the α-amino ketone. It is pos-

sible to use umpolung chemistry with aldehydes in the form of dithianes (c.f. Corey-Seebach Re-

action)109,110 or acetals111 reacting with an imine or iminium species. The subsequent cleavage

of the dithiane or cyclic acetal would revel the unferlying carbonyl next to the amine. An example

found in the literature for direct access to an α-amino ketone scaffold is the reaction between an

αdeprotonated α-amino acid and a suitable acyl reagent to afford α-amino-β-keto esters.112

"C-H functionalisation" (Heteroatom addition)

While not strictly speaking C–H functionalisations, a range of reactions involve the deprotonation

at the position αto a carbonyl, imine or iminium and the subsequent addition of a suitable electro-

philic nitrogen.113–115 The direct α-amination of a ketone is also possible in a one-pot procedure

that proceeds initially by an αhalogenation of the ketone which is then substituted by a nitrogen

source116–118 and an example starting with benzylic alcohols using N-bromosuccinimide to first ox-

idise the alcohol to a ketone.119 An aza-Rubottom oxidation has recently been published that uses

a specially developed reagent to oxidatively aminate silyl enol ethers to directly obtain the unprotec-

ted α-amino ketone.120 The Nebler rearrangement is the rearrangement of a ketoxamine (obtained

from the condensation of a ketone and hydroxylamine) using tosyl chloride and base to generate an

azirine which hydrolyses to an α-amino ketone.121

103Miura, T.; Biyajima, T.; Fujii, T.; Murakami, M. J. Am. Chem. Soc. 2011, 134, 194–196, Link
104Nemoto, H.; Kawamura, T.; Miyoshi, N. J. Am. Chem. Soc. 2005, 127, 14546–14547, Link
105Zhou, H.; Lu, P.; Gu, X.; Li, P. Org. Lett. 2013, 15, 5646–5649, Link
106Reeves, J. T.; Lorenc, C.; Camara, K.; Li, Z.; Lee, H.; Busacca, C. A.; Senanayake, C. H. J. Org. Chem. 2014, 79,

5895–5902, Link
107Seayad, A. M.; Ramalingam, B.; Yoshinaga, K.; Nagata, T.; Chai, C. L. Org. Lett. 2009, 12, 264–267, Link
108Liu, L.; Wang, Z.; Fu, X.; Yan, C.-H. Org. Lett. 2012, 14, 5692–5695, Link
109Davis, F. A.; Ramachandar, T.; Liu, H. Org. Lett. 2004, 6, 3393–3395, Link
110Kondoh, A.; Oishi, M.; Takeda, T.; Terada, M. Angew. Chem. Int. Ed. 2015, 54, 15836–15839, Link
111Zeng, H.; Yang, S.; Li, H.; Lu, D.; Gong, Y.; Zhu, J.-T. J. Org. Chem. 2018, 83, 5256–5266, Link
112Schultz, K.; Stief, L.; Kazmaier, U. Synthesis 2012, 44, 600–604, Link
113Greck, C.; Drouillat, B.; Thomassigny, C. Eur. J. Org. Chem. 2004, 2004, 1377–1385, Link
114Kumaragurubaran, N.; Juhl, K.; Zhuang, W.; Bøgevig, A.; Jørgensen, K. A. J. Am. Chem. Soc. 2002, 124, 6254–6255,

Link
115Kano, T.; Shirozu, F.; Maruoka, K. Org. Lett. 2014, 16, 1530–1532, Link
116Wei, Y.; Lin, S.; Liang, F. Org. Lett. 2012, 14, 4202–4205, Link
117Evans, R. W.; Zbieg, J. R.; Zhu, S.; Li, W.; MacMillan, D. W. J. Am. Chem. Soc. 2013, 135, 16074–16077, Link
118Jiang, Q.; Xu, B.; Zhao, A.; Jia, J.; Liu, T.; Guo, C. J. Org. Chem. 2014, 79, 8750–8756, Link
119Guha, S.; Rajeshkumar, V.; Kotha, S. S.; Sekar, G. Org. Lett. 2015, 17, 406–409, Link
120Zhou, Z.; Cheng, Q.-Q.; Kürti, L. J. Am. Chem. Soc. 2019, 141, 2242–2246, Link
121O’Brien, C. Chem. Rev. 1964, 64, 81–89, Link
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Functionalisation of unsaturated carbon-carbon bonds

Transformation of alkenes and alkynes to α-amino ketones would generally proceed by first trans-

formation into another functional group such as a ketone, aziridine, 1,2-amino alcohol or a 1,2-

carbonyl to then be converted into the α-amino ketone in a process mentioned above, but here

we will mention two transformations that are more specific to alkene and alkyne transformations.

The first example is with alkynes which first undergo hydration with pyridine N-oxide as the oxy-

gen source to obtain an N-alkenoxypyridinium species. The N-alkenoxypyridinium species is an

umpolung of an enolate that is able to be attacked by a nucleophilic nitrogen.122 While this trans-

formation is performed in two steps, it has been demonstrated to work in a one pot process. The

other example is with alkenes, where NBS and DMSO form a reactive brominating species which

generates a bromonium ion from the alkene. This bromonium undergoes oxidative ring opening to

form an α-bromo ketone which is then substituted by an amine nucleophile.123

The transformation and functionalisation of unsaturated C–C π-systems provides powerful meth-

odologies for accessing a wide range of functionalities; this makes them attractive starting materials,

but control of reaction outcomes can be problematic. One strategy for transforming unsaturated C–

C bonds focuses on palladium catalysis which will be discussed throughout the remainder of this

chapter.

122Xia, X.; Chen, B.; Zeng, X.; Xu, B. Org. Biomol. Chem. 2018, 16, 6918–6922, Link
123Prasad, P. K.; Reddi, R. N.; Sudalai, A. Org. Lett. 2016, 18, 500–503, Link
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1.4 Palladium catalysis

The reactivity of unsaturated C–C bonds derives from the presence of the π-electrons that con-

stitute part of the bond. Transition metals (such as gold, iridium or rhodium and palladium) are

particularly able to coordinate and interact with the π-electrons and facilitate the attack of a nucle-

ophile into the π-system.124 The nucleophilic attack is coupled with the concerted formation of a

carbon–metal bond. This carbon–metal bond can undergo further transformations, culminating with

an elimination process to release the metal and the final reaction product.

A general example of a catalytic reaction mechanism for the dual functionalisation of an alkene is

shown in Scheme 1.4 using palladium as the metal species in either a Pd0/PdII or PdII/PdIV regime

involving similar [PdII] intermediates (I and I'). The mechanism using Pd0/PdII catalysis starts with

oxidative addition, palladium (stabilised by coordinated ligands) goes from oxidation state 0 to +2 by

the insertion into an activated bond (R–Hal or R–OTf) forming a palladium–carbon and a palladium–

X bond (IV–>I). The palladium(II) species coordinates to the π-system of the alkene due to its

increased electrophilicity (I–>II). The interaction of palladium with the π-system in turn reduces the

electron density of the double bond facilitating the attack of a suitable nucleophile. The attack of

the nucleophile pushes the π-electrons from the bond onto the palladium centre, giving rise to the

two new Nu–C and Pd–C bonds on the substrate, and the expulsion of the X group from palladium

(III). The energetic stability of a C–R (R = C, H, Het) bond over a M–C bond ultimately results in

the reductive elimination of Pd0 (IV) leaving behind a newly formed bond.
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Scheme 1.4. General reaction mechanism for the dual functionalisation of alkenes showing both the Pd0/II and PdII/IV

cycle.

Also shown in Scheme 1.4 is the higher oxidation state mechanism where palladium changes

between the +2 and +4 state. 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

124Åkermark, B.; Bäckvall, J. E.; Hegedus, L. S.; Zetterberg, K.; Siirala-Hansén, K.; Sjöberg, K. J. Organomet. Chem.

1974, 72, 127–138, Link
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occurs to give a PdIV intermediate (V) which then can reductively eliminate to give the product and

regenerate I'. The more electron deficient nature of the palladium in V also makes the palladium

susceptible to elimination by nucleophilic substitution.

There are three main pathways to close the catalytic cycle; reductive elimination, β-hydride elim-

ination or protonolysis.

– Reductive elimination: (Scheme 1.5a) consists of the breaking of a M–C and M–R bond and the

formation of a new C–R bond. This pathway is important in a wide range of metal catalysed cross

coupling reactions.

– β-Hydride elimination: If there is a vicinal proton which is able to align synperiplanar to the palla-

dium then β-hydride elimination (Scheme 1.5b) can take place to reform a double bond and releasing

a palladium–hydride species. This Pd–H species can reductively eliminate to reform palladium (0).

This process is important in the Wacker oxidation and Heck couplings.

– Protonolysis: Depending on the conditions of the reactions, protonolysis125 (Scheme 1.5c) is

the cleavage of the Pd–C by a protonation event, releasing the active palladium(II) catalyst. This

pathway is useful for hydro-functionalisations.126–128
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Scheme 1.5. Possible elimination pathways for Palladium

The preference between reductive elimination, β-hydride elimination and protonolysis can depend

on a number of factors such as; substrate properties (electronics, sterics),129 concentration of hal-

ide130 or other additives,131 solvent properties132 ligand properties (electronics, sterics, denticity,

bite angle),129,133,134 and the ability to align the palladium synperiplanar to β-H. 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.

125Seligson, A. L.; Trogler, W. C. Organometallics 1993, 12, 744–751, Link
126Ananikov, V.; Tanaka, M.; Topics in Organometallic Chemistry; Springer Berlin Heidelberg: 2012, Link
127Müller, T. E.; Beller, M. Chem. Rev. 1998, 98, 675–704, Link
128Yamamoto, Y. Chem. Soc. Rev. 2014, 43, 1575–1600, Link
129Zuidema, E.; van Leeuwen, P. W.; Bo, C. Organometallics 2005, 24, 3703–3710, Link
130Lu, X. Top. Catal. 2005, 35, 73–86, Link
131Perez-Rodriguez, M.; Braga, A. A.; Garcia-Melchor, M.; Perez-Temprano, M. H.; Casares, J. A.; Ujaque, G.; de Lera,
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1 Introduction

Regioselectivity of the nucleopalladation step faces the same challenges as mentioned earlier for

general reactions with alkenes and alkynes (Scheme 1.6a).135 Terminal unsaturation and heavily

biased unsymmetrical bonds will generally lead to high regioselectivity, while poorly biased bonds

will likely give mixtures of regioisomers.

Stereoselectivity can be an additional complication as there are two possible ways for nucleopal-

ladation to take place (Scheme 1.6b). Cis-addition, where the nucleophile and the palladium species

are pre-associated and add into the unsaturated bond on the same face. Whereas for anti-addition,

palladium acts as a π-acid coordinating to the π-system of the unsaturated bond from one face and

the nucleophile attacks from the opposite. The preference between the cis- and trans- nucleopal-

ladation is affected by a variety of variables such as substrate design and ligand choice.136

R R
R'

R
R'

δ++ or δ--R >> R'

R
R'

R ≈ R'

Nu

a) Regioselectivity b) Stereoselectivity of nucleopalladation

Nu

[PdII]Nu

[PdII]

[PdII]Nu

[PdII]

Nu

syn-nucleopalladation

anti-nucleopalladation

Simple substrates - large differentiation

Difficult substrates - minimal differentiation

Scheme 1.6. Issues of a) regioselectivity and b) stereoselectivity of nucleopalladation in palladium catalysed nucleophilic
functionalisation of alkenes.

In the remaining introduction, selected examples of the use of palladium for inter- and intramolecu-

lar transformations of alkenes and alkynes will be discussed.

1.4.1 Intermolecular nucleophilic functionalisation

The Wacker oxidation was first reported by Smidt et al.137 and developed into an industrial pro-

cess by Wacker-Chemie and Hoechst AG138 and is an important reaction for both industry (most

notably for the synthesis of acetaldehyde139 and in organic synthesis.140 The reaction, catalysed by

palladium, is used to transform alkenes into carbonyl compounds (Scheme 1.7). The catalyst PdCl4
(I) first undergoes ligand exchange of Cl – with an alkene (I –> II) and a molecule of water (II –>

III). As the palladium species loses the Cl – ions it becomes more electrophilic, activating the co-

ordinated alkene of III. The activated alkene undergoes oxypalladation by an attacking molecule of

water to give alkyl-palladium species IV. After release of water and alignment of the palladium and

the hydrogen (V), β-hydride elimination can take place, releasing HPdIICl and an enol which rapidly

tautomerises to the methyl ketone. HPdIICl reductively eliminates HCl to give Pd0 (IV) which is

135Beller, M.; Seayad, J.; Tillack, A.; Jiao, H. Angew. Chem. Int. Ed. 2004, 43, 3368–3398, Link
136McDonald, R. I.; Liu, G.; Stahl, S. S. Chem. Rev. 2011, 111, 2981–3019, Link
137Smidt, J.; Hafner, W.; Jira, R.; Sedlmeier, J.; Sieber, R.; Rüttinger, R.; Kojer, H. Angew. Chem. 1959, 71, 176–182, Link
138Jira, R. Angew. Chem. Int. Ed. 2009, 48, 9034–9037, Link
139Jira, R. In Liquid Phase Aerobic Oxidation Catalysis: Industrial Applications and Academic Perspectives; John Wiley &

Sons, Ltd: 2016; Chapter 9, pp 139–158, Link
140Takacs, J. M.; Jiang, X. Curr. Org. Chem. 2003, 7, 369–396, Link
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1.4 Palladium catalysis

reoxidised by the CuCl2 co-catalyst to I while the copper is reoxidised by atmospheric oxygen. The

need for copper chloride species can lead to the formation of chlorination by-products which can

be avoided by using alternative re-oxidant systems141,142 or using oxygen without an additional co-

catalyst.143 Developments in the reaction have been made increasing the substrate scope, allowing

the use of styrenes,144 long chain fatty terminal alkenes,145 and internal alkenes.146,147

Under typical Wacker oxidation conditions used on terminal alkenes, regioselectivity is towards the

Markovnikov addition to give rise to methyl-ketones. It is possible to modulate the selectivity towards

the formation of aldehydes by changing the conditions; the choice of catalyst,148 the concentration

of copper co-catalyst and chloride,149–151 the choice of oxidant152 as well as other conditions.

Selectivity can also be substrate controlled.153
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Scheme 1.7. Mechanism for the Wacker oxidation.

The Aza-Wacker reaction is a modification to the Wacker reaction by replacing water with a nitro-

141Baeckvall, J.-E.; Hopkins, R. B.; Grennberg, H.; Mader, M.; Awasthi, A. K. J. Am. Chem. Soc. 1990, 112, 5160–5166,

Link
142Fernandes, R. A.; Chaudhari, D. A. J. Org. Chem. 2014, 79, 5787–5793, Link
143Mitsudome, T.; Umetani, T.; Nosaka, N.; Mori, K.; Mizugaki, T.; Ebitani, K.; Kaneda, K. Angew. Chem. Int. Ed. 2006,

45, 481–485, Link
144Zhang, G.; Xie, X.; Wang, Y.; Wen, X.; Zhao, Y.; Ding, C. Org. Biomol. Chem. 2013, 11, 2947–2950, Link
145Chaudhari, D. A.; Fernandes, R. A. J. Org. Chem. 2016, 81, 2113–2121, Link
146DeLuca, R. J.; Edwards, J. L.; Steffens, L. D.; Michel, B. W.; Qiao, X.; Zhu, C.; Cook, S. P.; Sigman, M. S. J. Org. Chem.

2013, 78, 1682–1686, Link
147Baiju, T. V.; Gravel, E.; Doris, E.; Namboothiri, I. N. Tetrahedron Lett. 2016, 57, 3993–4000, Link
148Wickens, Z. K.; Skakuj, K.; Morandi, B.; Grubbs, R. H. J. Am. Chem. Soc. 2014, 136, 890–893, Link
149Keith, J. A.; Nielsen, R. J.; Oxgaard, J.; Goddard, W. A. J. Am. Chem. Soc. 2007, 129, 12342–12343, Link
150Keith, J. A.; Henry, P. M. Angew. Chem. Int. Ed. 2009, 48, 9038–9049, Link
151Imandi, V.; Kunnikuruvan, S.; Nair, N. N. Chem. Eur. J. 2013, 19, 4724–4731, Link
152Teo, P.; Wickens, Z. K.; Dong, G.; Grubbs, R. H. Org. Lett. 2012, 14, 3237–3239, Link
153Choi, P. J.; Sperry, J.; Brimble, M. A. J. Org. Chem. 2010, 75, 7388–7392, Link
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gen nucleophile (Scheme 1.8).154–156 The nitrogen nucleophiles used are generally cyclic amides

or carbamates or phthalimide, which do not allow for tautomerization, thereby giving the ene-amine

product. Interestingly, it was seen that the presence of a Brønsted base was able to completely

reverse the regioselectivity of the reaction on terminal alkenes.155

R N
H R

Pd(II) cat.

co-cat. [O]
+ R''R'

HN

O

OHN

O
HN

O

O

Examples of N-nucleophiles

N
R''R'

+R
N

R''

R'

product formed in
presence of base

Scheme 1.8. Aza-Wacker reaction with examples of nitrogen nucleophiles

It has been observed that the higher oxidation state PdII-IV system is less susceptible to β-hydride

elimination and more readily undergoes reductive elimination or SN2 Pd substitution (Scheme 1.9).157,158

Therefore, with the appropriate oxidant, it is possible to oxidise the alkyl-PdII species to PdIV (III to

IV) which can then be eliminated by a nucleophile (V) to form a new C–Nu bond. This has been

demonstrated many times for dioxygenations,159–161 oxyaminations162–165 and diaminations166–168

with safer oxidants and more effective catalyst systems being developed over time. These di-

heterofunctionalization reactions are particularly interesting methods to access 1,2-amino alcohols,

diols and diamines directly from alkene functionalisation.

Two examples of intermolecular oxyamination of terminal olefins are shown in Scheme 1.10 which

show high regioselectivity for their respective regioisomers due to substrate directed nucleopallad-

ation. In Scheme 1.10a, palladium undergoes ligand exchange with phthalimide to give a PdII–

phthalimide species. The approach of this palladium species is then directed by the allylic ether

to the terminus of the alkene, to then undergo a syn-aminopalladation process.164 The palladium

centre is then oxidised by iodobenzene diacetate to PdIV which reductivly eliminates to give the

product. The use of a chelating group such as 8-aminoquinoline (Scheme 1.10b) selectively forms

the oxyamination product with nitrogen at the terminus of the alkene. The chelation of the direct-

ing group in the substrate stabilise the palladium catalytic species in the reversible amination step,

selecting for the most stable intermediate where palladium is at the internal position.165

154Hosokawa, T.; Takano, M.; Kuroki, Y.; Murahashi, S.-I. Tetrahedron Lett. 1992, 33, 6643–6646, Link
155Timokhin, V. I.; Anastasi, N. R.; Stahl, S. S. J. Am. Chem. Soc. 2003, 125, 12996–12997, Link
156Rogers, M. M.; Kotov, V.; Chatwichien, J.; Stahl, S. S. Org. Lett. 2007, 9, 4331–4334, Link
157Bäckvall, J. E. Acc. Chem. Res. 1983, 16, 335–342, Link
158Muniz, K. Angew. Chem. Int. Ed. 2009, 48, 9412–9423, Link
159Tamura, M.; Yasui, T. Chem. Commun. 1968, 1209–1209, Link
160Wang, A.; Jiang, H.; Chen, H. J. Am. Chem. Soc. 2009, 131, 3846–3847, Link
161Wickens, Z. K.; Guzmán, P. E.; Grubbs, R. H. Angew. Chem. Int. Ed. 2015, 54, 236–240, Link
162Bäckvall, J. E.; Bjoerkman, E. E. J. Org. Chem. 1980, 45, 2893–2898, Link
163Bäckvall, J. E.; Bystroem, S. E. J. Org. Chem. 1982, 47, 1126–1128, Link
164Liu, G.; Stahl, S. S. J. Am. Chem. Soc. 2006, 128, 7179–7181, Link
165Zeng, T.; Liu, Z.; Schmidt, M. A.; Eastgate, M. D.; Engle, K. M. Org. Lett. 2018, 20, 3853–3857, Link
166Bäckvall, J.-E. Tetrahedron Lett. 1978, 19, 163–166, Link
167Bar, G. L.; Lloyd-Jones, G. C.; Booker-Milburn, K. I. J. Am. Chem. Soc. 2005, 127, 7308–7309, Link
168Iglesias, Á.; Pérez, E. G.; Muniz, K. Angew. Chem. Int. Ed. 2010, 49, 8109–8111, Link
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Scheme 1.9. Mechanism for the oxyamination of alkenes by PdII/PdIV catalysis.

RO

OR

NPhth
PdIV

OAc
OR

NPhth
OAc

O

N
HN

O

N
H

AQ

O

N
N PdIV

NPhth

OH
NPhth

a)

b)

Pd cat.

PhI(OAc)2

Pd cat.,KHCO3

DMBQ, O2

PhthNH

PhthNH

R'

R' R'

R

R

R

O
R

R'

PhthN
[PdII]

Scheme 1.10. Substrate directed intermolecular oxyamination of alkenes with inverse regioselectivity.

Examples of palladium catalysed intermolecular carbo-heterofunctionalization reactions are more

difficult to find. One solution is an adaptation of the Wacker reaction conditions to add carbon

monoxide gas to the reaction. The effect is that after the initial oxy- or aminopalladation, CO inserts

into the alkyl palladium bond to give an acyl palladium which is eliminated by an oxygen nucleophile

(Scheme 1.11).169–172

R

PdII cat
IIII, CO, MeOH

R

X
[Pd]Nu

Nu = HNR'Z or -OAc

R

X O

OMeR

X O

[Pd]
CO

+

Scheme 1.11. Intermolecular carbonylative amination and acetoxylation of alkenes.

A recent example uses the 8-aminoquinoline directing group to carry out a palladium catalysed

intermolecular carboamination of an alkene (Scheme 1.12).173 The chelating directing group sta-

bilises the alkyl-PdII which can then undergo oxidative addition with an organohalide to PdIV and

169Wu, X.-F.; Neumann, H.; Beller, M. Chem. Rev. 2012, 113, 1–35
170Hegedus, L. S.; Allen, G.; Olsen, D. J. Am. Chem. Soc. 1980, 102, 3583–3587
171Cheng, J.; Qi, X.; Li, M.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2015, 137, 2480–2483, Link
172Li, M.; Yu, F.; Qi, X.; Chen, P.; Liu, G. Angew. Chem. Int. Ed. 2016, 128, 14047–14052, Link
173Liu, Z.; Wang, Y.; Wang, Z.; Zeng, T.; Liu, P.; Engle, K. M. J. Am. Chem. Soc. 2017, 139, 11261–11270, Link
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reductively eliminates to give the reaction product. Vinyl, Aryl methyl and alkynyl halide electro-

philes with various nitrogen nucleophiles were all successful in the reaction giving rise to a diverse

array of products.
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Scheme 1.12. Regioselective intermolecular carboamination of allylic amides.

1.4.2 Intramolecular nucleophilic dual-functionalisation of unsaturated C–C bonds

Intermolecular dual-functionalisations of unsaturated bonds can give high regioselectivity in sys-

tems with terminal unsaturated bonds, with symmetrical unsaturated bonds or unsaturated bonds

with a significant asymmetry in order to bias reactivity. However, the transformations perform poorly

with unsymmetrical bonds with limited steric or electronic biasing. It is possible to circumvent this

problem by directing the nucleophile onto the unsaturated bond, one way to achieve this is by in-

troducing the nucleophile into the substrate. Transitioning to an intramolecular transformation has

additional benefits for reactivity and potentially diastereoselectivity and enantioselectivity as well.

In addition, it would also give access to new (hetero)cyclic structures. Amongst the intramolecu-

lar dihetero-functionalisations of alkenes that have been published (Scheme 1.13) are diamina-

tion,174,175 dioxygenation176,177 and oxyamination178–182 as well as heterocarbonylations183–185

(where a CO unit is inserted between the palladium and alkyl carbon) each using oxidative condi-

tions similar to the Wacker oxidation. The focus of this thesis will be on intramolecular carbo-hetero

functionalisations which are a more recent development.

Wolfe and co-workers first published a method for the oxyarylation of γ-hydroxy alkenes in 2004

(Scheme 1.14),186 although the reaction had been observed prior to this by the Trost group.187

This was followed up by the aminoarylation reaction to make pyrrolidines from γ-amino alkenes.188

174Streuff, J.; Hövelmann, C. H.; Nieger, M.; Muniz, K. J. Am. Chem. Soc. 2005, 127, 14586–14587, Link
175Muñiz, K. In Advances in Transition-Metal Mediated Heterocyclic Synthesis; Elsevier: 2018, pp 33–53, Link
176Jensen, K. H.; Pathak, T. P.; Zhang, Y.; Sigman, M. S. J. Am. Chem. Soc. 2009, 131, 17074–17075, Link
177Zhu, M.-K.; Zhao, J.-F.; Loh, T.-P. J. Am. Chem. Soc. 2010, 132, 6284–6285, Link
178Desai, L. V.; Sanford, M. S. Angew. Chem. Int. Ed. 2007, 46, 5737–5740, Link
179Alexanian, E. J.; Lee, C.; Sorensen, E. J. J. Am. Chem. Soc. 2005, 127, 7690–7691, Link
180Zhu, H.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2014, 136, 1766–1769, Link
181Chen, C.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2015, 137, 15648–15651, Link
182Qi, X.; Chen, C.; Hou, C.; Fu, L.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2018, 140, 7415–7419, Link
183Semmelhack, M. F.; Bodurow, C. J. Am. Chem. Soc. 1984, 106, 1496–1498, Link
184Tamaru, Y.; Hojo, M.; Yoshida, Z. J. Org. Chem. 1988, 53, 5731–5741, Link
185Harayama, H.; Abe, A.; Sakado, T.; Kimura, M.; Fugami, K.; Tanaka, S.; Tamaru, Y. J. Org. Chem. 1997, 62, 2113–2122
186Wolfe, J. P.; Rossi, M. A. J. Am. Chem. Soc. 2004, 126, 1620–1621, Link
187Trost, B. M.; Pfrengle, W.; Urabe, H.; Dumas, J. J. Am. Chem. Soc. 1992, 114, 1923–1924, Link
188Ney, J. E.; Wolfe, J. P. Angew. Chem. Int. Ed. 2004, 43, 3605–3608, Link
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Interestingly, prior to Wolfe, both alcohol189 and amino190 substrates had been subjected to reaction

conditions with palladium and aryl halides, but the only products observed resulted from a heck

reaction without cyclisation. Wolfe found that the use of bi-dentate ligands with a large bite angle

were the key for the success of the cyclisation and to avoid undesired β-elimination pathway.191 After

the oxidative addition of palladium into the carbon halogen bond of the electrophile (Scheme 1.15 I

–> II) the PdII species interacts with the π-system of the unsaturated bond. One of the two ways

this can happen is by syn-nucleopalladation where the halogen of the XPdIIR species undergoes

ligand exchange with the nucleophile to give –NuPdIIR (III-syn). The unsaturated bond then inserts

into the Nu–Pd bond to give IV. The other pathway is by anti-nucleopalladation where the XPdIIR

species interacts directly with the unsaturated bond as a π-acid increasing its electrophilicity enabling

the attack of the nucleophile to also give IV. Intermediate IV then undergoes reductive elimination

to give the desired dual functionalised product. If IV is an alkyl-palladium species, it is possible for

reductive elimination to take place to give the Wacker product (c.f. Scheme 1.5b) or with both alkyl- or

vinyl- palladium intermediates, protonolysis can take place (c.f. Scheme 1.5c). Both the oxyarylation

and aminoarylation reactions using Pd0/PdII catalysis show clear evidence that the insertion into the

double bond is by a syn-palladation process.192,193 Since the initial publication, there have been

many subsequent reports in the area of intramolecular carbo-hetero functionalisations136,192–198

with interesting examples showing C–H activation of arenes,199 enantioselective transformations,200

and intramolecular electrophiles.201

The intramolecular nucleopalladation of alkynes has a distinct difference of those with alkenes.

189Larock, R. C.; Leung, W.-Y.; Stolz-Dunn, S. Tetrahedron Lett. 1989, 30, 6629–6632, Link
190Fournet, G.; Balme, G.; Gore, J. Tetrahedron 1990, 46, 7763–7774, Link
191Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 7217–7218, Link
192Wolfe, J. P. Eur. J. Org. Chem. 2007, 571–582, Link
193Schultz, D. M.; Wolfe, J. P. Synthesis 2012, 44, 351–361, Link
194Wolfe, J. P.; Hay, M. B. Tetrahedron 2007, 63, 261, Link
195Garlets, Z. J.; White, D. R.; Wolfe, J. P. Asian J. Org. Chem. 2017, 6, 636–653, Link
196Tamaru, Y.; Hojo, M.; Yoshida, Z. J. Org. Chem. 1988, 53, 5731–5741, Link
197Hay, M. B.; Hardin, A. R.; Wolfe, J. P. J. Org. Chem. 2005, 70, 3099–3107, Link
198Zeni, G.; Larock, R. C. Chem. Rev. 2006, 106, 4644–4680, Link
199Rosewall, C. F.; Sibbald, P. A.; Liskin, D. V.; Michael, F. E. J. Am. Chem. Soc. 2009, 131, 9488–9489, Link
200Hopkins, B. A.; Garlets, Z. J.; Wolfe, J. P. Angew. Chem. Int. Ed. 2015, 54, 13390–13392, Link
201Nakhla, J. S.; Kampf, J. W.; Wolfe, J. P. J. Am. Chem. Soc. 2006, 128, 2893–2901, Link
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Scheme 1.14. Example reaction of the palladium catalysed oxyarylation of alkenes from Wolfe and coworkers.186

LnPd0

LnPdII
R

Nu

LnPdII
R

X

LnPdII
R

R X

Oxidative addition

π−coordination

Nucleophilic attack

Reductive elimination

Nu

LnPdII
R

Nu

R

Nu

Nu

R'

R'

R'

R'

R'

X

I

II

III -syn

III -anti

IV

or

Nu

R' β−Hydride
elimination

Nu

R'
Protonolysis

(from alkyl-
palladium)

Scheme 1.15. Mechanism for the Pd0/PdII catalysed intramolecular dual functionalisation of unsaturated C–C bonds.

After the nucleopalladation step, there are no β-hydrides that are able to eliminate making the vinyl

palladium species (Scheme 1.15 IV) a more stable intermediate. The only elimination pathways

available are reductive elimination or protonolysis. As such, the intramolecular carbo-heterofunctional-

isation reactions of alkyne substrates were reported prior to the transformations on alkenes.198,202,203

A seminal work from 1983204205∗ used palladium to catalyse the hydroetherification of internal al-

kynes (Scheme 1.16a). The reaction shown does take place via a 5-exo-dig cyclisation, but the

double bond isomerises to the more stable endo product.206 However, these same conditions gave

low regioselectivity for the 4-undececyn-1-ol system resulting in isomerised 5-exo-dig and 6-endo-

dig products (Scheme 1.16b).†

Early cases of intramolecular cyclisation of a heteroatom and C–C bond formation have been re-

ported with alkynes for oxyarylation (Scheme 1.17a),207,208 and aminoarylation (Scheme 1.17b)209

202Cacchi, S. J. Organomet. Chem. 1999, 576, 42–64, Link
203Balme, G.; Bouyssi, D.; Lomberget, T.; Monteiro, N. Synthesis 2003, 2003, 2115–2134, Link
204Utimoto, K. Pure Appl. Chem. 1983, 55, 1845–1852, Link
205Riediker, M.; Schwartz, J. J. Am. Chem. Soc. 1982, 104, 5842–5844, Link
206Turner, R. B.; Garner, R. H. J. Am. Chem. Soc. 1958, 80, 1424–1430, Link
207Yanagihara, N.; Lambert, C.; Iritani, K.; Utimoto, K.; Nozaki, H. J. Am. Chem. Soc. 1986, 108, 2753–2754, Link
208Luo, F. T.; Schreuder, I.; Wang, R. T. J. Org. Chem. 1992, 57, 2213–2215, Link
209Luo, F.-T.; Wang, R.-T. Tetrahedron Lett. 1992, 33, 6835–6838, Link

∗previously this chemistry was also shown to be catalysed by mercury205

†amination was also carried out with isomerisation taking place to the imine
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Scheme 1.16. Intramolecular palladium catalysed hydroetherification of alkyne substrates with internal alcohols.

The published procedures required pretreatment of the substrates with BuLi followed by the addition

of the palladium, ligand and electrophile. Internal alkynes were shown to give the expected tetra-

substituted alkenes and a range of bromo or iodo heteroaromatic electrophiles were shown to work

as well as vinyl, methyl iodide and benzyl bromide.

OH
R

O
R'a)

b)

R

X R'
PdII cat., PPh3;

BuLi1)

2)

NHTs
R

Ts
N

R'
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X R'
PdII cat., PPh3;

BuLi1)

2)

Scheme 1.17. Intramolecular a) carbo-oxygenation and b) carbo-amination with alkyne substrates.

Similarly, 4-ynoic acids was cyclised by palladium in the presence of alkynyl bromides to give the

dihydrofuran-2-one cyclic lactones (Scheme 1.18a)210 as an improvement over a previous 2 step

process.211 As before, the substrate must be treated with a strong base to make the alkoxide before

being subjected to catalysis.212‡§

Using nearly the same procedure but relying on TFP as the ligand, 3-ynoic acids were also

shown to cyclize to form five membered ring 5H-furan-2-ones containing an internal double bond

(Scheme 1.18b).213 In this case, the distance between the alkyne and the carboxylic acid nucle-

ophile has been reduced by a -CH2- unit meaning that the mechanism now must proceed by a

5-endo-dig transition state. After the reductive elimination step, the substrate then undergoes base

catalysed double bond isomerisation.212,214

Much of the other chemistry in this category of intramolecular reactions focuses on the formation of

210Bouyssi, D.; Gore, J.; Balme, G. Tetrahedron Lett. 1992, 33, 2811–2814, Link
211Tam, T. F.; Spencer, R. W.; Thomas, E. M.; Copp, L. J.; Krantz, A. J. Am. Chem. Soc. 1984, 106, 6849–6851, Link
212Yanagihara, N.; Lambert, C.; Iritani, K.; Utimoto, K.; Nozaki, H. J. Am. Chem. Soc. 1986, 108, 2753–2754, Link
213Rossi, R.; Bellina, F.; Biagetti, M.; Mannina, L. Tetrahedron Lett. 1998, 39, 7599–7602, Link
214Lambert, C.; Utimoto, K.; Nozaki, H. Tetrahedron Lett. 1984, 25, 5323–5326, Link

‡BuLi and NaH led to <5% yield
§Similar reaction previously reported with allyl chloride212
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Scheme 1.18. Intramolecular carbo-oxygenation of carboxylic acids with alkyne substrates.

benzofurans215,216 and indoles217,218 as shown in Scheme 1.19.219 The example shows a one-pot

multicomponent synthesis of benzofurans and indoles from o-iodophenols and o-iodoaniline starting

with the cross-coupling of aryl iodide and terminal alkyne, then the addition of a vinyl halide or aryl

iodide leads to the desired cyclisation.

R''HalR
X MeMgCl (2 equiv)

Pd(PPh3)2Cl2

X
R

R''

R'
I

R'
X

R'

R

MgCl
+

X = OH or NHAc

Scheme 1.19. Access to benzofurans and indols by a one-pot Sonogashira reaction followed by carbo-
heterofunctionalization.

1.4.3 Tethering of nucleophiles

While the intramolecular transformations that have been covered so far tackle some of the issues

encountered with intermolecular reactions, they do not offer a complete replacement. As the reac-

tions that have been looked at so far, form cyclic structures that are not easily cleaved. Tethers offer

a more complete approach to addressing the problems with intermolecular transformations (see

Scheme 1.20). 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.

Ideally, the tether should encompass three main criteria: 1) be low cost or easy to obtain, as the

tether should be a temporary structure that will ultimately be removed. 2) should be easy to install.

3) be easy to remove, preferably under mild conditions to be compatible with sensitive functional

groups. However, the product of the cyclisation can also give useful heterocyclic products containing

multiple heteroatoms such as oxazolines, oxazolidines, oxazolidinones and imidazolidines. In some

cases the removal of the intramolecular linker is not carried out, meaning that the reaction is not truly

215Abu-Hashem, A. A.; Hussein, H. A.; Aly, A. S.; Gouda, M. A. Synth. Commun. 2014, 44, 2285–2312, Link
216Rajesh, M.; Thirupathi, N.; Jagadeshwar Reddy, T.; Kanojiya, S.; Sridhar Reddy, M. J. Org. Chem. 2015, 80, 12311–

12320
217Cacchi, S.; Fabrizi, G. Chem. Rev. 2005, 105, 2873–2920, Link
218Cacchi, S.; Fabrizi, G.; Goggiamani, A.; Perboni, A.; Sferrazza, A.; Stabile, P. Org. Lett. 2010, 12, 3279–3281, Link
219Chaplin, J. H.; Flynn, B. L. Chem. Commun. 2001, 1594–1595, Link
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a tethering reaction; nevertheless, considering these reactions in the context of tethering strategies

can still be useful.

X T YH
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Scheme 1.20. a) The concept of tethers as applied to the carbo-hetero-functionalisation of unsaturated bonds. b) Selected
examples of tether systems.

Over the years many different tethers have been developed for the intramolecular functionalisation

of unsaturated systems with some selected examples shown in Scheme 1.20. A wide range of

different tethers have been used in combination with propargylic substrates to obtain a diverse set of

different hetero-cycles (e.g. carbonate, carbamate, amide, urea, thiourea). In the majority of cases,

the transformation proceeds by a hydro-heteroatom functionalisation process.220,221 Only a few of

these have also been applied to the dual functionalisation of alkynes and these will be covered in

this thesis. Tethers have been more widely applied to the dual functionalisation of allylic substrates

with some selected examples being included.

We will first focus on the use of CO2 as a tether in relation to the functionalisation of alkynes as

it is the simplest system and it was the first example of a tether. The use of CO2 will be further

explored in chapter 3 for the access of functionalised oxazolidinones. Following this, we will discuss

the other tethers that have been applied to the dual functionalisation of alkyne substrates. Lastly we

will look at some selected examples where other tether systems have been used on allylic substrates

as interest examples and as background for the development of the work carried out in the Waser

group.

1.4.4 The use of CO2 as a tether in palladium catalysed dual functionalisation
reactions

One of the simplest tethering systems is to use CO2 (Scheme 1.21). The use and integration

of CO2 into organic compounds is generally seen as a green form of chemistry.222–225 Cyclic car-

bonates and carbamates can be efficiently and atom-economically prepared from the reaction of

220Zhang, B.; Wang, T. Asian J. Org. Chem. 2018, 7, 1758–1783, Link
221Peshkov, V. A.; Pereshivko, O. P.; Nechaev, A. A.; Peshkov, A. A.; Van der Eycken, E. V. Chem. Soc. Rev. 2018, 47,

3861–3898, Link
222Aresta, M.; Dibenedetto, A.; Angelini, A. Chem. Rev. 2014, 114, 1709–1742, Link
223Yu, B.; He, L.-N. ChemSusChem 2015, 8, 52–62, Link
224Fiorani, G.; Guo, W.; Kleij, A. W. Green Chem. 2015, 17, 1375–1389, Link
225Song, Q.-W.; Zhou, Z.-H.; He, L.-N. Green Chem. 2017, 19, 3707–3728, Link

25

http://dx.doi.org/10.1002/ajoc.201800324
http://dx.doi.org/10.1039/c7cs00065k
http://dx.doi.org/10.1021/cr4002758
http://dx.doi.org/10.1002/cssc.201402837
http://dx.doi.org/10.1039/C4GC01959H
http://dx.doi.org/10.1039/C7GC00199A


1 Introduction

CO2 with propargylic alcohols and propargylic amines. Methods without metal catalysis often re-

quire hash reaction conditions like super base226–229 or supercritical CO2
230,231 with two interesting

cases of organocatalysis using fairly mild conditions with NHCs232 and cyanuric acid.233 A range

of metal catalysed transformations have also been developed which generally offer mild conditions

using; ruthenium,234,235 palladium,236,237 silver,238–240 gold,241,242 zinc,243 and copper.244,245

The majority of the methods that have been developed for the carboxylation of propargylic alcohols

and propargylic amines with CO2 are hydroacyloxylation leading to the formation of a C–O and C–H

bond (Scheme 1.21a). There is a class of carboxylation reactions mediated by iodine which result

in C–O and C–I bonds being formed246,247 (Scheme 1.21b). Of all the methods, it is only by using

palladium catalysis that the formation of a C–C bond with the C–O bond is possible. Here we detail

the few cases of this kind of transformation.

NH
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(w or w/o [cat])

CO2
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R'

H
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R

R'
[M] cat.

[I+], CO2
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I

a) b)
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R'' R''

Scheme 1.21. a) Hydroacyloxylation of propargylic amines. b) Iodoacyloxylation of propargylic amines.

In 1986 Iritani and co-workers reported the carboxy-allylation of propargylic alcohols using 1 at-

mosphere of CO2 (Scheme 1.22a).248 The developed reaction uses propargylic alcohols lithiated

by butyl lithium (I) that then reacts with CO2 to give a lithium carbonate salt (II). Upon activation

of the alkyne by palladium, the carbonate is able to undergo a 5-exo-dig cyclisation to give vinyl

palladium species III (E = allyl). Reductive elimination of palladium leads to C–C bond formation

to give the cyclic carbonate product. The products formed were exclusively the result of an anti-

226Costa, M.; Chiusoli, G. P.; Rizzardi, M. Chem. Commun. 1996, 1699–1700, Link
227Chiusoli, G. et al. J. Chem. Soc., Perkin Trans. 1 1998, 1541–1546, Link
228Ca’, N. D.; Gabriele, B.; Ruffolo, G.; Veltri, L.; Zanetta, T.; Costa, M. Adv. Synth. Catal. 2011, 353, 133–146, Link
229Nicholls, R.; Kaufhold, S.; Nguyen, B. N. Catal. Sci. Technol. 2014, 4, 3458–3462, Link
230Kayaki, Y.; Yamamoto, M.; Suzuki, T.; Ikariya, T. Green Chem. 2006, 8, 1019–1021, Link
231Kayaki, Y.; Yamamoto, M.; Ikariya, T. J. Org. Chem 2007, 72, 647–649, Link
232Kayaki, Y.; Yamamoto, M.; Ikariya, T. Angew. Chem. Int. Ed. 2009, 48, 4194–4197, Link
233Yu, B.; Kim, D.; Kim, S.; Hong, S. H. ChemSusChem 2017, 10, 1080–1084, Link
234Mitsudo, T.-a.; Hori, Y.; Yamakawa, Y.; Watanabe, Y. Tetrahedron Lett. 1987, 28, 4417–4418, Link
235Sasaki, Y.; Dixneuf, P. H. J. Org. Chem. 1987, 52, 4389–4391, Link
236Shi, M.; Shen, Y.-M. J. Org. Chem. 2002, 67, 16–21, Link
237Brunel, P.; Monot, J.; Kefalidis, C. E.; Maron, L.; Martin-Vaca, B.; Bourissou, D. ACS Catal. 2017, 7, 2652–2660, Link
238Yamada, W.; Sugawara, Y.; Cheng, H. M.; Ikeno, T.; Yamada, T. Eur. J. Org. Chem. 2007, 2007, 2604–2607, Link
239Yoshida, S.; Fukui, K.; Kikuchi, S.; Yamada, T. Chem. Lett. 2009, 38, 786–787, Link
240Sekine, K.; Kobayashi, R.; Yamada, T. Chem. Lett. 2015, 44, 1407–1409, Link
241Hase, S.; Kayaki, Y.; Ikariya, T. Organometallics 2013, 32, 5285–5288, Link
242Fujita, K.-i.; Inoue, K.; Sato, J.; Tsuchimoto, T.; Yasuda, H. Tetrahedron 2016, 72, 1205–1212, Link
243Liu, X.; Wang, M.-Y.; Wang, S.-Y.; Wang, Q.; He, L.-N. ChemSusChem 2017, 10, 1210–1216, Link
244Xu, J.; Zhao, J.; Jia, Z.; Zhang, J. Synth. Commun. 2011, 41, 858–863, Link
245Yu, B.; Cheng, B.-B.; Liu, W.-Q.; Li, W.; Wang, S.-S.; Cao, J.; Hu, C.-W. Adv. Synth. Catal. 2016, 358, 90–97, Link
246Ouyang, L.; Tang, X.; He, H.; Qi, C.; Xiong, W.; Ren, Y.; Jiang, H. Adv. Synth. Catal. 2015, 357, 2556–2565, Link
247Sekine, K.; Kobayashi, R.; Yamada, T. Chem. Lett. 2015, 44, 1407–1409, Link
248Iritani, K.; Yanagihara, N.; Utimoto, K. J. Org. Chem. 1986, 51, 5499–5501, Link
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oxypalladation pathway. In the paper the authors note that the use of sodium or potassium as the

carbonate counterion led to dramatically diminished yields. While the reaction gives no product

when terminal alkynes are used, the cyclisation can take place with silyl groups on the terminus

allowing access to the same product after removal of the silyl group. The propargylic position can

either be un-substituted, have a single methyl group with no effect on the reaction, or two methyls

which does cause a 20% yield drop for the reaction. While the reaction does require the use of BuLi

as base, only 1 atmosphere of CO2 is required and can be carried out at room temperature.
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O
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Scheme 1.22. Carboxy-allylation of internal propargylic alcohols.

In 1990 Inoue et al. reported the use of CO2 with propargylic alcohols in the presence of a

palladium catalyst and aryl iodides (Scheme 1.23a).249 While the overall mechanism is roughly

the same, the reaction does display some differences. Sodium is now the preferred metal for the

carbonate cyclisation. This procedure requires propargylic alcohols with terminal alkynes and gem-

dimethyl substitution at the propargylic position, limiting its utility. Another draw back is that the

reaction needs to be heated to 100 ◦C with 10 atmospheres of CO2 in an autoclave.

More recently Sun and co-workers refined the arylation procedure to be a lot more mild and ver-

satile (Scheme 1.23 b).250 While the reaction does require an excess of LiOtBu, it is run at a lower

temperature and using CO2 at atmospheric pressure. Interestingly, the reaction is not so sensit-

ive to the nature of the counter ion, with NaOtBu and K2CO3 both perform working in the reaction

with only a 10% and 25% loss in yield respectively under the same conditions. The substitution of

the alkyne was limited to aromatic and hetroaromatic groups, but the substitution at the propargylic

position was tolerant to a much broader scope of modification with either no substituents, dimetyl,

methyl-isopropyl, cyclic or methyl-phenyl among those used. The reaction using the terminal pro-

pargylic alcohol still led to the same tetrasubstituted alkene, likely via an initial palladium catalysed

249Inoue, Y.; Itoh, Y.; Yen, I.; Imaizumi, S. J. Mol. Cat. 1990, 60, L1–L3, Link
250Sun, S.; Wang, B.; Gu, N.; Yu, J.-T.; Cheng, J. Org. Lett. 2017, 19, 1088–1091, Link
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Sonogashira coupling of the terminal alkyne with the aryl iodide251 before undergoing the cyclisation

reaction.

a)

b)
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Ar

O
O

O

Hal Ar
(10 atm)

Ar'HO

R'
R''

CO2

(1 atm)
+ +

R', R'' = H , Alk or Ph

Ar'

Ar

O
O

O

R'' R'

Hal Ar

Me Me

Pd2(MeCN)2

100 °C

Pd2(dba)3

LiOtBu (3 equiv.)

60 °C, DMF

Scheme 1.23. Carboxy-arylation of propargylic alcohols.

Two product modifications have been demonstrated in the mentioned reports to obtain the α-

hydroxy ketone (Scheme 1.24a)248 and carbamate protected α-hydroxy ketone (Scheme 1.24b).250

Other transformations have been performed on the same or similar cyclic carbonates252 such as

rearrangements253,254 and palladium catalysed coupling reactions.255
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Scheme 1.24. Product modification of the cyclic carbonate product to give; a) α-hydroxy ketones248 and b) carbamate
protected α-hydroxy ketones.250

In 2016, the carboxylative cyclisation-dual functionalisation reaction was developed starting from

propargylic amines (Scheme 1.25a).256 The reaction still uses an excess of strong NaOtBu base

but is carried out at only 40 ◦C and 1 atmosphere of CO2. While only one entry with a single

methyl group at the propargylic position was tested, propargylic amines with alkynes bearing alkyl

groups of various steric bulk, phenyl or a terminal alkyne were all well tolerated. For the reaction,

benzyl was the best performing protecting group for the amine, with alkyl and allyl groups still giving

good yields. The reaction also runs well with unprotected propargylamines. The reaction seems

to work best with phenyl iodide or with aryl iodides bearing electron withdrawing substituents. The

use of p-iodoanisole, with its electron donating group, resulted in a significant drop in yield. An

251Gazvoda, M.; Virant, M.; Pinter, B.; Košmrlj, J. Nat. Commun. 2018, 9, 4814, Link
252Guo, W.; Gómez, J. E.; Cristófol, Á.; Xie, J.; Kleij, A. W. Angew. Chem. Int. Ed. 2018, 57, 13735–13747, Link
253Komatsuki, K.; Sadamitsu, Y.; Sekine, K.; Saito, K.; Yamada, T. Angew. Chem. Int. Ed. 2017, 56, 11594–11598, Link
254Shen, G.; Zhou, W.-J.; Zhang, X.-B.; Cao, G.-M.; Zhang, Z.; Ye, J.-H.; Liao, L.-L.; Li, J.; Yu, D.-G. Chem. Commun.

2018, 54, 5610–5613, Link
255Toullec, P.; Martin, A. C.; Gio-Batta, M.; Bruneau, C.; Dixneuf, P. H. Tetrahedron Lett. 2000, 41, 5527–5531, Link
256Garcìa-Domìnguez, P.; Fehr, L.; Rusconi, G.; Nevado, C. Chem. Sci. 2016, 7, 3914–3918, Link
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interesting variation was also made with the reaction when using propargylic amines with terminal

alkynes. By adding a copper catalyst and replacing the base with DABCO, a Sonogashira coupling

could be effected at the terminus of the alkyne followed by the carboxylative cyclisation-arylation

(Scheme 1.25 b). In the supporting information, they report the use of different bi-dentate ligands.

Just changing from dppf to dcypf causes a complete shutdown of the Sonogashira reaction, which

then results in an inhibition of the cyclisation reaction.

PdCl2(dppf)
a)

RH
N

R'
R' = H or Me R = Alkyl, Ph or H

+ CO2 + R

Ar

O
N

O

I Ar

R'(1 atm)
R'' R''

R'' = Bn, Alk (or H)
NaOtBu

PdCl2(dppf)H
N + CO2 + Ar

Ar

O
N

O

I Ar
(1 atm)Bn

BnCuI, DABCO

(3 equiv.)

b)

14a

Scheme 1.25. Carboxyarylation with: a) internal alkynes; b) terminal alkynes, with concomitant Sonogashira coupling.

While there are limited examples of the further transformation of these cyclic carbamates, it is

possible to hydrolyse the carbamate to the α-amino ketone257 or migrate the exocyclic double bond

to a cyclic alkene.258,259

To demonstrate that these reactions take place via a reductive elimination process to form the

C–C bond to the electrophilic partner, several publications also reported control reactions for the

process (Scheme 1.26).250,256,260 The control reaction consists of taking the hydro-carboxylation

product and subjecting it to the reaction conditions developed in the respective reports. In each

case, there was no coupling of the alkene to the electrophile.

R

E

O
X

O

R'' R'

Pd cat., Base
X E

R

H

O
X

O

R'' R'
+

Scheme 1.26. Control reaction used to confirm a reductive elimination pathways from a vinylpalladium species

Palladium has also been used to catalyse the regioselective carboxy-arylation of allenyl amines

with CO2 and organic halides to access substituted 5-vinyloxazolidin-2-ones.261 Recently in 2019,

Zhou et al. reported a reaction using propargylic amides in a carboxylative cyclisation-arylation

reaction to form oxazolidinediones (Scheme 1.27).260 The target was attractive due to its occurrence

in pharmaceutical, herbicidal and material chemistry. In this case they found that the presence of a

catalytic amount of copper was vital for the success of the reaction. The electron deficient nature of

257Shimizu, M.; Yoshioka, H. J. Chem. Soc., Chem. Commun. 1987, 689–690, Link
258Hu, J.; Ma, J.; Zhang, Z.; Zhu, Q.; Zhou, H.; Lu, W.; Han, B. Green Chem. 2015, 17, 1219–1225, Link
259Fujii, A.; Matsuo, H.; Choi, J.-C.; Fujitani, T.; Fujita, K.-i. Tetrahedron 2018, 74, 2914–2920, Link
260Zhou, C.; Dong, Y.; Yu, J.-T.; Sun, S.; Cheng, J. Chem. Commun. 2019, Link
261Li, S.; Ye, J.; Yuan, W.; Ma, S. Tetrahedron 2013, 69, 10450–10456, Link
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the alkyne, with an amide group and aryl ring on either end, makes it electrophilic enough that under

conditions with CO2 and base it readily cyclised to the hydroacyloxylation product. The presence

of copper is able to suppresses this cyclisation pathway; suggested to be due to the chelation of

copper to the amide and carbamate group to prevent it from undergoing uncatalysed cyclisation.262∗

PdCl2(PPh3), CuI
Ar'H

N

O

+ CO2 + Ar'

Ar

O
N

O

I Ar

O(1 atm)
Bn Bn

K2CO3
Ar'

H

O
N

O

O

Bn

Uncatalysed
cyclisation product

Scheme 1.27. Carboxylative cyclisation-arylation of propargylic amides

1.4.5 The use of other tethers in palladium catalysed dual functionalisation
reactions

In 1997, Balme and co-workers263 and Arcadi264 simultaneously developed the cyclisation of to-

sylcarbamate functionalised propargyl alcohols with the concerted formation of a new C–C bond

(Scheme 1.28). Interestingly, perhaps because they were starting from different model substrates

(Balme used simple prop-2-yn-1-yl tosylcarbamate, with no propargylic substitution while Arcadi

used 1-ethynylcyclohexyl tosylcarbamate) two different sets of conditions were developed that per-

formed similarly on similar substrates. Two key differences are that the conditions of Balme required

the use of a tetra-alkyl ammonium chloride salt for all reactions (due to an unclear benefit) and

the reactions were carried out at room temperature (elevated temperatures were needed with pro-

pargylic substituents or internal alkynes). Arcadi used higher temperatures and only used tetrabutyl

ammonium chloride when vinyl triflates were used in the reaction. Using quaternary ammonium

salts has been previously shown to be beneficial when using vinyl triflates. The suggested role is

that the chloride ions undergo ligand exchange with the RPd–OTf complex to give RPd–Cl which

in turn may stabilise the reactive species.265–267268† Arcadi also showed that when the reaction was

carried out with NEt3 or Na2CO3 as the reaction base,it would result in a significant formation of the

hydroamidation product, highlighting the importance of the counterion effect. While neither publica-

tion demonstrated any product modifications, similar compounds have undergone hydrogenation269

and fluorination.270

262Chen, G.; Fu, C.; Ma, S. Org. Biomol. Chem. 2011, 9, 105–110, Link
263Bouyssi, D.; Cavicchioli, M.; Balme, G. Synlett 1997, 944–946, Link
264Arcadi, A. Synlett 1997, 941–944, Link
265Bouyssi, D.; Balme, G.; Fournet, G.; Monteiro, N.; Gore, J. Tetrahedron Lett. 1991, 32, 1641–1644, Link
266Arcadi, A.; Bernocchi, E.; Cacchi, S.; Marinelli, F. Tetrahedron 1991, 47, 1525–1540, Link
267Scott, W. J.; Stille, J. J. Am. Chem. Soc. 1986, 108, 3033–3040, Link
268Jeffery, T. Tetrahedron 1996, 52, 10113–10130, Link
269Jo, K. A.; Maheswara, M.; Yoon, E.; Lee, Y. Y.; Yun, H.; Kang, E. J. J. Org. Chem. 2012, 77, 2924–2928, Link
270Arcadi, A.; Chiarini, M.; Del Vecchio, L.; Marinelli, F. J. Fluorine Chem. 2018, 211, 1–13, Link

∗Propargylic amides with alkyl substituents do not cyclise under basic conditions alone262

†quaternary ammonium salts can also be functioning by increasing the solubility of an insoluble base.268
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Scheme 1.28. Palladium catalysed carboamidation of propargylic alcohols using p-tosyl isocyanate as the tether source

A synthesis of oxazolines has been developed that use the carbonyl of an amide protected pro-

pargylic amine as the nucleophilic component of the cyclisation onto the alkyne catalysed by palla-

dium (Scheme 1.29).271 The amides are prepared by the treatment of propargylic amine with acetic

anhydride or acid chloride in a separate step. With the involvement of the nitrogen lone pair, the oxy-

gen of the carbonyl cyclises onto the palladium activated alkyne of the substrate. Carbon monoxide

(CO) inserts into the vinyl–Pd species, for the palladium to then be eliminated by methanol giving

an α,β-unsaturated ester. This protocol is a rare example of the use of heterogeneous palladium

catalysis in this type of transformation. It is also the only work that has indicated the production of

the syn-addition isomer of the double bond as a byproduct.

HN

R'

O
N

R'

R

R'' R''

R
O Pd/C

air (6 atm), CO (24 atm)

OMe
MeOH

R = Me, Ar or vinylR', R'' = H, Me
O

Scheme 1.29. Oxy-carbonylation of propargylamines to give α,β-unsaturated ester systems.

1.4.6 Examples of tether systems with allylic substrates

Many tether systems have been applied to palladium catalysed dual-functionalisation of alkenes.

Here, we will describe two interesting systems that have so far not been applied to alkynes.

The sulfamide based tether was introduced by Stahl and coworkers as a means to access 1,2-

diamines from allylic amines (Scheme 1.30).272 The sulfamide tethers were used in a oxidative

intramolecular aza-Wacker cyclisation to generate cyclic sulfamides. The nitrogen introduced via

the tether can bear a variety of alkyl, phenyl and benzylic groups while the allylic amine can have

substituents at the allylic position and on the alkene bond with high yields and, where applicable,

high diastereoselectivity. The limitation of the sulfamide tether is the need for aggressive reductive

conditions to cleave the tether and reveal the diamine.

The same sulfamide tether system was later applied to an aminoarylation of allylic amines by

the Wolfe group (Scheme 1.31a)273 following on from the work using urea as a tether.274,275 The

271Bacchi, A.; Costa, M.; Gabriele, B.; Pelizzi, G.; Salerno, G. J. Org. Chem. 2002, 67, 4450–4457, Link
272McDonald, R. I.; Stahl, S. S. Angew. Chem. Int. Ed. 2010, 49, 5529–5532, Link
273Fornwald, R. M.; Fritz, J. A.; Wolfe, J. P. Chem. Eur. J. 2014, 20, 8782–8790, Link
274Fritz, J. A.; Nakhla, J. S.; Wolfe, J. P. Org. Lett. 2006, 8, 2531–2534, Link
275Fritz, J. A.; Wolfe, J. P. Tetrahedron 2008, 64, 6838–6852, Link
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Scheme 1.30. Palladium-catalysed aerobic oxidative cyclisation with sulfamide tether.

N-allyl sulfamide, in combination with aryl triflates, LiOtBu and using RuPhos as the ligand for pal-

ladium, could afford the cyclic sulfamides in high yields. Through the use of deuterium labelling

experiments, under conditions optimised for the use of aryl bromides, the reaction mechanism was

shown to proceed through syn-aminopalladation of the alkene (15 to syn-16) with high selectivity

(Scheme 1.31b). However, with a change of solvent and ligand, this selectivity could be completely

reversed to favour an anti-aminopalladation pathway (15 to anti-16).
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Scheme 1.31. a) Palladium catalysed carboamination of allylic amines; b) deuterium labelling experiment to explore syn-
vs. anti-aminopalladation.

Use of the sulfamide tether was further developed into an asymmetric transformation using (S)-

SiPhos-PE (17) as ligand (Scheme 1.32).276 With the change in ligand, aryl bromides are now

preferred giving an ee of up to 88%. For any enantioselectivity to be observed, allyl amines with tert-

butyl as protecting group are necessary, as benzyl and phenyl groups led to no product formation.

Unfortunately, the reactions require higher temperatures and the allyl amine cannot be substituted.

The tert-butyl can be removed with TFA in hexane at room temperature. New conditions were used

to cleave the sulfamide, but the conditions are still very aggressive requiring HBr in phenol at 130
◦C.

The use of acetals, hemiaminals and aminals are of interest even though in the early instances of

their use they didn’t necessarily demonstrate the "optimal" tether qualities, as additional steps were

required for installation and removal. Over time, they eventually developed more of the desirable

qualities needed for an efficient tether.

An early example using a hemiaminal tether in palladium catalysis is the oxidative cyclisation

of an allylic amine functionalised with a methyl ester containing hemiaminal (Scheme 1.33). The

276Garlets, Z. J.; Parenti, K. R.; Wolfe, J. P. Chem. Eur. J. 2016, 22, 5919–5922, Link
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Scheme 1.32. Asymmetric palladium catalysed carboamination of allylic amines using the sulfamide tether.

palladium catalysed cyclisation first used copper acetate,277 and later molecular oxygen without a

co-catalyst,278 as re-oxidant to give the oxazoline product. The draw back for this strategy to access

1,2-amino alcohols, is that the removal of the tether requires multiple steps including basic, acidic

and anodic conditions.

N
O

R

H
N

OH1) LiOH, MeOH
2) electrolysis

3) hydrolysis

OHMeO
Pd(OAc)2 (2-10 mol%)

Cu(OAc)2 or O2

DMSO, 70 °C4Å MS, DCM
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Boc

H
N

Me

O OMe

Boc
N

Me

OHR

Boc
Boc

R = CO2Me

Scheme 1.33. Example of a hemiaminal based tether to access 1,2-amino alcohols from allylic amines.

Similarly, 1,2-diamines could be accessed from aminal functionalised allylic amines by a palladium

catalysed oxidative cyclisation using molecular oxygen to give cyclic aminals (Scheme 1.34).279 This

strategy requires two or three steps to install the aminal tether and multiple steps for its removal,

including electrolysis. In addition to aminal cleavage; with careful selection of the R groups on the

nitrogen installed by the aminal, it was possible to selectively de-protect the Boc group from the

cyclic aminal.

NHBoc

1) (CH2O)n
2) H2NCHO, H+ cat.

or

1) (CH2O)n
2) Ac2O
3) RNH2

NBoc

NH
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O2, DMSO, 70 °C

NNBoc

R

R 1) LiOH, MeOH
2) electrolysis

3) Ac2O, H2O

HNNHBoc Ac

R = CHO

Scheme 1.34. Example of an aminal based tether to access 1,2-diamines from allylic amines.

Stahl and coworkers demonstrated the use of hemiaminal functionalised allylic alcohols engaged

in the palladium catalysed intramolecular aza-Wacker cyclisation with molecular oxygen as the re-

action oxidant to obtain hemiaminal ether (Scheme 1.35).280 The reaction was tolerant to a range

of functional groups and the diastereoselectivity was generally very good. The tether does require

a two step synthesis to obtain, but it is simple to install and more importantly, it could be removed

277Van Benthem, R. A.; Hiemstra, H.; Speckamp, W. N. J. Org. Chem. 1992, 57, 6083–6085, Link
278Van Benthem, R. A. T. M.; Hiemstra, H.; Michels, J. J.; Speckamp, W. N. J. Chem. Soc., Chem. Commun. 1994,

357–359, Link
279Van Benthem, R. A. T. M.; Hiemstra, H.; Longarela, G. R. g.; Speckamp, W. N. Tetrahedron Lett. 1994, 35, 9281–9284,

Link
280Weinstein, A. B.; Schuman, D. P.; Tan, Z. X.; Stahl, S. S. Angew. Chem. Int. Ed. 2013, 52, 11867–11870, Link
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in a single step by acid hydrolysis to obtain the desired 1,2-amino alcohol. Aminal tethers have also

been used in other cases such as an enantioselective organocatalytic aza-Michael reaction.281

Pd(TFA)2 (5 mol%)
NaOBz (20 mol%)

3Å MS,O2, 60 °C

Me Me

O
NH

O
N HO HNN

H
AcOHO

Cbz

Me Me

Cbz
Cbz

Py⋅pTsOH

Cbz
HCl, EtOH

Me Me

Scheme 1.35. Example of an aminal based tether to access 1,2-amino alcohols from allylic amines using mild conditions
to install and remove tether.

1.4.7 In situ use tethers

Other than the use of CO2, the tethers that have been seen so far all share a common limitation

in their use, they all require an additional step prior to their use in the intramolecular palladium cata-

lysed reaction. Only two examples have been found in the literature describing the in situ tethering

of a nucleophile that is subsequently used in a palladium catalysed dual functionalisation.

The N-tosyl group in the form of a N-tosyl urea and carbamate have been used in a palladium

catalysed cyclisation (Scheme 1.36).282 The urea and carbamates are formed by the reaction of

propargylic alcohol or amine with p-tosyl isocyanate. It was demonstrated that the isocyanate addi-

tion to propargylic alcohols and the palladium cyclisation reaction can be done in a one pot process.

However, it should be noted that this reaction does fall somewhat outside the scope of this thesis as

the reaction mechanism does not involve and oxidative addition or reductive elimination steps. In-

stead, palladium remains in its +2 oxidation state, activating the alkyne to cyclisation by the nitrogen

nucleophile. The vinyl palladium species is then trapped by a Michael acceptor and the resulting

palladium enolate is protonated to release palladium, still in the +2 oxidation state.

R', R'' = H, Alk or Ph R, R'''= H or me
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Scheme 1.36. Intramolecular aminopalladation of alkynes and conjugate addition of a Michael acceptor.

The next example using alkene tethers is also only partially relevant, as the ’tether’ in this case

cannot be removed from the final product. This reaction is still interesting as it demonstrates the

in situ installation of the nucleophile that intramolecularly cyclises onto a propargylic alkyne in a

dual functionalisation. Several papers from the Balme group have demonstrated the use of elec-

tron deficient Michael acceptor alkenes in a three component reaction, and aryl iodides with either

281Fustero, S.; Jiménez, D.; Moscardó, J.; Catalán, S.; del Pozo, C. Org. Lett. 2007, 9, 5283–5286, Link
282Lei, A.; Lu, X. Org. Lett. 2000, 2, 2699–2702, Link

34

http://dx.doi.org/10.1021/ol702447y
http://dx.doi.org/10.1021/ol006266s


1.4 Palladium catalysis

propargylic alcohols283,284 or amines.285 A series of substituted tetrahydrofurans could be formed,

some of these could be further transformed to di- and tri- substituted furans after a decarboxylation

process. Later the same concept was applied for the synthesis of pyrrolidines. In all the transforma-

tions, the terminal alkyne was required for the reaction to proceed and with the propargylic alcohols,

some propargylic substituents were tolerated.
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b)

HO

R'

R', R'' = H, Alk or Ar R = H, Alk or Ar

+ +

Ar

OI Ar

R'

nBuLi
CO2Et

CO2Et

R

CO2Et
CO2EtR

R''
R''

Ar

O

R'

CO2Et

Ar

O

R'

CO2Et
CO2EtEtO

PdCl2(PPh3)Cl2 (+ nBuLi)

R'HN

R = H, Alk or Ar

+ +

Ar

R'NI Ar NaH
CO2Et

CO2Et

R

CO2Et
CO2EtR

Scheme 1.37. The use of highly electron withdrawing alkenes as an in situ installed ’tethered’ nucleophile.

Menche and coworkers demonstrated the use of aldehydes as an in situ installed tether for the

intramolecular Tsuji-Trost reaction using the tethered oxygen as a nucleophile (Scheme 1.38a).286

While this reaction is not an olefin functionalisation, it is still of interest in regards to in situ tether

installation. The alcohol of the homoallylic amine first forms a hemiacetal with the acetaldehyde and

palladium forms a π-allyl species with the elimination of the Boc carbonate group. The closure of the

hemiacetal onto the Pd π-allyl and the subsequent protonolysis of the vinyl-palladium species results

in a cyclic 6-membered ring acetal. These acetals can be opened to the 1,3-diol with acid hydro-

lysis.287 The delivery of the nucleophile intramolecularly overrides the typical selectivity that would

be obtained in a intermolecular Tsuji-Trost reaction.288 A similar intramolecular Tsuji-Trost trans-

formation subsequently was achieved using aldimines to obtain cyclic aminals (Scheme 1.38b).289

These aminals were also deprotected, this time to 1,3-amino alcohols, however more aggressive

conditions, magnesium in refluxing methanol, were needed to achieve the aminal cleavage.

283Bottex, M.; Cavicchioli, M.; Hartmann, B.; Monteiro, N.; Balme, G. J. Org. Chem. 2001, 66, 175–179, Link
284Garçon, S.; Vassiliou, S.; Cavicchioli, M.; Hartmann, B.; Monteiro, N.; Balme, G. J. Org. Chem. 2001, 66, 4069–4073,

Link
285Azoulay, S.; Monteiro, N.; Balme, G. Tetrahedron Lett. 2002, 43, 9311–9314, Link
286Wang, L.; Menche, D. Angew. Chem. Int. Ed. 2012, 51, 9425–9427, Link
287Evans, P. A.; Grisin, A.; Lawler, M. J. J. Am. Chem. Soc. 2012, 134, 2856–2859, Link
288Butt, N. A.; Zhang, W. Chem. Soc. Rev. 2015, 44, 7929–7967, Link
289Tang, B.; Wang, L.; Menche, D. Synlett 2013, 24, 625–629, Link
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Scheme 1.38. Intramolecular Tsuji-Trost reaction using a) aldehydes or b) aldimines for in situ tether formation for directed
nucleophile attack

The last example, from the group of Beauchemin and coworkers who developed an organocatalyic

tether system for the non-metal catalysed hydroamination of allylic amines (Scheme 1.39).290 While

this transformation does not involve palladium catalysis, it is being included as it was a major inspir-

ation for our group in the development of new, efficient tethering strategies based on hemiaminals

and aminals. Unlike the previous examples, the tether is not incorporated into the final 1,2-diamine

structure. The aldehyde catalyst first condenses with the hydroxylamine to form nitrone I which

subsequently forms mixed aminal II with the allylic amine; and through a Cope-type hydroamination

of the alkene, the imidazole III is formed. Ring opening of III to IV and removal of the catalyst

tether by an incoming hydroxylamine regenerates I and gives the 1,2-diamine product. A variety of

benzyl and alkyl groups could be substituted onto either of the nitrogens in the reaction. They also

showed that by using an aldehyde with a chiral centre at the αposition, enantioselectivity could be

introduced into the resulting product with with an ee of up to 87%. Later work went into mechanistic

studies,291 increase the enantioselectivity by developing an improved catalyst292 and use formal-

dehyde instead of an aldehyde in order to explore a highly diastereoselective hydroamination using

chiral hydroxylamines.293

290MacDonald, M. J.; Schipper, D. J.; Ng, P. J.; Moran, J.; Beauchemin, A. M. J. Am. Chem. Soc. 2011, 133, 20100–20103,

Link
291Guimond, N.; MacDonald, M. J.; Lemieux, V.; Beauchemin, A. M. J. Am. Chem. Soc. 2012, 134, 16571–16577, Link
292MacDonald, M. J.; Hesp, C. R.; Schipper, D. J.; Pesant, M.; Beauchemin, A. M. Chem. Eur. J. 2013, 19, 2597–2601,

Link
293Hesp, C. R.; MacDonald, M. J.; Zahedi, M. M.; Bilodeau, D. A.; Zhao, S.-B.; Pesant, M.; Beauchemin, A. M. Org. Lett.

2015, 17, 5136–5139, Link
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1.5 Work from the Waser group on tethered intramolecular dual

functionalisation

The topic of palladium catalysed intramolecular dual functionalisations of unsaturated C––C bonds

has been a topic of interest in the Waser group from the beginning. In 2010, the oxy-alkynylation of

alkenes was achieved using phenolic and carboxylate oxygens in combination with triisopropylsilyl

ethynyl benziodoxolone (TIPS-EBX) (another topic of interest in the group294,295) as a highly ox-

idising electrophilic alkyne reagent, to access a range of dihydrobenzofurans and dihydrofuran-

ones by PdII/PdIV catalysis (Scheme 1.40a).296 This was followed up with a procedure for amino-

alkynylation using N-tosyl protected amides to synthesise 5 and 6-membered ring lactams. At the

same time, carbamates and ureas tether systems were used to access cyclic carbamates and ureas

(Scheme 1.40b).297 In both of the reported procedures, the presence of base was not required for

the reaction to work, relying on the acidity of the phenolic, carboxylic and amide proton and the

electrophilicity of the PdII species.

294Brand, J. P.; Waser, J. Chem. Soc. Rev. 2012, 41, 4165–4179, Link
295González, D. F.; Nicolai, S.; Le Vaillant, F.; Waser, J. In Encyclopedia of Reagents for Organic Synthesis; John Wiley &

Sons, Ltd: 2019, pp 1–14, Link
296Nicolai, S.; Erard, S.; González, D. F.; Waser, J. Org. Lett. 2010, 12, 384–387, Link
297Nicolai, S.; Piemontesi, C.; Waser, J. Angew. Chem. Int. Ed. 2011, 50, 4680–4683, Link
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The use of an alkyne as a partner in the dual-functionalisation of an alkene is advantageous as it

offers an additional handle with which to be able to further functionalise the product. Functionalisa-

tions such as hydration to carbonyls, hydrogenation, Sonogashira, cycloaddition and metathesis are

but a few of the available options.298,299

The use of less nucleophilic species; phenols, carboxylic acids, amides, carbamates and ureas in

Scheme 1.40 required the use of an electron-poor Pd(II) catalyst and the highly oxidising TIPS-EBX

reagent. When applied to alcohols these conditions failed to give any cyclisation product, resulting

in only alcohol silylation and alkyne-alkyne coupling. Moving from a PdII/PdIV catalytic system to

Pd0/PdII overcame these issues, to perform alkene dual-functionalisation.

Tetrahydrofurans and pyrrolidines were synthesised from penteneamine and pentenol substrates

with boromoalkynes as electrophiles (Scheme 1.41a) carrying TIPS300 or alkyl groups.301 This work

built upon previous reports from Wolfe186,188 and others.192–196 An interesting result from this work

was when using of substrates containing cyclic internal alkenes (Scheme 1.41b), where the amina-

tion resulted in a fused bicyclic ring system with the alkyne located vicinal to the installed heteroatom.

All the bonds around the original cyclopetene are set in an all cis- relation to each other with high

diastereoselectivity. This all syn- arrangement clearly shows that the oxy- and aminopalladation of

the alkene takes place in a syn- fashion.300

298Chinchilla, R.; Najera, C. Chem. Rev. 2014, 114, 1783–1826, Link
299Trost, B. M., Li, C.-J., Eds.; John Wiley & Sons: 2015, Link
300Nicolai, S.; Waser, J. Org. Lett. 2011, 13, 6324–6327, Link
301Nicolai, S.; Sedigh-Zadeh, R.; Waser, J. J. Org. Chem. 2013, 78, 3783–3801, Link
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As mentioned before in subsection 1.4.3 the ideal tether should be easy to install, preferably

without any additional steps and be easy to remove once it has served its purpose. Taking inspira-

tion from the work of Bauchemin,290 and Menche286 and the precedence of the work from Stahl280

and Speckamp;278 in 2015, our group published the first example of the use of a tether derived

from trifluoroacetaldehyde (18) for the carboetherification of allylic amines (Scheme 1.42).302 Unlike

the majority of the previously published tethers, the hemiacetal tether 18 is installed onto the allylic

amine substrate in situ, reducing the need for additional synthetic steps. The reaction can take place

using mild conditions in combination with either bromoalkynes, aryl bromides or vinyl bromides as

the electrophilic coupling partner. The trifluoroacetaldehyde ethyl hemiacetal has the additional be-

nefit that it is both commercially available and inexpensive. The reaction has a high tolerance for

substrate variation with a range of nitrogen protecting groups. Benzyl groups with electron donat-

ing and withdrawing substituents were successful as well as more sensitive functional groups such

as p-bromo (19a ), which gives an additional handle for further functionalisation. N-methyl and N-

diallylamine were also able to participate in the reaction. Substrates with substitution at the allylic

position was shown to work well with alkyl groups (e.g. 19b) which gave good yields and d.r.. Aro-

matic groups still gave good yields, but lower d.r. was observed in these cases. While substituents

installed at the internal position of the double bond could be used in the reaction to give the desired

product with good to very good yields and with complete diastereoselectivity (e.g. 19c), substitution

of the terminal position of the alkene led to no product formation. For these classes of substrate

with substituents at different positions, different ligands were found to be optimal in each case with

either DPEPhos, XantPhos or P(2–furyl)3 being the optimal ligands. Different electron withdrawing

bromoalkyne electrophiles and aryl bromides as well as trifluoromethyl-vinyl bromide all could be

used with good to excellent yields (e.g. 19d).

The trifluoromethyl hemiaminal group in the oxazoline product can act as a protecting group for

further transformations to be performed on the substrate. Removal of the para-methoxy benzyl

group using DDQ, opens access to secondary amine 20 (Scheme 1.43a) and the TIPS group of the

alkyne can be de-protected using TBAF (21) (Scheme 1.43b) allowing for further reactions with a

terminal alkyne. The cyclic hemiaminal can then be opened with DIBAL-H to give 1,2-amino alcohol

22 with a tertiary amine (Scheme 1.43c) or it can be completely removed by acid hydrolysis with

302Orcel, U.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 5250–5254, Link
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p-tosylsulfonic acid to reveal the 1,2-amino alcohol (23) with a secondary amine (Scheme 1.43d).
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Scheme 1.43. Product modifications of oxazoline containing CF3-acetal tether.

The reaction was further developed into a transformation for the carboamination of allylic amines

to be able to access 1,2-diamines (Scheme 1.44).303 This entailed the development of a new tether

system based on the previous trifluoroacetaldehyde derived tether (18). These tethers can be eas-

ily prepared in two steps from the commercially available trifluoroacetaldehyde ethyl hemiacetal.

Carbamate groups with a t-butyl (24a ) or methyl (24b ) substituent proved to be the optimal pro-

tecting groups of the tether bound nitrogen for the transformation. The synthesis of the tethers is a

simple condensation of t-butyl or methyl carbamate with trifluoroacetaldehyde ethyl hemiacetal (18)

followed by acylation of the resulting alcohol (Scheme 1.44a).

As with the previous reaction with the oxygen nucleophile, the tether can be introduced into the

reaction without an additional pre-installation step. The formed aminal intermediate undergoes cyc-

lisation of the carbamate nitrogen onto the alkene by syn-aminopalladation, followed by the reductive

elimination of the palladium species, installing either an alkyne or aromatic group onto the terminal

end of the functionalised C––C bond. (Scheme 1.44b) The same allylic nitrogen protecting groups

as before worked well in the reaction giving their respective products with excellent yield (e.g. 25a).

Primary allyl amine and N-allyl aniline also furnished their expected products with good yields. Sub-

303Orcel, U.; Waser, J. Angew. Chem. Int. Ed. 2016, 55, 12881–12885, Link
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stitution at the internal position of the alkene (e.g. 25c) and at the allylic position was well tolerated

giving moderate to excellent diastereoselectivity including several examples of cyclic amines (e.g.

25b). A variety of electron deficient aryl bromides worked well in the reaction with one particularly

notable example of 3,4-dibromobenzaldehyde (25d) giving 94% yield. Interestingly the use of aryl

bromides required the addition of caesium triflate to obtain high yields. The benefit of triflates had

already been observed in previous reports of aminoarylations.304
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Scheme 1.44. a) Preparation of nitrogen containing tether. b) Tethered carbo-amination of allylic amines with in situ
installed tethers, with example products.

The versatility of the tether is that two orthogonally protected nitrogens are present in the im-

idazolidine product (25e ). DDQ is able to oxidatively cleave the p-methoxybenzene used as the

protecting group of the allylic amine to give 26 (Scheme 1.45a), while the carbamate can be re-

moved by heating under microwave irradiation (27) (Scheme 1.45b). Acid hydrolysis, using HCl or

TFA with methanol, results in the complete removal of the aminal as well as the carbamate protect-

ing group (28) (Scheme 1.45c). The deprotection of the alkyne is again achieved using TBAF to

remove the silyl group while maintaining the cyclic aminal tether (29) (Scheme 1.45c).

Even taking into account the steps required to obtain the tether, its use in combination with mild

reaction conditions and broad substrate and electrophile tolerance and then its ability to act as

a protecting group and also be easily removed makes it an attractive and powerful option when

carrying out a synthetic strategy.

The carboamination of allylic alcohols was the next focus for the application of the CF3 tether

(Scheme 1.46)305 to give access to 1,2-amino alcohols with the inverse regiochemistry of the earlier

carboetherification reaction.302 The aminoalkynylation of allylic alcohols was immediately success-

ful under the same reaction conditions as with the allylic amines. However, the use of aryl halides,

even in the presence of various triflate salts gave poor outcomes due to a competitive Heck reaction

304Peterson, L. J.; Wolfe, J. P. Adv. Synth. Catal. 2015, 357, 2339–2344, Link
305Muriel, B.; Orcel, U.; Waser, J. Org. Lett. 2017, 19, 3548–3551, Link
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Scheme 1.45. Product modifications of imidazolidine containing CF3-acetal tether.

taking place with the C––C bond. Bidentate ligands, which had previously been demonstrated to fa-

vour reductive elimination over β-hydride elimination,186,188,191 gave poor reactivity and selectivity.

Moving to Buchwald type ligands that had shown to be competent in cases where poorly nucleo-

philic nitrogen nucleophiles were being used304,306 gave promising results. Dicyclohexylphosphine

containing XPhos, RuPhos and DavePhos gave good selectivity for the cyclisation product but with

low yield while Ph-DavePhos gave good reactivity albeit with a poor selectivity. Eventually, a ligand

with the XPhos backbone and a di-2-furyl phosphine was developed which gave full conversion and

decent selectivity. Excellent yields and selectivity were obtained with the new Fu-XPhos in com-

bination with cesium triflate. With the optimised conditions, a broad range of electron deficient aryl

and heteroaromatic bromides were used successfully. The use of electron neutral phenyl bromide

led to a poor yield of 38%. In this case, it was found that the use of the isolated preformed tether

complex gave appreciably better reaction outcomes although its in situ use was still possible. Again,

the tether was still easily removable by acid hydrolysis to reveal the masked 1,2-amino alcohol.
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Scheme 1.46. Tethered carbo-amination of allylic alcohols with in situ installed tethers

306Fornwald, R. M.; Fritz, J. A.; Wolfe, J. P. Chem. Eur. J. 2014, 20, 8782–8790, Link
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2 Palladium catalysed carboetherification with
CF3 acetal tethers

In this chapter I will present the work carried out towards the development of the palladium cata-

lysed oxyalkynylation and later the oxyarylation of propargylic amines using the CF3 acetaldehyde

derived tether.307 The first section will be a brief overview of the synthesis of the main starting

materials for the project. The main portion of this chapter will detail the optimisation and scope of

the alkynylation and arylation of different substrate systems. The penultimate sections (2.11 and

2.12) will show the possible product modifications as well as the unsuccessful attempts at further

transformations, and present the mechanistic discussions on the transformations that have been

developed.

2.1 Synthesis of starting materials

For the work carried out in this thesis, it was necessary to synthesise a library of propargylic

amines for reaction optimisation and later, to test the scope of the reaction as only N-methylproparg-

ylamine (14e) and dipropargylamine (14h) were commercially available. For simple substrates, the

SN2 reaction between benzylamines and propargyl bromides was used. However, as the substrates

became more complicated, harder to purify or where the starting materials needed more steps to

synthesise, other strategies were explored.

307Greenwood, P. D.; Grenet, E.; Waser, J. Chem. Eur. J. 2019, 25, 3010–3013, Link
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Scheme 2.1. Overview of amines synthesised for the oxyalkynylation and oxyarylation of propargylic amines.

Nucleophilic substitution on primary amines

The first strategy used was the SN2 reaction as a robust and well established method for the

alkylation of amines (Scheme 2.2). However in order to favour the formation of the desired secondary

amine it is necessary to use the amine in large excess making the use of cheap primary amines

preferable. The large excess of amine does make the process of isolation and purification of the

material by chromatography more complicated, often requiring multiple attempts to remove all traces

of primary and tertiary amines. Separation and purification could be improved by a combination of;

graduated elution system, dry loading crude reaction material onto silica gel, using a large excess

of silica gel and using a large diameter column. The method was used to synthesise the propargylic

amines 14a, 32a and 32b starting from benzylamine and 14b from p-methoxybenzylamine as both

the benzyl amines and the propargylic bromides were cheap and easily available. It was also initially

used to prepare propargylic amine 32g using the tosylate of 3-phenyl-2-propyn-1-ol.
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Bn

NH NH
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MeO
Me Et70%68% 74% 40%
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30 3131 14 or 32

14a, 14b, 32a, 32b,

Scheme 2.2. Synthesis of propargylic amines by nucleophilic attack.

The SN2 reaction was also used to form 14g using aniline (Scheme 2.3). The lower nucleophilicity

and basicity of aniline does require the addition of a base, and an excess of amine is still needed,
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but the chromatographic purification is considerably less problematic.

BrNH2 NH
+

41%

K2CO3

(4 equiv.)36 31 14g,

Scheme 2.3. Synthesis of N-phenyl propargyl amine (14g ) by nucleophilic attack with aniline.

Initially, it was thought that reductive amination might be a possible alternative method to making

various propargylic amines as it is with the synthesis of allylic amines. However, it was found that the

reaction with propargylic substrates preferably formed the double alkylation; tertiary amine product.

Nucleophilic substitution with propynyl trifluoroacetamide

A two step process was developed as a way to reduce the amount of primary amine needed and

subsequently improve the isolation and purification of the propargylic amines. Propynyl trifluoroacet-

amide (38) was prepared by reacting propargylamine (37) with ethyl trifluoroacetate and purified by

distillation. This acetamide could then be alkylated in the presence of K2CO3 and TBAB. The filtered

and concentrated crude reaction mixture was subjected to basic hydrolysis conditions to remove the

trifluoroacetamide protecting group. After an acid/base work up, the reaction crude was already very

clean only needing chromatography to remove minor impurities. This method was used to give the

terminal propargylic substrates 14c, 14d∗ and 14f∗.
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Scheme 2.4. Synthesis of propargylic amines by nucleophilic attack onto CF3-acetamide.

Lanthanide catalysed propargylic substitution

For the propargylic amines with other substitutions it was necessary to look into other strategies

when the propargylic bromides or alcohols were not available. The lanthanide catalysed alkyne ex-

change reaction developed by Shao et al.308 offered a possible way to access the other substituted

substrates. Starting from N-benzylbutynamine (14a ), the lanthanide group catalyst facilitates the

exchange of the acetylene group via a N-benzylmethanimine (39) intermediate. In the publication, a

lutetium catalyst Lu(N(TMS)2)3 was used. However as this catalyst was not commercially available,

308Shao, Y.; Zhang, F.; Zhang, J.; Zhou, X. Angew. Chem. Int. Ed. 2016, 128, 11657–11661, Link

∗The isolation was carried out using a Biotage preparative column chromatography apparatus set to collect on UV de-

tection. The low yield here is possible due to the lower than expected UV absorption characteristics of this compound.
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Y(N(TMS)2)3 was used instead, as the yttrium catalyst gave reasonable results during the repor-

ted reaction optimisation. Post-reaction, there is a statistical mixture resulting from the equilibrium

between the interchange of the alkynes with N-benzylmethanimine (39). To push the formation of

the desired product, 4 equivalents of the acetylene is added. While it is possible that, on a larger

scale, the acetylene could be recovered by distillation, the scale of our reactions made this imprac-

tical. The problem of separation was encountered again with this procedure. The mixture of two

secondary amines with similar Rf values required multiple columns to obtain a pure product. The

benzyl acetylene (leading to 32f ) gave low conversion of 32a likely due to side reactivity at the

benzylic position leading to decomposition at elevated temperatures.
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Scheme 2.5. Synthesis of propargylic amines by lanthanide catalysed alkyne exchange.

A3 reaction with allyl benzylamine

Another procedure used for the synthesis of the internal propargylic amines was also taken from

the work of Shao et al.308 who used it in the supporting information to synthesise the compounds

as starting materials (Scheme 2.6). The first step is an A3 coupling using N-methyl or N-Benzyl

allylamine (40), formaldehyde (41) and acetylene in the presence of a copper catalyst to form a

tertiary amine. The tertiary amine could be easily purified before undergoing de-allylation to give

the desired secondary amine. The pathway gave good yields over two steps and more importantly

the product was easily obtained in high purity. The use of the allyl group is important as the reaction

with primary amine and formaldehyde leads to the doubly propargylated product. The tertiary amine

is also significantly easier to isolate and purify and the allyl group is simply removed by palladium

catalysed deallylation with dimethylbarbituric acid. For future syntheses of substituted propargylic

amines with the necessary alkyne commercially available, this strategy would be chosen over the

lanthanide catalysed exchange reaction.

A3 reaction for propargylic substitutions

The A3 reaction was also used to access the propargylic amines with additional substitution at

the propargylic position. Secondary amines can be obtained when using aldehydes or ketones with

primary benzylamine without additional protection. The reaction simply involves adding the desired

amine, ketone or aldehyde and alkyne in toluene with 15% copper bromide. The product is easily

isolated due to the small excess of amine used and the additional substitution lowering the Rf value

of the substrate.
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2.1 Synthesis of starting materials
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Scheme 2.6. Synthesis of propargylic amines by the A3 reaction with N-allyl benzylamine
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Scheme 2.7. Synthesis of propargylic amines by the A3 reaction with substitution at the propargylic position

Sonogashira for substituted alkynes

For obtaining the propargylic amines with different aromatic groups on the alkyne, we decided to

use the sp–sp2 palladium catalysed Sonogashira reaction (Scheme 2.8). Initially we used a route

starting from the terminal propargylic amine 14a without any additional protection. The coupling

reaction worked with moderate yield with iodo anisol (32h ) and good yield with the more electron

deficient 4-iodo-trifluorotoluene. The issue encountered in this case was once again on purification,

with trace amounts of remaining impurities.

Bn
NH

H

NH
Bn

Pd(PPh3)2Cl2
dppf, CuI

43%

I Ar+

Bn
NH

Ar

OMe

NH
Bn

72%
CF3

DABCO
14a 32

32h, 32i,

Scheme 2.8. Synthesis of substituted propargylic amines by Sonogashira reaction on secondary amine

In order to aid the purification of the amine, the previously used method with the trifluoroacetamide

protecting group (see. figure: 2.4) was adapted to the Sonogashira pathway (Scheme 2.9). Starting
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2 Palladium catalysed carboetherification with CF3 acetal tethers

from acetamide 42, the terminal alkyne was utilised in the coupling reaction. The coupling product

could be cleanly isolated before undergoing hydrolysis to give the product. Although additional steps

are needed, it turned out to be convenient for accessing the propargylic amines, with 32j, and later

32n and 32o (see: section 3.1) being obtaining with good yields.

Bn
N

H

Pd(PPh3)2Cl2
dppf, PPh3

I+

NH
Bn

76%

NEt3/DMF
1)

KOH, 
MeOH/H2O

2)

O

CF3

Me

Me

Me

Me42 32j,

Scheme 2.9. Synthesis of substituted propargylic amines by Sonogashira reaction on protected amine

Alkynyl bromides

Bromination of terminal alkynes was achieved using N-bromosuccinimide and silver nitrate as

catalyst in acetone (Scheme 2.10). (Triisopropylsilyl)-bromoacetylene (43) was synthesised multiple

times on gram scale. The protected tertiary alkynes leading to 44a and 44b , were prepared from

2-methyl-3-butyn-2-ol using BnBr and TIPSOTf respectively before the bromination step. The yields

reported for 44aand 44bare over two steps from the unprotected alcohol. The substrates 44c and

44dwere synthesised from 1-hexyne and phenylacetylene.

R
N-bromosuccinimide

AgNO3 (10 mol%)

acetone, rt

TIPSBr

99%

OBn

Me
Me

TIPS

Me
MeBr Br Bu PhBr Br

68%a 72%a 73%

RBr

78%43, 44a, 44b, 44c, 44d,

Scheme 2.10. Synthesis of bromoalkynes.a Isolated yield over two steps from 2-methyl-3-butyn-2-ol.
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2.2 Optimisation of the reaction with terminal alkyne substrates

2.2 Optimisation of the reaction with terminal alkyne substrates

The aim of this work was to access new oxazoline structures which can then be used to gen-

erate α-amino ketone and 1,2-amino alcohol scaffolds. Previous work involving the CF3 tether

(Scheme 1.43)302 has also shown that the tether itself can be useful as a protecting group allowing

for the exploration of other possible functionalisations of the oxazoline system that will be generated

from the reaction.

With this goal in mind we moved on to testing and finding optimised conditions for the reaction.

As this work was a development from the work done on allylic systems and the propargylic system

shares similarities with the allylic system, we felt that subjecting the propargylic amine substrate

to the same conditions would be a logical launching point. Tris(dibenzylideneacetone)dipalladium

was used as palladium source with TFP ligand, these were added with caesium carbonate to a

sealed vial and purged with nitrogen. Degassed toluene was added to the catalyst mixture which

was heated to 60 ◦C allowing the formation of the catalyst complex. In a separate vial under

nitrogen; N-benzylpropargylamine (14a ), trifluoroacetaldehyde ethyl hemiacetal tether (18) and

(triisopropylsilyl)-bromoacetylene(43) were dissolved into toluene and additionally degassed before

being heated to 60 ◦C for an hour. N-benzyl propargylamine was chosen as the initial substrate due

to its simplicity and because the lack of terminal substitutions makes it as similar to the N-benzyl

allylamine as possible. The tether solution was then added to the catalyst mixture and the reac-

tion continued to stir for around 16 hours. We were pleased that right away two compounds could

be identified, isolated and confirmed to be the E and Z geometric isomers of the desired products

from the characterisation data. The combined yield of the product was only 27% with a ratio of 1:3

between the two isomers. At this stage it was not possible to determine which product was which

isomer from the characterisation data. Structural determination was later carried out by X-ray crystal

structure analysis of the furan substituted product (45f for X-ray crystal structure see Figure 2.2),

with the major isomer in the Z double bond configuration.
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H

CF3

OHEtO

N
O

F3C

Bn H
Pd2(dba)3•CHCl3 (2.5 mol%)

P(2-furyl)3 (15 mol%)
Cs2CO3 (1.3 equiv.)

Toluene [0.2 M], 60 °C

TIPS

+

Br TIPS

H
N

O

F3C

Bn

H

TIPS
+

27%, 1:3 E:Z ratio

14a 18

43

45a

Scheme 2.11. Initial results obtained for the palladium catalysed oxy-alkynylation reaction on propargylic
amines.

In the process of isolation and characterisation it was noticed that the product 45a was mildly acid

sensitive, with some degradation taking place on silica gel as well as in the deuterated chloroform

used for NMR analysis. It was seen that when a sample of a single isomer of the product was left in

deuterated chloroform for a period of several days, partial isomerisation had taken place. To alleviate

the issue of this acid promoted degradation and isomerisation the silica used was deactivated with

NEt3, and the chloroform was stored over, or immediately filtered through K2CO3.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

The nature and structure of the ligand can have a significant impact on the reactivity and selectivity

of the palladium species in a reaction, and has been subject to considerable research134,309–311

and as such was our first variable to look at to optimise the reaction. A range of bi-dentate and

mono-dentate phosphine ligands were screened (Table 2.1). The selection of ligands were chosen

because they, or similar scaffolds, have been used or shown to work for the dual functionalisation

of unsaturated bond.186,302,305 We found that in general, the mono-dentate ligands (Entries 1-8)

performed significantly worse than the bi-dentate ligands (Entries 9-16) in terms of overall yield but

no clear effect was observed with the electronics of the phosphine atom on the E:Z selectivity. With

all of the monodentate ligands a complex 1H NMR spectra is observed where, for most cases we

see complete loss of the terminal proton of the starting material. Only PPh2Cy (Entry 4) shows the

terminal alkyne proton with three triplets; one triplet can be attributed to the free starting amine, the

second to the tethered complex of the starting amine and the third signal belongs to an unknown side

product. With tris(4-trifluoromethylphenyl)phosphine (Entry 6) the selectivity did increase slightly to

1:5 but with a low yield or 35%. It is likely that degradation and possible polymerisation are taking

place as side reactions as the total number of protons observed in the side products in the NMR

do not correspond to the amount expected∗, indicating some material is not making it through the

filtration step prior to preparing the sample for NMR analysis.†

While bi-dentate ligands‡ generally performed significantly better; there doesn’t appear to be a

clear correlation between bite angle with either the yield or E:Z selectivity. The ligands dppm, dppe,

dppp, dppf (Entries 9-12) with bite angles between 72◦ and 96◦ all give very similar yields. DPEPhos

with a marginally larger bite angle of 102 ◦ gave the best result with an isolated yield of 86% and

E:Z ratio of 1:4. Going to larger bite angles does have a detrimental effect as shown by NixantPhos

(Entry 14) and XantPhos§ which was also tested at a later point with different conditions but showed

a similar poor results for the reaction (see Table 2.8 Entry 1). In fact, NixantPhos gave a surprisingly

clean spectra for another compound believed to be the 6-endo-dig product 46 with an apparent yield

of 50%. This same compound is seen in significant amounts in the reaction using XantPhos and

AnthPhos ligand (Entry 16) and could also be observed in the reaction using the other ligands in

trace amounts (<5% 1H NMR yield). The outlier of the tested ligands is BINAP (Entry 15) which

has a bite angle of 92◦ which is in the range of the other successful ligands but here gives a low

yield for the reaction while still having full conversion and no significant by-product. The AnthPhos

ligand (Entry 16) has the possibility to form an additional C–Pd interaction from the adjacent aromatic

ring312 which most likely has an effect on its reactivity in this transformation. Of the successful

ligands, it was decided that DPEPhos would be carried forward because it gave the cleanest looking

309Qadir, M.; Möchel, T.; Hii, K. K. M. Tetrahedron 2000, 56, 7975–7979, Link
310Gillespie, J. A.; Dodds, D. L.; Kamer, P. C. Dalton Transactions 2010, 39, 2751–2764
311van Leeuwen, P. W. In Organophosphorus Chemistry: From Molecules to Applications; Wiley-VCH Verlag GmbH & Co.

KGaA Weinheim, Germany: 2019; Chapter 1, pp 1–58
312Haenel, M.; Jakubik, D.; Krüger, C.; Betz, P. Chemische Berichte 1991, 124, 333–336

∗Yields are based on uncalibrated 1H NMR data comparing against internal standard.
†Filtration consists of passing the crude reaction material through a small plug of deactivated silica using a 10% ethyl

acetate in pentane eluent system.
‡For ligand structures see page xii
§XantPhos bite angle: 114◦
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2.2 Optimisation of the reaction with terminal alkyne substrates

1H NMR spectra of the crude product, as well as a good isolated yield for the product.

Table 2.1: Screening of different bi-dentate and mono-dentate ligands

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

Pd2(dba)3• CHCl3 (2.5 mol%)
Ligand (7.5 or 15 mol%)

Cs2CO3 (1.3 equiv.)
Toluene [0.2 M], 60 ◦C

Entrya Ligand Bite angle Yield(%)b E:Z

1 P(2–furyl)3 – 27 1:3

2 PPh3 – 22 1:4

3 P(2–Tol)3 – 13 1:2

4 PPh2Cy – 3 1:2

5 P(4–F–Ph) – 37 1:4

6 P(4–CF3–Ph) – 35 1:5

7 DavePhos – 12 1:3

8 XPhos – 12 1:1

9 dppm 72 79 1:4

10 dppe 85 80 1:4

11 dppp 91 79 1:4

12 dppf 96 83 1:4

13 DPEPhos 102 86 c 1:4

14 NixantPhos 114 12 1:2

15 BINAP 92 48 1:4

16 AnthPhos – 36 1:4

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), toluene
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Isolated yield.

N

OF3C

Bn
TIPS46

Figure 2.1. Structure of the 6-endo-dig cyclisation product.

Concluding that DPEPhos was the optimal ligand for this reaction we followed up by briefly testing

some other key parameters starting with the choice of base (Table 2.2). Going to a weaker caesium

base CsHCO3 (Entry 2) gave a low yield for the reaction. Bases with similar a pKa but different metal

counterions such as Na2CO3 (Entry 3) and K2CO3 (Entry 4) give low yields of 4% and 22%, the

difference in yields between Na2CO3 and K2CO3 might be attributable to a difference in solubility in

the reaction solvent. While the solubility of NaOtBu is higher than the metal carbonates, its high pKa

might have a detrimental effect on the reaction due to the acidic C–H proton on the tether and the

alkyne proton. The best base remained Cs2CO3, this is likely due to a number of factors such as the
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2 Palladium catalysed carboetherification with CF3 acetal tethers

slight increase in solubility and the purported ‘Caesium effect’.313–315 The importance of caesium is

further demonstrated when Cs3PO4 was tested at a later point (see Table 2.8 Entry 2) and also gave

a good yield for the reaction. As with the ligand screening (see above.), the reactions giving poor

yields (Entries 2-5) all showed full consumption of starting material (determined by disappearance

of the alkyne proton in the 1H NMR spectra) but showed no significant side products being formed,

indicating possible decomposition of the starting material.

Table 2.2: Screening of different bases

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

Base (1.3 equiv.)
Toluene [0.2 M], 60 ◦C

Entrya Base Yield(%)b E:Z

1 Cs2CO3 86c 1:4

2 CsHCO3 12 1:1

3 Na2CO3 4 N/D

4 K2CO3 22 1:5

5 NaOtBu 20 1:4

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), toluene
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Isolated yield.

A variety of palladium sources were screened for this reaction (Table 2.3), of those tested only

Pd(dba)2 (Entry 2) gave a comparable result to Pd2(dba)3 with nearly the same isolated yield and

the same E:Z selectivity. Pd(OAc)2 (Entry 3) and Pd(Cp)Cinammyl (Entry 4) gave lower but still

good yields. PdCl2(PPh3)2 (Entry 5) gave a moderate yield with no evident side products present.

Pd(allyl)(COD)BF4 (Entry 6) also showed moderate yield but in this case an additional compound

is observed which can also be seen in greater quantity with Pd(OPiv)2 (Entry 7). This side product

could possibly be the result of a Cadiot–Chodkiewicz coupling316as it does not correspond to a

cyclised compound but there is no signal from the terminal proton of the alkyne in the 1H NMR

spectra. Both Pd(dba)2 and Pd2(dba)3 gave similarly high yields so both were assessed in the next

screening for temperature.

The effect of temperature on the reaction was evaluated next (Table 2.4). The increase in temper-

ature from 60 ◦C to 70 ◦C (Entries 2 & 6) saw a small drop in yield as well as a loss of selectivity for

the formation of the double bond. On the other hand decreasing the temperature to 50 ◦C (Entry 3

& 7) and 40 ◦C (Entry 4 & 8) did lead to a small increase in selectivity but in all cases resulted in a

significant decline in yield. There was full consumption of the terminal alkyne in all of the reaction

with no significant by-product being formed. Further reducing the temperature to room temperature

gave yields bellow 25% with some incomplete consumption of the starting material being observed.

The screening confirmed that 60 ◦C remains the best temperature and while Pd(dba)2 does give es-

313Cella, J. A.; Bacon, S. W. J. Org. Chem. 1984, 49, 1122–1125, Link
314Flessner, T.; Doye, S. Journal für praktische Chemie 1999, 341, 186–190, Link
315Dijkstra, G.; Kruizinga, W. H.; Kellogg, R. M. J. Org. Chem. 1987, 52, 4230–4234, Link
316Weng, Y.; Cheng, B.; He, C.; Lei, A. Angew. Chem. Int. Ed. 2012, 51, 9547–9551
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2.2 Optimisation of the reaction with terminal alkyne substrates

Table 2.3: Screening of different palladium sources

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

[Pd] source
DPEPhos (7.5 mol%)
Cs2CO3 (1.3 equiv.)

Toluene [0.2 M], 60 ◦C

Entrya Pd Source Yield(%)b E:Z

1 Pd2(dba)3•CHCl3 (2.5 mol%) 86c 1:4

2 Pd(dba)2 (5.0 mol%) 85c 1:4

3 Pd(OAc)2 (5.0 mol%) 79 1:4

4 Pd(Cp)Cinammyl (5.0 mol%) 80 1:5

5 PdCl2(PPh3)2 (5.0 mol%) 50 1:4

6 Pd(allyl)(COD)BF4 (5.0 mol%) 60 1:4

7 Pd(OPiv)2 (5.0 mol%) 36 1:5

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), toluene
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Isolated yield.

sentially the same yield, Pd2(dba)3 will be selected as the catalyst of choice as it consistently gave

cleaner reaction crude and the ease of recrystallisation makes the quality of the palladium source a

lot easier to control.

Table 2.4: Screening of different temperatures with Pd2(dba)3 and Pd(dba)2
Bn

NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

[Pd] source
DPEPhos (7.5 mol%)
Cs2CO3 (1.3 equiv.)
Toluene [0.2 M], T ◦C

Entrya Pd Source T (◦C) Yield(%)b E:Z

1 Pd2(dba)3•CHCl3 (2.5 mol%) 60 86c 1:4

2 Pd2(dba)3•CHCl3 (2.5 mol%) 70 82 1:3

3 Pd2(dba)3•CHCl3 (2.5 mol%) 50 62 1:4

4 Pd2(dba)3•CHCl3 (2.5 mol%) 40 57 1:5

5 Pd(dba)2 (5.0 mol%) 60 85c 1:4

6 Pd(dba)2 (5.0 mol%) 70 81 1:3

7 Pd(dba)2 (5.0 mol%) 50 58 1:4

8 Pd(dba)2 (5.0 mol%) 40 51 1:5

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), toluene
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Isolated yield.

The last main reaction variable to consider was to look at the choice of solvent for the reaction

(Table 2.5). Initially we checked to determine if the degassing of the solvent was necessary (Entry 2).

The use of non-degassed toluene led to a significant drop in yield and an increase of the alkyne-

alkyne coupling by-product (21%) but otherwise the crude 1H NMR spectra showed no other major

impurity. The rest of the solvent screening reactions (Entries 3 - 7) were carried out using solvents

which had been degassed by freeze-pump-thaw prior to use. The use of THF gave moderate yield
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2 Palladium catalysed carboetherification with CF3 acetal tethers

and a lower selectivity (Entry 3). Moving to trifluorotoluene (Entry 4) we did see a jump in the se-

lectivity compared to toluene but with a significant loss of yield. Chlorobenzene (Entry 5) was tested

thinking that, as a polar aromatic solvent, it might perform similarly to toluene and trifluorotoluene

however, the reaction gave poor yield and selectivity. Success was met with 1,2-dichloroethane

(DCE) (Entry 6) with a similar yield achieved compared to toluene and a doubling of the selectivity.

Lowering the temperature to 50 ◦C (Entry 7) did lead to a small increase in E:Z selectivity but it also

resulted in a drop in yield. Other chlorinated solvents were considered such as dichloromethane

or chloroform, but the temperature needed for the reaction would lead to their rapid loss from the

reaction by evaporation.

Table 2.5: Influence of the reaction solvent

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)
Cs2CO3 (1.3 equiv.)
Solvent [0.2 M], T ◦C

Entrya Solvent T (◦C) Yield(%)b E:Z

1 toluene 60 86c 1:4

2 toluened 60 40 1:4

3 THF 60 46 1:3

4 F3-Tol 60 65 1:7

5 Cl-benzene 60 39 1:3

6 DCE 60 80c 1:9

7 DCE 50 74 1:11

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), solvent
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Isolated yield. (d) Solvent used
without degassing.

Moving onto changing other reaction variables, we looked at how the equivalence of hemiacetal

tether effected the reaction (Table 2.6). Dropping the amount to 1.1 equiv. (Entry 2) resulted in a

slight drop in yield and a small drop in selectivity. An increase to 2.0 equivalents (Entry 3) had no

effect on the yield and minimal change in the selectivity while doubling to 3.0 equivalents (Entry 4)

lead to a big drop in yield.

One issue found when carrying out these reactions was the delay between preparation of the

tether mixture and its use which was typically around 1 hour, this was described in the procedure

taken using allylic amines to allow for the formation of the hemiaminal species. 1H NMR experiments

had indicated that, in chloroform, the hemiacetal and amine 14a do not completely convert to the

hemiaminal but may be in fact be in equilibrium even after an extended period of time at raised tem-

peratures. In order to determine if it is necessary to preform the hemiaminal for an extended length

of time the reaction was set up leaving the tether solution for 10 minutes with heating (Table 2.7;

Entry 2) and using the solution immediately (Entry 3). In both cases there was minimal effect on the

reaction outcome. Even when adding the amine, tether and electrophile directly to the reaction there

was only a small drop in selectivity seen while the yield stayed in the same range. However, direct

addition did lead to some additional impurities seen in the 1H NMR of the crude reaction mixture.
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2.2 Optimisation of the reaction with terminal alkyne substrates

Table 2.6: Effect of acetal stoichiometry.

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Acetal equiv. Yield(%)b E:Z

1 1.5 86c 1:9

2 1.1 78 1:7

3 2.0 84 1:8

4 3.0 72 1:7

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

It was decided that the reaction would be carried out with the preparation of the tether solution but

without any premixing before its use.

Table 2.7: Effect of premixing time on the reaction

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya tether premix time Yield(%)b E:Z

1 60 min 80c 1:9

2 10 min 83 1:9

3 0 min 83c 1:9

4 Direct addition 84 1:8

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

Some last changes that arose after the completion of the optimisation process for the internal

propargylic amines were also tested (section 2.4). The use of XantPhos as ligand (Table 2.8; Entry 1)

and Cs3PO4 (Entry 2) as bases were changes that were observed to improve the reaction when

using internal alkynes and have been discussed earlier in the optimisation section (see: Table 2.2

and 2.1). The addition of CsOTf as an additive was seen to be beneficial of carboamination reactions

with alkenes.303 To see if any benefit could be observed for the oxy-alkynylation reaction CsOTf was

added to the reaction in equimolar amounts to the amine (Entry 3), however, its inclusion in the

reaction led to a deterioration of the yield and reaction selectivity. The use of other additives was not

pursued further.

At the end of the optimization process the conditions for the oxyalkynylation were: Propargylic

amine (1 equiv.), CF3-Tether (1.3 equiv.) and (triisopropylsilyl)-bromoacetylene (1.3 equiv.) would

make up the tether mix and Pd2(dba)3•CHCl3 (2.5 mol%), DPEPhos (7.5 mol%) and caesium car-

bonate (1.3 equiv.) would constitute the catalyst mix using DCE as the reaction solvent at 0.2 molar

concentration at 60 ◦C. With these conditions in hand we moved onto looking at the scope of the
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2 Palladium catalysed carboetherification with CF3 acetal tethers

Table 2.8: Other changes tested

Bn
NH CF3

OHEtO
N

O

F3C

Bn

H

TIPS
+ + Br TIPS

14a 18 43 45a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)
Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Comment Yield(%)b E:Z

1 Ligand: XantPhos trace –

2 Base: Cs3PO4 69 1:6

3 Addition of CsOTf 73 1:7

(a) Reaction conditions: 0.20 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2
M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) reaction run with toluene as solvent.

reaction working at a 0.4 mmol scale.
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2.3 Scope of the reaction with terminal propargylic amines

2.3 Scope of the reaction with terminal propargylic amines

The substituent on nitrogen of the propargylic amine to see how versatile the reaction could be.

The model substrate, N-benzyl-propargylamine was obtained in 83% yield with 1:9 E:Z selectiv-

ity (Table 2.9, Entry 1) We first focused on variations to the benzyl group, using electron donating

para-methoxy (Entry 2) as well as para- (Entry 3) and meta-chloro (Entry 4) groups; all gave high

yields and good selectivities. A small increase in the E:Z selectivity was seen with the meta-chloro

substitution (Entry 4). Methyl substituted propargyl amine (Entry 5) and methylfuryl (Entry 6) gave

the desired product in good yield but a drop in selectivity with methyl propargyl amine (Entry 5).

Propargyl aniline (Entry 7) gave the expected product in moderate yield. The success of the aniline

group was unexpected due to the lower nucleophilicity of the nitrogen, and because aniline was

unsuitable in the cyclisation with allylic substrates.317 Interesting results were obtained with dipro-

pargyl amine (14h ). Under normal conditions dipropargyl amine gave the desired oxazoline with

pendant propargyl substituent on the nitrogen with moderate yield and excellent selectivity (Entry 8).

The lower yield was found to be due to the formation of an additional product where the propargyl

group in the nitrogen has undergone an alkyne-alkyne hetero coupling with the bromoalkyne coup-

ling partner to give 45i in 13% yield, also with excellent selectivity. Modifications to the optimised

conditions were attempted to reduce the coupling product without success. We did find that with

doubling of the equivalents of bromoalkyne, the yield of 45i could be increased to 41% (Entry 7). In

general; aliphatic secondary amines were needed for the successful reaction; the use of primary pro-

pargyl amine gave no product (Entry 10) as did sp2 hybridised/electron withdrawing nitrogen groups

CF3-amide (Entry 11) and Boc carbamate (Entry 12).

Table 2.9: Scope of reaction with terminal propargylic amines.

NH CF3

OHEtO
N

O

F3C

H

TIPS
+ + Br TIPS

14 18 43 45

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

R

R

Entrya Substrate Product Yield (%) E:Z

1 N
H 14a ON

CF3

H

TIPS
45a 83 1:9

2
N
H

MeO
14b ON

CF3

H

TIPS
MeO

45b 80 1:8

3
N
H

Cl
14c ON

CF3

H

TIPS
Cl

45c 87 1:7

(a) Reaction conditions: 0.40 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE

(0.2 M), 60 ◦C, 15-18 h. (b) Isolated yields after purification by column chromatography. (c) With 13% of 45i.
317Orcel, U. J., Ph.D. Thesis, EPFL, Lausanne, 2017, Link
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2 Palladium catalysed carboetherification with CF3 acetal tethers

(Table 2.9 continued. . . ) Scope of reaction with propargylic amines.

NH CF3

OHEtO
N

O

F3C

H

TIPS
+ + Br TIPS

14 18 43 45

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

R

R

Entrya Substrate Product Yield (%) E:Z

4
N
H

Cl
14d ON

CF3

H

TIPSCl

45d 80 1:12

5 Me
N
H

14e ONMe

CF3

H

TIPS
45e 73 1:6

6 N
H

O
14f ON

CF3

H

TIPS

O 45f 74 1:10

7
N
H

14g ON

CF3

H

TIPS
45g 57 1:7

8 N
H

14h ON

CF3

H

TIPSH

45h 47c < 1:20

9 N
H

14h
ON

CF3

H

TIPS

TIPS

45i 41 < 1:20

10 H2N 37 OHN

CF3

H

TIPS
45j – –:–

11
N
H

F3C

O
38 ON

CF3

H

TIPS
F3C

O

45k – –:–

12
N
H

tBuO

O
47 ON

CF3

H

TIPS

O

tBuO 45l – –:–

(a) Reaction conditions: 0.40 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE

(0.2 M), 60 ◦C, 15-18 h. (b) Isolated yields after purification by column chromatography. (c) With 13% of 45i.
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2.3 Scope of the reaction with terminal propargylic amines

Fortuitously, the product bearing the methylfuryl group on the nitrogen (45f) was found to form a

solid upon sitting in the refrigerator over time where all the other products remain oils. Crystals were

obtained from the slow evaporation of a minimal amount of pentane at 5 ◦C. The results of the x-ray

crystal structure analysis of 45f shown in Figure 2.2 shows that the geometry of the major product

is the Z isomer, corresponding to a syn-oxypalladation of the alkyne.

Figure 2.2. X-ray crystal structure of oxazoline product 45f major isomer, showing Z geometry.

Using other bromoalkynes

A brief scope of different bromoalkynes was explored using the optimised conditions. We saw that

the bromoalkyne derived from tertiary alcohol with a benzyl protecting group (44a ) worked in the

reaction to give moderate yields, however changing to a triisopropylsilyl protected alcohol (44b) only

gave 22% yield for this reaction. Bromohexyne (44b ) also performed poorly in the reaction giving

less than 15% yield, however this was in accordance with the reaction using allylic amines.317 The

use of bromo-2-phenylacetylene (44c ) gave no product and resulted solely in the formation of an

unknown compound.

Table 2.10: Scope of reaction using different bromoalkynes.

Bn
N
H

CF3

OHEtO
N

O

F3C

Bn

H

R
+ + Br R

14a 18 44 48

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entry Br-Alkyne Product Yield (%)b E:Z

1 Br
Me

Me

OBn
44a ON

H

CF3

Bn

Me
Me

OBn
48a 63 1:8

2 Br
Me

Me

OTIPS
44b ON

H

CF3

Bn

Me
Me

OTIPS
48b 22 1:9

(a) Reaction conditions: 0.40 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 44 (1.3 equiv.), DCE

(0.2 M), 60 ◦C, 15-18 h. (b) Isolated yields after purification by column chromatography.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

Table 2.10 (continued. . . ) Scope of reaction using different bromoalkynes.

Bn
N
H

CF3

OHEtO
N

O

F3C

Bn

H

R
+ + Br R

14a 18 44 48

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya I-Ar Product Yield (%)b E:Z

3 Br Me 44c ON

Bu
H

CF3

Bn
48c ? –:–

4 Br 44d ON

Ph
H

CF3

Bn
48d ? –:–

(a) Reaction conditions: 0.40 mmol scale, amine (14a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 44 (1.3 equiv.), DCE

(0.2 M), 60 ◦C, 15-18 h. (b) Isolated yields after purification by column chromatography.

2.4 Optimisation of the reaction with internal alkyne substrates

One of the interests in exploring the use of propargylic amines was to see if substrates with

terminal substituents would be tolerated in the reaction. This was due to the fact that internal alkenes

were incompatible with the oxy-alkynylation and amino-alkynylation reaction developed for allylic

substrates. The ability for propargylic substrates to tolerate substituents on the alkyne would greatly

open up the applicability of this transformation.

The first attempts to run the oxyalkynylation reaction with internal alkynes were carried out at the

same time as the early reactions with terminal alkynes as such the first reaction run on N-benzyl-

but-2-yne (32a ) was run in toluene. We were able to identify the expected product but with a low

yield of 26% and poor E:Z selectivity (Entry 1). Having determined that DCE was a better solvent for

the transformation of terminal substrates, the reaction using the internal alkyne was also run in DCE

(Entry 2). Indeed, an increase in yield was observed for the desired product up to 45%, but so did the

amount of another compound that was also present in Entry 1. After its isolation and characterisation

it was determined, by mass and using IR spectroscopy, that the identity of this second compound

was the cyclic carbamate structure 50a . To help confirm this, the reaction was run without using

the tether, under an atmosphere of either nitrogen (Entry 3) or with 1 atmosphere of CO2 (Entry 4).

In both cases the formation of 50a increased to 44% (Entry 3) and up to 82% under CO2 (Entry 4).

The addition of more tether was tested to see if it would bias the formation of the oxazoline 49a .

While it did cause a small increase in the E:Z selectivity, it only resulted in a slight decrease in the

production of 50a(Entry 5). At this point, as with the products coming from the terminal propargylic

substrates, we were unable to determine the conformation of the double bond with confidence from

the NMR data alone. It was later confirmed that the major product being formed was the E isomer

(see: Figure 2.3).

62



2.4 Optimisation of the reaction with internal alkyne substrates

Table 2.11: Initial screen of conditions for the reaction with internal alkynes

Bn
NH CF3

OHEtO
+ + Br TIPS

Me

O
NBn

F3C

Me

TIPS

O
NBn

O

Me

TIPS

+

32a 18 43 49a 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

Cs2CO3 (1.3 equiv.)
Solvent [0.2 M], 60 ◦C

Entrya Solvent 18 (equiv.) Yield of 49a
(%)b

E:Z 50aYield
(%)b

1 Toluene 1.5 26 4:1 9

2 DCE 1.5 45 7:1 27

3 DCE 0 0 – 44

4c DCE 0 0 – 82

5 DCE 3.0 43 9:1 23

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), solvent
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Addition of CO2 balloon.

After further consideration, it seemed surprising that the carbamate was being produced as

Entries 1-3 and 5 were run under an inert atmosphere, using degassed solvents. The only pos-

sibility of the source of the "CO2" unit was the Cs2CO3 base. Therefore, the base was the first

variable we looked at to optimise. The reaction that leads to the formation of 50a will be covered

further in chapter 3 (page 81).

We set out to find a suitable non-carbonate containing base that would be able to carry out the

reaction. The acetate and benzoate salts of caesium were first tested in the reaction (Table 2.12,

Entries 2 & 3) but both bases gave low yields and incomplete conversion. tert-Butoxide bases have

commonly been used in intramolecular alkene and alkyne cyclisation reactions with alcohols so we

look at this next. While we had tested NaOtBu earlier in the optimisation of the terminal substrates

(Table 2.2) where it gave poor results, we considered that as K2CO3 performed better than Na2CO3,

a counterion effect might be taking place, and so the reaction was tested with KOtBu (Entry 4).

Unfortunately, no product formation and incomplete conversion was seen. As its pKa is roughly

the same as Cs2CO3, K3PO4 was tested as a base for the reaction (Entry 5). We observed full

conversion of the starting material and good product yields. Trace quantities of carbamate was

observed, this was possibly due to the fact that the container was old and not stored under inert

conditions leading to the presence of contaminations from moisture and CO2 from the atmosphere.

A newly purchased batch of K3PO4 was tested (Entry 6) which now gave the desired product in an

improved yield of 67%. We attempted to use Cs3PO4 as a base which we prepared ourselves by

thermal treatment of ammonium phosphate and caesium carbonate318 (Entry 7). While the prepared

base preformed well in the reaction with a yield of 58%, the reaction did not lead to full conversion.

After analysis of the base that had been prepared, it was determined that the material was a mixture

of Cs3PO4 and Cs2HPO4, indicating a lower than acceptable purity. Lastly, organic amine bases

DIPEA (Entry 8) and DBU (Entry 9) to see if they could function in the reaction. However, both bases

318Voronin, V.; Berger, I.; Proskurnina, N.; Sheptyakov, D.; Goshchitskii, B.; Burmakin, E.; Stroev, S.; Shekhtman, G. S.

Inorg. Mater. 2008, 44, 646, Link
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2 Palladium catalysed carboetherification with CF3 acetal tethers

gave no product formation and incomplete conversion.

Table 2.12: Screen of non-carbonate bases

Bn
NH CF3

OHEtO
+ + Br TIPS

Me

O
NBn

F3C

Me

TIPS

O
NBn

O

Me

TIPS

+

32a 18 43 49a 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

K3PO4 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Base SM (32a) 49a
Yield(%)b

E:Z 50a
Yield(%)b

1 Cs2CO3 0 45 7:1 27

2 CsOAc 22 14 – 0

3 CsOBz 31 12 – 0

4 KOtBu 23 0 – 0

5 K3PO4 0 60 7:1 <5

6 K3PO4
c 0 67 6:1 0

7 Cs3PO4 10 58 6:1 0

8 DIPEA 35 0 – 0

9 DBU 27 0 – 0

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) New batch, stored in glovebox.

We then moved on to assessing the ligand used in the reaction, looking at a range of bidentate

ligands (Table 2.13). DCEPhos, which has the same backbone as DPEPhos but containing two

dicyclohexylphosphines, gave a dramatic loss in yield (Entry 2) while XantPhos resulted in an in-

creased yield and more importantly, a significant improvement in the E:Z selectivity (Entry 3). Given

the success of XantPhos, it was somewhat surprising that N-Xantphos gave almost no product form-

ation (Entry 4). A pair of ferrocene ligands were tested dppf (Entry 5) which gave an improved yield

over XantPhos, but had no E:Z selectivity while dtpf (Entry 6) resulted a low yield of 22 %. As in the

previous optimisation (Table 2.1) BINAP (Entry 7) gave no reaction. The ligands dppe (Entry 8) and

dppp (Entry 9) could carry out the reaction, but only with low yields.

XantPhos was tested as a ligand in the optimised conditions using terminal substrate (Table 2.8,

Entry 1) but no product formation was observed in this case. Satisfied with the combination of using

K3PO4 and XantPhos ligand for the reaction in combination with Pd2(dba)3•CHCl3for the catalyst

mixture for the reactions using internal propargylic substrates, we moved on to explore the scope of

the reaction.
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2.5 Scope of the reaction with internal propargylic amines

Table 2.13: Influence of the ligand

Bn
NH CF3

OHEtO
+ + Br TIPS

O
NBn

F3C

TIPS

32a 18 43 49a

Pd2(dba)3• CHCl3 (2.5 mol%)
Ligand (7.5%)

K3PO4 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Me

Me

Entrya Ligand 49aYield(%)b E:Z

1 DPEPhos 67 6:1

2 DCEPhos 20 6:1

3 XantPhos 73 11:1

4 N-XantPhos 7 –

5 dppf 80 1:1

6 dtpf 22 3:1

7 (±)BINAP 0 –

8 dppe 33 6:1

9 dppp 53 3:1

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

2.5 Scope of the reaction with internal propargylic amines

We started by looking at range of alkyl groups for the alkyne of the propargylic amine. The N-

benzyl-butyne substrate was synthesised here on gram scale with a good yield and good selectivity

with an isolated mass of 3.7 grams, 68 % yield (Entry 1). Increases in bulk to ethyl (Entry 2) and iso-

propyl (Entry 3) groups still gave good yields and an increase in E:Z selectivity with iso-propyl giving

the E isomer almost exclusively. The cyclopropyl substituted propargylic substrate (32d) gave a drop

in yield compared to iso-propyl (Entry 4); this is likely due to the additional reactivity of the cyclopropyl

ring either in the starting material, the product or during the reaction, leading to undesired side

reactions. Further increasing the steric bulk to tert-butyl, the product could be isolated in moderate

yield with only a single isomer detected (Entry 5). The larger iso- and cyclopropyl and tert-butyl

substitutions (Entries 3-5) showed sluggish reactivity compared to the other substrates, with starting

material detectable in the crude reaction mixtures when run at 60 ◦C. Therefore the temperature

of these reactions were raised to 70 ◦C and run for around 30 hours to ensure full conversion. N-

benzyl-4-phenylbut-2-yn-1-amine (32f) gave only a moderate yield of 46%, this is possibly due to a

similar reason to Entry 4, where the benzylic carbon, in either the starting material or product, leads

to additional unwanted reactivity. We were pleased to observe that the reaction is not only tolerant

to a phenyl ring (Entry 7) but also ones bearing electron donating p-MeO (Entry 8) and electron

withdrawing p-CF3 (Entry 9) groups. All the aryl rings gave moderate results with the yield of p-CF3
dropping to 50% and all gave exclusive formation of the E isomer. With Entries 7-8, we also saw

the formation of a protonolysis side product, with yields of: Entry 7, 6%, Entry 8, 9% and Entry 9,

22%. The 4,5-dimethyl phenyl substrate 32j , gave a low yield of only 33% which is possibly due

to steric interactions (Entry 10). The last entry (Entry 11) with para-methoxy benzyl protected but-2-

ynamine (32k) gave a lower than expected yield of 45% The product (49k) was initially wanted for
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2 Palladium catalysed carboetherification with CF3 acetal tethers

further product modifications (see: Scheme 2.12) and was synthesised on a larger scale with 2.2 g

of material obtained. The lower yield is most likely a result of the reaction being run with palladium

catalyst that had not been recrystallised.

Table 2.14: Scope of the reaction with internal propargylic amines.

Bn
NH CF3

OHEtO
+ + Br TIPS

R

O
NBn

F3C

R

TIPS

32 18 43 49

Pd2(dba)3• CHCl3 (2.5 mol%)
XantPhos (7.5%)

K3PO4 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entry Substrate Product Yield (%)b E:Z

1
NH

Bn

Me

32a

O
NBn

F3C

Me

TIPS

49a 68 10:1

2
Bn

NH

Me

32b

O
NBn

F3C

TIPS

Me 49b 72 12:1

3

Bn
NH

Me

Me

32c

O
NBn

F3C

TIPS

Me

Me

49c 67 >20:1

4

Bn
NH

32d

O
NBn

F3C

TIPS

49d 46 >20:1

5

Bn
NH

Me

Me
Me

32e

O
NBn

F3C

TIPS

Me

Me
Me

49e 51 >20:1

6
Bn

NH
32f

O
NBn

F3C

TIPS

Ph 49f 46 12:1

(a) Reaction conditions: 0.40 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE

(0.2 M), 60 ◦C, 15-18 h. (b) Isolated yields after purification by column chromatography (c) 6% Protonolysis product. (d)

9% Protonolysis product. (e) 22% Protonolysis product. (f) Reaction used un-recrystalised Pd2(dba)3.
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2.5 Scope of the reaction with internal propargylic amines

Table 2.14 (continued. . . ) Scope of the reaction with internal propargylic amines.

Bn
NH CF3

OHEtO
+ + Br TIPS

R

O
NBn

F3C

R

TIPS

32 18 43 49

Pd2(dba)3• CHCl3 (2.5 mol%)
XantPhos (7.5%)

K3PO4 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entry Substrate Product Yield (%)b E:Z

7

Bn
NH

32g

O
NBn

F3C

TIPS

49g 61c >20:1

8

Bn
NH

OMe

32h

O
NBn

F3C

TIPS

OMe

49h 57d >20:1

9

Bn
NH

CF3

32i

O
NBn

F3C

TIPS

CF3

49i 50e >20:1

10

Bn
NH

Me

Me 32j

O
NBn

F3C

TIPS

Me

Me 49j 33 >20:1

11

PMB
NH

Me

32k

O
NPMB

F3C

Me

TIPS

49k 45f 12:1

(a) Reaction conditions: 0.40 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE

(0.2 M), 60 ◦C, 15-18 h. (b) Isolated yields after purification by column chromatography (c) 6% Protonolysis product. (d)

9% Protonolysis product. (e) 22% Protonolysis product. (f) Reaction used un-recrystalised Pd2(dba)3.

The reaction shows good tolerance for different alkyl substituents of various sizes, as well as

aromatic groups, only needing a small increase in temperature and longer reaction times for more

bulky alkyl substituents. The appearance of the protonolysis pathway when using aryl containing

substrates might give insights into the mechanism.

The x-ray crystal structure (Figure 2.3) was obtained for substrate 49j, showing the double bond

of the major isomer with the E- configuration.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

Figure 2.3. X-ray crystal structure of oxazolidine 49j major isomer, showing E geometry.

2.6 Optimising the reaction of substrates with propargylic

substitution

Having looked at the both terminal and internal propargylic alkynes, we moved onto exploring al-

kyne substrates with substitution at the propargylic position. We started with exploring the influence

of the ligand. The two best ligands previously for the reaction, DPEPhos (Entry 1) and XantPhos

(Entry 2), resulted in minimal conversion. In the reactions with allylic substrates with substituents

at the allylic position, TFP was shown to be the best ligand for the transformation. For the reaction

using 33a, TFP provided a moderate yield of 43% and low diastereoselectivity of the desired product

(Entry 3). We looked at some other mono-dentate ligands that had either demonstrated reactivity

with the propargylic or allylic systems. While XPhos was able to give some substrate conversion

only trace amounts of the desired product could be detected (Entry 4). Some electron rich and poor

ligands were tested (Entries 5-8) and while they led to varying degrees of conversion, none of the

ligands led to any product formation. Lastly, we looked at tris(2-thienyl)phosphine (Entry 9). This

ligand gave the same yield and selectivity as its furyl counterpart which, considering its similar steric

and electronic properties, is unsurprising. While the yields and selectivity are the same, the reaction

appeared cleaner when using TFP, so it was selected as the ligand for the reaction.

With all the reactions there was no observable major side-product being formed suggesting that

polymerisation and decomposition of the starting material is a significant process taking place. While

we have been unable so far to obtain absolute structural determination for the formed structures,

from the available data it is possible to conclude that the two stereoisomers are diastereomers and

not double bond isomers.

68

https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1874007&DatabaseToSearch=Published


2.6 Optimising the reaction of substrates with propargylic substitution

Table 2.15: Influence of the ligand on the reaction using internal alkyne substrates with propargylic
substitution

Bn
NH

CF3

OHEtO
N

O

F3C

Bn

Bu

TIPS
+ + Br TIPS

Bu
Pr

Pr33a 18 43 51a

[Pd] source
Ligand (7.5-15 mol%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Ligand SM 33a 51a Yield(%)b d.r.

1 DPEPhos 99 0 –

2 XantPhos 90 0 –

3 P(2–furyl)3 0 43 1:3

4 XPhos 42 <5 –

5 PCy3 80 0 –

6 PPh2Cy 40 0 –

7 PPh3 42 0 –

8 P(F5–Ph)3 50 0 –

9 P(2–thienyl)3 0 44 1:3

(a) Reaction conditions: 0.40 mmol scale, amine (51a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

The investigation of the substitution at the propargylic position took place on the terminal alkyne

substrate in parallel to the internal alkynes. With the terminal system, we now see that DPEPhos

results in full consumption of starting material and the expected product can be seen in low yield

and a poor d.r. and E:Z selectivity (Table 2.16, Entry 1). The ligand also led to 27% formation of an

alkyne alkyne coupling product and another unknown compound. TFP gave an increased but still

low yield of 36% while still giving poor selectivity (Entry 2). The yield could be increased by raising

the temperature to 70 ◦C but with the further erosion of selectivity (Entry 3). XPhos gave the product

in 17% yield (Entry 4) while PCy3 resulted in only 10% (Entry 5) both with similarly low selectivity.

Tris(p-methoxyphenyl)phosphine gave incomplete conversion and trace product formation (Entry 6).

These reaction are showing the presence of four isomers, meaning that diastereomers and double

bond isomers are being formed.

As with the reactions using internal alkynes, unless otherwise stated, no major side product is

seen in the reaction crudes for these experiments. At this stage we decided to only focus on the in-

ternal alkyne substrates, due to the poor yields and selectivity for the reactions with terminal alkynes

and the early indications for the substrate limitations for propargylic substitutions.

For the terminal alkyne substrates, it was possible to determine from the 1H NMR which pair of

compounds constituted double bond isomers and which were diastereomers from the characteristic

shift in the vinylic proton between the E and Z isomers. The comparison of the 1H NMR data

suggests that like with the previous terminal alkyne substrates, the major isomer has the Z geometry.

For the internal alkynes this is more difficult to distinguish as the difference between the signals in

the 1H NMR spectrum are more subtle. However, from the data available, we are concluding that

the isomers seen are diastereomers of the same double bond isomer as the differences in the allylic

proton between the two stereomers does not resemble the differences observed before on earlier
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2 Palladium catalysed carboetherification with CF3 acetal tethers

Table 2.16: Influence of the ligand on the reaction using terminal alkyne substrates with propargylic
substitution

Bn
NH CF3

OHEtO
N

O

F3C

Bn

Pd2(dba)3.CHCl3 (2.5 mol%)
Ligand (7.5 or 15 mol%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 °C

TIPS
+ + Br TIPSPr

Pr34a 18 43 35a

Entrya Ligand SM Prod
Yield(%)b

d.r & E:Z coupled

1 DPEPhos 0 21 1:3:3:14 27

2 TFP 0 36 1:4:9:22 0

3 TFP - 70 ◦C 0 52 3:16:9:24 0

4 XPhos 6 17 1:4:4:9 0

5 PCy3 <5% 10 1:1:4:4 ?

6 P(4 MeOPh)3 35 <5% – <5%

(a) Reaction conditions: 0.20 mmol scale, amine (34a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

internal substrates.

Returning to the internal alkyne substrates, we briefly looked at the effect of changing the base

on the reaction. While Cs2CO3 worked in the reaction, the yields are less than half as when using

K3PO4 and the use of Cs2CO3 also resulted in incomplete conversion (Entry 1). Other caesium and

potassium bases gave low conversion and no product formation (Entries 3-5). K3PO4 remained the

chosen base for the reaction.

Table 2.17: Influence of the base on internal alkynes substrate with propargylic substitution
Bn

NH
CF3

OHEtO
N

O

F3C

Bn

Bu

TIPS
+ + Br TIPS

Bu
Pr

Pr33a 18 43 51a

[Pd] source
TFP (15 mol%)

Base (1.3 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Base SM 33a 51a Yield(%)b d.r.

1 K3PO4 0 43 1:3

2 Cs2CO3 30 17 N/D

3 CsOBz 71 0 –

4 CsOPiv 81 0 –

5 KOtBu 81 0 –

(a) Reaction conditions: 0.20 mmol scale, amine (51a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

After selecting the base, we turned to the effect of raising temperature. Increasing the temperature

to 70 ◦C gave an improvement of the yield to 59%. The addition of the propyl group resulted in a

noticeable reduction of the polarity of the product making the purification and isolation more difficult.

In an attempt to increase the retention time on silica gel for chromatography, and therefore help

in isolation, the substrate with p-methoxy benzyl protected nitrogen was subjected to the reaction

70



2.7 Scope of the reaction with propargylic substituents

conditions. While there was a small improvement in the ability to isolate the product, it came at the

cost of a reduction in the yield (Entry 3). The yield of the reaction could be increased by raising

the temperature to 80 ◦C but only to 59%. While the benzyl gave higher yields at 70 ◦C, the small

gain in the ease of isolation of the final product still makes p-methoxy benzyl a useful option when

considering carrying out this reaction.

Table 2.18: Effect of changing nitrogen protecting group on substrate with propargylic substitution

NH
CF3

OHEtO
N

O

F3C

Bu

TIPS
+ + Br TIPS

Bu
Pr

Pr33a 18 43 51a

[Pd] source
TFP (15 mol%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], T ◦C

R

R

Entrya R-N group T (◦C) 51a Yield(%)b d.r.

1 Bn- 60 43 1:3

2 Bn- 70 59 1:2

3 4–Meo–Bn- 70 50 1:2

4 4–Meo–Bn- 80 59 1:2

(a) Reaction conditions: 0.20 mmol scale, amine (51a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

2.7 Scope of the reaction with propargylic substituents

When proceeding to the scope of the reaction we quickly encountered some of the limitations of

the reaction. At the increased scale, the model substrate was isolated with a good yield of 57%

but still a poor selectivity, It seems that an increase in the sterics at the propargylic position results

in the complete inhibition of the reaction, with the 3-pentyl substrate being completely consumed

without product formation (Entry 2) while the tertiary propargylic position has around 20% conversion

(Entry 3). The aromatic substituted substrate gave the desired product in a moderate 50% yield and

similarly low selectivity (Entry 4). Internal propargylic substrates with aromatic groups on the alkyne

terminus (Entries 5 & 6) give no product formation and incomplete conversion, with 30% of starting

material remaining. As with the previously discussed reactions, competing pathway degradation

and polymerisation of the starting material are leading to conversion but with no major side-product

detectable in the 1H NMR spectra.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

Table 2.19: Scope of reaction substrates with internal alkynes and propargylic substitution.

NH
CF3

OHEtO
N

O

F3C

TIPS
+ + Br TIPS

33 18 43 51

Pd2(dba)3• CHCl3 (2.5 mol%)
TFP (15 mol%)

Cs2CO3 (1.3 equiv.)
DCE [0.2 M], 60 ◦C

R

R

R’

R’
R”

R”

Entry Substrate Product Yield (%) d.r.

1
Pr

NH
Bn

Bu

33a
Pr

Bn

F3C

O

TIPS

BuN
51a 57 2.5:1

2
NH

Bn

BuEt

Et 33b

TIPS

BuBn

F3C

O
N

EtEt
51b 0 –

3
NH

Bn

Bu

33c

TIPS

BuBn

F3C

O
N

51c 0 –

4
NH

Bn

Bu
MeO

33d

MeO
TIPS

BupMeOBn

F3C

O
N

51d 50 3.5:1

5
NH

Bn

Ph
Pr

35b

TIPS

Pr

Bn

F3C

O
N

51e 0 –

6
NH

Bn

pTol
Ph

35c

TIPS

Bn

F3C

O
N

Me

Ph
51f 0 –

(a) Reaction conditions: 0.40 mmol scale, amine (33)DCE (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), . (0.2

M), 70 ◦C, 15-18 h.
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2.8 Exploring the oxyarylation reaction with terminal propargylic amines

2.8 Exploring the oxyarylation reaction with terminal propargylic

amines

We were interested to explore the use of aryl electrophiles with this transformation. ortho-Fluoro-

bromobenzene was selected as the coupling partner as it had performed well in the reactions on

the allylic system.302 Again we started with the ligands that had been previously successful in this

transformation (Table 2.20, Entries 1-3). Both bidentate ligands DPEPhos (Entry 1) and XantPhos

(Entry 2), gave trace product formation and large amounts of the protonolysis side-product (54a ).

While TFP still showed a significant production of the side product, the reaction showed an increase

in product formation (Entry 3). We moved onto looking at different Buchwald-type ligands, starting

with the commercially available SPhos, Ph-DavePhos, XPhos, BrettPhos and RuPhos (Entries 4-8).

The reactions all looked cleaner by nmr and a small improvement in yield was noticed for each of

the ligands apart from when Ph-DavePhos was used. SPhos was tested in combination with aryl

triflate (Entry 9), which gave a degradation of the reaction and with aryl iodides (Entry 10) result-

ing in an improvement in the yield of reaction and a decrease in the formation of the protonolysis

side-product (54a ). Testing the use of aryl iodides with the other Buchwald ligands (Entry 11-14)

showed a similarly improved yield of reaction for all the ligands, including Ph-DavePhos. Interest-

ingly, Ph-DavePhos shows a distinct preference for the formation of the opposite double bond isomer

(Entry 11). The ligands Fu-XPhos (Entry 9) and Fu-DavePhos (Entry 10) were synthesised within the

group for the amino-alkynylation and arylation of amino alcohols.305 However, the two ligands tested

in this reaction both gave poor reactivity and selectivity. In the oxyarylation of propargylic amines

using CO2, DMSO was found to be the optimal solvent for the reaction,256 but led to decreased

yields in this reaction (Entry 17). Toluene, on the other hand, gave an improvement in the reaction

yield with SPhos (Entry 18), Ph-DavePhos (Entry 19) and XPhos (Entry 20) but surprisingly not with

BrettPhos (Entry 21). Finally, an increase in the amount of tether used gave a small improvement

in the E:Z selectivity but no improvement in yield (Entry 22), while a change in concentration of the

reaction seemingly has no effect (Entry 23).

Ultimately we decided that we would not continue to optimise the arylation of terminal substrates

due to the poor reaction yields, lack of E:Z selectivity and high levels of protonolysis. The decision

was also helped by the promising initial results for the arylation of internal propargylic substrates

and the more interesting products that were formed due to the additional substituent on the double

bond.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

Table 2.20: Conditions for the arylation of terminal propargylic amines
Bn

NH CF3

OHEtO
N

O

F3C

Bn

Pd2(dba)3.CHCl3 (2.5 mol%)
RuPhos (7.5 mol%)
K3PO4 (1.3 equiv.)
DCE [0.2 M], 45 °C

Ar+ + ArI + N
O

F3C

Bn

32a 18 52 53a 54a

Entrya Ligand Solvent Yield of
53a
(%)b

E:Z Yield of 54a (%)b

1 DPEPhos Br-Ar DCE 2 – 43

2 XantPhos Br-Ar DCE 3 – 58

3 P(2–furyl)3 Br-Ar DCE 12 – 52

4 SPhos Br-Ar DCE 17 1:2 31

5 Ph-DavePhos Br-Ar DCE 3 – 58

6 XPhos Br-Ar DCE 18 1:1 31

7 BrettPhos Br-Ar DCE 17 16:1 31

8 RuPhos Br-Ar DCE 17 1:2 31

9 SPhos TfO-Ar DCE 8 2:1 30

10 SPhos I-Ar DCE 31 3:1 4

11 Ph-DavePhos I-Ar DCE 23 1:5 19

12 XPhos I-Ar DCE 33 4:1 4

13 BrettPhos I-Ar DCE 36 16:1 15

14 RuPhos I-Ar DCE 31 3:1 4

15 Fu-XPhos I-Ar DCE 15 1:1 17

16 Fu-DavePhos I-Ar DCE 11 1:2 27

17 SPhos I-Ar DMSO 18 1:3 4

18 SPhos I-Ar toluene 39 1:1 6

19 Ph-DavePhos I-Ar toluene 30 1:5 14

20 XPhos I-Ar toluene 42 3:1 8

21 BrettPhos I-Ar toluene 19 3:1 18

22c SPhos I-Ar toluene 36 6:1 7

23d SPhos I-Ar toluene 38 2:1 5

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) tether (3 equiv.). (d) 1M reaction
concentration.
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2.9 Optimisation of the reaction with internal alkyne substrates

2.9 Optimisation of the reaction with internal alkyne substrates∗

As with the terminal alkynes, the bidentate ligands (Table 2.21, Entries 1-3) gave generally poor

results. While TFP gave a low yield of 16% the reaction now only gives a single isomer of the desired

product (Entry 4). The tested Buchwald type ligands (Entries 5-11) generally gave a significantly

improved reaction yield with essentially perfect selectivity except for XPhos (Entry 7), which gave a

lower yield, and Ph-DavePhos (Entry 9), which gave a poor yield and E:Z selectivity. Difficulty in

obtaining reliable results with the use of BrettPhos (Entries 10 & 11) was later determined to be an

issue with the batch of ligand being used. It is worth noting that we also saw the formation of small

amounts of the 6-endo-dig cyclisation product in all of the reaction but this product was removable

by chromatography, so was not deemed a significant issue. We decided to proceed to the next stage

of the optimisation using RuPhos as the preferred ligand.

Table 2.21: Influence of ligand on the oxyarylation reaction

Bn
NH CF3

OHEtO

N
O

F3C

BnLigand (7.5 or 15 mol%)

K3PO4 (1.3 equiv.)
Me

+ +

Me
I Me

Me

Pd2(dba)3• CHCl3 (2.5 mol%)

DCE [0.2 M], 60 ◦C
32a 18 52 55a

Entrya Ligand 55a Yield(%)b E:Z

1 DPEPhos 11 3:1

2 XantPhos 33 1:1

3 dppf 4 –

4 TFP 16 >20:1

5 SPhos 46 >20:1

6 RuPhos 62 >20:1

7 XPhos 21 >20:1

8 DavePhos 60 >20:1

9 Ph–DavePhos 14 1:4

10 BrettPhos 67 16:1

11 BrettPhos 55 6:1

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

The reaction using RuPhos as ligand was tested in toluene at 60 ◦C (Entry 2) but a significant

drop in yield was observed. Reducing the temperature of the reaction in DCE to 45 ◦C (Entry 3)

and 35 ◦C (Entry 4) both resulted in an increase in yield with 45 ◦C giving the best yield seen so far

with 72% of product. We again tested DMSO256 (Entry 5) to see if the oxyarylation reaction would

work in the solvent, and while it gave no formation of the desired product, it did give approximately

40% yield for another previously unseen cyclisation product that might be the other isomer of the

∗This work was carried out with the aid of Dr. Ewann Grenet who helped perform the reaction optimisation, scope and

carried out some of the later product modifications with the formed arylation products.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

double bond.† A new batch of the BrettPhos ligand was tested in toluene at 60 ◦C (Entry 6) and 35
◦C (Entry 7). Both reactions gave good yields and perfect E-selectivity although not as high as with

RuPhos.

Table 2.22: Influence of solvent and temperature on the oxyarylation reaction.

Bn
NH CF3

OHEtO

N
O

F3C

BnLigand (7.5 or 15 mol%)

K3PO4 (1.3 equiv.)
Me

+ +

Me
I Me

Me

Pd2(dba)3• CHCl3 (2.5 mol%)

DCE [0.2 M], T ◦C
32a 18 52 55a

Entrya Ligand Solvent T (◦C) 55a Yield(%)b

1 RuPhos DCE 60 62

2 RuPhos Toluene 60 43

3 RuPhos DCE 45 72

4 RuPhos DCE 35 68

5 RuPhos DMSO 35 0

6 BrettPhos Toluene 60 53

7 BrettPhos Toluene 35 64

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture.

With the reaction optimisation finished, RuPhos was selected as the ligand for palladium running

the reaction in DCE at 45 ◦C, as these conditions gave the best yields and cleanest reactions.

2.10 Scope of the oxyarylation reaction

With the optimised conditions in hand we moved onto exploring the scope of the reaction (Table 2.23).

Phenyl iodide (Entry 1) and aryl iodides with substituents at various positions were submitted to the

reaction with 49a (Entries 2-4) giving good product formation with only the ortho-substituted aryl

showing a drop in yield. We were pleased to see that both electron withdrawing and donating groups

on the aryl iodide worked in the reaction, with para-methoxy (Entry 5) and para-nitro (Entry 6) giving

an isolated yield of 61%. This is in contrast to the results obtained using the acetaldehyde tether

for the oxy and aminoarylation of allylic amines, where only electron withdrawing aryl groups could

be used.302,303 Propargylic substrates with larger alkyne substituents were also amenable to the

reaction conditions (Entry 7). Phenyl substituted propargylic amine (32g) gave the desired product

with high yields with phenyl (Entry 8) and para-tolyl (Entry 9) that gave 1,1-diaryl substituted alkene,

as did the more functionalised 2-(4-iodophenoxy)-N,N-dimethylethan-1-amine (52d) (Entry 10). The

product 55j was chosen as its structure is analogous to the anticancer medication; Tamoxifen (Fig-

ure 2.4 57).319

319Group, E. B. C. T. C. The Lancet 1998, 351, 1451–1467, Link

†This result requires further investigation.
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2.10 Scope of the oxyarylation reaction

Table 2.23: Scope of the oxyarylation reaction with terminal propargylic amines

Bn
NH CF3

OHEtO

N
O

F3C

Bn

Ar

RuPhos (7.5 mol%)
K3PO4 (1.3 equiv.)
DCE [0.2 M], 45 °C

R
+ +

R
ArI

Pd2(dba)3• CHCl3 (2.5 mol%)

32 18 52 55

Entry substrate I-Ar Product Yield (%)

1 32a I 52a

O
NBn

F3C

Me 55a 78

2 55a I Me 52b

O
NBn

F3C

Me

Me

55b 76

3 55a I

Me

52c

O
NBn

F3C

Me

Me
55c 45

4 55a I

Me

Me

52d

O
NBn

F3C

Me

MeMe

55d 71

5 55a I OMe 52e

O
NBn

F3C

Me

OMe

55e 61

6 55a I NO2 52f

O
NBn

F3C

Me

NO2

55f 61

(a) Reaction conditions: 0.4 mmol scale, amine (32) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2

M), 45 ◦C, 15-18 h.

77



2 Palladium catalysed carboetherification with CF3 acetal tethers

(Table 2.23 continued. . . ) Scope of the oxyarylation reaction with terminal propargylic amines

Bn
NH CF3

OHEtO

N
O

F3C

Bn

Ar

RuPhos (7.5 mol%)
K3PO4 (1.3 equiv.)
DCE [0.2 M], 45 °C

R
+ +

R
ArI

Pd2(dba)3• CHCl3 (2.5 mol%)

32 18 52 55

Entry substrate I-Ar Product Yield (%)

7 32d I Me 52b

O
NBn

F3C

Me

55g 64

8 32g I 52a

O
NBn

F3C

55h 78

9 32g I Me 52b

O
NBn

F3C

Me

55i 75

10 32g
I O

Me2N

52d

O
NBn

F3C

O
Me2N

55j 82

(a) Reaction conditions: 0.4 mmol scale, amine (32) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2

M), 45 ◦C, 15-18 h.

Alkenylation was attempted several times using vinylbromide 56 (which was used successfully for

oxy- and aminovinylation of allylic amines302,303) using the optimised conditions of oxyalkynylation

and oxyarylation, but only trace amounts of product could be detected.

Two of the products from the oxyarylation gave crystals which were submitted for Xray crystal

structure analysis. Both the compounds 55b (Figure 2.5) and 55i (Figure 2.6) show that the ox-

yarylation reaction gives exclusive formation of the E-isomer.
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2.10 Scope of the oxyarylation reaction

O
Me2N

Me

F3C

Br

56 57

Figure 2.4. Trifluoromethyl bromo ethene (56), structure of Tamoxifen (57)

Figure 2.5. X-ray crystal structure of oxazolidine 55b major isomer, showing E geometry.

Figure 2.6. X-ray crystal structure of oxazolidine 55i major isomer, showing E geometry.
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2 Palladium catalysed carboetherification with CF3 acetal tethers

2.11 Product modification

One of the advantages of the CF3-acetal tether that was demonstrated with the allylic system was

the ability to act as a protecting group for the 1,2-amino alcohol while allowing for the manipulation of

the oxazoline system. One of the possible reactions was the oxidative removal of the para-methoxy

benzyl group with DDQ (Scheme 2.12). The propargyl derived oxazoline (49j) was subjected to the

same conditions with DDQ with H2O in MeCN with the aim of accessing 58, however, minimal con-

version of the starting material was observed. Using DDQ in DCM or CAN with H2O in MeCN gave

full consumption but while para-methoxy benzaldehyde could be detected only decomposition was

seen for the oxazoline. A ruthenium photocatalysed oxidative benzyl cleavage320 was attempted, but

while partial consumption was seen, this was most likely a result of starting material decomposition.

N
O

F3C

Me

TIPSMeO

HN
O

F3C

Me

TIPS

DDQ Full conversion

CAN
MeCN/H2O

Full conversion
Decomposition

MeCN/H2O
Blue LED

Ru(bpy)3Cl2, O2 Partial conversion
Messy NMR spectra

DDQ
MeCN/H2O

DCM

Minimal conversion

49j 58

Scheme 2.12. Attempted reactions for the deprotection of the nitrogen.

The deprotection of the alkynyl triisopropylsilyl group proved to be more successful (Scheme 2.13).

The addition of TBAF to oxazoline 49a or 49j at 0 ◦C gave the desired terminal alkynes 59a and 59b

with excellent yields of 89% and 98% respectively. The terminal alkyne could be further used in a

copper catalysed "click" reaction with para-bromo benzyl azide to form the triazole 60 in quantitative

yield or a palladium catalysed Sonogashira reaction321 to give 61 with 79% yield.

The removal of the CF3-acetal tether by hydrolysis was looked at next (Scheme 2.14). By sub-

jecting the oxazoline product 49a to acidic conditions using TsOH, the complete conversion of the

starting material to a hydrolysed product was observed. However upon workup, we were unable

to see the alkynyl-ketone 62 but rather compound 63 was isolated, having undergone additional

hydrolysis of the alkyne. We moved onto some NMR experiments to try to understand what was

happening. In an NMR tube, a solution with oxazolidine 49a in deuterated chloroform was acidi-

fied with TFA. However, hydrolysis would only take place with the addition of a nucleophile source

such as H2O or MeOH at which point the hydrolysis quickly takes place to give 62. It was during the

work-up, with aqueous NaHCO3, where the alkyne of 62 hydrolyses to the enolised diketone product

(63). Attempts to concentrate the reaction media without undergoing basic workup resulted in the

decomposition of the isolated material, while work up with just water results in a mixture of 62 and 63

which either decomposes or slowly hydrolyses to 63 under atmospheric conditions. Nevertheless,

320Iqbal, N.; Cho, E. J. Adv. Synth. Catal. 2015, 357, 2187–2192, Link
321Li, J.-H.; Liang, Y.; Xie, Y.-X. J. Org. Chem. 2005, 70, 4393–4396, Link
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2.11 Product modification

N
O

F3C

R Me

TIPS

THF, 0 °C

TBAF N
O

F3C

R Me

R =
R =

Bn,
PMB,

89%
98%

N
O

F3C

Bn Me

N
N N Br99%

Na-ascorbate

CuSO4

N3pBr-Ph

THF:H2O, rt

N
O

F3C

Bn Me

79%

NO2

DABCO

Pd(OAc)2

air, MeCN, rt

pNO2-Ph-I
49

59a,
59b,

60

61

Scheme 2.13. TIPS deprotection of the siyl protected alkyne and reactions with the free alkyne.

we were able to achieve the hydrolysis of the oxazoline product to obtain 63 with a yield of 90%.

Several attempts were made to alkylate the enolised diketone but 63 was unreactive to the tested

conditions.

N
O

F3C

Bn Me

TIPS

H2
N

O
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OH
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Scheme 2.14. Removal of the CF3 aminal tether by acidic hydrolysis.

Attempts to access the α-amino ketone by the hydrolysis of the arylation product 55b were made,

however, the use of dilute acids TsOH or TFA in CHCl3 were unable to perform the hydrolysis. Initial

experiments using stronger acidic conditions such as concentrated TFA gave promising results, but

would require addition work to achieve this reaction.

Gold catalysis has frequently been used to synthesise furans from oxygen containing eneyne

systems.322–328 We hoped that it might be possible to directly convert the enyne-ether system of

the product to a furan. We initially used the TIPS deprotected product 59a in the presence of an

Au/Ag catalyst system, but while we saw full conversion of 59a, we did not observe the formation of

a furan (Scheme 2.15a).

From the exploration of the hydrolysis of the oxazoline product (Scheme: 2.14), we saw that the

hydrolysis actually forms the alkyne-ketone 62. Modified conditions were developed for the hydro-

322Moran, W. J.; Rodrıguez, A. Organic Preparations and Procedures International 2012, 44, 103–130, Link
323Blanc, A.; Beneteau, V.; Weibel, J.-M.; Pale, P. Org. Biomol. Chem. 2016, 14, 9184–9205, Link
324Yao, T.; Zhang, X.; Larock, R. C. J. Am. Chem. Soc. 2004, 126, 11164–11165, Link
325Liu, Y.; Song, F.; Song, Z.; Liu, M.; Yan, B. Org. Lett. 2005, 7, 5409–5412, Link
326Du, X.; Song, F.; Lu, Y.; Chen, H.; Liu, Y. Tetrahedron 2009, 65, 1839–1845, Link
327Hashmi, A. S. K.; Häffner, T.; Rudolph, M.; Rominger, F. Eur. J. Org. Chem. 2011, 2011, 667–671, Link
328Li, E.; Yao, W.; Xie, X.; Wang, C.; Shao, Y.; Li, Y. Org. Biomol. Chem. 2012, 10, 2960–2965, Link
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2 Palladium catalysed carboetherification with CF3 acetal tethers

lysis using methanol to open the tether, after full consumption of the starting material a catalyst

system of Au(PPh3)Cl and AgSbF6 was added whereupon the furan was formed (Scheme 2.15b).

With this procedure, we were able to synthesise trisubstituted furans bearing methyl (65a), cyclo-

propyl (65b) or phenyl (65c) substituents, all with high yields. An interesting isomerisation process

was noticed, were an additional product was observed in approximately 10% yield in each instance

that appeared to be the result of a 1,2-shift of the triisopropylsilyl group. No attempts to further

optimise the reaction was made but it is likely that the catalyst loading could be reduced. ZnCl2 was

also tried as a catalyst to achieve the same transformation329 and stoichiometric NBS to access

bromofurans,330 but neither attempt led to the furan cyclisation product
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Scheme 2.15. Transformation of the oxyalkynylation products to furans (a) attempted directly from the free
alkyne 59a (b) achieved by acidic hydrolysis followed by addition of a gold catalyst.

One of the stated goals for this work was to be able to access products with additional substitu-

tion β- to the installed oxygen, that was not possible with the reactions with allylic systems at the

substrates couldn’t tolerate terminal substituents.302 In order to access the reduced product, hydro-

genation conditions were explored to reduce the enyne system. Under an atmosphere of hydrogen

with various heterogeneous palladium catalysts hydrogenation of the starting material occurred with

the formation different hydrogenation products 66, 67 and 68 being formed with some debenzyla-

tion also being detected. Rosenmund’s catalyst (Pd/BaSO4) gave the cleanest reaction with a 5:2:1

mixture of 66:67:68 after 3 hours and full conversion of the starting material (Scheme 2.16). Leaving

the reaction to run for 24 hours resulted in the complete conversion to the full reduction of the enyne

to give 66. Performing the reaction on a 0.3 mmol scale, the product 66 was isolated with a good

yield of 76% and 2:1 d.r. The addition of quinoline to the reaction to poison the catalyst appeared to

have negligible effect on the outcome of the reaction.

The hydrogenation of the arylation product 55a was similarly successful (Scheme 2.17). The

use of Pearlman’s catalyst with a balloon of hydrogen overnight led to the clean formation of the

desired product 69a with reduction of the alkene and benzyl protecting group in 91% yield. This

hydrogenation product could then be hydrolysed to reveal the free 1,2-amino alcohol 70. The alkene

329Sniady, A.; Durham, A.; Morreale, M. S.; Wheeler, K. A.; Dembinski, R. Org. Lett. 2007, 9, 1175–1178, Link
330Sniady, A.; Wheeler, K. A.; Dembinski, R. Org. Lett. 2005, 7, 1769–1772, Link
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2.11 Product modification

N
O

F3C

Bn Pd/BaSO4 (5 mol%)
Me

TIPS

N
O

F3C

Bn Me

TIPS

N
O

F3C

Bn Me

TIPS
H2, EtOH

N
O

F3C

Bn Me

TIPS

0.1 mmol scale, 3 hrs:  65% (5 : 2 : 1)
0.3 mmol scale, 12hrs: 77% (exclusivly

49a 66 67 68

66)

Scheme 2.16. Hydrogenation of the enyne moiety of the oxyalkynylation product by heterogeneous palladium
catalysis.

system bearing two aryl groups could also be cleanly hydrogenated to give 69b with a yield of

80%. Interestingly, the hydrogenation of the arylation products gave exclusive formation of a single

diastereomer of the product. This would suggest that the CF3 group is acting as a blocking group for

the hydrogenation. It was also noticed that, with careful monitoring of the reaction, it was possible

to obtain the product of the hydrogenation of the double bond while retaining the benzyl group.
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Scheme 2.17. Hydrogenation of the alkene in the oxyarylation product by heterogeneous palladium catalysis.

A brief attempt was made to perform a Petasis-Ferrier rearrangement331 using the vinyl-aminal

system of the oxazoline product 55a promoted by an aluminium species. The reaction was anticip-

ated to take place as shown in Scheme: 2.18. The aluminium species would cause the aminal to

open to give 71. Rotation around the marked bond next to the enolate would align the iminium with

the distal end of the enolate allowing for cyclisation to 72. However, while all attempts resulted in

the conversion of 49a, the formed compound was not the expected pyrrolidinone (72) and attempts

to identify the isolated material were unsuccessful.
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Scheme 2.18. The envisaged Petasis-Ferrier rearrangement on oxyalkynylation product 49a.

The use of the cobalt catalyst 73 has previously been shown to catalyse reactions with enyne

systems with either oxygen332 or DBAD.333 We hoped to perform this transformation on the enyne

331Minbiole, E. C.; Minbiole, K. P. The Journal of antibiotics 2016, 69, 213, Link
332Waser, J.; Gaspar, B.; Nambu, H.; Carreira, E. M. J. Am. Chem. Soc. 2006, 128, 11693–11712, Link
333Waser, J.; González-Gómez, J. C.; Nambu, H.; Huber, P.; Carreira, E. M. Org. Lett. 2005, 7, 4249–4252, Link
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2 Palladium catalysed carboetherification with CF3 acetal tethers

of our oxazoline system to access 74 or 75. However, the application of the literature conditions to

49a resulted in minimal conversion of the starting material.
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Scheme 2.19. Attempted hydration and hydroamination of the alkene in the enyne system.

2.12 Reaction mechanism

Based on the literature precedent for reactions for intramolecular dual functionalisation of alkynes

(subsection 1.4.2) and the results from the work carried out on this project, it is possible to deduce

that two main competing mechanisms are taking place, depending on the substrate and electrophile

for the reaction, which are shown in Scheme 2.20. The characteristic difference between the two

pathways is the preference for either a cis-oxypalladation or a trans-oxypalladation of the alkyne with

the determining factor seeming to be the terminal substituent of the alkyne.

Both pathways start with an equilibrium established between the propargylic amine (14 or 32) and

the tether (18) to give the tether species 77, which then enters the catalytic cycle with palladium.

And both cycles start with the same oxidative addition of Pd0 (I) into the halogen-carbon bond of

the electrophilic species to give PdII species II.

In the cis-oxypalladation pathway, ligand exchange takes place between II and the tether species

77 to give the oxo-palladium complex III where the π-acidity of PdII can then activate the alkyne.

The activated alkyne undergoes cis-oxypalladation to form vinyl palladium species IV whereupon

reductive elimination gives the product 45 as the Z -isomer and the reduced Pd0 species I. In isol-

ated instances (see Table 2.20) the vinyl-palladium species IV is able to undergo an alternative

protonolysis pathway to give 76.

The other pathway with trans-oxypalladation has the PdII complex II directly interact as a π-acid

with the alkyne of 77 to give intermediate III'. The oxygen from the tether can then attack trans

to the palladium activating the alkyne in a 5-exo-dig fashion to give the vinyl-palladium species

IV' which can reductively eliminate to give 49 as the E-isomer as well as Pd0
I. As with the cis-

oxypalladation pathway, the vinyl-palladium species could sometime undergo protonolysis to give

54. This was generally seen with alkynes substituted with aryl groups (see Table 2.14, Entries 7 - 9).

We also observed that the trans attack of the oxygen in intermediate III' has the potential to take

place by a 6-endo-dig cyclisation to give the 6-membered ring product 78.

The pathway for cis-oxypalladation seems to be favoured for substrates bearing a terminal alkyne

and is also in competition with the trans- pathway for alkynes bearing small terminal substituents

such as a methyl group. This is possibly due to an interplay between the nucleophilicity of the
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2.13 Conclusion

oxygen from the tether vs the π-basicity of the alkyne with respect to the palladium as well as a

steric interaction of an oxygen bound palladium with the terminal substituent of the alkyne.
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Scheme 2.20. Proposed reaction Mechanism.

2.13 Conclusion

We succeeded in the development of a new synthetic strategy for accessing α-amino ketones and

1,2-amino alcohols by the in situ tethering and palladium catalysed oxyalkynylation and oxyarylation

of propargylic amines. Though the application of different phosphine ligands in combination with

their respective substrate class, a diverse range of highly substituted oxazolidines were synthes-

ised containing enynes and styrene moieties. Product modification exemplified the versatility of the

formed oxazolidines containing the CF3-aminal linker, by deprotection of the alkyne, cleavage of the

tether, hydrogenation and a one-pot conversion to trisubstituted furans.
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3 Palladium Catalysed Carboxy-Alkynylation

In this chapter I will present the palladium catalysed carboxylation-alkynylation project that came

about as a result of a serendipitous discovery during the optimisation of the oxyalkynylation of pro-

pargylic amines with internal alkynes (section 2.4).334 The use of CO2 in dual functionalisation re-

actions with alkynes has been covered in the introduction in subsection 1.4.4. The initial results that

led to the discovery of the novel carboxyl-alkynylation will be recounted after which the optimisation

and reaction scope will be detailed. The chapter will finish with a brief discussion of the mechanism

that might be taking place in this reaction.

3.1 Synthesis of additional starting materials

In this chapter, many of the same starting materials were used in the previous chapter and their

synthesis can be found in section 2.1. However, some additional substrates were synthesised for

use in the scope of reaction.

N-Ferrocenylmethyl but-2-yn-1-amine (32l ) was synthesised in a 3-step sequence starting with

reductive aminination of ferrocenylmethyl aldehyde with allylamine followed by propargylation, fin-

ishing with de-allylation (Scheme 3.1).
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Fe

H
N

Me

Fe

H
N

Br

1)

2) Pd(PPh3)4 (20 mol%)
DMBA (1.5 equiv.) DCM

Fe

H2NO
NaBH4

MeOH, 0 °C - rt

93% 58%79, 32l,

Scheme 3.1. Synthesis of N-ferrocenylmethyl but-2-yn-1-amine (32l)

N-Methyl-3-phenylprop-2-yn-1-amine (32m ) was synthesised be the A3 coupling of commer-

cially available N-methyl allylamine with phenyl acetylene and formaldehyde followed by deallylation

(Scheme 3.2). The secondary N-methyl amine was difficult to purify by column chromatography due

to streaking, leading to lower yields.

Me
N
HMe

N
H

1) H2CO (36% aq.)
CuBr (10 mol%), MeCN

2) Pd(PPh3)4 (20 mol%)
DMBA (1.5 equiv.) DCM

+
32m, 51%

Scheme 3.2. Synthesis of N-methyl-3-phenylprop-2-yn-1-amine (32m)

334Greenwood, P. D. G.; Waser, J. Eur. J. Org. Chem. 2019, 2019, 5183–5186, Link
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3 Palladium Catalysed Carboxy-Alkynylation

The synthesis of N-benzyl protected propargyl amines bearing a meta-bromo phenyl (32n ) or

2-thiophene (32o ) group was synthesised via a Sonogashira reaction on the trifluroacetamide 42

followed by hydrolysis of the amide protecting group. This method provided clean product in high

yields.
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dppf, PPh3

Br Ar+ NEt3/DMF
1)

KOH, 
MeOH/H2O

2)

O

CF3
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Bn

S

NH
Bn

Ar

NH
Bn

Br

42

32n, 90% 32o, 82%

Scheme 3.3. Synthesis of substituted propargylic amines 32n and 32o by Sonogashira reaction on propargyl
trifluroacetamide (42).

3.2 Serendipitous discovery of carboxyalkynylation reaction

Early on in the optimisation for the oxyalkynylation of propargylic amines using the CF3 acetal-

dehyde tether system it was noticed that, while the desired product 49a was being formed in low

amounts, a significant amount of another compound was being formed (Table 3.1, Entry 1). The

side product did not contain the CF3C–H signal that is characteristic of the oxazolidines being syn-

thesised, and had a symmetrical benzylic and cyclic CH2 signals in the 1H NMR spectra. The

combination of the 13C NMR, infrared and molecular weight data helped to confirm the structure of

the side product to be that of carbamate 50a as a single isomer (the double bond geometry was

later confirmed by X-ray crystal structure analysis to be the E isomer (Figure 3.1)). Additional con-

firmation was made by running the reaction without the acetal tether (Entry 2) and the addition of

a balloon of CO2 (Entry 3). After ruling out all other possibilities of how the carbamate was being

formed, we concluded that the Cs2CO3 base was the culprit. From this unexpected conclusion we

were able to focus on changing the base in order to optimise the reaction for the oxazolidine prod-

cuct (49a). At the same time, the unexpected formation of the oxazolidinone product intrigued us,

so we returned to the result to explore the potential for a new methodology to access functionalised

oxazolidinones.
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3.2 Serendipitous discovery of carboxyalkynylation reaction

Table 3.1: Initial screening for reaction conditions with internal alkynes from Table 2.11 (page 56)

Bn
NH CF3

OHEtO
+ + Br TIPS

Me

O
NBn

F3C

Me

TIPS

O
NBn

O

Me

TIPS

+

32a 18 43 49a 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5%)

K3PO4 (1.3 equiv.)
Solvent [0.2 M], 60 ◦C

Entrya Solvent 18 (equiv.) Yield of 49a
(%)b

Yield of 50a
(%)b

1 DCE 1.5 45 27

2 DCE 0 0 44

3c DCE 0 0 82

(a) Reaction conditions: 0.20 mmol scale, amine (49a) (1 equiv.), tether (18) (1.3 equiv.), alkyne 43 (1.3 equiv.), solvent
(0.2 M), 60 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) addition of CO2 balloon

The oxazolidinone products formed from the carboxy-alkynylation reaction are an interesting target

as oxazolidinones are useful synthetic intermediates335,336 or used as chiral auxiliaries337 in organic

synthesis. They are important structures for agrochemicals and as antibacterial compounds338–340

and their material properties have been studied for applications in lithium ion battery technology.341

Previously, only a single example of carboxyarylation has been reported using propargylic amines as

substrates (Scheme 1.25, page 24).256 and all the carboxylation reactions reported with propargylic

substrates to make oxazolidinones use gaseous CO2 apart from three examples using carbamate

salts.342–344

335Benakli, K.; Zha, C.; Kerns, R. J. J. Am. Chem. Soc. 2001, 123, 9461–9462, Link
336Gibson, S.; Jacobs, H. K.; Gopalan, A. S. Tetrahedron Lett. 2011, 52, 887–890, Link
337Evans, D. A.; Bartroli, J.; Shih, T. J. Am. Chem. Soc. 1981, 103, 2127–2129, Link
338Diekema, D. J.; Jones, R. N. The Lancet 2001, 358, 1975–1982, Link
339Barbachyn, M. R.; Ford, C. W. Angew. Chem. Int. Ed. 2003, 42, 2010–2023, Link
340Pandit, N.; Singla, R. K.; Shrivastava, B. Int. J. Med. Chem 2012, 2012, Link
341Ue, M.; Sasaki, Y.; Tanaka, Y.; Morita, M. In Electrolytes for Lithium and Lithium-Ion Batteries; Springer: 2014, pp 93–

165, Link
342Costa, M.; Paolo Chiusoli, G.; Taffurelli, D.; Dalmonego, G. Chem. Commun. 1996, 1699–1700, Link
343Chiusoli, G. et al. J. Chem. Soc., Perkin Trans. 1 1998, 1541–1546, Link
344Yu, B.; Cheng, B.-B.; Liu, W.-Q.; Li, W.; Wang, S.-S.; Cao, J.; Hu, C.-W. Adv. Synth. Catal. 2016, 358, 90–97, Link
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3.3 Development of the carboxyalkynylation reaction

As the carbonate base is clearly the source of the CO2 unit in this reaction, the choice of base

was the first variable we went about exploring (Table 3.2). At this time, we were unclear about

the mechanism taking place; believing that perhaps CO2 was being generated by decomposition

of the carbonate base, the initial base screening was run at an increased temperature of 75 ◦C.

The reaction using Cs2CO3 at 75 ◦C gave the same yield but an increased conversion (Entry 2).

Changing the cation to rubidium gave similar yields but no starting material (Entry 3). Smaller cations

gave poor reactivity, K2CO3 gave a poor yield (Entry 4), Na2CO3 resulted a low yield and incomplete

conversion (Entry 5) while only starting material was seen at the end of the reaction using Li2CO3
(Entry 6). Barium and calcium carbonate both had 70% conversion but no formation product or

other compounds were observed in the 1H NMR spectra (Entries 7 & 8). The use of hydrogen

carbonate base NaHCO3, gave a poor yield of 14% (Entry 9) while CsHCO3 gave a good yield of 64

% (Entry 10).

Table 3.2: Effect of the carbonate base on the carboxyalkynylation reaction

Bn
NH N

O

O

Bn Me

TIPS

+ Br TIPS

Me32a 43 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

Base (2 equiv.)
DCE [0.2 M], T ◦C

Entrya Base T (◦C) 32a (%) Yield of 50a
(%)b

1 Cs2CO3 60 14 44

2 Cs2CO3 75 6 42

3 Rb2CO3 75 – 40

4 K2CO3 75 – 12

5 Na2CO3 75 31 13

6 Li2CO3 75 36 0

7 BaCO3 75 31 0

8 CaCO3 75 32 0

9 NaHCO3 75 – 14

10 CsHCO3 75 – 64

(a) Reaction conditions: 0.20 mmol scale, amine 50a (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), T ◦C, 15-18 h. (b)
Determined by 1H NMR of the crude reaction mixture.

After determining that CsHCO3 was the optimal base, the reaction was repeated at a reduced

temperature of 60 ◦C resulting in an improved yield, with 73% of product being formed (Table 3.3,

Entry 2). A further decrease to the temperature was made to 50 ◦C but this led to a drop in the yield

and unreacted starting material remaining at the end of the reaction (Entry 3).
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3.3 Development of the carboxyalkynylation reaction

Table 3.3: Effect of temperature on the carboxyalkynylation reaction

Bn
NH N

O

O

Bn Me

TIPS

+ Br TIPS

Me32a 43 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

Base (2 equiv.)
DCE [0.2 M], T ◦C

Entrya T (◦C) 32a (%) Yield of 50a (%)b

1 75 – 64

2 60 – 73

3 50 7 64

(a) Reaction conditions: 0.20 mmol scale, amine 50a (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), T ◦C, 15-18 h. (b)
Determined by 1H NMR of the crude reaction mixture.

Changing the ligand had a significant effect on the outcome of the reaction (Table 3.4). Structurally

similar ligands DCEPhos (Entry 2), XantPhos (Entry 3) and dppe (Entry 4) all gave very low product

yield and incomplete conversion. The ferrocene derived ligand, dppf, gave a moderate yield but with

incomplete conversion (Entry 5). RuPhos was also tried, but gave very low conversion of the starting

material (Entry 6). The choice was made to remain with DPEPhos as the ligand for the reaction.

Table 3.4: Effect of changing the ligand on the carboxyalkynylation reaction

Bn
NH N

O

O

Bn Me

TIPS

+ Br TIPS

Me32a 43 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
Ligand (7.5 mol%)
CsHCO3 (2 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Ligand 32a (%) Yield of 50a (%)b

1 DPEPhos – 73

2 DCEPhos 15 2

3 XantPhos 50 4

4 dppe 19 8

5 dppf 20 50

6 RuPhos 83 6

(a) Reaction conditions: 0.20 mmol scale, amine 50a (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), 60 ◦C, 15-18 h. (b)
Determined by 1H NMR of the crude reaction mixture.

A selection of solvents were next explored (Table 3.5). The reaction gave only a moderate yield

with DCM (Entry 2) while the reaction run in CHCl3 gave surprisingly poor results with only 4% of

both starting material and product at the end of the reaction (Entry 3). Aromatic solvents Cl-benzene

(Entry 4) and trifluorotoluene (Entry 5) gave incomplete conversion and poor yield, as did CPME

(Entry 6) and EtOAc (Entry 7).

The effect of changing the source of palladium catalyst on the reaction was looked at next (Table 3.6).

Pd(dba)2 (Entry 2) gave a significant drop in yield for the oxazolidinone product, while the use of

Pd(Cp)cinnamyl (Entry 3) gave the same yield as Pd2(dba)3. Palladium (II) catalyst precursors all
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3 Palladium Catalysed Carboxy-Alkynylation

Table 3.5: Effect of changing the ligand on the carboxyalkynylation reaction

Bn
NH N

O

O

Bn Me

TIPS

+ Br TIPS

Me32a 43 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

CsHCO3 (2 equiv.)
Solvent [0.2 M], 60 ◦C

Entrya Solvent 32a (%) Yield of 50a (%)b

1 DCE – 73

2 DCM – 50

3 CHCl3 4 4

4 Cl-benzene 22 21

5 CF3-toluene 5 41

6 CPME 31 7

7 EtOAc 27 15

(a) Reaction conditions: 0.20 mmol scale, amine 50a (1 equiv.), alkyne 43 (1.3 equiv.), Solvent (0.2 M), 60 ◦C, 15-18 h.
(b) Determined by 1H NMR of the crude reaction mixture.

resulted in low yields and incomplete conversion (Entries 4-7). While Pd2(dba)3 and Pd(Cp)cinnamyl

performed identically in the reaction, we decided to carry forward using Pd2(dba)3 as it is readily

available and the quality of the catalyst is simple to control by recrystallisation.

Table 3.6: Screening of different palladium sources.

Bn
NH N

O

O

Bn Me

TIPS

+ Br TIPS

Me32a 43 50a

[Pd] source
DPEPhos (7.5 mol%)

CsHCO3 (2 equiv.)
DCE [0.2 M], 60 ◦C

Entrya [Pd] source 32a (%) Yield of 50a (%)b

1 Pd2(dba)3•CHCl3 – 73

2 Pd(dba)2 – 52

3 Pd(Cp)cinnamyl – 73

4 Pd(OAc)2 5 15

5 Pd(acac)2 2 37

6 Pd(PPh3)2Cl2 3 3

7 Pd(DPEPhos)Cl2 35 14

(a) Reaction conditions: 0.20 mmol scale, amine 50a (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), 60 ◦C, 15-18 h. (b)
Determined by 1H NMR of the crude reaction mixture.

We finalised the optimisation by running some last experiments (Table 3.7). Halving the loading

of palladium gave nearly the same result as the best conditions found so far, however the reaction

was slower with some starting material remaining (Entry 2). Reducing the amount of CsHCO3 to 1

equivalent also seemed to give a slower reaction but still with good yield (Entry 3). The optimisation

has so far been carried out in 0.5-2 mL microwave vials from Biotage at a 0.20 mmol scale with a
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3.4 Scope of the carboxyalkynylation reaction

reaction volume of 1 mL. When the scale of the reaction was increased to 0.40 mmol, using the

same reaction vial, a significant drop in reactivity was seen with 50% of product and 30% of starting

material at the end of the reaction. However, when the reaction vessel was changed to a 2-5 mL

microwave vial the reactivity returned and in fact improved to 80% with an isolated yield of 77%

product. This is likely due to the improved stirring that is taking place in the reaction by using a

bigger stirrer bar that helps to grind and distribute the insoluble base. Surprisingly, the addition

of CO2 to the reaction showed no benefit to the reaction giving the same 80% yield. During the

reaction H2O is being produced (CsHCO3 + H+ ––––→ Cs+ + H2O + CO2), to see if this was having

a negative effect, 4Å molecular sieves were added to the reaction, but the addition of the molecular

sieves provided no improvement in the reaction yield (Entry 7).

Table 3.7: Effect of other changes to the reaction

Bn
NH N

O

O

Bn Me

TIPS

+ Br TIPS

Me32a 43 50a

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

CsHCO3 (2 equiv.)
DCE [0.2 M], 60 ◦C

Entrya Modification to conditions 32a (%) Yield of 50a (%)b

1 no change – 73

2 half [Pd] loading 5 68

3 1 equiv. CsHCO3 5 69

4 0.4 mmol scalec 30 50

5 0.4 mmol scaled 0 80 [77]e

6 using CO2 balloon 0 80

7 using 4Å MS 0 76

(a) Reaction conditions: 0.20 mmol scale, amine 50a (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), 60 ◦C, 15-18 h. (b)
Determined by 1H NMR of the crude reaction mixture. (c) Compact vial with small stirrer bar. (d) Larger vial with bigger
stirrer bar. (e) Isolated yield.

The final conditions to be used for the reaction in the scope was with Pd2(dba)3•CHCl3 and

DPEPhos in 2.5 and 7.5 mol% amounts respectively and 2 equivalents of CsHCO3 in DCE at 60 ◦C.

3.4 Scope of the carboxyalkynylation reaction

With the optimised conditions in hand we moved onto the scope of the reaction (Table 3.8). But-2-

yne amine with N-benzyl or N-para-methoxybenzyl protecting groups (Entries 1 & 2) both gave high

yields of 77%, while the N-ferrocenylmethyl group gave a small reduction in isolated yield of 65%

(Entry 3). Changing the terminal substituent of the propargylic alkyne to a benzyl group (Entry 4)

led to a drop in yield, similar to when the substituent was used in the CF3-acetal substrate scope

(Table 2.14 Entry 6). Surprisingly, the cyclopropyl group in this transformation resulted in a high

yield of 82% (previously, the cyclopropyl group performed relatively poorly in the oxyalkynylation

(Table 2.14) and oxyarylation (Table 2.23) reactions). The bulky tert-butyl substituent gave a mod-

erate yield of 44% (Entry 6). Propargylic amines with N-benzyl and an unsubstituted phenyl ring
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3 Palladium Catalysed Carboxy-Alkynylation

gave a high yield of 81% (Entry 7), while changing the group on the nitrogen to methyl led to a

drop in yield to 66% (Entry 8). A similar drop in yield was seen when substituting the phenyl ring

with an electron donating para-methoxy group (Entry 9). The electron withdrawing para-CF3 group

(Entry 10) or a meta-bromo substitution (Entry 11) resulted in a bigger reduction in yield to 51 and

61% respectively. Substituting both meta positions of the phenyl ring (Entry 12) gave the same high

yield as the unsubstituted substrate. Lastly, having the heteroaromatic thiophene ring on the alkyne

resulted in a moderate yield of 47% (Entry 13). Propargylic substrate 14a with a terminal alkyne gave

full conversion, but no product formation (Entry 14), most likely the propargylic amine polymerised

and/or decomposed. Substitution at the propargylic position (33a , Entry 15) also gave no product

formation, but the reaction only had 20-30% conversion.

Table 3.8: Scope of the carboxyalkynylation reaction with internal propargylic amines

Bn
NH N

O

O

Bn

TIPS

+ Br TIPS

32 43 50

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

CsHCO3 (2 equiv.)
DCE [0.2 M], 60 ◦CR

R

Entry Substrate Product Yield (%)b

1
NH

Bn

Me

32a
Me

TIPS

O
N

O

Bn
50a 77

2

PMB
NH

Me

32k
Me

TIPS

O
N

O

PMB
50b 77

3 Fe
Me

NH

32l
Me

TIPS

O
N

O

Fe

50c 65

4
Bn

NH
32f

TIPS

O
N

O

Bn
Ph 50d 60

(a) Reaction conditions: 0.40 mmol scale, amine 32 (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), 60 ◦C, 15-18 h.
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3.4 Scope of the carboxyalkynylation reaction

(Table 2.14 continued. . . ) Scope of the carboxyalkynylation reaction with internal propargylic amines

Bn
NH N

O

O

Bn

TIPS

+ Br TIPS

32 43 50

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

CsHCO3 (2 equiv.)
DCE [0.2 M], 60 ◦CR

R

Entry Substrate Product Yield (%)b

5

Bn
NH

32d

TIPS

O
N

O

Bn
50e 82

6

Bn
NH

Me

Me
Me

32e
tBu

TIPS

O
N

O

Bn
50f 44

7

Bn
NH

32g

TIPS

O
N

O

Bn
50g 81

8

Me

Ph

NH
32m

TIPS

O
N

O

Me
50h 66

9

Bn
NH

OMe

32h

TIPS

O
N

O

Bn

OMe

50i 68

10

Bn
NH

CF3

32i

TIPS

O
N

O

Me

CF3

50j 51

11

Bn
NH

Br
32n

TIPS

O
N

O

Me

Br

50k 61

(a) Reaction conditions: 0.40 mmol scale, amine 32 (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), 60 ◦C, 15-18 h.
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(Table 2.14 continued. . . ) Scope of the carboxyalkynylation reaction with internal propargylic amines

Bn
NH N

O

O

Bn

TIPS

+ Br TIPS

32 43 50

Pd2(dba)3• CHCl3 (2.5 mol%)
DPEPhos (7.5 mol%)

CsHCO3 (2 equiv.)
DCE [0.2 M], 60 ◦CR

R

Entry Substrate Product Yield (%)b

12

Bn
NH

Me

Me 32j

TIPS

O
N

O

Bn

Me

Me 50l 80

13

Bn
NH

S
32o

TIPS

O
N

O

Bn
S

50m 47

14 N
H 14a

H

TIPS

O
N

O

Bn
50n 0

15
Pr

NH
Bn

Bu

33a
Bu

TIPS

O
N

O

Bn

Pr
50o 0

(a) Reaction conditions: 0.40 mmol scale, amine 32 (1 equiv.), alkyne 43 (1.3 equiv.), DCE (0.2 M), 60 ◦C, 15-18 h.

Arylation was attempted using p-iodotoluene under the same conditions, however this resulted in

degradation, and a complex 1H NMR spectra of the crude reaction mixture.

The Xray crystal structure of 50g (Figure 3.1) shows the product has the E configuration of the

double bond.
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3.5 Reaction mechanism

Figure 3.1. X-ray crystal structure analysis of oxazolidinone 50g showing E geometry.

3.5 Reaction mechanism

The mechanism for cyclic carbamate formation from propargylic amines by metal catalysis has

been well established. Four key steps take place in the reaction mechanism (Scheme 3.4). The

initial step is for the formation of the carbamate by the reaction of the amine with CO2. The car-

bamate then enters the catalytic cycle where the alkyne is coordinated by the metal catalyst (II).

The metal, acting as a π-acid, activates the alkyne to nucleophilic attack, facilitating the oxymetal-

ation step to give the vinyl metal species III. Finally, protonolysis takes place on the vinyl-metal

species to give the oxazolidinone and I. The examples detailed in subsection 1.4.4 follow the same

general pathway but, from the vinyl-palladium species, reductive elimination takes place to form an

oxazolidinone containing a new C–C bond. The reductive elimination releases Pd0 which must first

undergo oxidative addition to the PdII oxidation state which is the π-acidic metal spices that activates

the alkyne.

Carboxylation reactions normally follow the mechanism in Scheme 3.4, and requires the electro-

philic carbon of CO2 to form the carbamate with an amine. However, in the reaction developed in

this chapter no CO2 is being added to the reaction. It is possible that CO2 is being generated in the

reaction, but the basic pH and the mild conditions would be unlikely to enable this. If CO2 was being

released, the presence of a maximum of two equivalents∗ of CO2 and the low solubility of the gas

in DCE345 make the involvement of carbon dioxide additionally unlikely. For this reason we propose

an alternative mechanism to be taking place for our reaction.

345In Carbon Dioxide in Non–Aqueous Solvents At Pressures Less Than 200 KPA, Fogg, P. G., Ed.; IUPAC Solubility Data

Series; Pergamon: Amsterdam, 1992, pp 178–254, Link

∗Table 3.7 Entry 3 shows that even a single equivalent can give similar yields.
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Scheme 3.4. Typical mechanism for the metal catalysed formation of oxazolidinones from propargylic amines
and CO2 gas.

Proposed alternative mechanism

The mechanism that we propose (Scheme 3.5) starts with the oxidative addition of Pd0 to PdII (I

–> II). The palladium acts as a π-acid to activate the alkyne to nucleophilic attack (III). The carbon-

ate acts as the nucleophile, attacking the alkyne to give the vinyl carbonate IV. While carbonates

are not typically thought of as nucleophiles, they have been used in several cases of palladium

catalysed allylation as a surrogate for water;346–349 in some cases for the formation of cyclic car-

bonates;350–354 and an instance to promote the rearrangement of cyclic carbonates.254 The amine

then cyclises in an intramolecular manner onto the carbonate to eliminate water and give V which

undergoes reductive elimination to give the carboxylation-alkynylation product and regenerate Pd0.

In the proposed alternative mechanism, the proton of the amine might guide the attack of the

carbonate by a H-bonding interaction. Another possibility could be that, while the nucleophilic attack

may take place at either position on the alkyne reversibly, it is only insertion at the position beta to

the nitrogen that is able to proceed in the mechanism. Attempts to run the reaction with tertiary

amines in order to observe the vinyl carbonate species by NMR were unsuccessful. The reaction

346Lüssem, B. J.; Gais, H.-J. J. Am. Chem. Soc. 2003, 125, 6066–6067, Link
347Kanbayashi, N.; Onitsuka, K. Angew. Chem. Int. Ed. 2011, 50, 5197–5199, Link
348Gärtner, M.; Mader, S.; Seehafer, K.; Helmchen, G. J. Am. Chem. Soc. 2011, 133, 2072–2075, Link
349Gais, H.-J.; Bondarev, O.; Hetzer, R. Tetrahedron Lett. 2005, 46, 6279–6283, Link
350Trost, B. M.; McEachern, E. J. J. Am. Chem. Soc. 1999, 121, 8649–8650, Link
351Bosworth, N.; Magnus, P.; Moore, R. J. Chem. Soc., Perkin Trans. 1 1973, 2694–2697, Link
352Boaz, N. W.; Falling, S. N.; Moore, M. K. Synlett 2005, 2005, 1615–1617, Link
353Tsarev, V. N.; Wolters, D.; Gais, H.-J. Chem. Eur. J. 2010, 16, 2904–2915, Link
354Nishikubo, T.; Kameyama, A.; Sasano, M. J. Polym. Sci. Part A: Polym. Chem. 1994, 32, 301–308, Link
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Scheme 3.5. Proposed mechanism with caesium carbonate acting as a nucleophile, attacking the PdII activ-
ated alkyne.

with propargylic alcohols also failed using the same conditions.

The palladium species in III must be sufficiently π-acidic for the activation of the alkyne to enable

the nucleophilic attack of the carbonate. The sp character of alkyne makes it a more electron with

drawing ligand compared to the sp2 character of an aryl. While aryl iodides do not react under the

optimised conditions, it was found that the additions of AgBF4 enables the reaction to take place,

albeit with a 1.5:1 mixture of arylated and protonolysis products in a combined 53% yield (see:

supporting information page 180). This might indicate that a cationic palladium species is needed

to activate the alkyne (III), although this would need further investigation to corroborate.

3.6 Conclusion

In this chapter we have demonstrated the development of an unprecedented palladium catalysed

carboxylative alkynylation reaction of propargylic amines to make oxazolidinones using caesium

hydrogen carbonate as a solid source of a ’CO2’ unit. The formed oxazolidinone products contain a

fully substituted alkene with an alkyne, enabling convenient further functionalisations.

The ability to introduce CO2 into a substrate without the need to handle a gas could be a practical

alternative for small laboratory setups which are either not equipped to deal with gasses or where

their use would be impractical. Only a limited number of demonstrations of ’solid CO2 sources’ have

been seen so far.342–344,350–354

For this transformation, we have proposed an alternative mechanism to reactions that typically use

CO2 whereby the HCO –
3 is acting as a nucleophile, attacking an activated alkyne to then eliminate

H2O.
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4 Palladium catalysed enantioselective
carboetherification∗

In this chapter I will present the initial findings in the attempt to make the oxyarylation reaction

developed using the CF3 acetal tether enantioselective.

4.1 Introduction: Asymmetric synthesis via Dynamic Kinetic

Asymmetric Transformations

The ability to carry out selective transformations to access a chemical compound as a single

enantiomer and diastereomer, and to also obtain the other isomers of that same compound is a

major topic in modern organic chemistry. This capability is particularly important for the biological

and pharmaceutical applications, as the different isomers of a compound can have very different

interactions within a biological system.355,356 Sometime this can result in lower or no activity for an

isomer357 or can lead to disastrous unforeseen effects,358 as demonstrated by the morning sick-

ness drug Thalidomide.359 There are three approaches that can be taken to achieve homochirality

of a compound. The crude way to achieve this is to carry our a synthesis racemically and then sep-

arate the isomers from a racemic mixture by chemical resolution360 or by chromatography.361 This

strategy has the disadvantage of being wasteful, as half of the material made is normally discarded.

Another approach is to use chemicals derived from natural sources that already contain chirality and

either directly transform the compound362 or use it to transfer chirality as an auxiliary to be later re-

moved.363 This strategy of using already existing chiral compounds is often used for total synthesis

but relies on the availability of a stoichiometric amount of a chiral compound that can be efficiently

transformed into the end product. Lastly, asymmetric catalysis relies on a chiral catalyst to transfer

that chiral information onto the product.364,365

355Nguyen, L. A.; He, H.; Pham-Huy, C. Int J Biomed Sci. 2006, 2, 85
356Lin, G.-Q.; Zhang, J.-G.; Cheng, J.-F. In Chiral Drugs; John Wiley & Sons, Ltd: 2011; Chapter 1, pp 3–28, Link
357Liu, Y.; Gu, X.-H. In Chiral Drugs; John Wiley & Sons, Ltd: 2011; Chapter 8, pp 323–345, Link
358Yang, G.; Bu, H.-Z. In Chiral Drugs; John Wiley & Sons, Ltd: 2011; Chapter 10, pp 381–399, Link
359Franks, M. E.; Macpherson, G. R.; Figg, W. D. The Lancet 2004, 363, 1802–1811, Link
360You, Q.-D. In Chiral Drugs; John Wiley & Sons, Ltd: 2011; Chapter 4, pp 137–194, Link
361A Christodoulou, E. Current Organic Chemistry 2010, 14, 2337–2347, Link
362Brill, Z. G.; Condakes, M. L.; Ting, C. P.; Maimone, T. J. Chem. Rev. 2017, 117, 11753–11795, Link
363Chang, S.; Halperin, S. D.; Moore, J.; Britton, R. In Stereoselective Synthesis of Drugs and Natural Products; American

Cancer Society: 2013; Chapter 2, pp 1–24, Link
364Lin, G.-Q.; Sun, X.-W. In Chiral Drugs; John Wiley & Sons, Ltd: 2011; Chapter 2, pp 29–76, Link
365Hawkins, J. M.; Watson, T. J. Angew. Chem. Int. Ed. 2004, 43, 3224–3228, Link

∗This work has been carried with the indispensable help of Dr. Luca Buzzetti
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4 Palladium Catalysed enantioselective carboetherification

There are three fundamental ways to generate chirality in asymmetric catalysis. The first involves

the creation of a new chiral element in a molecule by performing facially selective reaction on an sp2

prochiral substrates.366–368 The second involves desymmetrisation of symmetric sp3 prochiral or

meso substrates.369 Leastly, and what we shall be focusing on is the asymmestric kinetic resolution

of a racemic substrate.

The interaction of a substrate containing an undefined stereocenter with an enantiomerically pure

asymmetric catalyst gives rise to diastereomeric interactions which, in an optimised system, would

lead to only a single enantiomer of the racemic substrate successfully undergoing the reaction.

From a racemic starting material, this would result in a maximum 50% yield of the product as a

single enantiomer, and 50% of the less reactive starting material. This process would be a kinetic

resolution. However, in a process where the less reactive enantiomer of the starting material is able

to convert into the more reactive enantiomer via an achiral intermediate then it is now possible to

have the full conversion of a racemic material into a single enantiomer of a product, making the

process dynamic.370

4.2 Enantioselective carboetherification: concept and state-of-the art

From the product modifications of the oxyarylation oxazolidines (section 2.11) we observed a

completely diastereoselective alkene hydrogenation of the 2,2-methyl aryl (55b) and 2,2-diaryl (55i

) substituted alkenes (Scheme 4.1). oxazolidine 69a could then undergo hydrolysis to the free 1,2-

amino alcohol (70). As the reaction is under heterogeneous conditions and there are no coordinating

directing groups present in the substrate to control the diastereoselectivity of the hydrogenation, the

selectivity must be primarily based on steric interactions. The only stereocentre present in the

oxazolidine substrates is the hemiaminal carbon attached to the CF3 group. Parametrisation of the

CF3 group371 put its steric bulk either on par with, or greater than that of iPr giving it a favourable

ability to induce diastereoselectivity to the hydrogenation.

N
O

F3C

Bn R HN
O

F3C

R
H2, EtOH

Me Me

Pd(OH)2/C

THF/H2O

TsOH
H2N

OH
Me

Me
R = Me, 91%

Ph, 80%R =
96%

NH

R

Bn conditions

32 55 69a,
69b,

70,

Scheme 4.1. Hydrogenation of the alkene in the oxyarylation product by heterogeneous palladium catalysis.

The X-ray crystal structure in Figure 4.1, which is in the plane of the ring system and the alkene,

helps to rationalise the diastereoselectivity of the hydrogenation. The CF3 group is shown to be in a

366Tang, W.; Zhang, X. Chem. Rev. 2003, 103, 3029–3070, Link
367De Faveri, G.; Ilyashenko, G.; Watkinson, M. Chem. Soc. Rev. 2011, 40, 1722–1760, Link
368Poulsen, T. B.; Jørgensen, K. A. Chem. Rev. 2008, 108, 2903–2915, Link
369Zeng, X.-P.; Cao, Z.-Y.; Wang, Y.-H.; Zhou, F.; Zhou, J. Chem. Rev. 2016, 116, 7330–7396, Link
370Steinreiber, J.; Faber, K.; Griengl, H. Chem. Eur. J. 2008, 14, 8060–8072, Link
371Belot, V.; Farran, D.; Jean, M.; Albalat, M.; Vanthuyne, N.; Roussel, C. J. Org. Chem. 2017, 82, 10188–10200, Link
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4.2 Enantioselective carboetherification: concept and state-of-the art

semi-axial position, blocking the approach to one face of the alkene. While the five membered ring is

relatively flat, it does have a small twist in the direction of the CF3 group. The steric bulk of the CF3
group and slight ring twist of the oxazolidine result in the diastereoselectivity of the hydrogenation

transformation.

Figure 4.1. X-ray crystal structure of 55i with possible approaches for the hydrogenation.

If it were possible to control the stereocentre of the hemiaminal centre then it would then be pos-

sible to get a single enantiomer and diastereomer of the hydrogenated oxazolidine and by extension,

the free 1,2-amino alcohol, which contains a chiral diaryl centre.

4.2.1 Potential for a DYKAT process

It might be possible that the addition of the amine to the hemiacetal is irreversible and that only

a single enantiomer of aminal is created, going on to give a single enantiomer of product. If this

is the case then enantioselectivity of the aminal formation would need to be controlled. The other

possibility is that the aminal formation is reversible allowing the two enantiomers of the aminal to

interconvert.

During the optimisation of the palladium catalysed oxyalkynylation reaction using the CF3-acetal

tether system (18) with terminal N-benzyl propargylamine (14a ), 1H NMR experiments indicated

that there was an equilibrium between the free propargylamine and the tethered amine. At the time,

this made us question if premixing the tether and amine was necessary (Table 2.7). The 1H NMR

spectrum (Figure 4.2) shows that the free amine (32g) and the tethered amine (81) are both present

along with the hemiacetal tether (18)(see Scheme 4.2). The spectrum remains unaffected by heating

or the presence of acid or base. As it is unlikely that the amine is able to directly substitute into the

hemiacetal, it is likely a second equilibrium is involved. The CF3-hemiacetal (18) eliminating ethanol

generates the more reactive trifluoroacetaldehyde (80), and it is this aldehyde that reacts with the

propargylic amine to give the tethered amine (81). This equilibrium between the hemiacetal and

aldehyde means that the stereocenter of the hemiacetal is constantly racemising. If we are able

to find a catalyst that is able to differentiate the two enantiomers sufficiently that only one of them

107



4 Palladium Catalysed enantioselective carboetherification

will react, then the racemisation of the hemiaminal 81 might enable a dynamic kinetic asymmetric

transformation to take place (Scheme 4.3).

NH
Bn

N
Bn

Ph

OH

CF3

Ph

CF3

OHEtO

CF3

O

−EtOH

18

80

32g 81

Scheme 4.2. Equilibrium between the free amine (32g) and the tethered amine (81)

81

18

81
81

32g

32g

Figure 4.2. 1H NMR Spectrum of amine and tether in equilibrium with tether complex

Through the DYKAT process for this reaction, it is uncertain at which point the enantiodetermining

step (EDS) would be taking place. One possibility is that oxypalladation step is irreversible, this

would would mean that the EDS is taking place at this stage (Scheme 4.3a). As one enantiomer of

the tethered amine is being consumed, it is reformed by equilibrating to the free amine and tether.

However, if the oxypalladation is also a fast, reversible process; then the EDS might be at the

reductive elimination step (Scheme 4.3b). The enantiomer of the oxazolidine that is not consumed

can also return to the free amine and tether to reform the tethered amine as a racemate. In the

case that the EDS is during oxypalladation, the chiral environment around the palladium centre

would have to influence the CF3-aminal centre over a long distance, through alkyne coordination

(Scheme 4.3c). A long range influence would also be needed in the event that the EDS is occurring

during the reductively elimination of the vinyl palladium species(Scheme 4.3). A sufficient energetic

difference between the two diastereomeric interactions of substrate and ligand would be needed to

cause a difference in rate of reductive elimination.
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Scheme 4.3. Possible DYKAT with enantiodetermining step at the a) oxyarylation or b) reductive elimination.
Conformation of c) palladium coordinated alkyne and d) vinyl palladium species

4.2.2 Traceless chiral directing groups

The envisaged transformation of propargylic amines, such as 32g, to enantio- and diastereomer-

ically enriched free amino alcohols would be a demonstration of a traceless chiral directing group as

the stereocentre that is used to control the diastereoselective hydrogenation is not present in either

the starting material or the eventual product (Scheme 4.4).

H2N
OH

Ph

Ar

NH

Ph

Bn steps
*

*

32g

Scheme 4.4. Enantio- and diastereoselective synthesis of diaryl-1,2-amino alcohols from propargyl alcohols
using a traceless directing group.

Chiral auxiliaries can function in much the same way, they are introduced onto a substrate, un-

dergo the desired transformation and are then simply removed afterwards,372–375 or in some notable

examples, eliminate from the substrate during the transformation.376–378 Chiral auxiliaries are com-

pounds derived from an enantioenriched material, meaning the the chiral information is already set

before it is installed onto the substrate. An interesting example from Maulide and coworkers de-

scribes the in situ formation of a chiral auxiliary for an α-allylation of carboxylic acids.379 However,

372Ellman, J. A.; Owens, T. D.; Tang, T. P. Acc. Chem. Res. 2002, 35, 984–995, Link
373Glorius, F.; Spielkamp, N.; Holle, S.; Goddard, R.; Lehmann, C. W. Angew. Chem. Int. Ed. 2004, 43, 2850–2852, Link
374Sammet, K.; Gastl, C.; Baro, A.; Laschat, S.; Fischer, P.; Fettig, I. Advanced Synthesis & Catalysis 2010, 352, 2281–

2290, Link
375Hu, P.; Hu, J.; Jiao, J.; Tong, X. Angew. Chem. Int. Ed. 2013, 52, 5319–5322, Link
376Banaag, A. R.; Tius, M. A. J. Org. Chem. 2008, 73, 8133–8141, Link
377Stivala, C. E.; Zakarian, A. J. Am. Chem. Soc. 2011, 133, 11936–11939, Link
378Greene, M. A.; Yonova, I. M.; Williams, F. J.; Jarvo, E. R. Org. Lett. 2012, 14, 4293–4296, Link
379Peng, B.; Geerdink, D.; Maulide, N. J. Am. Chem. Soc. 2013, 135, 14968–14971, Link
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in this case, the chiral information is already present in the starting material prior to the auxiliary

formation. In the proposed transformations of enantioselective oxyarylation and hydrogenation, the

CF3-methyl group is acting as a chiral auxiliary for diastereoselective control for the hydrogenation

which is then removed afterwards by hydrolysis. The distinction here is that chiral information is not

present in the "auxiliary" reagent 18 prior to its addition, but is instead set during the installation.

4.2.3 Stereodivergent synthesis

From a common starting material, N-benzyl propargylamine (30), it would be possible do ac-

cess all four stereoisomers following a four step synthetic pathway (Scheme 4.5). Stereodiver-

gent strategies are important for pharmaceutical and biochemical industries to be able to access

the different stereoisomers to test their respective activity and response in complex biological sys-

tems.355,356
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O
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O
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Scheme 4.5. Stereodivergent synthetic strategy to access to all four possible isomers of biaryl-1,2-amino
alcohols

4.2.4 Importance of chiral 1,1-diarylalkyl compounds and synthetic strategies to
access them.

Hydrolysis of the hydrogenated oxazolidine 69b would give a product containing a 1,2-amino

alcohol which are already interesting compound to be able to access enantioselectivity due to their

biological and pharmaceutical relevance (see section 1.2). The hydrolysis would also contain a 1,1-

diarylalkyl centre. Chiral 1,1-diaryl compounds are themselves an important structural class also,

due to their pharmaceutical and biological significance.380

380Ameen, D.; Snape, T. J. MedChemComm 2013, 4, 893–907, Link
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While some syntheses are racemic with chiral resolution to isolate the desired isomer,381–383

there are also a variety of methods for the direct access of diaryls with varying structural complexit-

ies.

Stereoretentive arylation has been performed by cross-coupling reactions on enantioenriched

boronic esters384 or bromides385 using palladium catalysis or enantioenriched ammonium triflates386

or pivalates387 using nickel catalysis. However, the products of these reactions are relatively simple,

without much functionality. The application of these transformations to more complicated systems

would itself require the challenging synthesis of the enantioenriched starting materials. Asymmetric

arylation of racemic substrates can also be carried out with palladium388 or nickel389–391 catalysis.

The starting materials are more readily available and some of the products carry useful functional

groups. It is also possible to access asymetric diarlyalkyl compounds by asymmetric hydrogen-

ations alkenes with examples using iridium,392 rhodium393 and copper.394 These methods often

require the application of high pressure hydrogen gas, and substrates are generally limited to di-

and trisubstituted alkenes.

The nickel catalysed regio- and diastereoselective ring opening-arylation of epoxide 82, can ac-

cess a wide variety of diaryl-1,3-diol structures in moderate to good yields with high diastereo- and

regioselectivity (Scheme 4.6).395 The epoxide 82 is synthesised by enantioselective epoxidation

of the relevant styrene prior to use,396 and the alcohol in the substrates is required to direct the

regioselectivity of the ring opening.

An interesting application of the epoxide-based stratargy, but using organocuprates was applied to

the synthesis of 89 and similar diaryl amino alcohols (Scheme 4.7). The synthetic pathway follows a

6 step sequence starting with Horner–Wadsworth–Emmons olefination of para-fluorobenzaldehyde

(83) to form the trans-α,β-unsaturated alkene 84, which is subsequently reduced to the allylic alco-

hol 85. This allylic alcohol undergoes enantioselective epoxidation to 86 followed by a Mitsunobu

reaction using phthalimide as nucleophile to give 87. The epoxide 87 undergoes stereoselective and

regioselective ring opening to access the diaryl alcohol 88, which is then deprotected with hydrazine

381Quallich, G. J. Chirality 2005, 17, S120–S126, Link
382Lee, Y.; Shabbir, S.; Jeong, Y.; Ban, J.; Rhee, H. Bulletin of the Korean Chemical Society 2015, 36, 2885–2889, Link
383Pramanik, C.; Hivarekar, R. R.; Deshmukh, S. S.; Tripathy, N. K.; Kotharkar, S.; Chaudhari, A.; Gurjar, M. K. Org.

Process Res. Dev. 2012, 16, 824–829, Link
384Imao, D.; Glasspoole, B. W.; Laberge, V. S.; Crudden, C. M. J. Am. Chem. Soc. 2009, 131, 5024–5025, Link
385López-Pérez, A.; Adrio, J.; Carretero, J. C. Org. Lett. 2009, 11, 5514–5517, Link
386Maity, P.; Shacklady-McAtee, D. M.; Yap, G. P.; Sirianni, E. R.; Watson, M. P. J. Am. Chem. Soc. 2012, 135, 280–285,

Link
387Zhou, Q.; Srinivas, H. D.; Dasgupta, S.; Watson, M. P. J. Am. Chem. Soc. 2013, 135, 3307–3310, Link
388Pathak, T. P.; Gligorich, K. M.; Welm, B. E.; Sigman, M. S. J. Am. Chem. Soc. 2010, 132, 7870–7871, Link
389Do, H.-Q.; Chandrashekar, E.; Fu, G. C. J. Am. Chem. Soc. 2013, 135, 16288–16291, Link
390Poremba, K. E.; Kadunce, N. T.; Suzuki, N.; Cherney, A. H.; Reisman, S. E. J. Am. Chem. Soc. 2017, 139, 5684–5687,

Link
391Woods, B. P.; Orlandi, M.; Huang, C.-Y.; Sigman, M. S.; Doyle, A. G. J. Am. Chem. Soc. 2017, 139, 5688–5691, Link
392Tolstoy, P.; Engman, M.; Paptchikhine, A.; Bergquist, J.; Church, T. L.; Leung, A. W.-M.; Andersson, P. G. J. Am. Chem.

Soc. 2009, 131, 8855–8860, Link
393Li, Y.; Dong, K.; Wang, Z.; Ding, K. Angew. Chem. Int. Ed. 2013, 52, 6748–6752, Link
394Yoo, K.; Kim, H.; Yun, J. Chem. Eur. J. 2009, 15, 11134–11138, Link
395Banerjee, A.; Yamamoto, H. Org. Lett. 2017, 19, 4363–4366, Link
396Zhang, W.; Yamamoto, H. J. Am. Chem. Soc. 2007, 129, 286–287, Link

111

http://dx.doi.org/10.1002/chir.20113
http://dx.doi.org/10.1002/bkcs.10592
http://dx.doi.org/10.1021/op300039c
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1021/ol902335c
http://dx.doi.org/10.1021/ja3089422
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja103472a
http://dx.doi.org/10.1021/ja408561b
http://dx.doi.org/10.1021/jacs.7b01705
http://dx.doi.org/10.1021/jacs.7b03448
http://dx.doi.org/10.1021/ja9013375
http://dx.doi.org/10.1002/anie.201302349
http://dx.doi.org/10.1002/chem.200901262
http://dx.doi.org/10.1021/acs.orglett.7b02076
http://dx.doi.org/10.1021/ja067495y


4 Palladium Catalysed enantioselective carboetherification
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Scheme 4.6. Synthesis 1,1-diarylalkyl-2,4-diol by a substrate directed diastereoselective epoxide ring-
opening arylation.

to give the final 1,2-aminoalcohol product 89. While each step uses robust and well established

chemistry, some of the steps require the use of sensitive and potentially hazardous chemicals (e.g.

BuLi, DIBAL-H and DEAD). The pathway is long and would produce a significant amount of waste.

The strategy should allow each or the four isomers to be accessed separately, but would likely re-

quire a significant amount of processing due to the number of intermediate steps between setting

each stereocentre.

Compound 90 is part of a series of compounds being explored for the treatment of orthomyxovirus

infections.14 The tricyclic compound 90 is synthesised over a 5 step process in an overall yield of 5%

from the 1,2-amino alcohol 89. Amino alcohols similar to 89 have also been shown to have potential

pharmaceutical application as antidepressants.13 This amino alcohol should already be accessible

as a racemate by the hydrolysis of compounds analogous to 69b (see Scheme 4.1).
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4.3 Enantioselective oxyarylation for the synthesis of chiral

oxazolidines

Our aim for this project will be to install the CF3 acetal tether into the oxazolidine product of

oxyarylation in an asymmetric manner. With the introduction of the stereocentre, it will then be

possible to carry out a diastereoselective hydrogenation on the enantiomerically enriched product to

form a diastereomer that after hydrolysis of the tether will give a single enantiomer and diastereomer

of a diarylalkyl-1,2-amino alcohol.

When we have been able to successfully carry out the asymmetric oxyarylation of arylsubstituted

propargylic amines, we hope to optimise the hydrogenation to be carried out in a one-pot process as

has been demonstrated previously by our group301 to access either the benzylated or debenzylated

product.

The previously observed cleanliness of the hydrogenation reaction and the mild conditions needed

to hydrolyse the aminal and remove the tether, may also allow the hydrolysis step to be carried out

within the same sequence. If this proves to be the case, we will be able to access both N-benzylated

and unprotected diarylalkyl-1,2-amino alcohols enantio- and diastereoselectivly in a three step, one-

pot reaction.
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Scheme 4.8. Goal to access chiral diarylalkyl-1,2-amino alcohols via an enantioselective oxyarylation and
diastereoselective hydrogenation

4.4 Optimisation of palladium catalysed asymmetric oxyarylation

As our model system for the optimisation, we used phenyl substituted N-benzyl-propargylamine

(32g) and para-iodotoluene (52b) as the substrates as this system has already been shown to work

in the racemic transformation and for the hydrogenation.

4.4.1 Initial screening of ligands

The original racemic oxyarylation procedure used phosphine ligands for the palladium catalysed

cyclisation, so our focus started on finding a chiral phosphine ligands since they have been regularly

used to enable asymmetric catalysis. As Ruphos was the ligand used for the optimised reaction

conditions for the racemic reaction, we started the screening by looking at chiral ligands with a

byphenyl backbone containing point chirality either on (94) or around (91 - 93) the phosphorus atom

(Scheme 4.9).
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The ligands 91 - 93 are analogues of SagePhos, which was introduced to carry out enantioselect-

ive Csp3–H functionalisations.397∗ No arylation product formation was seen, although 91 gave high

yields for the racemic protonolysis product. iPr-BI-DIME (94) mainly gave the protonolysis product

with low levels of enantioinduction, and trace amounts of arylation product could be detected. R-

MOP (95) and the cyclohexylphosphine analogue 96 both contain the BINAP backbone with axial

chirality. R-MOP (95) gave high conversion to the protonolysis product exclusively, but interestingly

the change from diphenylphosphine to dicyclohexylphosphine (96) led to a change in selectivity

to form the desired product, while both gave racemic protonolysis product, the arylation products

formed when using 96 did show low levels of enantioinduction. R-SiPhos-PE (97) only gave the

racemic protonolysis product.
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Scheme 4.9. Screening of a selection of chiral monodentate phosphine ligands.

The Josiphos family of ligands have been used in combination with a variety of metal catalyst such

as Pd, Ph, Ru, Ir and Cu.398,399 They have been used as ligands for asymmetric hydrogenation and

397Saget, T.; Lemouzy, S. J.; Cramer, N. Angew. Chem. Int. Ed. 2012, 51, 2238–2242, Link
398Blaser, H.-U.; Brieden, W.; Pugin, B.; Spindler, F.; Studer, M.; Togni, A. Top. Catal. 2002, 19, 3–16, Link
399Atkinson, R. C.; Gibson, V. C.; Long, N. J. Chem. Soc. Rev. 2004, 33, 313–328, Link

∗These ligands were kindly provided by Daria Grosheva
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reduction reactions of unsaturated systems400–402 as well as an example of copper catalysed α,β-

unsaturated ketone alkylation402,403 and palladium catalysed allylic nucleophilic substitution.402 The

ligand 98 with diphenylphosphine on the ferrocene ring and tert-butyl phosphine on the side arm led

to very high formation of the protonolysis byproduct with a yield of 91% and 34% ee, the highest

ee observed so far. When the diphenylphosphine on the ferrocene ring was changed to dicyclo-

hexylphosphine (99), the ligand still shows high reactivity, but now the desired product was being

formed in 40% yield with 54% ee. The protonolysis side product is still being formed as the major

product. However, changing both phosphines to dicyclohexylphosphine (100) results in highly se-

lective formation of the desired product with good enantioselectivity albeit with a low yield of 15%

and large quantities of starting amine remaining after the reaction. Heating the reaction with (100)

to 60 ◦C increases conversion but not completely, the yield increased only to 24% and the selectivity

started to degrade. Interestingly, while the enantiomer of the ligand stayed the same, the ee of the

product was reversed when changing the ligand from 99 to 100. This reversal of ee might by due to

the mechanism requiring the decoordination of one of the phosphines from the ligand, effecting the

bulk and electronics of the phosphine substituents may change which phosphine is more labile. Fur-

ther changing the phosphine on the side-arm to diphenylphosphine (101) resulted in the complete

loss of reactivity for either the desired product or side-product. Tanjaphos ligands are further elabor-

ations on Josiphos ferrocene ligand system and have been used for similar transformations.404,405

However, for this reaction, both Tanjaphos ligands tested (102 & 103) gave poor selectivity.

400Spindler, F.; Blaser, H.-U. Advanced Synthesis & Catalysis 2001, 343, 68–70, Link
401Trost, B. M.; Masters, J. T.; Taft, B. R.; Lumb, J.-P. Chem. Sci. 2016, 7, 6217–6231, Link
402Togni, A.; Breutel, C.; Schnyder, A.; Spindler, F.; Landert, H.; Tijani, A. J. Am. Chem. Soc. 1994, 116, 4062–4066, Link
403Oost, R.; Rong, J.; Minnaard, A.; Harutyunyan, S. Catal. Sci. Technol. 2014, 4, 1997–2005, Link
404Wheeler, P. In Encyclopedia of Reagents for Organic Synthesis; Wiley Online Library: 2012, Link
405Tappe, K.; Knochel, P. Tetrahedron: Asymmetry 2004, 15, 91–102, Link
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Scheme 4.10. Screening of a selection of chiral ferrocene based ligands.

Interested by the enantioselectivity demonstrated by both 99 and 100 and the disparity in the

product selectivity of the different Josiphos ligands, we decided to synthesise a library of Josiphos-

type ligands to see if the selectivity of the reaction could be tuned with this family of ligands. We

initially screened a selection of solvents (Table 4.1) to see how the product selectivity and enanti-

oselectivity would be effected in the reaction. Using Josiphos ligand SL-J009-1 (99), we saw that an

increase in temperature had no effect on the product selectivity, but resulted in a loss of enantiose-

lectivity for the desired product (Entry 2). While chlorobenzene did give an improvement in product

selectivity, it did so at the cost of conversion, giving the same yield as when using DCE but with

a reduced ee (Entry 3). trifluoro-toluene gave similar results to chlorobenzene, but with increased

amount of protonolysis (Entry 4). The use of DCM resulted in a low yield and poor product selectivity

(Entry 5). While chloroform resulted in a further decrease in yield and selectivity, the ee did improve

by 8% (Entry 6). Interestingly, while the enantioselectivity of the desired product and side product

are relatively similar, for chloroform we saw no enantioinduction for the protonolysis product. CPME

and EtOAc both led to trace product formation.

From this initial screening of the solvents, DCE remains the best solvent for the reaction. At

this time no other screening was carried out using the commercially available Josiphos ligands.

However, considering the significant effect the solvent was having on the outcome of the reaction,

the screening of solvents will have to be revisited again later on for this project.
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Table 4.1: Solvent screening using Josiphos ligand SL-J009-1 (99).

Bn
NH

CF3

OHEtO

N
O

F3C

Bn

TolK3PO4 (1.3 equiv.)

Ph
+

Ph
I Me

N
O

F3C

Bn

H

Ph
+

32g 52b

18

55i 54

Pd2(dba)3• CHCl3 (2.5 mol%)
99 (0.75 mol%)

DCE [0.2 M], 45 ◦C

Entrya Solvent 32g (%)b Yield of 55i (%)b, ee Yield of 54 (%)b, ee

1 DCE 0 40, 55% ee 60, 32% ee

2 DCEc 0 40, 40% ee 60, 30% ee

3 Cl-benzene 26 44, 40% ee 13, 32% ee

4 F3C-toluene 7 45, 40% ee 25, 26% ee

5 DCM 3 36, 46% ee 33, 34% ee

6 CHCl3 9 25, 38% ee 50, 0% ee

7 CPME 58 2 23

8 EtOAc 65 3 12

(a) Reaction conditions: 0.20 mmol scale, amine 32g(1 equiv.), tether (18) (1.3 equiv.), aryl iodide 52b(1.3 equiv.),
solvent (0.2 M), 45 ◦C, 15-18 h. (b) Determined by 1H NMR of the crude reaction mixture. (c) Reaction at 60 ◦C.

4.4.2 Synthesis of ferrocene based Josiphos ligands

From the ligand screening using R-MOP (95) and the cyclohexylphosphine variant (96) and with

the Josiphos ligands 98 and 99, we saw that when changing the diphenylphosphine to cyclo-

hexylphosphine the product selectivity was dramatically effected. Therefore, in order to tune the

ligand reactivity we wanted to explore more Josiphos ligands with alkylphosphines on the ferrocene

ring, which would involve the synthesis of different Josiphos ligands

The general route for the synthesis of the ferrocene based Josiphos ligands shown in Scheme 4.11

allows the access of Josiphos ligands with different groups on either phosphine, and also different

R groups on the side arm. While acetylferrocene (R = Me) is commercially available, all other sub-

stituents require a Friedel–Crafts acylation of ferrocene. Acetylferrocene (105) is reduced by a CBS

reduction with borane DMS and the resulting alcohol (106) is then acylated with acetic anhydride

(107). Amination takes place by a stereoretentive elimination substitution reaction with dimethyl-

amine to give 108. The amine directs lithiation of the ferrocene ring followed by phosphorylation

with the desired chlorophosphine (109). The second phosphorylation (110) takes place via another

stereoretentive elimination substitution with a secondary phosphine acting as a nucleophile.

Our initial plan was to synthesise the Josiphos ligand with a dicyclohexylphoshine on the ferro-

cene ring and diadamantylphosphine on the side arm (110). With the hope that if we observed an

improvement in selectivity of the oxyarylation reaction, we could explore other bulky phosphines or

in the event of a deterioration of the reaction we could explore smaller phosphines. The product of

the final phosphorylation reaction was difficult to isolate and purify, but the reaction run on partially

pure ligand indicated a loss of selectivity and enantioselectivity.

The intermediate 109, before the second phosphorylation, was tested as a ligand for this reaction.
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Scheme 4.11. Multistep synthesis for Josiphos ligands.

P,N-bidentate ligands have been used extensively in asymmetric catalysis.406,407 The ability to use

the P,N ferrocene ligand would also reduce the amount of synthesis required for screening. To our

surprise, the ligand 109 gave complete selectivity to the desired product with a high yield of 87%

(Scheme 4.12), making an improvement in the yield compared to the use of RuPhos for the racemic

reaction (Table 2.23). Despite the product selectivity and high yield, the ligand led to a low ee of

14%. At this point, we decided to see if we could improve the ee by modifying the structure of the

P,N-ligand 109, first by changing the methyl group of the side arm. When the methyl group was

changed to a more bulky ethyl group (111), the ee increased to 28% ee and still further with iBu

(112), which gave 42% ee with a near quantitative yield. Using this ligand at a lower temperature

of 35 ◦C gave an additional increase in enantioselectivity to 48% ee which increased still further to

50% ee at 25 ◦C but with a drop in yield to 92%. A phenyl group was also tried (113) but while the

yield remained near quantitative, the ligand gave a lower ee. The best ligand (112), was rescreened

with chlorobenzene, F3C-toluene and CHCl3 but in all cases this led to the loss of enantioselectivity

and product selectivity.

The synthesis of ligands with larger groups on the side arm was attempted (iPr or tpentyl), how-

ever the CBS reduction of the ketones wasn’t possible. A racemic reduction and resolution after the

amination was also tried, but was unsuccessful at the scale performed.

Then we moved on to synthesise the P,N-ferrocene ligand containing the isobutyl and dimethyl-

amine on the side arm with different dialkyl- and diarylphosphines (Scheme 4.13). Diethylphosphine

(114) resulted in low yield and a loss of enantio- and product selectivity, while diisopropylphosphine

(115) gave similar results to dicyclohexylphosphine. Further increasing bulk to tertbutylphosphine

(116) did lead to a loss of yield and product selectivity, however, we did observe an increase in the

enantioselectivity for the desired product. While the diphenylphosphine P,N-Josiphos ligand (117)

still gave quantitative yield, the enantioselectivity was reduced. Other aromatic phosphines (118 -

406Guiry, P. J.; Saunders, C. P. Advanced Synthesis & Catalysis 2004, 346, 497–537, Link
407Carroll, M. P.; Guiry, P. J. Chem. Soc. Rev. 2014, 43, 819–833, Link
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Scheme 4.12. Effect of changing side-arm R group on ee

120) gave lower yield, poor enantioselectivity and a deterioration of product selectivity.
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Scheme 4.13. Effect of changing phosphine group on ee

We next tried different amine groups for the side arm. By replacing one of the methyl groups

of the dimethyl amine with a very bulky iBu group (121), reactivity drops dramatically to only give

trace amounts of product. The use of a cyclic pyrrolidine nitrogen (122) did result in a loss of

yield. However, the ee of the product increased to 54% ee. The use of azetidine (123) gave an ee

comparable to dimethyl amine, but the ligand gave lower conversion and product formation.
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Scheme 4.14. Effect of changing the nitrogen group on ee

Other combinations of phosphine group, nitrogen group and R group were explored, but the yield,

ee and product selectivity were lower in all cases compared to the use of either 112 or 122. Variation

to the conditions were also attempted, with limited improvement to the results of the reaction. Two

notable changes that were tried. First, adding 1% water to the reaction to effect the equilibriums

involved in the DYKAT process for the reaction; which reduced the ee by 2%. Second, changing

the trifluoromethyl hemiacetal tether(18) to pentafluoroethyl hemiacetal to try and increase steric

interactions in the transition state of the catalytic cycle; this resulted in an increase of ee by 4%.

After the success of the P,N-ferrocene ligands in terms of reactivity, product selectivity and enanti-

oselectivity we screened some other P,N-ligands. The commercially available tBu-PHOX (124) and
iPr-PHOX (125) ligands were used in the oxyarylation reaction, while they had high selectivity for the

desired product their yields were moderate to low and both ligands provided low enantioselectivity.

The dicyclohexylphosphine analogue of iPr-PHOX (126) does show an increased yield, but a loss

of enantioselectivity. The structurally simple P,N-ligand 127 did give good yields and product se-

lectivity with low enantioselectivity. Changing the dimethylamine of the ligand with pyrrolidine (128)

decreaced the yield and ee The more complex cyclic aminal 129 led to poor results. Ligand 130

was isolated as an intermediate for the preparation of MingPhos 131. MingPhos was introduced as

a ligand for gold catalysis for use in cycloadditions408 and has also been used in copper catalysed

systems.409 While the ligand has not been used with palladium systems, we considered that the

modular synthesis would make the creation of MingPhos based ligands more convenient. The inter-

mediate 130 was able to give the desired product with low yield and ee, but there was incomplete

conversion and a significant formation of the protonolysis product. MingPhos (131) gave no react-

ivity for the transformation. This might be a result of the free N-H present in the ligand, the more

recently published XuPhos410 might be more appropriate to use for this reason.

One of the area that Josiphos ligands and the P,N-ferrocene ligands have been demonstrated

to perform well in palladium catalysed reaction is in allylation reactions.406,411 This is likely due

to the large distances that the ligand extends beyond the catalyst centre enabling it to direct the

408Zhang, Z.-M.; Chen, P.; Li, W.; Niu, Y.; Zhao, X.-L.; Zhang, J. Angew. Chem. Int. Ed. 2014, 53, 4350–4354, Link
409Xu, B.; Zhang, Z.-M.; Xu, S.; Liu, B.; Xiao, Y.; Zhang, J. ACS Catal. 2016, 7, 210–214
410Zhang, J.; Zhang, Z.-M.; Xu, B.; Wu, L.; Wu, Y.; Qian, Y.; Zhou, L.; Liu, Y. Angew. Chem. Int. Ed. 2019, 58, 14653–

14659, Link
411Guerrero Rios, I.; Rosas-Hernandez, A.; Martin, E. Molecules 2011, 16, 970–1010, Link
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Scheme 4.15. Screening other P,N-ligand scaffolds.

trans-nucleophile attack onto the palladium coordinated π-allyl system. The Trost ligand 132 was de-

veloped for asymmetric Tsuj-Trost allylation reactions and has seen considerable application since

its introduction in 1992.412–414 Therefore we desided to test this class of ligand. The standard

DACH-phenyl trost ligands (132) lead to full conversion, high yield of the desired product with a

good enantioselectivity, a small amount of protonolysis product was formed with very high enanti-

oselectivity. The other typical diphosphine analogues of the Trost ligand (133 - 135) showed limited

reactivity and no product formation.

412Trost, B. M.; Van Vranken, D. L. Angew. Chem. Int. Ed. in English 1992, 31, 228–230, Link
413Trost, B. M.; Crawley, M. L. Chem. Rev. 2003, 103, 2921–2944
414Trost, B. M. Tetrahedron 2015, 71, 5708, Link
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Exploration into tuning the Trost ligand scaffold for the asymmetric oxyarylation are currently un-

derway.∗

4.5 Hydrogenation of enantiomerically enriched oxazolidine

To ensure that there is no deterioration in the enantiomeric enrichment of the substrate during the

hydrogenation, the hydrogenation was carried out using the starting unsaturated oxazolidine with

42% ee. The product was obtained as a single diastereomer, maintaining 42% ee (Scheme 4.17).

N
O

F3C

Bn HN
O

F3C

H2, EtOH

Me Me

Pd(OH)2/C

42% ee 42% ee
55i 69b,

Scheme 4.17. Hydrogenation of the alkene in the oxyarylation product by heterogeneous palladium catalysis.

4.6 Conclusion

In this chapter, the early stages for the development of an enantioselective palladium catalysed

oxyarylation to be able to access 3-diarylalkyl-1,2-amino alcohols has been described. While the

results so far had limited enantioselectivity in the desired oxazolidine product, the initial results using

the commonly used Trost ligands provide a promising platform for derivatisation of the highly modular

scaffold. In addition, the hydrogenation of partially enantioenriched oxazolidine 55i with complete

diastereoselectivity and retention of ee confirm the validity of the project goal of stereodivergent

synthesis of diarylalkyl-1,2,-amino alcohols.

∗This work is being continued by Dr. Luca Buzzetti and Mikus Purin, š.
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5.1 Conclusion

NH
PG

R'
R

O

HO OCs

N
O

R

O
EtO

CF3

OH

PG

TIPS

N
O

R

R

F3C

PG

Br TIPS

R'

RX

EtO

CF3

OH
I Ar

H2

N
O

Ar

R

F3C

PG
*

* *

PdPd

Pd*

c)a)

b)

Figure 5.1. Products obtained by a) 3-component tandem hemiaminal formation-Pd-catalysed carboetheri-
fication, b) asymmetric oxyarylation/hydrogenation and c) Pd catalysed carboxy-alkynylation.

The research discussed in this thesis was initiated with the aim to further the work done in the

group on CF3-acetal based in situ tethering strategies to new and untested systems. The palladium

catalysed dual-functionalisation, involving the concomitant formation of a new carbon-oxygen and

carbon-carbon bond, enabled the fast and convenient access to valuable α-amino ketone and 1,2-

amino alcohol building blocks.

To this end, the use of trifluoroacetaldehyde ethyl hemiacetal (18), an inexpensive and easy

to handle reagent, for in situ tether formation with propargylic amines in a palladium catalysed

intramolecular alkyne carboetherification has been developed. Reactions with terminal alkynes

showed selectivity for syn-oxypalladation to give the oxazolidine products (45) with Z alkene con-

figuration, while internal alkynes had a proclivity for anti-oxypalladation to form the oxazolidines

(49/55) with E alkene configuration. Regarding the conditions for the reaction, the choice of ligand,

solvent and base was pivotal in obtaining the desired product with high yield and selectivity. Further

more, the oxyalkynylation and oxyarylation reactions showed broad tolerance to the substitution at

the nitrogen and alkyne positions, while a range of aryl iodides were successfully applied in the ox-

yarylation transformation. Compared to the previously developed methodology, this reaction could

use starting material bearing terminal groups and tolerated a wider variety of aryl electrophiles. The

synthetic utility of this transformation was shown with four orthogonal transformations allowing ac-

cess to: the alkyne deprotected product (59) (permitting further alkyne functionalisation reactions);
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α-amino ketones (63) through mild acid hydrolysis; a series of trisubstituted furans (65a-c) by acid

hydrolysis with in situ gold catalysis and the reduced oxazolidine product (68 and 69) by heterogen-

eous palladium catalysed hydrogenation. The oxyarylation products (55) were observed to undergo

hydrogenation with complete diastereoselectivity.

Out of the work with the oxyalkynylation transformation, a palladium catalysed carboxy-alkynylation

of propargylic amines using caesium hydrogen carbonate as a source of the "CO2" synthon was de-

veloped. A library of highly functionalised cyclic carbamates were synthesised without the use of

gaseous CO2 by the combination of an internal propargyl amine with caesium hydrogen carbonate

and (triisopropylsilyl)-bromoacetylene in the presence of a palladium catalyst and DPEPhos. For this

transformation, a novel mechanism has been proposed for this cyclic carbamate forming reaction

with propargylic amines; whereby caesium carbonate acts as a nucleophile on the activated alkyne

before the ring closure of the amine onto the carbonate centre.

Work is currently ongoing towards the development of an enantioselective version of the ox-

yarylation, with quantitative yields and moderate enantioselectivity achievable using asymmetric

P,N-ferrocene ligands and promising results attained using the DACH-phenyl Trost ligand. Due to the

observed complete diastereoselectivity for the hydrogenation of the arylation products 55, we have

been able to obtain enantioenriched hydrogenated oxazolidine 69 that can then be hydrolysed to the

free diarylalkyl containing 1,2-amino alcohol. This transformation would offer convenient access to

interesting biologically and pharmaceutically relevant compounds.

5.2 Outlook

The transformations that have been developed in this thesis have been based on systems with

propargylic amine. It would be important to pursue similar transformations using propargylic alco-

hols as these too will give biologically interesting α-hydroxy ketones and 1,2-diols. The function-

alisation of the enyne oxazolidine systems, formed through the oxyalkynylation reaction, should be

further explored. Possible reactions to explore include; cobalt catalysed coupling with ethylene to

access cyclobutenes and cyclobutanes415 and reaction to form functionalised allenes through 1,4-

alkylarylation416 and 1,2-hydro-herteroarylation.417

Importantly, work should continue on the development of the enantioselective oxyarylation trans-

formation, and of a practical method for the stereodivergent synthesis of diarylalkyl-1,2-amino alco-

hols. The eventual goal would be to develop a one-pot, three step protocol to convert aryl substituted

propargylic amines into enantio- and diastereomerically enriched unprotected diarylalkyl-1,2-amino

alcohols with the additional ability to retain the N-benzyl protecting group. Currently, using prepared

non-C2 symmetric DACH derived Trost ligand, the selective formation of the desired oxazolidine in

near quantitative yields with up to 92% ee. The new ligand system is easy to synthesise and is

robust, performing the reaction in a wide range of solvents at 35 ◦C.

An even more ambitions proposal is to add an additional step to the one-pot process by including

an initial Sonogashira coupling to form the aryl substituted propargyl amine from N-benzyl propargyl
415Pagar, V. V.; RajanBabu, T. Science 2018, 361, 68–72, Link
416Ye, C.; Li, Y.; Zhu, X.; Hu, S.; Yuan, D.; Bao, H. Chem. Sci. 2019, 10, 3632–3636, Link
417Yu, S.; Sang, H. L.; Zhang, S.-Q.; Hong, X.; Ge, S. Communications Chemistry 2018, 1, 64, Link
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amine. Transformations involving two distinct palladium catalysed arylations have previously been

reported. One of these reports was from Nevado and co-workers (see introduction: Scheme 1.25),

who carries out a Sonogashira coupling of propargylamine, followed by carboxyarylation using two

equivalents of aryl iodide.256 The other case from Wolfe and coworkers418 effects a palladium cata-

lysed Buchwald-Hartwig coupling on the nitrogen of an aniline with one aryl bromide and then, after

adding the needed phosphine ligand and a different aryl bromide, carried out an intramolecular

amino arylation of an alkene. Using these examples as inspiration, it maybe possible to carry out a

completely stereodivergent synthesis of diaryl-1,2-amino alcohols in one-pot (Scheme 4.5).
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Scheme 5.1. Stereo divergent synthetic strategy to access all four possible isomers of diarylalkyl-1,2-amino
alcohols

It would be interesting to also explore other transformations on the oxyarylation products as, if

the rationalisation for the selectivity of the hydrogenation being driven primarily by steric interactions

is the case; then the CF3 group is not intrinsic to the reaction pathway by specific coordinating

interactions. This might allow for other diastereoselective transformations to be performed on the

substrate such as epoxidation or cyclopropanation.

The tether system used for the oxyalkynylation and oxyarylation reaction has been only been

carried out using trifluoroacetaldehyde hemiacetal so far to perform C–O bond formation. The ap-

plication of the nitrogen tether systems developed in the Waser group for the carboamination of

allylic amines303 and allylic alcohols305 would allow access to amino systems that are not currently

accessible via existing routes. The application of asymmetric catalysis to the formed imidazolidine

heterocycles could enable access to chiral 1,2-diamines and chiral 3-diarylalkyl-1,2-diamines.

Finally, the CF3-(hemi)acetal and aminal tethering systems should also be explored for reactions

418Lira, R.; Wolfe, J. P. J. Am. Chem. Soc. 2004, 126, 13906–13907, Link
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5 Conclusion and outlook

such as C–H functionalisations and with other metal catalysts and the use of heteroatom electro-

philic coupling partners could be investigated. The use of the CF3(hemi)acetal and aminal tethering

systems to perform oxyaminations, diaminations and dioxygenations on allylic and propargylic sub-

strates and its facile deprotection would provide an attractive methodology to access 1,2,3-hetero

substituted scaffolds.
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6 Supporting Information

General methods

All reactions were carried out in oven dried glassware under an atmosphere of nitrogen, unless

stated otherwise. For quantitative flash chromatography technical grade solvents were used. For

flash chromatography for analysis, HPLC grade solvents from Sigma-Aldrich were used. THF, Et2O,

CH3CN, toluene, hexane and CH2Cl2 were dried by passage over activated alumina under nitro-

gen atmosphere (H2O content < 10 ppm, Karl-Fischer titration). Unless otherwise stated, degassed

solvents were degassed using freeze-thaw cycle. All chemicals were purchased from Acros, Aldrich,

Fluka, VWR, Fluorochem or Merck and used without further purification. Chromatographic purific-

ation was performed as flash chromatography using Silicycle silica 40-63, 60 Å, using the solvents

indicated as eluent with 0.1-0.5 bar pressure. TLC was performed on Merck silica gel 60 F254

TLC glass plates and visualized with UV light and potassium permanganate stain. Melting points

were measured on a calibrated Büchi B-540 melting point apparatus using open glass capillaries.
1H-NMR spectra were recorded on a Bruker DPX-400 400 MHz spectrometer in chloroform-d. All

signals are reported in ppm with the internal chloroform signal at 7.26 ppm. The data is being

reported as (s = singlet, d = doublet, t = triplet, q = quadruplet, qi = quintet, m = multiplet or unre-

solved, bs = broad signal, coupling constant(s) in Hz, integration, assignment). 13C NMR spectra

were recorded with {1H} decoupling on a Bruker DPX-400 100 MHz spectrometer in chloroform-d

unless otherwise stated. All signals are reported in ppm with the internal chloroform signal at 77.0

ppm as standard unless otherwise stated. 19F-NMR spectra were recorded on a Bruker DPX-400

376 MHz spectrometer in chloroform-d. All signals are reported in ppm with 1,4-difluorobenzene

as internal standard set at –120.1 ppm. 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)

QTOF. Technical grade trifluoroacetaldehyde ethyl hemiacetal was purchased from flurochem. Ul-

tima API. Cesium carbonate was purchased from Aldrich and anhydrous potassium phosphate was

purchased from acros, both were used without further purification. DPEPhos was purchased from

Acros, Xantphos from fluorochem and Ruphos and tri(2-furyl)phosphine were purchased from Ald-

rich. N-methylprop-2-yn-1-amine (14e) and dipropargylamine (14h) are commercially available from

Aldrich. Bromoacetylenes (43 and 44a-d) were synthesized according to reported procedures.303

Aryl iodides were bought from Aldrich, Acros, ABCR, TCI and Fluorochem, and used as received.

Tris(dibenzylideneacetone)dipalladium was purchased from flurochem and recrystalised in 200 mg

portions following a reported procedure.419 Deactivated silica gel was prepared by making a slurry of

silica gel (230-400mesh) with 5% Et3N in pentane solution followed by complete removal of solvent

by rotary evaporation until it is a free flowing powder. The solvent system ULTRA comprises 71%

CH2Cl2, 24% methanol and 5% aq. ammonia (25% solution).

419Zalesskiy, S. S.; Ananikov, V. P. Organometallics 2012, 31, 2302–2309, Link
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6.1 Synthesis of propargylic amines used in chapters 2–4

General procedure A:

Br

R'

NH2

R
(5 - 6 equiv.)

NH

R
R'

+

A solution of benzyl amine (4-6 equiv.) in CH2Cl2 (15 mL) at 0 ◦C was stirred vigorously while a solu-

tion of propargyl bromide (1 equiv.) in CH2Cl2 (10 mL) was slowly added over 10 min. After complete

addition, the reaction was allowed to warm to room temperature and stirring continued for 5 hours.

The reaction was then filtered through silica gel eluting with 40% EtOAc in pentane and the resulting

solution concentrated. The resulting crude material was purified by column chromatography (SiO2,

10-40% EtOAc in pentane).

N-Benzyl propargylamine (14a)

N
H

Synthesised following general procedure A using benzyl amine (9.8 g, 92 mmol,

4 equiv.) bromopropyne (2.5 mL, 23 mmol, 80%wt in toluene, 1 equiv.). Purifica-

tion was performed by column chromatography (SiO2, 10-40% EtOAc in pentane)

followed by distillation (70 ◦C at 5x10-1 mbar) to obtain pure benzyl propargylam-

ine (14a) as a clear straw yellow oil (2.2 g, 15 mmol, 68% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.40 – 7.22 (m, 5H, ArH), 3.90 (s, 2H, CH2Ar), 3.44 (d, J = 2.4

Hz, 2H, CH2C–––C), 2.27 (t, J = 2.4 Hz, 1H, C–––CH), 1.85 (bs, 1H, NH).
13C-NMR (101 MHz, chloroform-d) δ 139.1, 128.4, 128.4, 127.2, 81.8, 71.7, 52.2, 37.3.

Spectra data was consistent with the values reported in literature.420

4-Methoxybenzyl propargylamine (14b)

N
H

MeO

Synthesised following general procedure A using 4-methoxybenzyl amine

(2.5 g, 18 mmol, 6 equiv.) and bromopropyne (0.32 mL, 3.0 mmol, 80%wt in

in toluene, 1 equiv.). Purification was performed by column chromatography

(SiO2, 20-30% EtOAc in pentane) to afford 4-methoxybenzyl propargylam-

ine (14b) as a colourless oil. (0.37 g, 2.1 mml, 70 % yield)
1H-NMR (400 MHz, chloroform-d) δ 7.27 (d, J = 8.6 Hz, 2H, ArH), 6.86 (d, J = 8.6 Hz, 2H, ArH),

3.82 (s, 2H, ArCH2), 3.80 (s, 3H, OCH3), 3.41 (d, J = 2.4 Hz, 2H, CH2C–––C), 2.27 (t, J = 2.4 Hz, 1H,

C–––CH), 1.84 – 1.72 (bs, 1H, NH).
13C-NMR (101 MHz, chloroform-d) δ 158.8, 131.4, 129.6, 113.8, 82.0, 71.5, 55.2, 51.6, 37.1.

Spectra data was consistent with the values reported in literature.421

420Mizoguchi, H.; Watanabe, R.; Minami, S.; Oikawa, H.; Oguri, H. Org. Biomol. Chem. 2015, 13, 5955–5963, Link
421Yoshida, M.; Mizuguchi, T.; Shishido, K. Chem. Eur. J. 2012, 18, 15578–15581, Link
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6.1 Synthesis of propargylic amines used in chapters 2–4

Propynyl trifluoroacetamide (38)

NH2CF3

OEtO
1.2 equiv.

+ NH

O

F3C
THF, 0 °C - rt

37 38

In a flame dried round bottom flask, to a solution ethyl trifluoroacetate (7.99 g, 56.2 mmol, 1.2

equiv.) in THF (12 mL) at 0 ◦C was slowly added propargylamine (2.58 g, 46.8 mmol, 1 equiv.). The

reaction mixture was stirred at this temperature for 10 minutes; it was then allowed to warm to room

temperature and stirred for a further 7 hours. The solvent was removed by rotary evaporation and

the product was isolated by distillation (90 ◦C at 17 mbar) to afford propynyl trifluoroacetamide ((38))

a colourless oil (5.53 g, 36.6 mmol, 78% yield).
1H-NMR (400 MHz, chloroform-d) δ 6.94 (bs, 1H, NH), 4.14 (dd, J = 6.0, 2.5 Hz, 2H, CH2C–––C, 2.32

(q, J = 2.2 Hz, 1H, C–––CH).
13C-NMR (101 MHz, chloroform-d) δ 157.0 (q, J = 38.1 Hz), 115.5 (q, J = 287.5 Hz), 77.0, 73.1,

29.6.
19F-NMR (376 MHz, chloroform-d) δ -76.3.

Spectra data was consistent with the values reported in literature.422

General procedure B:

NH

O

F3C

XR
R NH

KOH, MeOH/H2O

1)

2)

K2CO3, TBAB

1438

To a mixture of K2CO3 (0.69 g, 4.0 mmol, 2 equiv.) and TBAB (65 mg, 0.20 mmol, 0.1 equiv.) in

MeCN (10 mL) was added propynyl trifluoroacetamide (38) (0.30 g, 2.0 mmol, 1 equiv.) and alkyl

halide (1.1 equiv.) after which the reaction was stirred at 60 ◦CṪhe progress of the reaction was

monitored by TLC. After completion has been determined (2-3 hours) based on TLC (SiO2, 20%

EtOAc in pentane), the mixture was filtered through a plug of Celite, which was washed with Et2O.

The resulting filtrate was concentrated by rotary evaporation to afford a crude material that could be

used directly in the following step, without further purification.

To the crude material obtained in the previous step was added a solution of KOH (0.15 g, 2.7 mmol,

1.3 equiv.) in water (5 mL) and methanol (5 mL) and the resulting mixture was heated to 60 ◦C for

1 hour. The reaction mixture was then allowed to cool to room temperature, it was first quenched

by the addition aq. HCl (1.0 M, 5.0 mL) followed by basification with sat. NaHCO3 (until pH >7).

The resulting aqueous solution was then extracted with CH2Cl2 (3 x 10 mL), dried over MgSO4,

filtered and concentrated by rotary evaporation. The crude propargylamine was purified by column

chromatography.

422Althuon, D.; Rönicke, F.; Fürniss, D.; Quan, J.; Wellhöfer, I.; Jung, N.; Schepers, U.; Bräse, S. Org. Biomol. Chem.

2015, 13, 4226–4230, Link
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4-Chlorobenzyl propargylamine (14c)

N
H

Cl

Synthesised following general procedure B using 4-chlorobenzyl bromide

(0.45 g 2.2 mmol, 1.1 equiv) Purification was performed by column chro-

matography (SiO2, 10-20% EtOAc in pentane) to afford 4-chlorobenzyl pro-

pargylamine (14c) as a straw yellow oil. (0.32 g, 1.8 mmol, 90 % yield)
1H-NMR (400 MHz, chloroform-d) δ 7.29 (s, 4H, ArH), 3.85 (s, 2H, ArCH2), 3.41 (d, J = 2.4 Hz, 2H,

CH2C–––C), 2.26 (t, J = 2.4 Hz, 1H, C–––CH), 1.50 (bs, 1H, NH).
13C-NMR (101 MHz, chloroform-d) δ 137.9, 132.9, 129.8, 128.6, 81.9, 71.7, 51.5, 37.3.

Spectra data was consistent with the values reported in literature.420

2-Chlorobenzyl propargylamine (14d)

N
H

Cl

Synthesised following general procedure B using 2-chlorobenzyl chloride (0.35

g 2.2 mmol, 1.1 equiv) Purification was performed by column chromatography

(SiO2, 10-20% EtOAc in pentane) to afford 2-chlorobenzyl propargylamine (14d

) as a straw yellow oil. (0.15 g, 0.77 mmol, 40 % yield)
1H-NMR (400 MHz, chloroform-d) δ 7.43 – 7.34 (m, 2H, ArH), 7.25 – 7.18 (m, 2H, ArH, 3.98 (s, 2H,

ArCH2), 3.45 (d, J = 2.5 Hz, 2H, CH2C–––C), 2.26 (t, J = 2.4 Hz, 1H, C–––CH), 1.67 (bs, 1H, NH).
13C-NMR (101 MHz, chloroform-d) δ 136.8, 133.9, 130.3, 129.6, 128.5, 126.8, 81.8, 71.7, 49.9,

37.5.

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C10H11ClN+ 180.0575; Found 180.0577.

2-Furfuryl propargylamine (14f)

N
H

O

Synthesised following general procedure B using furfuryl bromide423 (0.09M in

THF, 40 mL, 5.2 mmol, 1.1 equiv.) Purification was performed by column chro-

matography (SiO2, 10-20% EtOAc in pentane) to afford 2-furfuryl propargylamine

(14f) as an orange oil. (0.29 g, 2.1 mmol, 53 % yield)
1H-NMR (400 MHz, chloroform-d) δ 7.71 (dd, J = 1.9, 0.9 Hz, 1H, ArH), 6.65 (dd, J = 3.2, 1.9 Hz,

1H, ArH), 6.56 (dq, J = 3.2, 0.8 Hz, 1H, ArH), 4.22 (d, J = 0.7 Hz, 2H, ArCH2), 3.77 (d, J = 2.5 Hz,

2H CH2C–––C), 2.58 (t, J = 2.4 Hz, 1H, C–––CH), 1.92 (bs, 1H, NH).
13C-NMR (101 MHz, chloroform-d) δ 152.9, 142.1, 110.1, 107.5, 81.6, 71.7, 44.6, 37.1.

Spectra data was consistent with the values reported in literature.424

Phenyl propargylamine (14g)

To K2CO3 (1.4 g, 10 mmol, 2 equiv.) in MeCN (10 mL) was added aniline (1.8 mL, 20 mmol, 4 equiv)

and bromopropyne (0.56 mL, 5.0 mmol, 80%wt in toluene, 1 equiv.) and the resulting mixture was

423Hashmi, A. S. K.; Häffner, T.; Yang, W.; Pankajakshan, S.; Schäfer, S.; Schultes, L.; Rominger, F.; Frey, W. Chem. Eur.

J. 2012, 18, 10480–10486, Link
424Landini, D.; Penso, M. Synth. Commun. 1988, 18, 791–800, Link
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6.1 Synthesis of propargylic amines used in chapters 2–4

Br

R'

NH2

R
(5 - 6 equiv.)

NH

R
R'

+

36

stirred at 55 ◦C for 7 hours. The reaction was then allowed to cool to room temperature, concentrated

by rotary evaporation and loaded directly onto chromatography column for purification (SiO2, 5-10%

EtOAc in pentane) to afford phenyl propargylamine (14g) as a straw yellow oil. (0.27 g, 2.0 mmol,

41 % yield)
1H-NMR (400 MHz, chloroform-d) δ 7.27 – 7.18 (m, 2H, ArH), 6.80 (tt, J = 7.4, 1.1 Hz, 1H, ArH),

6.74 – 6.66 (m, 2H, ArH), 3.95 (dd, J = 6.0, 2.4 Hz, 2H, CH2C–––C), 3.87 (bs, 1H, NH), 2.22 (t, J =

2.4 Hz, 1H, C–––CH).
13C-NMR (101 MHz, chloroform-d) δ 146.8, 129.2, 118.6, 113.5, 81.0, 71.3, 33.6.

Spectra data was consistent with the values reported in literature.425

N-Benzyl but-2-ynylamine (32a)

NH
Bn

Me

Synthesised following general procedure A using bromo-2-butyne (2.5 mL, 27

mmol, 1 equiv.). Purification was performed by column chromatography (SiO2, 10-

40% EtOAc in pentane) to afford benzyl butynylamine (32a ) as a straw yellow oil

(3.4g, 21 mmol, 74%). Further purification could be achieved by Kugelrohr distilla-

tion (86 ◦C at 5x10-1 mbar).
1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.21 (m, 5H, ArH), 3.86 (s, 2H, ArCH2), 3.38 (q, J = 2.4

Hz, 2H, CH2C–––C), 1.85 (t, J = 2.4 Hz, 3H, CH3), 1.57 (bs, 1H NH).
13C-NMR (101 MHz, chloroform-d) δ 139.7, 128.4, 128.3, 127.0, 79.1, 77.1, 52.5, 37.8, 3.5.

Spectra data was consistent with the values reported in literature.308

N-Benzyl pent-2-ynylamine (32b)

Bn
NH

Me

Synthesised following general procedure A using benzyl amine (2.4 g, 22 mmol,

6 equiv.) and bromo-2-pentyne (0.54 g, 3.7 mmol, 1 equiv.). Purification was

performed by column chromatography (SiO2, 10-20% EtOAc in pentane) to afford

benzyl pent-2-ynylamine (32b) as straw yellow oil (0.54 g, 1.5 mmol, 40% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.21 (m, 5H, ArH), 3.86 (s, 2H, ArCH2),

3.40 (t, J = 2.2 Hz, 2H, CH2C–––C), 2.22 (qt, J = 7.5, 2.2 Hz, 2H, CH2CH3), 1.68 (bs, 1H, NH), 1.15

(t, J = 7.5 Hz, 1H, CH2CH3).
13C-NMR (101 MHz, chloroform-d) δ 139.7, 128.4 (4C), 127.0, 85.3, 77.2, 52.5, 37.8, 14.1, 12.4.

Spectra data was consistent with the values reported in literature.308
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NHNH
Bn

Me
(4 equiv.)

Y(NTMS2)3

toluene, 120 °C
+

Me

Me

Me

Me

32a 32f

N-Benzyl 4-methyl-pent-2-ynylamine (32c)

Into an oven dried microwave vial containing a stirrer bar was weighed Y(N(TMS)2)3) (0.11 g, 0.20

mmol, 10 mol%). Dry toluene (degassed; 13 mL), N-benzyl but-2-ynylylamine (32a ) (0.32 g, 2.0

mmol, 1 equiv.) and 3-methylbutyne (0.55 g, 8.0 mmol, 4 equiv.) were added and reaction the reac-

tion was stirred at 130 ◦C for 24 hours. After the reaction mixture had cooled to room temperature,

it was loaded directly onto a chromatography column for purification (SiO2, 5:5:90-5:10:85 Ultra and

EtOAc in pentane) to afford N-Benzyl 4-methyl-pent-2-ynylamine (32c) as a straw yellow oil (0.29 g,

1.6 mmol, 75% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.21 (m, 5H, ArH), 3.86 (s, 2H, ArCH2), 3.40 (d, J = 2.0

Hz, 2H, CH2C–––C), 2.59 (tdd, J = 8.9, 6.9, 3.5 Hz, 1H, CH(CH3)2), 1.65 (bs, 1H, NH), 1.18 (d, J =

6.8 Hz, 6H, CH(CH3)2).
13C-NMR (101 MHz, chloroform-d) δ 139.6, 128.4, 128.4, 127.1, 89.7, 76.9, 52.4, 37.8, 23.2, 20.5.

Spectra data was consistent with the values reported in literature.256

N-Benzyl 3-cyclopropyl-prop-2-ynylamine (32d)

Bn
NH

N
H

Bn
+

H2CO (36% aq.)
CuBr (10 mol%)

Pd(PPh3)4 (20 mol%)
dimethylbarbituric acid

2)

1)

40 32d

To a solution of CuBr (0.36 g, 2.5 mmol, 12 mol%) in MeCN (130 mL) was added allyl benzylamine

(3.9 mL, 25 mmol, 1.3 equiv), formaldehyde (36% aq. solution; 5.0 mL, 65 mmol, 3.3 equiv.) and

ethenylcyclopropane (1.7 mL, 20 mmol, 1 equiv.). The reaction was stirred at room temperature for

16 hours before being concentrated by rotary evaporation. The resulting residue was diluted with

Et2O (20 mL) and washed with aq. NaOH (5.0 M; 3 x 10 mL), dried over MgSO4, filtered and con-

centrated by rotary evaporation. Purification of the crude material by column chromatography (SiO2,

0-2% EtOAc in pentane) afforded N-allyl-N-benzyl 3-cyclopropyl-prop-2-ynylamine as a colourless

oil (4.0 g, 18 mmol, 89% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.43 – 7.19 (m, 5H, ArH), 5.88 (ddt, J = 16.8, 10.1, 6.5 Hz, 1H,

CH=CH2), 5.25 (dq, J = 17.2, 1.6 Hz, 1H, CH=CH2), 5.16 (ddt, J = 10.1, 2.2, 1.2 Hz, 1H, CH=CH2),

3.61 (s, 2H, ArCH2), 3.24 (d, J = 1.9 Hz, 2H, CH2C–––C), 3.14 (dt, J = 6.5, 1.3 Hz, 2H, CH2C––C),

1.28 (dddd, J = 10.1, 8.6, 5.0, 2.5 Hz, 1H, CH(CH2)2), 0.81 – 0.75 (m, 2H, CH(CH2)2), 0.70 – 0.66

(m, 2H, CH(CH2)2).
13C-NMR (101 MHz, chloroform-d) δ 138.7, 135.8, 129.2, 128.2, 127.0, 117.8, 88.9, 69.8, 57.2,

56.6, 41.8, 8.3, -0.5.

425Reis, Ö.; Koyuncu, H.; Esiringu, I.; Sahin, Y.; Gulcan, H. O., WO2012096635A1, 2014
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6.1 Synthesis of propargylic amines used in chapters 2–4

Under a nitrogen atmosphere, the tertiary amine obtained from the previous step (1.0 g, 4.4 mmol,

1.0 equiv.) was added to a solution of Pd(PPh3)4 (0.10 g, 89 µmol, 2 mol%) and 1,3-dimethylbarb-

ituric acid (1.0 g, 6.7 mmol, 1.5 equiv.) in CH2Cl2 (22 mL). The reaction mixture was stirred at room

temperature for 6 hours. The mixture was then diluted with Et2O (50 mL), washed with sat. aq.

NaHCO3 (3 x 20 mL) and then extracted with 1M HCl (3 x 20 mL). The combined aqueous layers

were basified with K2CO3 (until pH >7) and then extracted with CH2Cl2 (3 x 20 mL) after which the

combined organic layers were dried over MgSO4, filtered and concentrated by rotary evaporation.

The crude material was purified by column chromatography (SiO3, 20-30% EtOAc in pentane) to

afford N-benzyl 3-cyclopropyl-prop-2-ynylamine (32d ) as a lightly straw coloured oil (0.82 g, 4.4

mmol, 99% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.45 – 7.19 (m, 5H, ArH), 3.84 (s, 2H, ArCH2), 3.37 (d, J = 2.0

Hz, 2H, CH2C–––C), 1.50 (bs, 1H, NH), 1.25 (dddd, J = 10.1, 8.6, 5.0, 2.5 Hz, 1H, CH(CH2)2), 0.80 –

0.63 (m, 4H, CH(CH2)2).
13C-NMR (101 MHz, chloroform-d) δ 139.7, 128.4 (2C), 127.0, 87.0, 73.3, 52.5, 37.9, 8.1, -0.5.

Spectra data was consistent with the values reported in literature.308

N-Benzyl 4,4-dimethyl-pent-2-ynylamine (32e)

NHNH
Bn

Me
(4 equiv.)

Y(NTMS2)3

toluene, 120 °C
+

Me

Me

Me

MeMe
Me

40 32e

Synthesised following a slightly modified procedure to 32c ); using 3,3-dimethylbytyne (0.66 g, 8.0

mmol, 4 equiv.). After the reaction was finished, the reaction mixture was loaded directly onto a

chromatography column for purification (SiO2, 5:5:90-5:10:85 Ultra and EtOAc in pentane) afforded

N-benzyl 4,4-dimethyl-pent-2-ynylamine (32e) as a straw yellow oil (0.27 g, 1.3 mmol, 66% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.21 (m, 5H, ArH), 3.87 (s, 2H, ArCH2), 3.40 (s, 2H,

CH2C–––C), 1.88 (bs, 1H, NH), 1.24 (s, 9H, C(CH3)3).
13C-NMR (101 MHz, chloroform-d) δ 139.4, 128.5, 128.4, 127.1, 92.8, 77.2, 52.2, 37.7, 31.2, 27.4.

Spectra data was consistent with the values reported in literature.308

N-Benzyl 4-phenyl-but-2-ynylamine (32f)

Bn
NH

N
H

Bn
+

H2CO (36% aq.)
CuBr (10 mol%)

Pd(PPh3)4 (20 mol%)
dimethylbarbituric acid

2)

1)

40 32f

To a solution of CuBr (0.18 g, 1.3 mmol, 12 mol%) in MeCN (60 mL) was added allyl benzylamine

(1.9 g, 13 mmol, 1.3 equiv), formaldehyde (2.5 mL, 33 mmol 36% aq. solution, 3.1 equiv) and

phenylpropyne (1.2 g, 10 mmol, 1 equiv.). The reaction mixture was stirred at room temperature
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for 16 hours after which it was concentrated by rotary evaporation. The residue was diluted with

Et2O (20 mL) and washed with 5M NaOH solution (3 x 10 mL), dried over MgSO4, filtered and

concentrated by rotary evaporation. Purification of the crude product by column chromatography

(SiO2, 0-2% EtOAc in pentane) to afford N-allyl-N-benzyl-4-phenyl-but-2-ynylamine as a colourless

oil (2.6 g, 9.3 mmol, 89% yield)

1H-NMR (400 MHz, chloroform-d) δ 7.49 – 7.28 (m, 10H, ArH), 5.97 (dddd, J = 17.3, 12.4, 6.5,

2.3 Hz, 1H, CH=CH2), 5.34 (dq, J = 17.2, 1.7 Hz, 1H, CH=CH2), 5.24 (dq, J = 10.4, 1.6 Hz, 1H,

CH=CH2), 3.79 – 3.73 (m, 2.2 Hz, 4H, ArCH2N, CH2CH=CH2), 3.44 (q, J = 2.5 Hz, 2H, C–––CCH2Ph),

3.27 (dt, J = 6.6, 1.6 Hz, 2H, NHCH2C–––C).
13C-NMR (101 MHz, chloroform-d) δ 138.7, 137.1, 135.7, 129.1, 128.4, 128.2, 127.8, 127.0, 126.5,

117.8, 82.9, 77.0, 57.3, 56.7, 41.8, 25.1.

The tertiary amine obtained from the previous step (1.0 g, 3.6 mmol, 1 equiv.) was added to a

solution of Pd(PPh3)4 (84 mg, 73 µmol, 2 mol%) and 1,3-dimethylbarbituric acid (0.85 g, 5.5 mmol,

1.5 equiv.) in CH2Cl2 (22 mL) under an N2 atmosphere. The reaction mixture was stirred at room

temperature for 6 hours. Reaction completion was checked by TLC (2 % EtOAc in pentane). The

reaction mixture was 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 were basified with K2CO3 (pH >7) and extracted with CH2Cl2 (3 x 25 mL). The combined

extracts were dried over MgSO4, filtered and concentrated by rotary evaporation. Purification by

flash column chromatography (SiO2, 20-30 % EtOAc in pentane) to afford N-benzyl-4-phenyl-but-2-

ynylamine (32f) as a straw coloured oil (0.76 g, 3.0 mmol, 83% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.41 – 7.20 (m, 10H, ArH), 3.90 (s, 2H, ArCH2N), 3.65 (t, J =

2.3 Hz, 2H, C–––CCH2Ph), 3.48 (t, J = 2.3 Hz, 2H, NCH2C–––C), 1.65 (bs, 1H, NH).
13C-NMR (101 MHz, chloroform-d) δ 139.5, 137.0, 128.5, 128.4 (2C), 127.9, 127.1, 126.6, 81.4,

80.2, 52.5, 37.9, 25.2.

IR (cm-1) 3025 (s), 3063 (s), 2919 (s), 2838 (s), 1606 (s), 1496 (s), 1454 (s), 728 (s), 695 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H18N+ 236.1434; Found 236.1436.

N-Benzyl-3-phenylprop-2-yn-1-amine (32g)

Bn
NH

N
H

Bn
+

H2CO (36% aq.)
CuBr (10 mol%)

Pd(PPh3)4 (20 mol%)
dimethylbarbituric acid

2)

1)

40 32g

Following an adapted version of a reported procedure.2 To a solution of CuBr (0.20 g, 1.4 mmol, 12

mol%) in MeCN (70 mL) was added allyl benzylamine (2.0 g, 14 mmol, 1.3 equiv.), formaldehyde

(2.5 mL, 33 mmol 36% aq. solution, 3 equiv.) and phenylpropyne (1.2 g, 11 mmol, 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. Purification
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of the crude product by column chromatography (SiO2, 0-2% EtOAc in pentane) to afford N-allyl-N-

methyl-4-phenyl-but-2-ynylamine as a colourless oil (2.7 g, 10.3 mmol, 95% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.52 – 7.22 (m, 10H, ArH), 5.93 (ddt, J = 16.7, 10.1, 6.5 Hz, 1H,

CH=CH2), 5.31 (dq, J = 17.1, 1.6 Hz, 1H, CH=CH2), 5.20 (ddt, J = 10.1, 2.2, 1.2 Hz, 1H, CH=CH2),

3.72 (s, 2H, ArCH2), 3.53 (s, 2H, CH2C≡C), 3.26 (dt, J = 6.5, 1.4 Hz, 2H, 2H, CH2C=C).
13C-NMR (101 MHz, chloroform-d) δ 138.7, 135.7, 131.7, 129.2, 128.3, 128.3, 128.0, 127.1, 123.4,

118.0, 85.7, 84.4, 57.4, 56.8, 42.1.

The tertiary amine obtained from the previous step (1.5 g, 5.7 mmol, 1 equiv.) was added to a

solution of Pd(PPh3)4 (0.13 g, 0.12 mol, 2 mol%) and 1,3-dimethylbarbituric acid (1.3 g, 8.6 mmol,

1.5 equiv.) in CH2Cl2 (35 mL) under an N2 atmosphere. The reaction mixture was stirred at room

temperature for 6 hours. Reaction completion was checked by TLC (20 % EtOAc in pentane). The

reaction mixture was concentrated to a quarter of its original volume and diluted with ether (50 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 precipitated solids were basified with K2CO3

(pH >7) and extracted with CH2Cl2 (3 x 25 mL). The combined extracts were dried over MgSO4,

filtered and concentrated by rotary evaporation. Purification by flash column chromatography (SiO2,

10-30 % EtOAc in pentane) to afford N-benzyl-3-phenylprop-2-yn-1-amine (2g) as a straw yellow oil

(1.1 g, 5.0 mmol, 87% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.52 – 7.20 (m, 10H, ArH), 3.96 (s, 2H, ArCH2), 3.66 (s, 2H,

CH2C≡C), 1.73 (bs, 1H, NH).
13C-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.

Spectra data was consistent with the values reported in literature.308

N-Benzyl-3-(4-methoxyphenyl)prop-2-yn-1-amine (32h)

Bn
NH

H

Pd(PPh3)2Cl2
dppf, CuI+

Bn
NH

DABCO

OMe

I OMe

14a 32h

Following a modified version of a reported procedure.426 To a stirred solution of 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-anisol (0.79 g, 6.4 mmol, 1.3 mmol) in DMSO

(10 mL; degassed by bubbling N2) under a N2 atmosphere was added 14a (0.38 g, 2.6 mmol, 1.0

equiv.). The reaction mixture was heated to 60 ◦C and stirred for 6 hours. The progress of the

reaction was determined by TLC (30 % EtOAc in pentane). The reaction was then quenched by

the addition of H2O (10 mL) and the mixture diluted with EtOAc (12 mL). The layers were separ-

ated and the aqueous layer extracted with EtOAc (2 x 12 mL). The combined organic layers were

washed with brine (2 x 24 mL), dried over MgSO4 filtered through a pad of SiO2 (washed with

426Jeong, Y.; Lee, J.; Ryu, J.-S. Bioorg. Med. Chem. 2016, 24, 2114–2124, Link
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EtOAc) and concentrated under rotary evaporation. The crude material was dry-loaded onto SiO2

and purified by column chromatography (SiO2, 15-30% EtOAc in pentane) afforded N-benzyl-3-(4-

methoxyphenyl)prop-2-yn-1-amine (32h) as a light orange solid (0.28 g, 1.1 mmol, 43 % yield)
1H-NMR (400 MHz, chloroform-d) δ 7.42 – 7.23 (m, 9H, ArH), 6.87 – 6.81 (m, 2H, CH3O- 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.

Spectra data was consistent with the values reported in literature.256

N-Benzyl-3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-amine (32i)

Bn
NH

H

Pd(PPh3)2Cl2
dppf, CuI+

Bn
NH

DABCO

CF3

I CF3

14a 32i

Following a modified version of a reported procedure.426 To a stirred solution of 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) under a N2 atmosphere was added 7a (0.38 g, 2.6 mmol,

1.0 equiv.). The reaction mixture was heated to 60 ◦C and stirred for 6 hours. The progress of the

reaction was determined by TLC (30 % EtOAc in pentane). The reaction was then quenched by

the addition of H2O (10 mL) and the mixture diluted with EtOAc (12 mL). The layers were separ-

ated and the aqueous layer extracted with EtOAc (2 x 12 mL). The combined organic layers were

washed with brine (2 x 24 mL), dried over MgSO4 filtered through a pad of SiO2 (washed with

EtOAc) and concentrated under rotary evaporation. The crude material was dry-loaded onto SiO2

and purified by column chromatography (SiO2, 10-20% EtOAc in pentane) afforded N-benzyl-3-(4-

(trifluoromethyl)phenyl)prop-2-yn-1-amine (32i) as a dark orange oil (0.55 g, 1.9 mmol, 72 %)
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), 1.64 (d, J = 2.5 Hz, 1H).
13C-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), 90.2, 82.49, 52.6, 38.2.
19F-NMR (376 MHz, chloroform-d) δ -63.2.

Spectra data was consistent with the values reported in literature.256

N-Benzyl Propynyl trifluoroacetamide (42

To a mixture of K2CO3 (8.2 g, 59 mmol, 2 equiv.) and TBAB (0.95 g, 3.0 mmol, 0.1 equiv.) in MeCN

(150 mL) was added propynyl trifluoroacetamide 25 (4.5 g, 30 mmol, 1 equiv.) and benzyl bromide

(6.0 g, 33 mmol, 1.1 equiv.) after which the reaction mixture was stirred at 60 ◦CṪhe progress

of the reaction was monitored. After completion has been determined (2-3 hours) based on TLC

(SiO2, 20% EtOAc in pentane), the mixture was filtered through a plug of Celite, which was washed
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N
H H

O

F3C

BnBr, K2CO3
TBAB (0.1 equiv.)

MeCN, 60 °C

Bn
N

H

O

CF3

136 42

with Et2O. The resulting filtrate was concentrated by rotary evaporation. Purification of the crude

product by column chromatography (SiO2, 0-8% EtOAc in pentane) to afforded N-Benzyl propynyl

trifluoroacetamide (42) as a colourless oil (5.0 g, 21 mmol, 71% yield)

1H-NMR (400 MHz, chloroform-d)(400 MHz, Chloroform-d ; 1:1.2 mixture of rotamers) δ 7.46 – 7.23

(m, 10H, ArH), 4.79 (s, 2H, CH2Ar), 4.77 (s, 2H, CH2Ar), 4.12 (d, J = 2.5 Hz, 2H, CH2C–––C), 4.06

(d, J = 2.4 Hz, 2H, CH2C–––C), 2.37 (t, J = 2.4 Hz, 1H, C–––CH), 2.29 (t, J = 2.5 Hz, 1H, C–––CH).
13C-NMR (101 MHz, chloroform-d)(101 MHz, Chloroform-d ; 1:1.2 mixture of rotamers) δ 156.7 (q,

J = 36.5 Hz), 134.5, 133.8, 129.1, 129.0, 128.6, 128.6, 128.3, 127.7, 116.4 (q, J = 287.9 Hz), 116.3

(q, J = 288.1 Hz), 76.6 (overlapping with solvent), 76.5, 73.7, 73.3, 49.7 (q, J = 3.6 Hz), 48.7, 35.8

(q, J = 4.2 Hz), 34.4.
19F NMR (376 MHz, Chloroform-d ; 1:1.2 mixture of rotamers) δ -68.5, -69.3.

HRMS (LTQ-Orbitrap) m/z: [M + H]+ Calcd for C12H11F3NO+ 242.0787; Found 242.0783.

N-Benzyl-3-(3,5-dimethylphenyl)prop-2-ynylamine (32j)

Bn
N

H

Pd(PPh3)2Cl2
dppf, PPh3

I+

NH
Bn

NEt3/DMF
1)

KOH, 
MeOH/H2O

2)

O

CF3

Me

Me

Me

Me
42 32j

To a solution of PdCl2(PPh3)2 (0.14 g, 0.2 mmol, 5 mol%), PPh3 (0.21 g, 0.8mmol, 20 mol%)

and CuI (76 mg, 0.4mmol, 10 mol%) in DMF (3.3 mL) and Et3N (10 mL) was added 42 (0.97 g,

4 mmol, 1 equiv.) and 1-Iodo-3,5-dimethylbenzene (1.1 g, 4.8mmol, 1.2 equiv.). The resulting

mixture was heated to 60 ◦C for 6 hours. After cooling to room temperature, water (25 mL) was

added and the reaction mixture extracted with EtOAc (3 x 40 mL); the combined organics portions

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) afforded N-benzyl-N-(3-

(3,5-dimethylphenyl)prop-2-ynyl)-trifluoroacetamide (32j ) as an orange oil (1.2 g, 3.6 mmol, 90%

yield)

1H-NMR (400 MHz, chloroform-d)(400 MHz, Chloroform-d ; mixture of rotamers) δ 7.44 – 7.29 (m,

10, CH2ArH, both rotamers), 7.06 (m, 4H, PhH, both rotamers), 7.00 (s, 1H, PhH), 6.99 (s, 1H,

PhH), 4.85 (s, 2H, ArCH2), 4.83 (s, 2H, PhCH2), 4.36 (s, 2H, CH2C–––C), 4.29 (s, 1H, CH2C–––C), 2.31

(s, 6H, CH3), 2.30 (s, 6H, CH3).
13C-NMR (101 MHz, chloroform-d)(101 MHz, Chloroform-d ; mixture of rotamers, some unresolved

aromatic peaks) δ 156.75 (qd, J = 36.1, 10.0 Hz), 138.0, 138.0, 134.8, 134.1, 133.8, 133.7, 130.8,
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130.7, 129.5, 129.5, 129.1, 129.0, 128.7, 128.6, 128.5, 128.5, 128.3, 127.8, 121.7, 121.4, 116.5

(qd, J = 288.1, 7.9 Hz), 85.8, 85.5, 81.1, 80.9, 49.74 (q, J = 3.6 Hz), 49.0, 36.9 (q, J = 4.3 Hz), 35.4,

21.1.

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H18F3NNaO+ 368.1233; Found 368.1235.

To the trifluoroacetamide obtained from the previous step (0.84 g, 2.4 mmol, 1 equiv.) was added a

solution of KOH (0.15 g, 2.7 mmol, 1.3 equiv.) in water (5 mL) and methanol (5 mL) and the resulting

mixture was heated to 60 ◦C for 2 hours. The reaction was then cooled to room temperature and

acidified with aq. HCl (1.0 M; 5 mL) followed by basification with sat. NaHCO3 (pH >7). The

resulting mixture is extracted with CH2Cl2 (3 x 10 mL), dried over MgSO4, filtered and concentrated

by rotary evaporation. Purification by column chromatography (SiO2, 10-40% EtOAc in pentane)

afforded N-benzyl-3-(3,5-dimethylphenyl)prop-2-ynylamine (8j) as an orange oil (0.49 g, 2.0 mmol,

76% yield)
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-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.

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H20N+ 250.1590; Found 250.1593.

N-(4-Methoxybenzyl)but-2-yn-1-amine (32k)

PMB
NH

Me

Synthesised following general procedure A using 4-methoxy benzyl amine (6.3 g,

48 mmol, 5 equiv.). Purification was performed by column chromatography (SiO2,

10-40% EtOAc in pentane) to afford N-(4-methoxybenzyl)but-2-yn-1-amine (32k )

as a straw yellow oil (1.0 g, 5.3 mmol, 60% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.32 – 7.24 (m, 2H, ArH), 6.90 – 6.84 (m, 2H,

ArH), 3.81 (s, 2H, ArCH2), 3.80 (s, 3H, OCH3), 3.37 (dq, J = 3.4, 2.1 Hz, 2H, CH2C≡C), 1.85 (dd,

J = 2.8, 1.9 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 158.6, 131.8, 129.5, 113.7, 79.1, 77.2, 55.2, 51.9, 37.7, 3.5.

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H16NO+ 190.1226; Found 190.1225.

Ferrocenylmethyl-but-2-ynylamine (79)

Fe H2N Fe

H
NO NaBH4+

MeOH, 0 °C - rt

79

A solution of ferrocenecarboxaldehyde (3.3 g, 15 mmol, 1 equiv) and allylamine (0.97 g, 17 mmol,

1.1 equiv.) in methanol (66 mL) was stirred at room temperature for 30 minutes before the reaction

mixture was cooled to 0 ◦C by an ice bath. NaBH4 (700 mg, 18.5 mmol, 1.2 equiv.) was carefully

added and the reaction mixture was stirred for a further 20 minutes before it was warmed to room

temperature for 4 hours. The reaction was diluted with EtOAc (30 mL) and the organic layer washed
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with saturated NaHCO3 solution (30 mL). The aqueous layer was washed with additional EtOAc (2 x

30 mL). The combined organic portions were washed with brine (30 mL), dried over MgSO4, filtered

and concentrated. To the crude material was added pentane (100 mL) causing precipitation of solid

which was filtered off to afford ferrocenylmethyl allylamine 79 as a brown solid (3.7 g, 14, 93% yield)

which was sufficiently pure to be used without further purification.
1H-NMR (400 MHz, chloroform-d) δ 5.92 (ddt, J = 17.2, 10.3, 6.0 Hz, 1H, CH=CH2), 5.19 (dq,

J = 17.2, 1.7 Hz, 1H, CH=CH2), 5.11 (dq, J = 10.2, 1.4 Hz, 1H, CH=CH2), 4.22 – 4.07 (m, 9H,

ferroceneH), 3.51 (s, 2H, ferroceneCH2), 3.28 (dt, J = 6.0, 1.4 Hz, 2H, CH3).

Spectra data was consistent with the values reported in literature.3

N-Ferrocenylmethyl-but-2-ynylamine (32l)

Me

TBAB (20 mol%)
K2CO3 (2 equiv.)

Fe

H
N

Me

Fe

H
N

+ Br

1)

2) Pd(PPh3)4 (20 mol%)
DMBA (1.5 equiv.) DCM

79 32l

To a solution of Ferrocenylmethyl allylamine (79) (0.65 g, 2.5 mmol, 1 equiv.) in MeCN (12 mL)

was added bromobutyne (0.24 mL, 2.8 mmol, 1.1 equiv.) TBAB (0.16 g, 0.51 mmol, 20 mol%) and

K2CO3 (0.70 g, 5.1 mmol, 2 equiv.). The reaction mixture was heated to 55 ◦C and left to stir over

night. It was then filtered through a short pad of Celite, which was washed with EtOAc and the filtrate

concentrated under reduced pressure. The crude material was dry loaded onto SiO2 and purified

by column chromatography (SiO2, 5-15% EtOAc in pentane) to afford N-allyl-N-Ferrocenylmethyl-

but-2-yn-1-amine as a dark orange oil (0.49 g , 1.6 mmol, 62% yield)
1H-NMR (400 MHz, chloroform-d) δ 5.83 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, CH=CH2), 5.23 (dq, J

= 17.2, 1.6 Hz, 1H, CH=CH2), 5.15 (ddt, J = 10.1, 2.2, 1.2 Hz, 1H, CH=CH2), 4.24 – 4.07 (m, 9H,

ferroceneH), 3.47 (s, 2H, ferroceneCH2), 3.20 (q, J = 2.3 Hz, 2H, NCH2C≡C), 3.08 (dt, J = 6.6, 1.4

Hz, 2H, NCH2CHCH2), 1.88 (t, J = 2.4 Hz, 3H, CH3).
13C NMR (101 MHz, CDCl3) δ 135.9, 117.7, 83.0, 80.6, 74.0, 70.1, 68.5, 68.0, 56.4, 52.3, 41.4, 3.6.

IR (cm–1) 3087 (m), 2920 (m), 2811 (m), 1645 (m), 1431 (m), 1330 (m), 1107 (s), 1000 (s), 922 (s),

819 (s)

HRMS (APCI/QTOF) m/z: [M]+ Calcd for C18H21FeN+ 307.1018; Found 307.1025.

The tertiary amine obtained from the previous step (0.45 g, 1.5 mmol, 1 equiv.) was added to a

solution of Pd(PPh3)4 (34 mg, 29 µmol, 2 mol%) and 1,3-dimethylbarbituric acid (0.34 g, 2.2 mmol,

1.5 equiv.) in CH2Cl2 (10 mL) under an N2 atmosphere. The reaction mixture was stirred at room

temperature for 6 hours. Reaction completion was checked by TLC (2 % EtOAc in pentane). The

reaction mixture was 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 were basified with K2CO3 (pH >7) and extracted with CH2Cl2 (3 x

20 mL). The combined extracts were dried over MgSO4, filtered and concentrated by rotary evapor-

ation. The collected crude product was sufficiently pure to be used without any further purification.

Ferrocenylmethyl-but-2-ynylamine (32l ) was obtained as a dark brown oil (0.37 g, 1.4 mmol, 94%

yield)
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1H-NMR (400 MHz, chloroform-d) δ 4.22 – 4.09 (m, 9H, ferroceneH), 3.57 (s, 2H, ferroceneCH2),

3.39 (q, J = 2.4 Hz, 2H, NCH2C≡C), 1.85 (t, J = 2.4 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 86.0, 79.1, 68.4, 68.3, 67.8, 47.4, 37.9, 3.5.

HRMS (ESI/QTOF) m/z: [M]+ Calcd for C15H17FeN+ 267.0705; Found 267.0706.

N-Methyl 4-phenyl-but-2-ynylamine (32m)

Me
N
HMe

N
H

1) H2CO (36% aq.)
CuBr (10 mol%), MeCN

2) Pd(PPh3)4 (20 mol%)
DMBA (1.5 equiv.) DCM

+
32m

Following an adapted version of a reported procedure. 2 To a solution of CuBr (0.20 g, 1.4 mmol, 13

mol%) in MeCN (70 mL) was added allyl methylamine (0.98 g, 14 mmol, 1.3 equiv.), formaldehyde

(2.5 mL, 33 mmol 36% aq. solution, 3 equiv.) and phenylpropyne (1.2 g, 11 mmol, 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. Purification

of the crude product by column chromatography (SiO2, 0-2% EtOAc in pentane) to afford N-allyl-N-

benzyl-4-phenyl-but-2-ynylamine as a colourless oil (1.8 g, 9.7 mmol, 88% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.44 (dd, J = 6.7, 3.0 Hz, 2H, ArH), 7.36 – 7.26 (m, 3H,

ArH), 5.91 (ddt, J = 16.9, 10.3, 6.7 Hz, 1H, CH=CH2), 5.32 – 5.18 (m, 2H, CH=CH2), 3.59 (s,

2H, CH2C≡C), 3.18 (d, J = 6.6 Hz, 2H, CH2C=C), 2.42 (s, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 134.7, 131.7, 128.3, 128.1, 123.0, 118.7, 85.8, 83.7, 59.0,

45.8, 41.5.

The tertiary amine obtained from the previous step (1.0 g, 3.6 mmol, 1 equiv.) was added to a

solution of Pd(PPh3)4 (0.37 g, 0.32 mol, 6 mol%) and 1,3-dimethylbarbituric acid (1.7 g, 11 mmol,

2 equiv.) in CH2Cl2 (50 mL) under an N2 atmosphere. The reaction mixture was stirred at room

temperature for 6 hours. Reaction completion was checked by TLC (20 % EtOAc in pentane).

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 were

basified with K2CO3 (pH >7) and extracted with CH2Cl2 (3 x 25 mL). The combined extracts were

dried over MgSO4, filtered and concentrated by rotary evaporation. Purification by flash column

chromatography (SiO2, 20-50 % EtOAc in pentane) to afford N-methyl-3-phenylprop-2-yn-1-amine

(32m) as an orange viscous oil (0.46 g, 3.1 mmol, 58% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.49 – 7.41 (m, 2H, ArH), 7.33 (m, 3H, ArH), 3.68 (s, 2H,

NCH2C≡C), 3.16 (s, 1H, NH), 2.59 (s, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 131.7, 128.3, 128.1, 123.0, 86.5, 84.1, 40.5, 34.9.

Spectra data was consistent with the values reported in literature.308
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6.1 Synthesis of propargylic amines used in chapters 2–4

Bn
N

H

Pd(PPh3)2Cl2
dppf, PPh3

I+

NH
Bn

NEt3/DMF
1)

KOH, 
MeOH/H2O

2)

O

CF3

Br

Br

42 32n

N-Benzyl-3-(3-bromophenyl)prop-2-yn-1-amine (32n)

Following a modified version of a reported procedure.8 To a solution of 8 (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) was added PdCl2(PPh3)2 (47 mg, 66 µmol, 2 mol%) and CuI (13 mg, 66 µmol,

2 mol%) in a single portion. The resulting mixture was allowed to stir for 7 hours at 60 ◦C. Water (20

mL) was added and the reaction mixture extracted with EtOAc (3 x 30 mL); the combined organic

extracts 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) afforded N-benzyl-N-

(3-(3-bromophenyl)prop-2-yn-1-yl)-2,2,2-trifluoroacetamide as an yellow oil (1.2 g, 3.04 mmol, 92%

yield)
1H NMR (400 MHz, Chloroform-d ; 1:1.2 mixture of rotamers) δ 7.54 (t, J = 1.8 Hz, 1H, ArH), 7.48

(dddd, J = 7.9, 6.7, 2.0, 1.1 Hz, 1H, ArH), 7.44 – 7.29 (m, 6H, ArH), 7.20 (td, J = 7.9, 5.4 Hz, 1H,

ArH), 4.83 (s, 1H, ArCH2), 4.81 (s, 1H, ArCH2), 4.33 (s, 1H, CH2C≡C), 4.30 (s, 1H, CH2C≡C).
13C NMR (101 MHz, Chloroform-d ; 1:1.2 mixture of rotamers, some unresolved peaks) δ 134.7,

134.6, 134.6, 133.9, 132.1, 131.9, 130.4, 130.3, 129.8, 129.8, 129.1, 129.0, 128.6, 128.4, 127.7,

124.1, 123.8, 122.2, 122.1, 83.8, 83.5, 83.3, 83.1, 50.1, 49.3, 36.8, 35.4.

Following an adapted version of a reported procedure.9 To the trifluoroacetamide obtained from the

previous step (0.84 g, 2.4 mmol, 1 equiv.) was added a solution of KOH (0.50 g, 9.0 mmol, 3.0 equiv.)

in water (15 mL) and methanol (15 mL) and the resulting mixture was heated to 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 CH2Cl2 (3 x

10 mL), dried over MgSO4, filtered and concentrated by rotary evaporation. Purification by column

chromatography (SiO2, 10-30% EtOAc in pentane) afforded N-benzyl-3-(3-bromophenyl)prop-2-yn-

1-amine (32n) as an light yellow oil (0.80 g, 2.7 mmol, 88% yield)
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-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]+ Calcd for C16H15
79BrN+ 300.0382; Found 300.0384.

N-benzyl-3-(thiophen-2-yl)prop-2-yn-1-amine (32o)

Following a modified version of a reported procedure.8 To a solution of 6 (0.50 g, 2.0 mmol, 1

equiv.) and 2-iodothiophene (0.43 g, 2.0 mmol, 1.01 equiv.) and Et3N (1.4 mL, 10 mmol, 5 equiv.) in

acetonitrile (30 mL) was added PdCl2(PPh3)2 (36 mg, 51 µmol, 2 mol%) and CuI (12 mg, 66 µmol, 3
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Bn
N

H

Pd(PPh3)2Cl2
dppf, PPh3

Br+

NH
Bn

NEt3/DMF
1)

KOH, 
MeOH/H2O

2)

O

CF3 S

S

42 32o

mol%) in a single portion. The resulting mixture was stirred at room temperature for 7 hrs. Water (20

mL) was added and the reaction mixture extracted with EtOAc (3 x 30 mL); the combined organics

portions 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) 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).

1H NMR (400 MHz, Chloroform-d mixture of rotamers) δ 7.44 – 7.27 (m, 6H, ArH), 7.22 (ddd, J =

4.9, 3.6, 1.2 Hz, 1H, ArH), 6.99 (td, J = 5.2, 3.6 Hz, 1H, ArH), 4.82 (d, J = 8.8 Hz, 2H, ArCH2), 4.35

(d, J = 23.4 Hz, 2H,

CH2C≡C).
13C NMR (101 MHz, Chloroform-d mixture of rotamers, some unresolved peaks) δ 134.7, 134.0,

133.0, 132.8, 129.1, 129.0, 128.6, 128.5, 128.3, 127.9, 127.8, 127.7, 127.1, 127.0, 122.0, 121.6,

85.9, 85.6, 78.7, 78.5, 50.0, 49.2, 37.0, 35.6.

Following an adapted version of a reported procedure.9 To the trifluoroacetamide obtained from the

previous step (0.58 g, 1.8 mmol, 1 equiv.) was added a solution of KOH (0.30 g, 5.4 mmol, 3.0 equiv.)

in water (9 mL) and methanol (9 mL) and the resulting mixture was heated to 60 ◦C for 4 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 CH2Cl2 (3 x

10 mL), dried over MgSO4, filtered and concentrated by rotary evaporation. Purification by column

chromatography (SiO2, 10-30% EtOAc in pentane) afforded N-benzyl-3-(thiophen-2-yl)prop-2-yn-1-

amine (32o) as an orange amorphous solid (0.38 g, 1.7 mmol, 93% yield)

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).
13C-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]+ Calcd for C14H14NS+ 228.0841; Found 228.0844.

N-benzyldec-5-yn-4-amine (33a)

Pr

NH
Bn

Bu

Into a 20 mL µwave vial containing CuBr (0.26 g, 1.81 mmol, 15 mol%) in toluene

(12 mL) was added benzylamine (1.7 mL, 16 mmol, 1.3 equiv.), butyraldehyde (1.1

mL, 12 mmol, 1 equiv.) and 1-hexyne (2.3 mL, 19 mmol, 1.6 equiv.). The reaction

mixture was heated to 100 ◦C for 12 hours, after which it was allowed to cool to

room temperature and directly loaded onto a chromatography column for purification
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6.2 Synthesis of bromoalkynes

(SiO2, 2-8% EtOAc in pentane) to obtain N-benzyldec-5-yn-4-amine (27) as an orange oil (1.9 g,

7.9 mmol, 64% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.38 – 7.20 (m, 5H, ArH), 4.01 (d, J = 12.9 Hz, 1H, ArCH2),

3.80 (d, J = 12.9 Hz, 1H, ArCH2), 3.35 (ddt, J = 7.8, 5.8, 2.1 Hz, 1H, NCH), 2.24 (td, J = 6.9, 2.0

Hz, 2H, C–––CCH2), 1.68 – 1.37 (m, 8H, CH2), 1.30 (bs, 1H, NH), 0.98 – 0.87 (m, 6H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 140.4, 128.3, 128.3, 126.8, 83.9, 81.4, 51.4, 49.4, 38.6, 31.2,

21.9, 19.4, 18.4, 13.9, 13.6.

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C17H26N+ 244.2060; Found 244.2052.

N-(4-Methoxybenzyl)-1-(4-methoxyphenyl)hept-2-yn-1-amine (33b)

Pr

NH
Bn

Bu

Into a 20 mL µwave vial containing CuBr (0.29 mg, 2.0 mmol, 20 mol%) in tolu-

ene (10 mL) was added 4-methoxybenzylamine (1.7 mL, 13 mmol, 1.3 equiv.), 4-

methoxybenzaldehyde (1.2 mL, 10 mmol, 1.0 equiv.) and 1-hexyne (1.9 mL, 16

mmol, 1.6 equiv.). The reaction mixture was heated to 100 ◦C for 12 hours, after

which it was allowed to cool to room temperature and directly loaded onto a chro-

matography column for purification (SiO2, 5-20% EtOAc in pentane) to obtain the product as a dark

orange oil (2.4 g, 7.7 mmol, 77% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.43 (m, 2H, ArH), 7.28 (m, 2H, ArH), 6.89 – 6.83 (m, 4H, ArH),

4.48 (t, J = 2.1 Hz, 1H, NCH), 3.81 (d, J = 3.7 Hz, 2H, NCH2Ar), 3.80 (s, 3H, OCH3), 3.80 (s, 3H,

OCH3), 2.29 (td, J = 7.0, 2.1 Hz, 2H C–––CH2C), 1.60 – 1.40 (m, 4H, CH2CH2), 1.55 (bs, 1H, NH),f

0.93 (t, J = 7.2 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 158.9, 158.6, 133.3, 132.1, 129.6, 128.7, 113.7, 113.7, 85.7,

80.0, 55.3, 55.3, 52.5, 50.3, 31.0, 22.0, 18.5, 13.6.

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H28NO2
+ 338.2115; Found 338.2114.

6.2 Synthesis of bromoalkynes

(triisopropylsilyl)-bromoacetylene (43)

TIPS
NBS, AgNO3

Acetone, rt
TIPS Br

43

Following a reported procedure.302 triisopropylsilylacetylene (0.81 g, 4.5 mmol, 1.00 equiv.) was

dissolved in acetone (30 mL). N-bromosuccinimide (0.93 g, 5.2 mmol, 1.16 equiv.) was added,

followed by AgNO3 (76 mg, 0.44 mmol, 0.1 equiv.). The resulting mixture was stirred at room

temperature for 3 h and it was then poured onto ice. After ice being allowed to melt, the aqueous

layer was extracted with pentane (3 x 30 mL). The combined organic layers were dried over MgSO4,

filtered through a plug of silica and concentrated by rotary evaporation to afford pure triisopropylsilyl

bromoacetylene (43) as a colourless oil (1.16 g, 4.43 mmol, 99% yield).
1H-NMR (400 MHz, chloroform-d) δ 1.20-0.97 (m, 21H, TIPS).
13C NMR (100 MHz, Chloroform-d) δ 83.5, 61.7, 18.5, 11.3.
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6 Supporting Information

6.3 Scope of Carboetherification

Procedure C – Terminal propargyl amines

Tether solution: The solution terminal alkyne 14a (0.400 mmol), trifluoroacetaldehyde ethyl hemi-

acetal 18 (0.54 mmol, 1.35 equiv.) and triisopropylsilyl bromoacetylene 43 (136 mg, 0.520 mmol, 1.3

equiv.) were dissolved in DCE (0.50 mL). The resulting solution was then degassed by freeze-pump-

thaw and placed under argon. Catalyst mixture: A vial was charged with Pd2(dba)3•CHCl3 (10.4

mg, 10.0 µmol, 2.5 mol%), DPEPhos (16.0 mg, 30.0 µmol, 7.5 mol%) and Cs2CO3 (169 mg, 0.520

mmol, 1.3 equiv.). The vial was sealed and the atmosphere purged and replaced with argon. To the

catalyst mixture vial was added DCE (0.5 mL) and the mixture was heated at 60 ◦C for 2-3 minutes,

after which it took on an orange colour. The contents of the tether solution vial were transferred to

the catalyst vial, using additional DCE (1.0 mL) to wash the flask. The resulting reaction mixture

was stirred at 60 ◦C for 18-24 hours. After this time, the reaction mixture was removed from heating,

cooled to room temperature, unsealed and diluted with pentane (4 mL) and passed through a small

plug of silica gel (deactivated by Et3N) rinsing with 5 % CH2Cl2 in pentane (8 mL) and concentrated

by rotary evaporation. The crude material was dry-loaded onto silica gel (deactivated by Et3N) prior

to column chromatography.

Procedure D – Internal propargyl amines

As “Procedure C” but the ligand DPEPhos was replaced with XantPhos (17.4, 30.0 µmol, 7.5 mol%)

and the base Cs2CO3 was replaced with K3PO4 (110 mg, 0.520 mmol, 1.3 equiv.).

Procedure E – Internal propargyl amines with propargylic substitution

As “Procedure C” but the ligand DPEPhos was replaced with trifurylphosphine (14.0 mg, 60.0 µmol

0.15 mol%) and the base Cs2CO3 was replaced with K3PO4 (110 mg, 0.520 mmol, 1.3 equiv.).

Procedure F – Internal propargyl amines in combination with aryl electrophiles

As “Procedure C” but the ligand DPEPhos was replaced with RuPhos (14.0 mg, 30.0 µmol, 7.5 mol

%) and the base Cs2CO3 was replaced with K3PO4 (110 mg, 0.520 mmol, 1.3 equiv.).
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6.3 Scope of Carboetherification

(Z )- and

(E)-3-Benzyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine (45a)

ON

CF3

H

TIPS
+

ON

CF3

H

TIPS

Following general procedure C, using 14a(58.1 mg, 0.400 mmol). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-2% CH2Cl2 in pentane) affording the

named compound 45a as a straw yellow oil (141 mg, 0.334 mmol, 83% yield; separable Z:E isomers

in 9:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.40 – 7.27 (m, 5H, ArH), 5.11 (q, J = 5.2 Hz, 1H, CHCF3),

4.63 (t, J = 1.6 Hz, 1H, C––CH), 3.99 (d, J = 13.1 Hz, 1H, ArCH2), 3.92 (ddd, J = 16.1, 2.1, 1.0 Hz,

1H, NCH2C––C), 3.86 (d, J = 13.1 Hz, 1H, ArCH2), 3.50 (dq, J = 16.1, 1.4 Hz, 1H, NCH2C––C), 1.10

(m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.5, 136.7, 128.7, 128.6, 128.0, 122.3 (q, J = 283.4 Hz),

100.7, 94.5 (q, J = 34.8 Hz), 93.9, 79.0, 60.2, 54.4, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.1 (d, J = 5.2 Hz).

IR (cm-1) 2946 (m), 2865 (m), 2128 (w), 1669 (m), 1463 (m), 1300 (m), 1180 (s), 1150 (s), 970 (m),

884 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C23H33F3NOSi+ 424.2278; Found 424.2273.

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) δ 7.36 – 7.17 (m, 5H, ArH), 5.12 – 5.05 (t, J = 2.3 Hz, 1H,

C––CH), 4.98 (q, J = 5.3 Hz, 1H, CHCF3), 3.99 (d, J = 13.1 Hz, 1H, ArCH2), 3.92 (d, J = 16.9 Hz,

1H, NCH2C––C), 3.86 (d, J = 13.1 Hz, 1H, ArCH2), 3.71 (dq, J = 16.8, 1.5 Hz, 1H, NCH2C––C), 0.96

(m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 164.2, 136.5, 128.8, 128.7, 128.0, 122.2 (q, J = 283.6 Hz),

102.5, 94.8 (q, J = 34.7 Hz), 93.1, 80.7, 60.5, 54.4, 18.6, 11.2.

19F-NMR (376 MHz, chloroform-d) δ -81.0 (d, J = 5.2 Hz).

IR (cm-1) 2940 (m), 2866 (m), 2136 (m), 1661 (m), 1460 (w), 1292 (m), 1148 (s), 960 (m), 882 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C23H33F3NOSi+ 424.2278; Found 424.2274.
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(Z )- and (E)-3-(4-Methoxybenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidine (45b)

ON

CF3

H

TIPS
MeO

+
ON

CF3

H

TIPS

MeO

Following general procedure C, using 14b(70.1 mg, 0.400 mmol). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-2% CH2Cl2 in pentane) affording the

named compound 45b as a colourless oil (145 mg, 0.320 mmol, 80% yield; separable Z:E isomers

in 8:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.26 (m, 2H, ArH), 6.88 (m, 2H, ArH), 5.09 (q, J = 5.3 Hz,

1H, CHCF3), 4.62 (t, J = 1.6 Hz, 1H, C––CH), 3.93 – 3.76 (m, 3H, NCH2C––C, ArCH2), 3.81 (s,

3H, OCH3), 3.50 (dq, J = 16.1, 1.4 Hz, 1H, ArCH2), 1.09 (m, 21H, TIPS). 13C-NMR (101 MHz,

chloroform-d) δ 161.6, 159.4, 130.0, 128.7, 122.3 (q, J = 283.2 Hz), 114.0, 100.8, 94.3 (q, J = 34.8

Hz), 93.8, 78.9, 59.6, 55.3, 54.3, 18.6, 11.4.

19F-NMR (376 MHz, chloroform-d) δ -81.0 (d, J = 5.4 Hz).

IR (cm-1) 2945 (m), 2864 (m), 2358 (S), 2339 (m), 1514 (m), 1304 (m), 1252 (m), 1185 (S), 1151

(S)

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) δ 7.26 (d, J = 8.6 Hz, 2H, ArH), 6.88 (m, 2H, ArH), 5.15 (t, 1H,

C––CH), 5.05 (q, J = 5.3 Hz, 1H, CHCF3), 4.02 – 3.74 (m, 4H, NCH2C––C, ArCH2), 3.81 (s, 3H,

OCH3), 1.04 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 164.3, 159.4, 130.2, 128.5, 122.2 (d, J = 283.5 Hz), 114.0

102.5, 94.6 (q, J = 34.6 Hz), 93.0, 80.6, 59.9, 55.3, 54.3, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -80.9 (d, J = 5.3 Hz).

IR (cm-1) 2940 (m), 2864 (m), 2137 (w), 1516 (m), 1659 (w), 1182 (S), 1148 (S)

HRMS (ESI) calcd for C24H35F3NO2Si+ [M+H]+ 454.2384; found 454.2399.
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6.3 Scope of Carboetherification

(Z )- and (E)-3-(4-Chlorobenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidine (45c)

ON

CF3

H

TIPS
Cl

+
ON

CF3

H

TIPS

Cl

Following general procedure C, using 14c (72.0 mg, 0.400 mmol). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-3% CH2Cl2 in pentane) affording the

named compound 45c as a colourless oil (160 mg, 0.349 mmol, 87% yield; separable Z:E isomers

in 7:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.37 – 7.27 (m, 4H, ArH), 5.07 (q, J = 5.2 Hz, 1H, CHCF3),

4.63 (dd, J = 1.9, 1.3 Hz, 1H, C––CH), 4.01 – 3.79 (m, 3H, NCH2C––C, ArCH2), 3.47 (dp, J = 16.0,

1.4 Hz, 1H, NCH2C––C), 1.09 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.2, 135.2, 133.9, 129.9, 128.9, 122.2 (q, J = 283.6 Hz),

100.6, 94.5 (q, J = 34.8 Hz), 94.1, 79.3, 59.6, 54.4, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -80.7 (d, J = 5.1 Hz).

IR (cm-1) 2945 (m), 2864 (m), 1669 (m), 1301 (m), 1182 (S), 1148 (S), 1086 (m)

HRMS (ESI) calcd for C23H32ClF3NOSi+ [M+H]+ 458.1888; found 458.1888.

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) δ 7.37 – 7.27 (m, 4H, ArH), 5.17 (t, J = 2.1 Hz, 1H, C––CH), 5.02

(q, J = 5.2 Hz, 1H, CHCF3), 4.02 – 3.83 (m, 3H, NCH2C––C, ArCH2), 3.74 (dt, J = 16.7, 1.6 Hz, 1H,

NCH2C––C), 1.03 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 163.9, 135.1, 133.9, 130.1, 128.9, 122.2 (q, J = 283.6 Hz),

102.3, 94.8 (q, J = 34.9 Hz), 93.3, 80.9, 59.8, 54.4, 18.6, 11.2.

19F-NMR (376 MHz, chloroform-d) δ -81.0 (d, J = 5.2 Hz).

IR (cm-1) 2945 (m), 2864 (m), 1669 (m), 1301 (m), 1182 (s), 1148 (s), 1086 (m)
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(Z )- and (E)-3-(2-Chlorobenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidine (45d)

ON

CF3

H

TIPSCl

+
ON

CF3

H

TIPS

Cl

Following general procedure C, using 14d (72.0 mg, 0.400 mmol). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-3% CH2Cl2 in pentane) affording the

named compound 45d as a colourless oil (146 mg, 0.320 mmol, 80% yield; separable Z:E isomers

in 12:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.52 (m, 1H, ArH), 7.38 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 7.33 –

7.20 (m, 2H, ArH), 5.17 (q, J = 5.1 Hz, 1H, CHCF3), 4.64 (t, J = 1.6 Hz, 1H, C––CH), 4.07 (s, 2H,

ArCH2), 3.95 (ddt, J = 16.0, 2.0, 1.0 Hz, 1H, NCH2C––C), 3.52 (dp, J = 15.9, 1.4 Hz, 1H, NCH2C––C),

1.10 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.3, 134.5, 133.8, 130.1, 129.7, 129.1, 127.1, 122.3 (q, J =

283.5 Hz), 100.6, 95.0 (q, J = 34.9 Hz), 94.1, 79.3, 57.5, 54.7, 18.6, 11.4.

19F NMR (376 MHz, Chloroform-d) δ -81.2 (d, J = 5.2 Hz).

IR (cm-1) 2943 (s), 2864 (s), 2166 (s), 2128 (s), 1672 (s), 1464 (s), 1446 (s), 1303 (s), 1280 (s),

1183 (s), 1148 (s), 882 (s), 753 (s), 659 (s), 636 (s)

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) 7.53 – 7.21 (m, 4H, ArH), 5.18 (t, J = 2.1 Hz, 1H, C––CH), 5.12

(q, J = 5.2 Hz, 1H, CHCF3), 4.14 – 3.99 (m, 3H, ArCH2, NCH2C––C), 3.79 (dt, J = 16.6, 1.5 Hz, 1H,

NCH2C––C), 1.04 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 163.9, 134.3, 134.1, 130.5, 129.8, 129.2, 127.0, 122.2 (q, J =

283.7 Hz), 102.3, 95.3 (q, J = 34.7 Hz), 93.3, 80.8, 57.5, 54.5, 18.6, 11.2.

19F-NMR (376 MHz, chloroform-d) δ -81.11 (d, J = 5.1 Hz).

IR (cm-1) 2946 (m), 2867 (m), 2137 (w), 1663 (m), 1464 (w), 1293 (m), 1181 (m), 1149 (s), 882 (m)

HRMS (ESI) calcd for C23H32ClF3NOSi+ [M+H]+ 458.1888; found 458.1887

154



6.3 Scope of Carboetherification

(Z )- and (E)-3-Methyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine (45e)

ONMe

CF3

H

TIPS
+

ONMe

CF3

H

TIPS

Following general procedure C, using N-methylpropargylamine 14f (27.6 mg, 0.400 mmol). The

crude product was purified through column chromatography (Et3N-deactivated SiO2; 0-5% CH2Cl2
in pentane) affording the named compound 45fas a colourless oil (101 mg, 0.292 mmol, 73% yield;

separable Z:E isomers in 6:1 ratio).

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 4.90 (q, J = 5.0 Hz, 1H, CHCF3), 4.63 (t, J = 1.6 Hz, 1H,

C––CH), 3.98 (ddt, J = 15.5, 1.9, 1.0 Hz, 1H, NCH2), 3.40 (dp, J = 15.5, 1.3 Hz, 1H, NCH2), 2.61 (s,

3H, CH3), 1.1 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.4, 122.2(q, J = 282.8 Hz), 100.6, 96.2(q, J = 34.7 Hz),

93.9, 79.1, 56.5, 43.5, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.6 (d, J = 5.1 Hz).

IR (cm-1) 2946 (m), 2865 (m), 1672 (w), 1302 (m), 1182 (s), 1150 (s), 1019 (m)

E-isomer (minor) 1H-NMR (400 MHz, chloroform-d) δ 5.16 (t, J = 2.1 Hz, 1H, C––CH), 4.87 (q, J =

5.0 Hz, 1H, CHCF3), 4.13 – 4.04 (m, 1H, NCH2), 3.63 – 3.55 (m, 1H, NCH2), 2.64 (s, 3H, CH3),

1.07 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 164.0, 122.2 (d, J = 283.2 Hz), 102.3, 96.6 (q, J = 34.6 Hz),

93.2, 80.7, 56.4, 43.7, 18.7, 11.3. 19F-NMR (376 MHz, chloroform-d) δ -81.6 (d, J = 5.1 Hz). IR

(nmax, cm-1) 2947 (m), 2869 (m), 2128 (w), 1670 (w), 1304 (m), 1184 (s), 1152 (s), 1018 (m) HRMS

(ESI/QTOF) m/z: [M + H]+ Calcd for C17H29F3NOSi+ 348.1965; Found 348.1962.
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6 Supporting Information

(Z )- and (E)-3-(Furan-2-ylmethyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidine (45f)

ON

CF3

H

TIPS

O +
ON

CF3

H

TIPS

O

Following general procedure C, using 14e (54.1 mg, 0.400 mmol). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-2% CH2Cl2 in pentane) affording the

named compound 45e as a colourless oil (107 mg, 0.261 mmol, 74% yield; separable Z:E isomers

in 10:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.40 (dd, J = 1.9, 0.9 Hz, 1H, ArH), 6.34 (dd, J = 3.3, 1.9 Hz,

1H, ArH), 6.29 (dd, J = 3.2, 0.8 Hz, 1H, ArH), 5.19 (q, J = 5.1 Hz, 1H, CHCF3), 4.59 (t, J = 1.6 Hz,

1H, C––CH), 3.96 (ddd, J = 15.9, 1.9, 0.9 Hz, 1H, NCH2C––C), 3.98 – 3.84 (m, 2H, ArCH2), 3.66 (dt,

J = 15.9, 1.3 Hz, 1H, NCH2C––C), 1.08 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.4, 149.9, 143.2, 122.3 (d, J = 283.5 Hz), 110.3, 109.7,

100.6, 93.8, 93.8 (q, J = 35.0 Hz), 78.9, 53.9, 51.7, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.5 (d, J = 5.3 Hz).

IR (cm-1) 2944 (m), 2866 (m), 2128 (w), 1671 (m), 1466 (w), 1304 (m), 1178 (s), 1147 (s), 1076 (m),

1013 (m)

HRMS (ESI) calcd for C21H31F3NO2Si+ [M+H]+ 414.2071; found 414.2082.

Cambridge Crystallographic Data Centre entry – 1873997

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) δ 7.40 (dd, J = 1.9, 0.8 Hz, 1H, ArH), 6.34 (dd, J = 3.3, 1.9 Hz,

1H, ArH), 6.29 (dd, J = 3.2, 0.8 Hz, 1H, ArH), 5.18 (q, J = 5.2 Hz, 1H, CHCF3), 5.06 (t, J = 2.0

Hz, 1H, C––CH), 4.04 (ddd, J = 16.6, 2.3, 1.1 Hz, 1H, NCH2C––C), 3.94 – 3.88 (m, 3H, NCH2C––C,

ArCH2), 1.07 (s, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 164.1, 149.9, 143.2, 122.2 (d, J = 283.1 Hz), 110.4, 109.7,

102.4, 94.4 (q, J = 35.0 Hz), 93.0, 80.3, 53.8, 51.9, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.5 (d, J = 5.3 Hz).

IR (cm-1) 2944 (m), 2869 (m), 2138 (w), 1662 (m), 1466 (w), 1291 (m), 1151 (s), 1015 (m), 883 (m)
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6.3 Scope of Carboetherification

(Z )- and (E)-3-Phenyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidine (45g)

ON

CF3

H

TIPS
+

ON

CF3

H

TIPS

Following general procedure C, using 14g (52.0 mg, 0.400 mmol). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-5% CH2Cl2 in pentane) affording the

named compound 45g as a colourless oil (92.5 mg, 0.226 mmol, 57% yield; separable Z:E isomers

in 7:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.35 – 7.28 (m, 2H, ArH), 6.96 (m, 1H, ArH), 6.75 (dd, J = 7.6,

1.5 Hz, 2H, ArH), 5.88 (q, J = 4.1 Hz, 1H, CHCF3), 4.80 (t, J = 1.7 Hz, 1H, C––CH), 4.41 – 4.28 (m,

2H, NCH2C––C), 1.10 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 160.4, 144.3, 129.6, 122.8 (q, J = 286.7 Hz), 120.7, 113.7,

99.9, 95.1, 88.7 (q, J = 35.8 Hz), 80.5, 50.0, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.3 (d, J = 4.0 Hz).

IR (cm-1) 2945(w), 2869(m), 2128(s), 1679(s), 1603(m), 1505(s), 1338(m), 1180(m), 1151(s), 882(s),

849(s)

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) δ 7.38 – 7.28 (m, 2H), 6.96 (tt, J = 7.4, 1.0 Hz, 1H), 6.79 – 6.71

(m, 2H), 5.85 (q, J = 4.1 Hz, 1H, CHCF3), 5.23 (t, J = 2.2 Hz, 1H, C––CH), 4.52 (ddd, J = 15.1, 2.2,

1.1 Hz, 1H, NCH2C––C), 4.42 (dd, J = 15.0, 2.3 Hz, 1H, NCH2C––C), 1.11 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 163.0, 144.2, 129.6, 122.7 (q, J = 286.9 Hz), 120.7, 113.6,

101.6, 94.4, 89.0 (q, J = 35.8 Hz), 81.8, 50.0, 18.7, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.2 (d, J = 4.2 Hz).

IR (cm-1) 2944(m), 2855(m), 2133(s), 1668(s),1602(m), 1505(s), 1364(w), 1284(s), 1201(s), 996(m),

883(s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H31F3NOSi+ 410.2122; Found 410.2121.
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6 Supporting Information

(Z )-3-(Prop-2-yn-1-yl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidine (45h)

ON

CF3

H

TIPSH

Following general procedure C, using dipropargylamine 14h (37.3 mg,

0.400 mmol). The crude product was purified through column chromato-

graphy (Et3N-deactivated SiO2; 0-2% CH2Cl2 in pentane) affording the

named compound 11h as a colourless oil (69.6 mg, 0.187 mmol, 47%

yield; single isomer) along with alkyne coupled product 45h (28.0 mg,

50.0 µmol, 13% yield; single isomer)

1H-NMR (400 MHz, chloroform-d) δ 5.19 (q, J = 4.7 Hz, 1H, CHCF3), 4.64 (t, J = 1.7 Hz, 1H,

C––CH), 3.94 (ddd, J = 15.2, 1.7, 0.7 Hz, 1H, NCH2C––C), 3.75 (ddq, J = 15.3, 2.0, 1.0 Hz, 1H,

NCH2C––C), 3.58 (dd, J = 2.5, 1.3 Hz, 2H, CH2C–––C), 2.32 (t, J = 2.4 Hz, 1H, C–––CH), 1.08 (m, 21H,

TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.4, 122.3 (q, J = 282.4 Hz), 100.4, 94.2, 93.0 (q, J = 35.1

Hz), 79.2, 77.1, 74.5, 53.4, 43.4, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.8 (d, J = 4.7 Hz).

IR (cm-1) 3311 (w), 2943 (m), 2868 (m), 2364 (m), 2339 (m), 2127 (w), 1672 (w), 1466 (w), 1310

(m), 1154 (s), 986 (w), 886 (m)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H28F3NNaOSi+ 394.1784; Found 394.1791.

(Z )-2-(Trifluoromethyl)-3-(5-(triisopropylsilyl)penta-2,4-diyn-1-yl)-5-(3-(triisopropylsilyl)prop-

2-yn-1-ylidene)oxazolidine (45i)

ON

CF3

H

TIPS

TIPS

Following general procedure C, using dipropargylamine 14h

(37.3 mg, 0.400 mmol) and triisopropylsilyl bromoacetylene (272

mg, 1.04 mmol, 1.3 equiv). The crude product was purified

through column chromatography (Et3N-deactivated SiO2; 0-5%

CH2Cl2 in pentane) affording the named compound 45i as a col-

ourless oil (90.7 mg, 0.164 mmol, 41% yield; single isomer).

1H-NMR (400 MHz, chloroform-d) δ 5.15 (q, J = 4.5 Hz, 1H, CHCF3), 4.66 (t, J = 1.7 Hz, 1H,

C––CH), 3.97 – 3.74 (m, 2H, NCH2C––C), 3.68 (d, J = 0.9 Hz, 2H, CH2C–––C), 1.08 (m, 42H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 161.1, 122.2 (q, J = 282.6 Hz), 100.3, 94.4, 92.6 (q, J = 35.3

Hz), 88.5, 84.5, 79.6, 71.6, 70.3, 53.3, 43.6, 18.6, 18.5, 11.3, 11.2.

IR (cm-1) 2945 (s), 2865 (s), 2106 (w), 1674 (m), 1464 (m), 1307 (m), 1185 (s), 1153 (s), 1076 (m),

883 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H29F3NOSi+ 552.3205; Found 552.3309.
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6.3 Scope of Carboetherification

(Z )-3-Benzyl-5-(4-(benzyloxy)-4-methylpent-2-yn-1-ylidene)-2-(trifluoromethyl)oxazolidine

(48a)

ON

H

CF3

Bn

Me
Me

OBn

Following general procedure C, using 14a (58.1 mg, 0.400 mmol) and 44a as bromoalkyne (1.3

equiv.). The crude product was purified through column chromatography (Et3N-deactivated SiO2;

5-10% EtOAc in pentane) affording the named compound 11i as a colourless oil (83.0 mg, 0.200

mmol, 63% yield; separable Z:E isomers in 8:1 ratio)

Z-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.43 – 7.20 (m, 10H, ArH), 5.10 (q, J = 5.3 Hz, 1H, CHCF3),

4.67 (s, 2H, ArCH2O), 4.61 (dd, J = 2.0, 1.2 Hz, 1H, C––CH), 4.00 – 3.83 (m, 3H, ArCH2N, NCH2C––C),

3.52 (dp, J = 16.1, 1.4 Hz, 1H, NCH2C––C), 1.58 (d, J = 1.8 Hz, 6H, CH3).

13C-NMR (101 MHz, chloroform-d) δ 160.2, 139.3, 136.6, 128.7, 128.2, 128.0, 127.9, 127.2, 122.3

(q, J = 283.5 Hz), 94.6, 94.6 (q, J = 34.5 Hz), 78.1, 72.1, 71.3, 66.6, 60.3, 54.4, 29.1.

19F-NMR (376 MHz, chloroform-d) δ -80.81 (d, J = 5.3 Hz).

IR (cm-1) 2987 (w), 1675 (m), 1454 (m), 1379 (m), 1303 (m), 1181 (s), 1147 (s), 1054 (m), 972 (m),

879 (m), 746 (m), 700 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H24F3NNaO2
+ 438.1651; Found 438.1657.

E-isomer (minor)

1H-NMR (400 MHz, chloroform-d) δ 7.42 – 7.20 (m, 10H, ArH), 5.16 (t, J = 2.1 Hz, 1H, C––CH), 5.05

(q, J = 5.3 Hz, 1H, CHCF3), 4.58 (s, 2H, ArCH2O), 4.03 – 3.96 (m, 1H, NCH2C––C), 3.96 – 3.87 (m,

2H ArCH2N), 3.71 (dq, J = 16.6, 1.5 Hz, 1H, NCH2C––C), 1.53 (s, 6H, CH3).

13C-NMR (101 MHz, chloroform-d) δ 162.9, 139.1, 136.6, 128.7, 128.7, 128.3, 128.0, 127.6, 127.3,

122.2 (q, J = 284.3 Hz), 94.6 (q, J = 34.8 Hz), 94.3, 79.6, 71.2, 66.4, 60.5, 54.2, 29.1.

19F-NMR (376 MHz, chloroform-d) δ -81.04 (d, J = 5.3 Hz).

IR (cm-1) 2987 (w), 1667 (m), 1452 (m), 1377 (m), 1290 (m), 1173 (s), 1146 (s), 1059 (m), 972 (m),

738 (s), 699 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H24F3NNaO2
+ 438.1651; Found 438.1657.
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6 Supporting Information

(E)- and (Z )-3-Benzyl-2-(trifluoromethyl)-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidine

(49a)

O
NBn

F3C

Me

TIPS

+

O
NBn

F3C

Me

TIPS

Following general procedure D, using 32a (63.7 mg, 0.400 mmol). The crude product was purified

through column chromatography (SiO2; 0-5% CH2Cl2 in pentane) affording the named compound

49a as a colourless oil (112 mg, 0.256 mmol, 68%, 10:1 mixture of E:Z isomers). A sample of the

mixture was further purified for characterisation by PrepTLC (SiO2; 2% CH2Cl2 in pentane) to obtain

the major E-isomer as a single compound and a 1:5 mixture of E:Z isomers for assignment of the

minor isomer.

E-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.27 (m, 5H, ArH), 5.07 (q, J = 5.3 Hz, 1H, CHCF3), 4.87

(q, J = 6.2 Hz, CHCF3), 3.98 (d, J = 15.6 Hz, 1H, NCH2C––C), 3.96 (d, J = 12.7 Hz, 1H, ArCH2),

3.88 (d, J = 12.9 Hz, 1H, ArCH2), 3.75 (d, J = 16.2 Hz, 1H, NCH2C––C), 1.83 (t, J = 1.7 Hz, 3H,

CH3), 1.10 – 1.03 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 157.6, 136.8, 128.9, 128.6, 127.9, 122.40 (q, J = 283.5 Hz),

106.8, 94.72 (q, J = 34.5 Hz), 91.1, 89.4, 60.5, 54.7, 18.6, 15.1, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.04 (d, J = 5.2 Hz)

IR (cm-1) 2945 (m), 2865 (m), 2138 (m), 1675 (m), 1466 (m), 1299 (m), 1170 (s), 1149 (s), 969 (m),

882 (m)

Z-isomer (minor)

1H NMR (400 MHz, Chloroform-d ; characterised in a 5:1 mixture of E:Z isomers) δ 7.39 – 7.27 (m,

5H, ArH), 4.87 (q, J = 6.2 Hz, 1H, CHCF3), 4.02 – 3.92 (m, 2H, ArCH2), 3.64 (d, J = 17.0 Hz, 1H,

NCH2C––C), 3.11 (d, J = 16.9 Hz, 1H, NCH2C––C), 2.12 (t, J = 1.7 Hz, 3H, CH3), , 1.10 – 1.03 (m,

21H, TIPS).

13C NMR (101 MHz, Chloroform-d ; characterised in a 1:1.6 mixture of E:Z isomers, some signals

could not be attributed with certainty) δ 156.6, 137.1, 128.8, 127.8, 104.0, 93.4, 91.2, 85.24 (q, J =

34.1 Hz), 58.1, 46.2, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -76.35 (d, J = 6.3 Hz).

IR (cm-1) 2945 (m), 2865 (m), 2138 (m), 1675 (m), 1466 (m), 1299 (m), 1170 (s), 1149 (s), 969 (m),

882 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C24H35F3NOSi+ 438.2435; Found 438.2432.
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6.3 Scope of Carboetherification

(E)- and (Z )-3-Benzyl-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)-

pent-1-yn-3-ylidene)oxazolidine (49b)

O
NBn

F3C

TIPS

Me +

O
NBn

F3C

TIPS

Me

Following general procedure D, using 32b(69.3 mg, 0.400 mmol. The crude product was purified

through column chromatography (SiO2; 0-5% CH2Cl2 in pentane) affording the named compound

49bas a colourless oil (130 mg, 0.288 mmol, 72%, 12:1 mixture of E:Z isomers). A sample of the

mixture was further purified for characterisation by PrepTLC (SiO2; 2% CH2Cl2 in pentane) to obtain

the major E-isomer as a single compound and a 1:1.4 mixture of E:Z isomers for assignment of the

minor isomer.

E-isomer (major)

1H-NMR (400 MHz, chloroform-d) δ 7.40 – 7.25 (m, 5H, ArH), 5.05 (q, J = 5.3 Hz, 1H, CHCF3), 3.97

(m, 1H, NCH2C––C), 3.95 (d, J = 12.9 Hz, 1H, ArCH2), 3.88 (d, J = 12.9 Hz, 1H, ArCH2), 3.73 (dq,

J = 16.2, 1.2 Hz, 1H, NCH2C––C), 2.29 – 2.12 (m, 2H, CH2CH3), 1.08 (t, J = 7.5 Hz, 3H, CH2CH3),

1.05 – 1.02 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 156.7, 136.8, 128.8, 128.6, 127.9, 122.4 (q, J = 283.8 Hz),

105.5, 96.1, 94.6 (q, J = 34.5 Hz), 92.3, 60.5, 54.7, 22.1, 18.6, 12.7, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -81.0 (d, J = 5.2 Hz)

IR (nmax, cm-1) 2945 (m), 2865 (m), 2138 (m), 1669 (m), 1460 (m), 1293 (m), 1182 (s), 1148 (s),

1018 (m)

Z-isomer (minor)

1H NMR (400 MHz, Chloroform-d ; characterised in a 1:1.4 mixture of E:Z isomers) δ 7.39 – 7.23

(m, 5H, ArH), 4.84 (qd, J = 6.3, 1.4 Hz, 1H, CHCF3), 3.97 (d, J = 13.5 Hz, 1H, ArCH2), 3.90 (d, J

= 13.5 Hz, 1H, ArCH2), 3.63 (dq, J = 16.9, 1.2 Hz, 1H, NCH2C––C), 3.08 (dd, J = 16.8, 1.4 Hz, 1H,

NCH2C––C), 2.53 (dtd, J = 15.0, 7.4, 1.1 Hz, 1H, CH2CH3), 2.46 – 2.32 (m, 1H, CH2CH3), 1.13 (t, J

= 7.5 Hz, 3H, CH2CH3), 1.06 (d, J = 2.0 Hz, 21H, TIPS).

13C NMR (101 MHz, Chloroform-d ; characterised in a 1:1.6 mixture of E:Z isomers, some signals

could not be attributed with certainty) δ 161.3, 137.0, 128.8, 128.6, 127.8, 123.8, 121.0, 103.7, 93.3,

90.0, 85.0 (q, J = 34.1 Hz), 58.2, 46.2, 26.1, 18.6, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -76.4 (d, J = 6.3 Hz),

IR (nmax, cm-1) 2945 (m), 2865 (m), 2138 (m), 1669 (w), 1645 (m), 1460 (m), 1293 (m), 1182 (s),

1152 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C25H37F3NOSi+ 452.2591; Found 452.2590.
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(E)-3-Benzyl-5-(4-methyl-1-(triisopropylsilyl)pent-1-yn-3-ylidene)-2-

(trifluoromethyl)oxazolidine (49c)

O
NBn

F3C

TIPS

Me

Me

Following general procedure D, using 32c (74.9 mg, 0.400 mmol. The crude

product was purified through column chromatography (SiO2; 0-4% CH2Cl2 in

pentane) affording the named compound 49c as a colourless oil (125.8 mg,

0.270 mmol, 67%, 20:1 mixture of E:Z isomers). A sample of the mixture was

further purified for characterisation by PrepTLC (SiO2; 2% CH2Cl2 in pentane)

to obtain the major E-isomer as a single compound and a 1.6:1 mixture of E:Z

isomers for assignment of the minor isomer.

1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.25 (m, 5H, ArH), 5.05 (q, J = 5.3 Hz, 1H, CHCF3),

4.01 – 3.91 (m, 2H, NCH2C––C, ArCH2), 3.88 (d, J = 13.0 Hz, 1H, ArCH2), 3.72 (dd, J = 16.2, 1.4

Hz, 1H, NCH2C––C), 2.81 (hept, J = 6.8 Hz, 1H, CH(CH3)3), 1.10 – 1.04 (m, 6H, CH(CH3)3), 1.07 –

1.01 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 155.7, 136.8, 128.8, 128.6, 127.9, 122.4 (q, J = 283.7 Hz),

103.6, 101.3, 94.46 (q, J = 34.4 Hz), 93.6, 60.5, 54.8, 27.0, 21.5, 21.3, 18.7, 11.3.
19F-NMR (376 MHz, chloroform-d) δ -81.08 (d, J = 5.4 Hz).

IR (cm-1) 2954 (m), 2865 (m), 2140 (m), 1671 (m), 1464 (m), 1299 (m), 1173 (s), 1145 (s), 1015

(m), 882 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C26H39F3NOSi+ 466.2748; Found 466.2753.

(E)-3-Benzyl-5-(1-cyclopropyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-

(trifluoromethyl)oxazolidine (49d)

O
NBn

F3C

TIPS

Following general procedure D, using 32d (74.1 mg, 0.400 mmol. The crude

product was purified through column chromatography (SiO2; 0-3% CH2Cl2 in

pentane) affording the named compound 49e as a colourless oil (85.0 mg, 0.183

mmol, 46%, <20:1 E:Z ratio)

1H-NMR (400 MHz, chloroform-d) δ 7.41 – 7.26 (m, 5H, ArH), 5.09 (q, J = 5.3

Hz, 1H, CHCF3), 3.99 (d, J = 16.4 Hz, 1H, NCH2C––C), 3.97 (d, J = 12.9 Hz,

1H, ArCH2), 3.89 (d, J = 12.9 Hz, 1H, ArCH2), 3.74 (dt, J = 16.3, 1.5 Hz, 1H,

NCH2C––C), 1.76 (p, J = 6.6 Hz, 1H, CH), 1.06 – 1.00 (m, 21H, TIPS), 0.67 (d, J = 8.2 Hz, 4H,

cPr(CH2)).
13C-NMR (101 MHz, chloroform-d) δ 157.1, 136.8, 128.9, 128.6, 127.9, 122.4 (q, J = 283.5 Hz),

101.9, 97.0, 94.8 (q, J = 34.5 Hz), 93.2, 60.5, 55.1, 18.6, 11.2, 8.7, 4.8, 4.6.
19F-NMR (376 MHz, chloroform-d) δ -80.92 (d, J = 5.5 Hz).

IR (cm-1) 2945 (m), 2865 (m), 2144 (m), 1671 (m), 1463 (m), 1288 (m), 1176 (s), 1148 (s), 1011

(m), 881 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C26H37F3NOSi+ 464.2591; Found 464.2590.
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(E)-3-Benzyl-5-(4,4-dimethyl-1-(triisopropylsilyl)pent-1-yn-3-ylidene)-2-(trifluoromethyl)-

oxazolidine (49e)

O
NBn

F3C

TIPS

Me

Me
Me

Following general procedure D leaving the reaction for 48 hrs before work

up, using 32e (81.0 mg, 0.400 mmol. The crude product was purified through

column chromatography (SiO2; 0-3% CH2Cl2 in pentane) affording the named

compound 49e as a colourless oil (98.9 mg, 0.206 mmol, 51% yield; single

isomer)

1H-NMR (400 MHz, chloroform-d) δ 7.41 – 7.25 (m, 5H, ArH), 5.11 (q, J = 5.3

Hz, 1H, CHCF3), 3.98 (dd, J = 16.4, 1.1 Hz, 1H, NCH2C––C), 3.96 (d, J = 12.9

Hz, 1H, ArCH2), 3.87 (d, J = 13.0 Hz, 1H, ArCH2), 3.76 (dq, J = 16.4, 1.5, 1.4 Hz, 1H, NCH2C––C),

1.20 (s, 9H, tBu), 1.04 – 1.00 (d, J = 2.0 Hz, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 156.4, 136.8, 128.8, 128.6, 127.9, 122.4 (q, J = 283.9 Hz),

105.8, 103.4, 95.3 (q, J = 34.4 Hz), 93.1, 60.5, 56.7, 33.4, 29.6, 18.7, 11.4.
19F-NMR (376 MHz, chloroform-d) δ -81.16 (d, J = 5.4 Hz).

IR (cm-1) 2945 (m), 2865 (m), 2131 (m), 1646 (m), 1462 (m), 1300 (m), 1174 (s), 1141 (s), 968 (m),

880 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C27H41F3NOSi+ 480.2904; Found 480.2914.

(E)- 3-Benzyl-5-(1-phenyl-4-(triisopropylsilyl)but-3-yn-2-ylidene)-2-(trifluoromethyl)-

oxazolidine (49f)

O
NBn

F3C

TIPS

Ph

Following general procedure D using 32b (94 mg, 0.400 mmol) with the reac-

tion taking place over 48 hrs. The crude product was purified through column

chromatography (SiO2; 0-3% CH2Cl2 in pentane) affording the named com-

pound 49f as a light yellow oil (95.3 mg, 0.186 mmol, 46% yield; single isomer).

Additional purification of a sample of the obtained oil by PrepTLC (SiO2, 1%

Et2O in pentane) was made for characterisation.

1H-NMR (400 MHz, chloroform-d) δ 7.37 – 7.13 (m, 10H, ArH), 5.10 (q, J = 5.3

Hz, 1H, CHCF3), 4.03 – 3.94 (m, 2H, NCH2C––C, ArCH2N), 3.89 (d, J = 13.0 Hz, 1H, ArCH2N), 3.75

(dd, J = 16.5, 1.7 Hz, 1H, NCH2C––C), 3.49 (m, 2H, CCH2Ar), 0.99 – 0.95 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 157.6, 139.5, 136.6, 128.8, 128.8, 128.6, 128.1, 128.0, 126.0,

122.4 (q, J = 283.8 Hz), 105.3, 94.7 (q, J = 34.7 Hz), 94.3, 93.0, 60.5, 54.8, 35.4, 18.6, 11.2.
19F-NMR (376 MHz, chloroform-d) δ -80.98 (d, J = 5.4 Hz).

IR (nmax, cm-1) 3029 (w), 2945 (m), 2865 (m), 2138 (w), 1677 (m), 1455 (m), 1291 (m), 1180 (s),

1144 (s), 883 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C30H39F3NOSi+ 514.2748; Found 514.2753.
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(E)-3-Benzyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-(trifluoromethyl)-

oxazolidine (49g)

O
NBn

F3C

TIPS

+

O
NBn

F3C

TIPS

Following general procedure D using 49g (89 mg, 0.400 mmol). The crude product was puri-

fied through column chromatography (SiO2; 0-3% CH2Cl2 in pentane) affording the named com-

pound 49g as an orange oil (122 mg, 0.245 mmol, 61% yield) along with 3-benzyl-5-benzylidene-2-

(trifluoromethyl)oxazolidine by-product (8.1 mg, 0.025 mmol, 6% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.86 – 7.79 (m, 2H, Ph), 7.42 – 7.27 (m, 7H, Ar, Ph), 7.25 –

7.21 (m, 1H, Ph), 5.29 (q, J = 5.3 Hz, 1H, CHCF3), 4.26 – 4.20 (m, 1H, NCH2C––C), 4.08 – 3.91 (m,

3H, NCH2C––C, ArCH2), 1.09 – 1.05 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 158.3, 136.4, 134.3, 128.9, 128.7, 128.1, 128.0, 127.4, 126.6,

122.2 (d, J = 283.4 Hz), 104.4, 96.4 (q, J = 34.9 Hz), 95.8, 93.6, 60.7, 57.2, 18.7, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -80.82 (d, J = 5.5 Hz).

IR (cm-1) 3028 (w), 2867 (m), 2945 (m), 2143 (m), 1637 (m), 1458 (m), 1293 (m), 1175 (s), 1153

(s), 1127 (s), 880 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C29H37F3NOSi+ 500.2591; Found 500.2590.

Byproduct - 3-Benzyl-5-benzylidene-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d) δ 7.55 (m, 2H, ArH), 7.43 – 7.28 (m, 7H, ArH), 7.16 (m, 1H,

ArH), 5.35 (t, J = 1.5 Hz, 1H, C––CH), 5.17 (q, J = 5.4 Hz, 1H, CHCF3), 4.06 (d, J = 15.5 Hz, 1H,

NCH2C––C), 4.03 – 3.86 (m, 2H, ArCH2), 3.61 (dt, J = 15.4, 1.5 Hz, 1H, NCH2C––C).

13C-NMR (101 MHz, chloroform-d) δ 150.1, 136.9, 135.2, 128.7, 128.7, 128.4, 127.9, 127.7, 125.8,

122.52 (q, J = 283.2 Hz), 98.7, 94.80 (q, J = 34.5 Hz), 60.3, 55.3.

19F-NMR (376 MHz, chloroform-d) δ -80.78 (d, J = 5.6 Hz).

IR (nmax, cm-1) 3027 (w), 2941 (w), 1689 (m), 1495 (w), 1454 (w), 1297 (m), 1181 (s), 1140 (s), 970

(m), 1016 (w)

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C18H17F3NO+ 320.1257; Found 320.1261.
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(E)-3-Benzyl-5-(1-(4-methoxyphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-

(trifluoromethyl)oxazolidine (49h)

O
NBn

F3C

TIPS

OMe

+

O
NBn

F3C

TIPS

OMe

Following general procedure D using 32h (101 mg, 0.400 mmol). The crude product was purified

through column chromatography (SiO2; 0-10% CH2Cl2 in pentane) affording the named compound

49h as an orange oil (120 mg, 0.227 mmol, 57% yield) along with 3-benzyl-5-(4-methoxybenzylidene)-

2-(trifluoromethyl)oxazolidine byproduct (13 mg, 0.037 mmol, 9% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.76 (m, 2H, PhH), 7.42 – 7.27 (m, 5H, ArH), 6.91 (m, 2H,

PhH), 5.26 (q, J = 5.3 Hz, 1H), 4.21 (dd, J = 17.0, 1.1 Hz, 1H, NCH2C––C), 4.02 (dd, J = 17.0, 1.4

Hz, 1H, NCH2C––C), 4.04 – 3.89 (m, 2H, ArCH2), 3.83 (s, 3H, OCH3), 1.10 – 1.06 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 158.2, 156.8, 136.5, 128.9, 128.7, 128.6, 128.0, 126.9, 122.3

(q, J = 283.6 Hz), 113.5, 104.7, 96.2 (q, J = 34.8 Hz), 95.4, 93.4, 60.6, 57.0, 55.2, 18.7, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -80.84 (d, J = 5.3 Hz).

IR (cm-1) 2944 (m), 2864 (m), 2139 (m), 1641 (m), 1609 (m), 1511 (s), 1459 (m), 1292 (m), 1249

(s), 1177 (s), 1157 (s), 1129 (s), 1109 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C30H39F3NO2Si+ 530.2697; Found 530.2704.

3-Benzyl-5-(4-methoxybenzylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d) δ 7.50 (m, 2H, PhH), 7.41 – 7.29 (m, 5H, ArH), 6.88 (m, 2H,

PhH), 5.30 (m, 1H, C––CH), 5.14 (q, J = 5.4 Hz, 1H, CHCF3), 4.03 (d, J = 15.4 Hz, 1H, NCH2C––C),

4.00 – 3.88 (m, 2H, ArCH2), 3.81 (s, 3H, OCH3), 3.58 (dt, J = 15.3, 1.6 Hz, 1H, NCH2C––C).

13C-NMR (101 MHz, chloroform-d) δ 157.7, 148.4, 137.0, 128.8, 128.7, 128.6, 128.1, 127.9, 122.57

(q, J = 283.7 Hz), 113.8, 98.1, 94.57 (q, J = 34.4 Hz), 60.3, 55.2, 55.1.

19F-NMR (376 MHz, chloroform-d) δ -80.81 (d, J = 5.9 Hz).

IR (nmax, cm-1) 2922 (m), 2850 (m), 1694 (m), 1610 (m), 1509 (s), 1455 (w), 1299 (m), 1249 (s),

1177 (s), 1139 (s), 1034 (m), 1018 (m), 971 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H19F3NO2
+ 350.1362; Found 350.1363.
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(E) 3-Benzyl-2-(trifluoromethyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidine (49i)

O
NBn

F3C

TIPS

CF3

+

O
NBn

F3C

TIPS

CF3

Following general procedure D using 32i (116 mg, 0.400 mmol). The crude product was purified

through column chromatography (SiO2; 0-3% CH2Cl2 in pentane) affording the named compound

49i as a colourless oil (113.4 mg, 0.200 mmol, 50% yield) along with 3-benzyl-2-(trifluoromethyl)-5-

(4-(trifluoromethyl)benzylidene)oxazolidine byproduct (34.0 mg, 0.088 mmol, 22% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.94 (m, 2H, CF3ArH), 7.60 (m, 2H, CF3ArH), 7.44 – 7.28 (m,

5H, ArH), 5.34 (q, J = 5.3 Hz, 1H, CHCF3), 4.29 – 4.02 (m, 2H, NCH2C––C), 4.06 – 3.91 (m, 2H,

ArCH2), 1.09 – 1.05 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 160.0, 138.0, 136.2, 128.9, 128.8, 128.2, 127.5, 125.1 (q, J =

3.8 Hz), 124.3 (q, J = 272.1 Hz), 122.1 (q, J = 283.4 Hz), 103.5, 96.8 (q, J = 35.0 Hz), 94.9, 94.6,

60.7, 57.5, 18.7, 11.3.

19F-NMR (376 MHz, chloroform-d) δ -62.88, -80.83 (d, J = 5.3 Hz).

IR (cm-1) 2942 (m), 2866 (m), 2145 (w), 1641 (m), 1615 (m), 1324 (s), 1290 (m), 1156 (s), 1127 (s),

1108 (s), 1069 (s)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C30H36F6NOSi+ 568.2465; Found 568.2471.

ByProduct - 3-Benzyl-2-(trifluoromethyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d) δ 7.55 (m, 2H, CF3ArH), 7.48 (m, 2H, CF3ArH), 7.36 – 7.20 (m,

5H, ArH), 5.32 (t, J = 1.4 Hz, 1H, , C––CH), 5.15 (q, J = 5.3 Hz, 1H, CHCF3), 4.01 (d, J = 15.8 Hz,

1H, NCH2C––C), 3.95 – 3.82 (m, 2H, ArCH2), 3.58 (dt, J = 15.8, 1.4 Hz, 1H, NCH2C––C).

13C-NMR (101 MHz, chloroform-d) δ 152.3, 138.8, 136.6, 128.8, 128.7, 128.7, 128.1, 127.6, 127.3,

125.2 (q, J = 3.8 Hz), 124.3 (q, J = 271.6 Hz), 122.4 (q, J = 283.5 Hz), 97.6, 95.14 (q, J = 34.6 Hz),

60.3, 55.5.

19F-NMR (376 MHz, chloroform-d) δ -62.78, -80.78 (d, J = 5.5 Hz).

IR (cm-1) 2945 (w), 2871 (w), 2359 (w), 1688 (m), 1616 (m), 1325 (s), 1144 (s), 1068 (s), 1017 (m),

969 (m), 1123 (s), 1166 (s).

HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C19H15F6NO+ 387.1052; Found 387.1045.
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(E)-3-Benzyl-5-(1-(3,5-dimethylphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-

(trifluoromethyl)oxazolidine (49j)

O
NBn

F3C

TIPS

Me

Me

Following general procedure D using 32j (100 mg, 0.400 mmol). The crude product was purified

through column chromatography (SiO2; 0-2% CH2Cl2 in pentane) affording the named compound

49j as a light yellow oil (67.0 mg, 0.127 mmol, 33% yield) along with protodemetalated byproduct

(yield not determined)

1H-NMR (400 MHz, chloroform-d) δ 7.46 (d, J = 1.4 Hz, 2H, Me2ArH), 7.44 – 7.27 (m, 5H, ArH),

6.88 (s, 1H, Me2ArH), 5.28 (q, J = 5.4 Hz, 1H, CHCF3), 4.21 (d, J = 17.0 Hz, 1H, NCH2C––C), 4.03

(m, 1H, NCH2C––C), 4.03 – 3.89 (m, 2H, ArCH2), 2.32 (s, 6H, ArCH3), 1.08 (s, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 157.9, 137.4, 136.5, 134.1, 128.9, 128.7, 128.3, 128.0, 125.3,

122.26 (q, J = 283.5 Hz), 104.8, 96.26 (q, J = 34.7 Hz), 95.8, 93.4, 60.7, 57.2, 21.5, 18.7, 11.3.

IR (cm-1) 2944 (m), 2867 (m), 2143 (m), 1637 (m), 1599 (m), 1465 (m), 1298 (m), 1182 (s), 1154

(s), 1131 (s), 880 (m), 692 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C31H41F3NOSi+ 528.2904; Found 528.2906.

Cambridge Crystallographic Data Centre entry – 1874007

Byproduct - 3-benzyl-5-(3,5-dimethylbenzylidene)-2-(trifluoromethyl)oxazolidine

1H NMR (400 MHz, Chloroform-d, Isolated as an 8:1 mixture of double bond isomers) δ 7.41 – 7.29

(m, 6H, ArH), 7.20 – 7.14 (m, 2H), 6.82 (d, J = 1.9 Hz, 1H), 5.28 (t, J = 1.4 Hz, 1H), 5.16 (q, J = 5.4

Hz, 1H), 5.11 (q, J = 5.3 Hz, 0H), 4.62 (t, J = 1.6 Hz, 0H), 4.04 (d, J = 15.5 Hz, 1H), 4.01 – 3.87 (m,

2H), 3.58 (dt, J = 15.4, 1.4 Hz, 1H), 3.50 (dt, J = 16.1, 1.4 Hz, 0H), 2.31 (d, J = 0.7 Hz, 6H).

IR (cm-1) 2919 (w), 2862 (w), 1688 (m), 1599 (m), 1457 (w), 1298 (m), 1183 (s), 1139 (s), 972 (m),

851 (m), 698 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H21F3NO+ 348.1570; Found 348.1567.
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(E)- and (Z )-3-benzyl-4-pentyl-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)hept-1-yn-3-

ylidene)oxazolidine (51a)

Pr

Bn

F3C

O

TIPS

BuN

Following general procedure E using 33a (97 mg, 0.400 mmol). The crude product was purified

through column chromatography (SiO2; 0-2% CH2Cl2 in pentane) affording the named compound

51a as a light yellow oil (118 mg, 0.226 mmol, 57% yield; 2.5:1 mixture of undetermined isomers).

1H NMR (400 MHz, Chloroform-d ; characterised as a 2.5:1 mixture of major and minor isomers)

δ 7.41 – 7.24 (m, 5H, ArH; 5H, ArH), 5.07 (q, J = 3.9 Hz, 1H, CHCF3), 4.99 (q, J = 5.3 Hz,

1H, CHCF3), 4.08 (d, J = 14.3 Hz, 1H, ArCH2), 4.01 – 3.90 (m, 1H, ArCH2, 1H, NCH2C––C;

2H, ArCH2), 3.80 (dd, J = 10.1, 3.1 Hz, 1H, NCH2C––C), 2.02 – 1.85 (m, 2H, C––CCH2CH2; 2H, C––CCH2CH2),

1.66 – 1.39 (m, 2H, NCHCH2; 2H, NCHCH; CH2 (unspecified)), 1.38 – 1.21 (m, CH2 (unspecified)),

1.12 – 1.04 (m, 21H, TIPS; 21H, TIPS), 0.96 – 0.90 (m, 3H, CH3),0.88 (t, J = 7.4 Hz, 3H, CH3), 0.87

(t, J = 7.3 Hz, 3H, CH3), 0.81 (t, J = 7.1 Hz, 3H, CH3).
13C NMR (101 MHz, Chloroform-d ; characterised as a 2.5:1 mixture of major and minor isomers) δ

160.6, 159.2, 137.5, 137.1, 129.3, 128.6 (both isomers), 128.5, 128.0, 127.9, 127.5, 122.9 (q, J =

285.6 Hz), 122.2 (q, J = 283.2 Hz), 103.9, 103.3, 95.4, 94.1 (q, J = 35.1 Hz), 93.9, 93.8, 93.3, 90.1

(q, J = 33.5 Hz), 65.1, 61.8, 58.5, 49.6, 36.7, 31.5, 30.6, 30.5, 30.3, 30.0, 22.2, 22.0, 19.2, 18.7,

18.6, 18.0, 14.1, 14.0 (both isomers), 13.8, 11.4, 11.4.
19F NMR (376 MHz, Chloroform-d ; characterised as a 2.5:1 mixture of major and minor isomers) δ

-80.68 (d, J = 4.0 Hz), -81.10 (d, J = 5.3 Hz).

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C30H46F3NNaOSi+ 544.3193; Found 544.3195.

(E)-3-(4-methoxybenzyl)-4-(4-methoxyphenyl)-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)hept-

1-yn-3-ylidene)oxazolidine (51d)

MeO
TIPS

BupMeOBn

F3C

O
N

Following general procedure E using 33d (97 mg, 0.400 mmol). The crude product was purified

through column chromatography (SiO2; 0-5% CH2Cl2 in pentane) affording the named compound

51d as a light yellow oil (122 mg, 0.199 mmol, 50% yield; 3.5:1 mixture of undetermined isomers).

1H-NMR (400 MHz, chloroform-d) δ 7.07 – 6.98 (m, 4H, ArH),6.89 – 6.76 (m, 4H, ArH), 5.14 (q, J

= 4.1 Hz, 1H, CHCF3), 4.81 (s, 1H, NCH), 3.82 (s, 3H, CH3), 3.85 – 3.76 (m, 1H, ArCH2), 3.80 (s,
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3H, CH3), 3.45 (d, J = 13.9 Hz, 1H, ArCH2), 1.77 – 1.55 (m, 2H, CH2, Bu), 1.40 – 1.20 (m, 1H, Bu),

1.10 – 1.06 (m, 21H, TIPS), 1.14 – 0.94 (m, 1H, Bu), 0.68 (t, J = 7.1 Hz, 3H, Bu).
13C-NMR (101 MHz, chloroform-d) δ 160.2, 159.5, 158.8, 130.2, 129.2, 129.1, 129.1, 123.2 (q, J =

287.7 Hz), 113.9, 113.6, 103.6, 95.4, 94.1, 89.47 (q, J = 33.4 Hz), 63.9, 55.3, 55.2, 49.0, 29.9, 29.3,

21.8, 18.6, 13.8, 11.3.
19F-NMR (376 MHz, chloroform-d) δ -80.26 (d, J = 4.1 Hz).

Minor isomer
1H-NMR (400 MHz, chloroform-d) δ 7.15 – 7.04 (m, 4H, ArH), 6.85 – 6.74 (m, 4H, ArH), 5.10 (q, J

= 3.9 Hz, 1H, CHCF3), 4.70 (s, 1H, NCH), 3.91 (d, J = 2.8 Hz, 2H, ArCH2), 3.79 (s, 3H, MeO), 3.79

(s, 3H, MeO), 1.56 – 1.47 (m, 2H, Bu), 1.35 – 1.20 (m, 1H, Bu), 1.10 – 1.06 (m, 21H, TIPS), 1.13 –

0.92 (m, 3H, Bu), 0.67 (t, J = 7.1 Hz, 3H, Bu).
13C-NMR (101 MHz, chloroform-d) δ 159.2 (2C), 159.2, 131.7, 130.7, 129.9, 127.3, 122.7 (q, J =

282.8 Hz), 113.8, 113.7, 103.8, 95.6, 94.4, 90.8 (q, J = 34.7 Hz), 66.5, 55.3, 55.3, 55.0, 30.0, 29.0,

22.0, 18.6, 13.8, 11.3.
19F-NMR (376 MHz, chloroform-d) δ -81.42 (d, J = 4.0 Hz).

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C35H48F3NNaO3Si+ 638.3248; Found 638.3248.

(E)-3-benzyl-5-(1-phenylethylidene)-2-(trifluoromethyl)oxazolidine (55a)

O
NBn

F3C

Me

Following general procedure F, using 32a (63.7 mg, 0.400 mmol) and iodobenzene (106 mg,

0.52 mmol). The crude product was purified through column chromatography (SiO2; 3% CH2Cl2 in

pentane) affording the named compound 55a as a colourless oil (104 mg, 0.312 mmol, 78% yield;

single isomer).

1H-NMR (400 MHz, chloroform-d) δ 7.34 – 7.27 (m, 7H, ArH), 7.21 – 7.14 (m, 3H, ArH), 4.97 (q, J

= 5.3 Hz, 1H, CHCF3), 3.98 (d, J = 15.0 Hz, 1H, NCH2C––C), 3.93 (d, J = 13.3 Hz, 1H, ArCH2), 3.82

(d, J = 13.3 Hz, 1H, ArCH2), 3.46 (d, J = 15.0 Hz, 1H, NCH2C––C), 2.09 (s, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 147.1, 141.1, 137.1, 128.5, 128.3, 127.7, 127.4, 126.2, 122.8

(d, J = 283.9 Hz), 107.6, 92.4 (q, J = 34.1 Hz), 60.1, 53.1, 16.4.
19F-NMR (376 MHz, chloroform-d) δ -80.60 (d, J = 5.3 Hz).

IR (cm-1) 2925 (br), 1690 (w), 1496 (w), 1450 (w), 1292 (m), 1172 (s), 1147 (s), 1096 (m), 1025 (m),

970 (m), 856 (m), 761 (s), 733 (m), 698 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H19F3NO+ 334.1413; Found 334.1414.

(E)-3-benzyl-5-(1-(p-tolyl)ethylidene)-2-(trifluoromethyl)oxazolidine (55b)

Following general procedure F, using 32a (63.7 mg, 0.400 mmol) and 4-iodotoluene (113 mg,

0.52 mmol). The crude product was purified through column chromatography (SiO2; 3% CH2Cl2
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O
NBn

F3C

Me

Me

in pentane) affording the named compound 55b as a colourless paste (106 mg, 0.304 mmol, 76%

yield).

1H-NMR (400 MHz, chloroform-d) δ δ 7.33 (d, J = 4.4 Hz, 4H, ArH), 7.29 (m, 1H, ArH), 7.11 (m, 2H,

ArH), 7.06 (m, 2H, ArH), 4.97 (q, J = 5.3 Hz, 1H, CHCF3), 3.98 (d, J = 15.3 Hz, 1H, NCH2C––C),

3.93 (d, J = 13.4 Hz, 1H, ArCH2), 3.82 (d, J = 13.3 Hz, 1H, ArCH2), 3.46 (d, J = 15.0 Hz, 1H,

NCH2C––C), 2.33 (s, 3H, ArCH3), 2.08 (s, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 146.9, 138.3, 137.3, 136.0, 129.1 (2C), 128.7 (3C), 127.9,

127.4 (2C), 123.0 (q, J = 283.9 Hz), 107.6, 92.6 (q, J = 34.0 Hz), 60.3, 53.2, 21.2, 16.6.
19F-NMR (376 MHz, chloroform-d) δ -80.60 (d, J = 5.3 Hz).

IR (cm-1) 2944 (br), 1689 (w), 1516 (m), 1452 (w), 1294 (m), 1172 (s), 1145 (s), 1080 (s), 975 (m),

860 (m), 819 (s), 729 (m), 702 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H21F3NO+ 348.1570; Found 348.1569.

Cambridge Crystallographic Data Centre entry – 1874005

(E)-3-benzyl-5-(1-(o-tolyl)ethylidene)-2-(trifluoromethyl)oxazolidine (55c)

O
NBn

F3C

Me

Me

Following general procedure F at 70 ◦C using 32a (63.7 mg, 0.400 mmol) and 2-iodotoluene (113

mg, 0.52 mmol). The crude product was purified through column chromatography (SiO2; 3% CH2Cl2
in pentane) affording a mixture of 55c and 55c ’ in 72:28 ratio (15c’ was not isolated/characterised;

the structure was assigned based on 1H NMR signals in analogy to 55c’) and the title compound 15c

(62.5 mg, 0.180 mmol, 45% yield). A sample of the mixture was further purified for characterisation

by PrepTLC to furnish the pure title compound (55c) as a colourless oil.

1H-NMR (400 MHz, chloroform-d) δ 7.32 (d, J = 4.4 Hz, 4H, ArH), 7.28 (m, 1H, ArH), 7.19 – 7.09

(m, 3H, ArH), 7.07 – 7.03 (m, 1H, ArH), 5.02 (m, 1H, CHCF3), 3.96 (d, J = 13.2 Hz, 1H, ArCH2),

3.83 (d, J = 13.3 Hz, 1H, ArCH2), 3.56 (d, J = 14.6 Hz, 1H, NCH2C––C), 3.08 (d, J = 15.1 Hz, 1H,

NCH2C––C), 2.25 (s, 3H, ArCH3), 1.97 (t, J = 1.7 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 146.5, 140.6, 137.4, 136.2, 130.3, 129.3, 128.7 (2C), 128.7

(2C), 127.9, 127.2, 126.1, 123.0 (q, J = 284.0 Hz), 106.7, 93.3 (q, J = 33.9 Hz), 60.6, 52.9, 19.2,

17.3.
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19F-NMR (376 MHz, chloroform-d) δ -80.78.

IR (cm-1) 2931 (br), 1712 (m), 1455 (m), 1294 (m), 1173 (s), 1149 (s), 1130 (s), 1080 (s), 1034 (m),

974 (m), 859 (m), 763 (m), 728 (s), 701 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H21F3NO+ 348.1570; Found 348.1566.

(E)-3-benzyl-5-(1-(3,5-dimethylphenyl)ethylidene)-2-(trifluoromethyl)oxazolidine (55d)

O
NBn

F3C

Me

MeMe

Following general procedure F, using 32a (63.7 mg, 0.400 mmol) and 1-iodo-3,5-dimethylbenzene

(121 mg, 0.52 mmol). The crude product was purified through column chromatography (SiO2; 3%

CH2Cl2 in pentane) affording the named compound 55d as a colourless oil (103 mg, 0.286 mmol,

71% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.35 – 7.26 (m, 5H, ArH), 6.84 (s, 1H, ArH), 6.78 (s, 2H, ArH),

4.96 (q, J = 5.3 Hz, 1H, CHCF3), 3.98 (d, J = 15.1 Hz, 1H, NCH2C––C), 3.91 (d, J = 13.3 Hz, 1H,

ArCH2), 3.83 (d, J = 13.3 Hz, 1H, ArCH2), 3.46 (d, J = 15.0 Hz, 1H, NCH2C––C), 2.29 (s, 6H, ArCH3),

2.06 (s, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 146.9, 141.3, 137.9 (2C), 137.4, 128.7 (2C), 128.7 (2C), 128.1,

127.9, 125.4 (2C), 123.0 (q, J = 283.8 Hz), 107.8, 92.6 (q, J = 34.0 Hz), 60.4, 53.3, 21.5 (2C), 16.7.
19F-NMR (376 MHz, chloroform-d) δ -80.54 (d, J = 5.3 Hz).

IR (cm-1) 2925 (br), 1688 (w), 1601 (m), 1448 (w), 1289 (m), 1165 (s), 1147 (s), 1094 (s), 975 (m),

849 (m), 735 (m), 698 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H23F3NO+ 362.1726; Found 362.1725.

(E)-3-benzyl-5-(1-(4-methoxyphenyl)ethylidene)-2-(trifluoromethyl)oxazolidine (55e)

O
NBn

F3C

Me

OMe

Following general procedure F, using 32a (63.7 mg, 0.400 mmol) and 4- iodoanisole (122 mg,

0.52 mmol). The crude product was purified through column chromatography (SiO2; 10% CH2Cl2 in

pentane) affording the named compound 55e as a colourless oil (88.5 mg, 0.244 mmol, 61% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.33 – 7.30 (m, 4H, Ar ), 7.28 (m, 1H, ArH), 7.07 (m, 2H, ArH),

6.84 (m, 2H, ArH), 4.96 (q, J = 5.3 Hz, 1H, CHCF3), 3.97 – 3.91 (m, 2H, NCH2C––C + ArCH2), 3.82
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(m, 1H, ArCH2), 3.79 (s, 3H, OCH3), 3.42 (ddt, J = 14.8, 2.5, 1.3 Hz, 1H, NCH2C––C), 2.05 (t, J =

1.7 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 158.1, 146.5, 137.3, 133.6, 128.7 (3C), 128.6 (2C), 127.9,

123.0 (q, J = 283.9 Hz), 113.8 (2C), 107.2, 92.6 (q, J = 34.0 Hz), 60.3, 55.4, 53.2, 16.7.
19F-NMR (376 MHz, chloroform-d) δ -80.63 (d, J = 5.3 Hz).

IR (cm-1) 2921 (w), 2853 (w), 1673 (m), 1515 (m), 1288 (m), 1251 (s), 1168 (s), 1146 (s), 1135 (s),

1120 (s), 1090 (s), 1077 (s), 1061 (m), 1028 (s), 1014 (s), 972 (s), 858 (m), 830 (s), 758 (s), 728

(m), 702 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H21F3NO2
+ 364.1519; Found 364.1521.

(E)-3-benzyl-5-(1-(4-nitrophenyl)ethylidene)-2-(trifluoromethyl)oxazolidine (55f)

O
NBn

F3C

Me

NO2

Following general procedure F, using 32a (63.7 mg, 0.400 mmol) and 1-iodo-4-nitrobenzene (130

mg, 0.52 mmol). The crude product was purified through column chromatography (SiO2; 14%

CH2Cl2 in pentane) affording the named compound 55f as a yellow oil (92.5 mg, 0.244 mmol,

61% yield).

1H-NMR (400 MHz, chloroform-d) δ 8.14 (d, J = 9.0 Hz, 2H, ArH), 7.35 – 7.27 (m, 7H, ArH), 5.05

(q, J = 5.2 Hz, 1H, CHCF3), 4.03 (d, J = 15.2 Hz, 1H, NCH2C––C), 3.94 (d, J = 13.3 Hz, 1H, ArCH2),

3.82 (d, J = 13.3 Hz, 1H, ArCH2), 3.50 (dt, J = 15.2, 1.2 Hz, 1H, NCH2C––C), 2.12 (dd, J = 1.8, 1.4

Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 150.1, 148.2, 145.9, 136.7, 128.8 (2C), 128.7 (2C), 128.2,

127.8 (2C), 123.8 (2C), 122.7 (q, J = 283.6 Hz), 106.6, 93.0 (q, J = 34.4 Hz), 60.3, 53.5, 16.1.
19F-NMR (376 MHz, chloroform-d) δ -80.50 (d, J = 5.2 Hz).

IR (cm-1) 2925 (w), 2856 (w), 1675 (m), 1594 (m), 1512 (s), 1342 (s), 1289 (m), 1172 (s), 1149 (s),

1076 (s), 973 (m), 846 (s), 755 (m), 734 (m), 697 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H18F3N2O3
+ 379.1264; Found 379.1258.

(E)-3-benzyl-5-(cyclopropyl(p-tolyl)methylene)-2-(trifluoromethyl)oxazolidine (55g)

Following general procedure F, using 32d(74.1 mg, 0.400 mmol) and 4-iodotoluene (113 mg, 0.52

mmol). The crude product was purified through column chromatography (SiO2; 10% CH2Cl2 in

pentane) affording the named compound 55g as a colourless oil (95.6 mg, 0.256 mmol, 64% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.31 (d, J = 4.4 Hz, 4H, ArH), 7.25 (m, 1H, ArH), 7.07 (d, J =

7.8 Hz, 2H, ArH), 6.95 (d, J = 8.0 Hz, 2H, ArH), 5.02 (q, J = 5.3 Hz, 1H, CHCF3), 3.95 (d, J = 13.3
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O
NBn

F3C

Me

Hz, 1H, ArCH2), 3.81 (d, J = 13.3 Hz, 1H, ArCH2), 3.71 (d, J = 15.2 Hz, 1H, NCH2C––C), 3.21 (d,

J = 15.2 Hz, 1H, NCH2C––C), 2.31 (s, 3H, ArCH3), 1.96 (tt, J = 8.4, 5.3 Hz, 1H, CH(CH2)2), 0.70 –

0.60 (m, 2H, CH(CH2)2), 0.33 – 0.23 (m, 2H, CH(CH2)2).
13C-NMR (101 MHz, chloroform-d) δ 147.6, 137.4, 136.5, 134.5, 129.7, 129.0, 128.7, 128.7, 127.8,

123.0 (q, J = 284.0 Hz), 112.7, 93.2 (q, J = 34.0 Hz), 60.4, 53.5, 21.3, 11.6, 4.8, 4.4.
19F-NMR (376 MHz, chloroform-d) δ -80.61 (d, J = 5.0 Hz).

IR (cm-1) 3019 (br), 1691 (w), 1290 (m), 1166 (s), 1148 (s), 1021 (m), 975 (m), 861 (m), 817 (s),

729 (m), 701 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H23F3NO+ 374.1726; Found 374.1721.

3-benzyl-5-(diphenylmethylene)-2-(trifluoromethyl)oxazolidine (55h)

O
NBn

F3C

Following general procedure F, using 32g(86.0 mg, 0.400 mmol) and iodobenzene (104 mg, 0.52

mmol). The crude product was purified through column chromatography (SiO2; 10% CH2Cl2 in

pentane) affording the named compound 55h as a colourless solid (120 mg, 0.304 mmol, 78%

yield), mp: 73-75 ◦C.

1H-NMR (400 MHz, chloroform-d) δ 7.40 – 7.24 (m, 12H, ArH), 7.22 – 7.14 (m, 3H, ArH), 5.14 (q,

J = 5.3 Hz, 1H, CHCF3), 3.99 (d, J = 13.3 Hz, 1H, ArCH2), 3.94 (d, J = 15.9 Hz, 1H, NCH2C––C),

3.89 (d, J = 13.3 Hz, 1H, ArCH2), 3.54 (d, J = 15.8 Hz, 1H, NCH2C––C).
13C-NMR (101 MHz, chloroform-d) δ 148.6, 140.2, 138.6, 137.0, 130.2, 129.1, 128.8, 128.7, 128.1,

128.1, 127.1, 126.4, 122.8 (q, J = 283.9 Hz), 113.1, 94.0 (q, J = 34.3 Hz), 60.5, 54.9.
19F-NMR (376 MHz, chloroform-d) δ -80.31 (d, J = 5.2 Hz).

IR (cm-1) 3038 (w), 2837 (w), 1655 (w), 1300 (m), 1165 (m), 1145 (s), 1120 (m), 1057 (m), 1012

(m), 972 (s), 867 (m), 768 (s), 736 (m), 696 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C24H21F3NO+ 396.1570; Found 396.1561.

(E)-3-benzyl-5-(phenyl(p-tolyl)methylene)-2-(trifluoromethyl)oxazolidine (55i)

Following general procedure F, using 32g(86.0 mg, 0.400 mmol) and 4-iodotoluene (113 mg, 0.52

mmol). The crude product was purified through column chromatography (SiO2; 10% CH2Cl2 in
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O
NBn

F3C

Me

pentane) affording the named compound 55i as a colourless solid (120.8 mg, 0.300 mmol, 75%

yield), mp: 122-124 ◦C.

1H-NMR (400 MHz, chloroform-d) δ 7.39 – 7.26 (m, 9H, ArH), 7.17 (m, 1H, ArH), 7.13 (m, 2H, ArH),

7.04 (d, J = 8.1 Hz, 2H, ArH), 5.12 (q, J = 5.3 Hz, 1H, CHCF3), 3.99 (d, J = 13.3 Hz, 1H, ArCH2),

3.95 – 3.87 (m, 2H, ArCH2 + NCH2C––C), 3.53 (d, J = 15.8 Hz, 1H, NCH2C––C), 2.35 (s, 3H, ArCH3).
13C-NMR (101 MHz, chloroform-d) δ 148.4, 138.8, 137.2, 137.1, 136.7, 130.0 (2C), 129.4 (2C),

129.1 (2C), 128.8 (4C), 128.0 (3C), 126.3, 122.9 (q, J = 284.4 Hz), 112.9, 94.0 (q, J = 34.5 Hz),

60.5, 54.9, 21.3.
19F-NMR (376 MHz, chloroform-d) δ -80.33 (d, J = 5.3 Hz).

IR (cm-1) 2975 (m), 2925 (m), 1674 (m), 1444 (m), 1293 (m), 1172 (s), 1147 (s), 1081 (s), 857 (m),

819 (s), 756 (m), 733 (m), 710 (m), 695 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C25H23F3NO+ 410.1726; Found 410.1715.

Cambridge Crystallographic Data Centre entry – 1874008

(E)-2-(4-((3-benzyl-2-(trifluoromethyl)oxazolidin-5-ylidene)(phenyl)methyl)phenoxy)-N,N-

dimethylethan-1-amine (55j)

O
NBn

F3C

O
Me2N

Following general procedure F, using 32g (86.0 mg, 0.400 mmol) and 2-(4-iodophenoxy)-N,N-

dimethylethanamine (151 mg, 0.52 mmol). The crude product was purified through column chro-

matography (SiO2; 1% MeOH in CH2Cl2) affording the named compound 55j as a colourless oil

(158 mg, 0.328 mmol, 82% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.40 – 7.24 (m, 9H, ArH), 7.17 (m, 1H, ArH), 7.05 (m, 2H,

OArH), 6.87 (m, 2H OArH), 5.12 (q, J = 5.2 Hz, 1H, CHCF3), 4.08 (t, J = 5.7 Hz, 2H, OCH2CH2N),

3.99 (d, J = 13.3 Hz, 1H, ArCH2), 3.95 – 3.84 (m, 2H, NCH2C––C, ArCH2), 3.51 (d, J = 15.8 Hz, 1H,

NCH2C––C), 2.78 (t, J = 5.7 Hz, 2H, OCH2CH2N), 2.37 (s, 6H, NCH3).
13C-NMR (101 MHz, chloroform-d) δ 157.8, 148.4, 138.8, 137.0, 132.6, 131.3 (2C), 129.0 (2C),

128.8 (4C), 128.0 (3C), 126.3, 122.8 (q, J = 284.0 Hz), 114.7 (2C), 112.5, 94.0 (q, J = 34.2 Hz),

65.9, 60.5, 58.3, 54.9, 45.9.
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19F-NMR (376 MHz, chloroform-d) δ -80.33 (d, J = 5.2 Hz).

IR (cm-1) 2932 (m), 2773 (w), 1608 (m), 1511 (m), 1291 (m), 1242 (m), 1176 (s), 1145 (s), 1031

(m), 971 (m), 832 (m), 698 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C28H30F3N2O2
+ 483.2254; Found 483.2260.

(E)- and (Z )-3-Benzyl-5-(but-3-yn-2-ylidene)-2-(trifluoromethyl)oxazolidine (59a)

N
O

F3C

Bn Me

TIPS

THF, 0 °C

TBAF N
O

F3C

Bn Me

45a 59a

A solution of (49a ) (0.52 g, 1.2 mmol, 1 equiv.; 12:1 E:Z ratio) in THF is added TBAF (1M, 1.4

mL, 1.4 mmol, 1.2 equiv.) was stirred at 0 ◦C for 30 minutes. After completion (consumption of

starting material monitored by TLC (SiO2, 5% CH2Cl2 in pentane)) the reaction was quenched by

the addition of sat. aq. NaHCO3 (10 mL), the aqueous layer was extracted with CH2Cl2 (3 x 10

mL) and the combined organic layers were dried over MgSO4, filtered and concentrated by rotary

evaporation. The crude material was dry-loaded onto NEt3-deactivated SiO2 and then purified by

column chromatography (NEt3-deactivated SiO2, 0-10% CH2Cl2 in pentane) to afford the named

compound 59a as a pale orange oil (0.30 g, 1.06 mmol, 89% yield; separable E:Z isomers in 12:1

ratio).

E-isomer (major)
1H-NMR (400 MHz, chloroform-d) δ 7.35 (dd, J = 19.7, 4.4 Hz, 5H, ArH), 5.06 (q, J = 5.3 Hz, 1H,

CHCF3), 4.05 – 3.86 (m, 3H, ArCH2, NCH2C––C), 3.71 (dq, J = 16.3, 1.5 Hz, 1H, NCH2C––C), 2.94

(s, 1H, C–––CH), 1.83 (t, J = 1.8 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 158.0, 136.8, 128.7, 128.6, 127.9, 122.3 (q, J = 283.7 Hz),

94.6 (q, J = 34.5 Hz), 87.8, 83.4, 78.5, 60.5, 54.6, 14.9.
19F-NMR (376 MHz, chloroform-d) δ -81.17 (d, J = 4.6 Hz).

IR (cm-1) 3308 (w), 2933 (w), 2094 (w), 1682 (m), 1657 (w), 1293 (m), 1299 (m), 1176 (s), 1145 (s),

967 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C15H15F3NO+ 282.1100; Found 282.1099.

Z-isomer (minor)
1H NMR (400 MHz, Chloroform-d ; characterised in a 4:1 mixture of E:Z isomers) δ 7.40 – 7.29 (m,

5H, ArH), 4.86 (qd, J = 6.2, 1.5 Hz, 1H, CHCF3), 4.00 – 3.87 (m, 2H, ArCH2), 3.63 (d, J = 17.1 Hz,

1H, NCH2C––C), 3.09 (m, 2H, NCH2C––C, C–––CH), 2.09 (t, J = 1.7 Hz, 3H, CH3).
13C NMR (101 MHz, Chloroform-d ; characterised in a 4:1 mixture of E:Z isomers) δ 157.2, 136.9,

128.7, 128.6, 127.8, 122.3 (d, J = 285.7 Hz), 89.5, 85.2 (q, J = 34.1 Hz), 80.8, 80.5, 58.2, 45.8,

18.4.
19F-NMR (376 MHz, chloroform-d) δ -76.41 (d, J = 6.6 Hz).

IR (cm-1) 3302 (w), 2926 (w), 2094 (w), 1682 (m), 1299 (m), 1176 (s), 1145 (s), 1084 (m), 967 (m),

868 (w)
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4-bromobenzyl azide (137)

4-bromobenzyl bromide (0.75 g, 3 mmol, 1 equiv.) and sodium azide (0.78 g, 12 mmol, 4 equiv.)

were dissolved into a 3:1 acetone/water solution (5 mL) and stirred at room temperature for 6 hours.

The reaction mixture was then diluted by the addition of H2O (10 mL) and extracted with CH2Cl2 (4

x 10 mL). The combined organic layers were dried over MgSO4, filtered and concentrated by rotary

evaporation to provide 4-bromobenzyl azide (29) as a colourless oil (595 mg, 2.81 mmol, 94% yield).

The azide was used without any further purification.

1H-NMR (400 MHz, chloroform-d) δ 7.52 (m, 2H, ArH), 7.19 (m, 2H, ArH), 4.30 (s, 2H, ArCH2).
13C-NMR (101 MHz, chloroform-d) δ 134.3, 131.9, 129.8, 122.3, 54.0.

Spectra data was consistent with the values reported in literature.308

(E)-3-Benzyl-5-(1-(1-(4-bromobenzyl)-1H-1,2,3-triazol-4-yl)ethylidene)-2-

(trifluoromethyl)oxazolidine (60)

N
O

F3C

Bn Me
N

O

F3C

Bn Me

N
N N Br

Na-ascorbate
CuSO4

N3

THF:H2O, rt
+

Br

59a 137 60

Following a modified version of a reported procedure.427 To a solution of terminal alkyne (E)-59a

(56.0 mg, 0.200 mmol, 1 equiv.) and azide 137 (85.4 mg, 0.400 mmol, 2 equiv.) in a 1:1 mixture

of THF and H2O (1.2 mL; degassed by bubbling N2) was quickly added CuSO4 (9.0 mg, 0.060

mmol, 30 mol%) and sodium ascorbate (19.8 mg, 0.100 mmol, 50 mol%). The consumption of

the starting material was monitored by TLC (SiO2, 10% CH2Cl2 in pentane). After 4 hours, the

reaction was diluted with sat. NaHCO3 (6 mL) and extracted with CH2Cl2 (4 x 8 mL). The combined

organic layers were washed with brine (10 mL), dried over MgSO4, filtered and concentrated by

rotary evaporation. The crude material was dry-loaded onto NEt3-deactivated silica and purified by

column chromatography (SiO2 deac, 0-30% CH2Cl2 in pentane) to afford the named compound 60

as a colourless viscous oil (97.2 mg, 0.197 mmol, 99% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.49 (d, J = 8.1 Hz, 2H, BrAr ), 7.41 – 7.25 (m, 5H, ArH), 7.22

(s, 1H, C––CH), 7.13 (d, J = 8.1 Hz, 2H, BrAr ), 5.44 (s, 2H, BrArCH2), 5.01 (q, J = 5.3 Hz, 1H,

CHCF3), 4.21 (q, J = 16.8 Hz, 2H, NCH2C––C), 3.94 (s, 2H, ArCH2), 2.00 (t, J = 1.7 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 150.1, 148.8, 137.2, 133.9, 132.3, 129.6, 128.7, 128.6, 127.8,

122.9, 122.7 (q, J = 284.1 Hz), 118.9, 95.8, 92.6 (q, J = 34.1 Hz), 60.6, 55.3, 53.4, 13.9.
19F-NMR (376 MHz, chloroform-d) δ -81.13 (d, J = 5.4 Hz).

IR (cm-1) 2859 (w), 3136 (w), 1694 (m), 1490 (m), 1454 (m), 1293 (m), 1176 (s), 1139 (s), 1013 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H21BrF3N4O+ 493.0845; Found 493.0852.

427Sheldrake, H. M.; Wallace, T. W. Tetrahedron Lett. 2007, 48, 4407–4411, Link

176

http://dx.doi.org/10.1016/j.tetlet.2007.04.099


6.3 Scope of Carboetherification

(E)-3-benzyl-5-(4-(4-nitrophenyl)but-3-yn-2-ylidene)-2-(trifluoromethyl)oxazolidine (61)

N
O

F3C

Bn Me

N
O

F3C

Bn Me

NO2

DABCO

Pd(OAc)2

air, MeCN, rt

NO2I+

59a 52f 61

Following a modified version of a reported procedure.256 (E)-59a (62 mg, 0.22 mmol, 1 equiv.) and

1-iodo-4-nitrobenzene (55 mg, 0.22 mmol) were dissolved into acetonitrile (1.5 mL) to which was

added Pd(OAc)2 (1.0 mg, 4.4 µmol, 2 mol%) and DABCO (74 mg, 0.66 mmol, 3 equiv.). The reaction

mixture was stirred for 16 hours, after which it was diluted with EtOAc (5 mL) and filtered through

a plug of Celite, and concentrated by rotary evaporation. The crude material was dry-loaded onto

NEt3-deactivated silica and purified by column chromatography (SiO2, 5-20% CH2Cl2 in pentane)

which afforded the named compound 61 as an orange oil which later solidified after standing at 4 ◦C
(71 mg, 0.18 mmol, 79% yield)

1H-NMR (400 MHz, chloroform-d) δ 8.15 (m, 2H, NO2Ph), 7.46 (m, 2H, NO2Ph), 7.42 – 7.27 (m,

5H, ArH), 5.13 (q, J = 5.3 Hz, 1H, CHCF3), 4.15 – 4.05 (m, 1H, NCH2C––C), 4.03 – 3.90 (m, 2H,

ArCH2), 3.80 (dp, J = 16.3, 1.4 Hz, 1H, NCH2C––C), 1.92 (t, J = 1.6 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 158.5, 146.4, 136.6, 131.4, 130.8, 128.7, 128.6, 128.1, 123.6,

122.27, (q, J = 283.9 Hz), 95.0, 94.89 (q, J = 34.7 Hz), 89.7, 88.6, 60.6 54.8, 15.1.

IR (cm-1) 2926 (s), 2856 (s), 2193 (s), 1820 (s), 1671 (s), 1592 (s), 1516 (s), 1342 (s), 1294 (s),

1174 (s), 1139 (s), 963 (s), 853 (s), 751 (s), 702 (s)

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C21H18F3N2O3
+ 403.1264; Found 403.1257.

Cambridge Crystallographic Data Centre entry – 1874014

1-(benzylamino)-4-hydroxy-3-methyl-5-(triisopropylsilyl)pent-3-en-2-one (63)

N
O

F3C

Bn Me

TIPS

H2O/CHCl3

TFA
H
N

O

Bn
Me TIPS

OH

49a 63

To a solution of P-B-01 (0.13 mg, 0.30 mmol, 1 equiv.) in chloroform (3 mL) was added TFA (45 µL,

0.60 mmol, 2 equiv.) and H2O (11 µL, 0.60 mmol, 2 equiv.). The resulting mixture was stirred at room

temperature. The consumption of the starting material was monitored by TLC (SiO2, 10% CH2Cl2
in pentane). After 30 minutes, the reaction was quenched by the addition of sat. aq. NaHCO3 (5

mL), the layers separated and the aqueous layer extracted with CH2Cl2 (4 x 5 mL). The combined

organic layers were washed with brine (10 mL), dried over MgSO4, filtered and concentrated by
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rotary evaporation to afford the named compound 63 as an orange oil (0.10 mg, 0.27 mmol, 90%

yield). Attempts at purification were unsuccessful.

1H-NMR (400 MHz, chloroform-d) δ 7.37 – 7.26 (m, 4H, ArH), 7.08 (m, 1H, ArH) 4.54 (s, 2H,

ArCH2), 3.62 (s, 2H, NCH2C––C), 2.10 (s, 2H, CH2TIPS), 1.75 (s, 3H, CH3), 1.11 – 1.07 (m, 21H,

TIPS).
13C-NMR (101 MHz, chloroform-d) δ 196.2, 178.5, 136.7, 129.0, 127.8, 126.5, 107.1, 57.5, 50.1,

18.4, 12.0, 11.8, 7.7.

IR (cm-1) 3333 (m), 2945 (s), 2865 (s), 1712 (m), 1632 (s), 1534 (s), 1454 (s), 1386 (s), 1139 (m)

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C22H36NOSi+ 358.2561 (Corresponds

to loss of H2O); Found 358.2558.

N-benzyl-1-(3-methyl-5-(triisopropylsilyl)furan-2-yl)methanamine (65a)

N
O

F3C

Bn Me

TIPS

CHCl3
TFA, H2O

Au(PPh3)Cl (20 mol%)
AgSbF6 (20 mol%)

O
BnHN

Me

TIPS

49a 65a

To a solution of 12a (131 mg, 0.3 mmol, 1 equiv.), Au(PPh3)Cl (29.7 mg, 60.6 µmol 20 mol%) and

AgSbF6 20.6 mg, 60.6 µmol 20 mol%) in chloroform (3 mL) was added TFA (56.0 µL, 0.750 mmol,

2.5 equiv.) and H2O (14 µL, 0.75 mmol, 2.5 equiv.), and the reaction mixture was stirred at 45 ◦C
for 3 hours. To monitor consumption of starting material a small aliquot was removed, diluted with

CH2Cl2 and quenched with NaHCO3. TLC (SiO2, 30% CH2Cl2 in pentane). After completion, the

reaction was quenched by the addition of sat. aq. NaHCO3 (5 mL) and diluted with CH2Cl2 (5 mL).

The reaction was transferred to a separatory funnel and the layers separated. The aqueous layer

was extracted with CH2Cl2 (2 x 5 mL). The combined organic layers were dried over MgSO4, filtered

and concentrated by rotary evaporation. The crude material was dry-loaded onto silica and purified

by column chromatography (SiO2, 5-15% EtOAc in pentane) to afford the named compound 65a as

an orange oil. (94.1 mg, 0.209 mmol, 88% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.35 – 7.20 (m, 5H, ArH), 6.48 (s, 1H, furanH), 3.77 (s, 2H,

furanCH2), 3.73 (s, 2H, ArCH2), 1.98 (s, 3H, CH3), 1.81 (s, 1H, NH), 1.35 – 1.05 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.8, 153.1, 140.1, 128.3, 128.3, 126.9, 125.1, 116.1, 52.5,

43.3, 18.6, 11.1, 9.7.

IR (cm-1) 2944 (s), 2866 (s), 1496 (w), 1462 (m), 1139 (m), 884 (m)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H27OSi+ found 251.1826 (Consistent with Elimina-

tion of BnNH); found 251.1841.
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N-benzyl-1-(3-cyclopropyl-5-(triisopropylsilyl)furan-2-yl)methanamine (65b)

N
O

F3C

Bn

TIPS

CHCl3
TFA, H2O

Au(PPh3)Cl (20 mol%)
AgSbF6 (20 mol%)

O
BnHN

TIPS

49d 65b

Following the same procedure as for the synthesis of 65a . To the starting enyne 49d (93.0 mg,

0.200 mmol) dissolved in chloroform (1.3 mL) was added TFA (37 µL, 0.50 mmol, 2.5 equiv.) and

H2O (9.0 µL, 0.50 mmol, 2.5 equiv.). The reaction mixture was stirred for 10 min at 25 ◦C after

which Au(PPh3) (19 mg, 40 µmol, 20 mol%) and AgSbF6 (14 mg, 40 µmol, 20 mol%). The reaction

mixture was stirred for another 3 hours. Consumption of starting material determined by TLC (SiO2

30% CH2Cl2 in pentane). After completion, the reaction was quenched by the addition of sat. aq.

NaHCO3 (5 mL) and diluted with CH2Cl2 (5 mL). The reaction was transferred to a separatory funnel

and the layers separated. The aqueous layer was extracted with CH2Cl2 (2 x 5 mL). The combined

organic layers were dried over MgSO4, filtered and concentrated by rotary evaporation. The crude

material was dry-loaded onto silica and purified by column chromatography (SiO2, 5-15% EtOAc in

pentane) to afford the named compound 65b as a pale yellow oil. (67.1 mg, 0.175 mmol, 87% yield).

1H-NMR (400 MHz, chloroform-d) δ 7.46 – 7.26 (m, 5H, ArH), 6.30 (s, 1H, furanH), 3.95 (s, 2H,

furanCH2), 3.84 (s, 2H, ArCH2), 2.23 (s, 1H, NH), 1.69 (tt, J = 8.4, 5.0 Hz, 1H, CHCH2), 1.18 – 1.14

(m, 21H, TIPS), 0.92 – 0.86 (m, 2H, CHCH2), 0.62 – 0.57 (m, 2H, CHCH2).
13C-NMR (101 MHz, chloroform-d) δ 155.4, 153.1, 139.6, 128.5, 128.4, 127.0, 123.7, 120.4, 52.3,

43.4, 18.6, 11.0, 7.2, 5.9.

IR (nmax, cm-1) 2943 (s), 2864 (s), 1496 (s), 1463 (s), 1105 (s), 1018 (s), 883 (s), 735 (s), 698 (s),

676 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H29OSi+ 277.1982 (Consistent with Elimination of

BnNH); Found 277.1982.

N-benzyl-1-(3-phenyl-5-(triisopropylsilyl)furan-2-yl)methanamine (65c)

N
O

F3C

Bn

TIPS

CHCl3
TFA, H2O

Au(PPh3)Cl (20 mol%)
AgSbF6 (20 mol%)

O
BnHN

TIPS

49g 65c

Following the same procedure as for the synthesis of 65a. To the starting enyne 49g (100 mg, 0.200

mmol, 1equiv.) dissolved in chloroform (1.3 mL) was added TFA (37 µL, 0.50 mmol, 2.5 equiv.) and

H2O (9.0 µL, 0.50 mmol, 2.5 equiv.). The reaction mixture was stirred for 10 min at 25 ◦C after which

Au(PPh3) (19 mg, 40 µmol, 20 mol%) and AgSbF6 (14 mg, 40 µmol, 20 mol%). The reaction was

allowed to stir for another 3 hours with reaction monitoring by TLC (SiO2 35% CH2Cl2 in pentane).
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After completion, the reaction was quenched by the addition of sat. aq. NaHCO3 (5 mL) and diluted

with CH2Cl2 (5 mL). The reaction was transferred to a separatory funnel and the layers separated.

The aqueous layer was extracted with CH2Cl2 (2 x 5 mL). The combined organic layers were dried

over MgSO4, filtered and concentrated by rotary evaporation. The crude material was dry-loaded

onto silica and purified by column chromatography (SiO2, 5-15% EtOAc in pentane) to afford the

named compound 65c as an orange oil. (67.6 mg, 0.61 mmol, 81%).

1H-NMR (400 MHz, chloroform-d) δ 7.45 – 7.19 (m, 10H, ArH), 6.82 (s, 1H, furanH), 3.96 (s, 2H,

furanCH2), 3.77 (s, 2H, ArCH2), 1.93 (s, 1H, NH), 1.42 – 1.09 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 155.8, 153.4, 139.7, 133.8, 128.6, 128.4, 128.3, 127.8, 127.0,

126.5, 123.2, 123.1, 52.7, 44.2, 18.7, 11.0.

IR (nmax, cm-1) 2946 (s), 2865 (s), 1461 (s), 882 (s), 765 (s), 734 (s), 698 (s), 680 (s)

HRMS (ESI/QTOF) m/z: [M]+ Calcd for C20H29OSi+ 313.1982 (Consistent with Elimination of BnNH);

Found 313.1989.

3-Benzyl-2-(trifluoromethyl)-5-(4-(triisopropylsilyl)butan-2-yl)oxazolidine (66)

N
O

F3C

Bn Pd/BaSO4 (5 mol%)
Me

TIPS

N
O

F3C

Bn Me

TIPS
H2 (balloon), EtOH

49a 66

Ethanol (1.5 mL) was added to 49a (131 mg, 0.3 mmol, 1 equiv) and 5% Palladium on Barium

sulfate (31.9 mg, 15 µmol, 5 mol%). The mixture was degassed by freeze pump thaw and the

reaction vessel backfilled with H2 from a balloon. The reaction mixture was stirred at 55 ◦C for 5

days under a balloon of H2 (balloon). After cooling to room temperature, the mixture was filtered

through a plug of Celite (washing with Et2O (5 mL)) and concentrated by rotary evaporation. The

crude material was dry loaded onto deactivated silica and purified by column chromatography (SiO2,

4-10% CH2Cl2 in pentane) to the obtain the named compound 66 as colourless oil (98.6 mg, 0.229

mmol, 77% yield; as separable diastereomers 2:1 d.r.).

Major Diastereoisomer
1H-NMR (400 MHz, chloroform-d) δ 7.41 – 7.23 (m, 5H, ArH), 4.66 (q, J = 5.4 Hz, 1H, CHCF3), 3.95

(d, J = 13.4 Hz, 1H, ArCH2), 3.86 (m, 8.1 Hz, 2H, ArCH2+CHO), 3.02 – 2.85 (m, 2H, CH2CHO),

1.74 (tt, J = 13.7, 3.7 Hz, 1H, CHCH2CH2), 1.54 (m, 1H, CHCH3), 1.27 – 1.14 (m, 1H, CHCH2CH2),

1.06 – 1.02 (m, 21H, TIPS), 0.80 (d, J = 6.7 Hz, 3H, CH3), 0.70 (td, J = 14.1, 4.5 Hz, 1H, CH2TIPS),

0.44 (ddd, J = 14.4, 13.3, 3.8 Hz, 1H, CH2TIPS).
13C-NMR (101 MHz, chloroform-d) δ 138.1, 128.5, 128.5, 127.5, 123.4 (q, J = 283.7 Hz), 92.5 (q, J

= 33.6 Hz), 81.1, 60.0, 55.2, 40.3, 27.7, 18.8, 14.5, 10.9, 5.5.

IR (cm-1, major+minor 2:1) 2941 (m), 2865 (m), 1460 (m), 1291 (m), 1169 (s), 1131 (s), 883 (m),

738 (m), 698 (s)

Minor Diastereoisomer
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1H-NMR (400 MHz, chloroform-d) δ 7.41 – 7.24 (m, 5H, ArH), 4.66 (qd, J = 5.4, 2.2 Hz, 1H,

CHCF3), 3.95 (d, J = 13.5 Hz, 1H, ArCH2), 3.91 – 3.84 (m, 2H, ArCH2+CHO), 3.00 – 2.86 (m,

2H, CH2CHO), 1.52 (m, 1H, CHCH3), 1.44 – 1.32 (m, 1H, CHCH2CH2), 1.02 (d, J = 9.0 Hz, 25H,

TIPS+CH3+CHCH2CH2), 0.72 – 0.63 (m, 1H, CH2TIPS), 0.48 – 0.37 (m, 1H, CH2TIPS).
13C-NMR (101 MHz, chloroform-d) δ 138.0, 128.6, 128.5, 127.6, 123.4 (q, J = 283.8 Hz), 92.33 (q,

J = 33.5 Hz), 81.5, 60.0, 54.9, 40.1, 27.0, 18.8, 10.9, 6.1.

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C24H41F3NOSi+ 444.2904; Found 444.2912.

5-(Phenyl(p-tolyl)methyl)-2-(trifluoromethyl)oxazolidine (69a)

N
O

F3C

Bn Me HN
O

F3C

Me
H2 (balloon), EtOH

Me Me

Pd(OH)2/C

55b 69a

Palladium hydroxide on carbon (20%w, 53.4 mg, 76.0 µmol, 0.200 equiv.) was placed in a 10

mL flask under Ar. 55b (132 mg, 0.380 mmol, 1.00 equiv.) was dissolved in MeOH (6.0 mL). After

bubbling with N2, the solution was added to the flask. The suspension was put under H2 atmosphere

and stirred overnight at rt. The solution was filtered on Celite (washing with MeOH) and concentrated

under reduced pressure. A purification by preparative TLC (eluent Pentane/EtOAc 4:1) afford the

named compound 69a (89.4 mg, 0.345 mmol, 91% yield) as a colourless oil.

1H-NMR (400 MHz, chloroform-d) δ 7.14 (s, 4H, ArH), 4.86 (q, J = 5.6 Hz, 1H, CHCF3), 3.93 (ddd,

J = 14.3, 8.8, 5.6 Hz, 1H, CH2CHO), 3.32 (dd, J = 11.4, 5.1 Hz, 1H, NHCH2), 2.93 – 2.84 (m, 2H,

NHCH2 + CHCH3), 2.63 (br, 1H, NH), 2.33 (s, 3H, ArCH3), 1.24 (d, J = 7.1 Hz, 3H, CH3).
13C-NMR (101 MHz, chloroform-d) δ 140.6, 136.4, 129.3, 127.5, 123.5 (q, J = 282.9 Hz), 87.9 (q, J

= 33.8 Hz), 84.7, 49.4, 42.9, 21.2, 16.9.
19F-NMR (376 MHz, chloroform-d) δ -81.13 (d, J = 5.5 Hz).

IR (cm-1) 3346 (br), 2972 (br), 2896 (br), 1517 (m), 1455 (m), 1289 (m), 1169 (s), 1141 (s), 1113

(s), 1088 (s), 1049 (s), 947 (m), 885 (m), 672 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H17F3NO+ 260.1257; Found 260.1260.

5-(Phenyl(p-tolyl)methyl)-2-(trifluoromethyl)oxazolidine (69b)

N
O

F3C

Bn HN
O

F3C

H2 (balloon), EtOH

Me Me

Pd(OH)2/C

55i 69b
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Palladium hydroxide on carbon (20%w, 14.3 mg, 20.0 µmol, 0.200 equiv.) was placed in a 10 mL

flask under Ar. 55i (40.9 mg, 0.100 mmol, 1.00 equiv.) was dissolved in MeOH (1.5 mL)/EtOAc (0.7

mL). After bubbling with N2, the solution was added to the flask. The suspension was put under H2

atmosphere and stirred overnight at rt. The solution was filtered on Celite (washing with MeOH) and

concentrated under reduced pressure. A purification by preparative TLC (eluent Pentane/EtOAc 9:1)

afford the named compound 69b (25.6 mg, 80.0 µmol, 80% yield) as an off-white solid. mp 66-68
◦C.

1H-NMR (400 MHz, chloroform-d) δ 7.33 – 7.27 (m, 2H, ArH), 7.26 – 7.19 (m, 5H, ArH), 7.12 (d, J =

7.8 Hz, 2H, ArH), 4.97 (q, J = 5.6 Hz, 1H, CHCF3), 4.62 (ddd, J = 14.8, 9.3, 5.6 Hz, 1H, CH2CHO),

3.96 (d, J = 9.6 Hz, 1H, CHPh), 3.15 (dd, J = 11.8, 5.2 Hz, 1H, NHCH2), 2.85 – 2.75 (m, 1H,

NHCH2), 2.67 (br, 1H, NH), 2.31 (s, 3H, ArCH3).
13C-NMR (101 MHz, chloroform-d) δ 141.5, 139.2, 136.3, 129.3, 128.9, 128.3, 128.2, 127.1, 123.4

(q, J = 283.0 Hz), 88.4 (q, J = 33.9 Hz), 82.2, 55.3, 50.7, 21.2.
19F-NMR (376 MHz, chloroform-d) δ -81.04 (d, J = 5.1 Hz).

IR (cm-1) 3276 (w), 2922 (w), 1283 (m), 1180 (s), 1146 (s), 1098 (s), 1014 (m), 937 (m), 797 (s),

739 (s), 697 (s), 686 (s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H19F3NO+ 322.1412; Found 322.1409.

1-Amino-3-(p-tolyl)butan-2-ol (70)

HN
O

F3C

Me

Me

THF/H2O

TsOH
H2N

OH
Me

Me

69b 70

69a (60.0 mg, 0.231 mmol) was dissolved into a mixture of THF (4 mL) and H2O (0.5 mL) to which

was added tosylsulfonic acid (282 mg, 1.62 mmol, 7 equiv) and the reaction allowed to stir for 24

hr. The reaction was dissolved in CH2Cl2 (5 mL) and quenched by the addition of 1M NaOH (4

mL) the layers were separated and the aqueous layer additionally extracted by CH2Cl2 (2 x 5 mL).

the organic layer was rinsed with brine, dried over MgSO4 filtered and concentrated. No further

purification was performed. The desired product 1-amino-3-(p-tolyl)butan-2-ol 24 was obtained as a

viscous colourless oil (40 mg, 0.223 mmol, 96%) which was confirmed as a single diastereoisomer

by 1H NMR with an approximate purity of 95%.

1H-NMR (400 MHz, chloroform-d) δ 7.13 (s, 4H, ArH), 3.60 (ddd, J = 8.3, 7.1, 3.1 Hz, 1H, CHOH),

2.92 (dd, J = 12.5, 1.4 Hz, 1H, H2NCHH), 2.76 (p, J = 7.1 Hz, 1H, CHCH3), 2.57 (dd, J = 12.7, 8.2

Hz, 1H, H2NCHH), 2.33 (s, 3H, ArCH3), 1.85 (s, 2H, NH2), 1.26 (d, J = 7.1 Hz, 3H CHCH3).
13C-NMR (101 MHz, chloroform-d) δ 140.4, 136.1, 129.2, 127.9, 76.3, 45.0, 43.6, 21.0, 17.8.

IR (cm-1) 3319 (b), 2926 (m), 1568 (s), 1515 (s), 1454 (s), 1313 (m), 1015 (m), 816 (s), 735 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C11H18NO+ 180.1383; Found 180.1384.

182



6.4 Scope of Carboxy-alkynylation

6.4 Scope of Carboxy-alkynylation

General procedure for the carboxylation-alkynylation reaction of propargylic amines

A vial was charged with Pd2(dba)3•CHCl3(10.4 mg, 10.0 µmol, 2.5 mol%), DPEPhos (16.0 mg,

30.0 µmol, 7.5 mol%) and CsHCO3 (155 mg, 0.520 mmol, 2.0 equiv.). The vial was sealed and

purged with argon. To this was added DCE (2.0 mL) and the mixture was heated at 60 ◦C for 2-3

minutes, after which it took on an orange colour. Internal propargylic amine 2a-m (0.400 mmol), and

triisopropylsilyl bromoacetylene 1 (136 mg, 0.520 mmol, 1.3 equiv.) were then added directly to the

reaction mixture and left to stir at 60 ◦C for 18-24 hours. After this time, the reaction mixture was

removed from heating, cooled to room temperature, unsealed and diluted with pentane (4 mL) and

passed through a small plug of silica gel (deactivated by Et3N) rinsing with 10% EtOAc in pentane

(8 mL) and concentrated by rotary evaporation. The crude material was dry-loaded onto deactivated

silica gel prior to column chromatography.

(E)-3-benzyl-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one (50a)

Me

TIPS

O
N

O

Bn

Using 32a (58.1 mg, 0.400 mmol). The crude product was purified by column chromatography (SiO2;

0-3% EtOAc in pentane) afforded (E)-3-benzyl-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-

2-one (50a) as a straw yellow oil (119 mg, 0.309 mmol, 77% yield)

1H-NMR (400 MHz, chloroform-d) δ 7.47 – 7.24 (m, 5H, ArH), 4.51 (s, 2H, ArCH2), 4.12 (q, J = 2.2

Hz, 2H, NCH2C=C), 1.84 (t, J = 2.2 Hz, 3H, CH3), 1.06 – 1.00 (m, 21H, TIPS).

13C-NMR (101 MHz, chloroform-d) δ 155.1, 148.7, 134.7, 129.0, 128.3 (2C), 104.0, 94.6, 94.4, 48.0,

48.0, 18.6, 14.7, 11.1.

IR (cm-1) 2942 (m), 2865 (m), 2141 (w), 1794 (s), 1686 (s), 1469 (m), 1418 (m), 1244 (m), 1081

(m), 1047 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C23H33NNaO2Si+ 406.2173; Found 406.2168.
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(E)-3-(4-methoxybenzyl)-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one (50b)

Me

TIPS

O
N

O

PMB

Using 32k (76.0 mg, 0.400 mmol). The crude product was purified by column chromatography

(SiO2; 0-3% EtOAc in pentane) afforded (E)-3-(4-methoxybenzyl)-5-(4-(triisopropylsilyl)but-3-yn-2-

ylidene)oxazolidin-2-one (50b) as a straw yellow oil (127 mg, 0.293 mmol, 77% yield)

1H-NMR (400 MHz, chloroform-d) δ 7.20 (m, 2H, ArH), 6.89 (m, 2H, ArH), 4.42 (s, 2H, ArCH2), 4.07

(q, J = 2.2 Hz, 2H, NCH2C=C), 3.81 (s, 3H, OCH3), 1.81 (t, J = 2.2 Hz, 3H, CH3), 1.05 – 1.00 (m,

21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 159.6, 155.0, 148.9, 129.7, 126.8, 114.3, 104.1, 94.5, 94.3,

55.3, 47.9, 47.3, 18.6, 14.6, 11.1.

IR (cm-1) 2946 (m), 2868 (m), 2140 (w), 1789 (s), 1686 (s), 1515 (s), 1468 (m), 1416 (m), 1248 (s),

1042 (s), 679 (s), 661 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H35NNaO3Si+ 436.2278; Found 436.2291.

(E)-3-ferrocenylmethyl-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one (50c)

Me

TIPS

O
N

O

Fe

Using 32l (107 mg, 0.400 mmol). The crude product was purified by column chromatography

(SiO2; 0-3% EtOAc in pentane) afforded (E)-3-ferrocenylmethyl-5-(4-(triisopropylsilyl)but-3-yn-2-

ylidene)oxazolidin-2-one (5c) as an orange solid (127 mg, 0.260 mmol, 65% yield) the product was

isolated with 6.5% dibenzylideneacetone which was removed upon preparative TLC (10% Et2O in

pentane).

1H-NMR (400 MHz, chloroform-d) δ 4.28 (s, 2H, ferroceneCH2), 4.17 (d, J = 3.7 Hz, 9H ferroceneH),

4.11 (q, J = 2.2 Hz, 2H, NCH2C=C), 1.78 (t, J = 2.1 Hz, 3H, CH3), 1.04 (m, J = 1.6 Hz, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.6, 149.0, 104.2, 94.3, 94.1, 80.6, 69.0, 68.8, 68.7, 48.0,

43.5, 18.6, 14.5, 11.1.

IR (cm-1) 2943 (m), 2864 (m), 2146 (w), 1788 (s), 1772 (s), 1688 (s), 1468 (m), 1313 (m), 1245 (s),

1198 (m), 1058 (s), 665 (s)

HRMS (ESI/QTOF) m/z: [M]+ Calcd for C27H37FeNO2Si+ 491.1937; Found 491.1939.
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(E)-3-benzyl-5-(1-phenyl-4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one (50d)

TIPS

O
N

O

Bn
Ph

Using 32f (94.0 mg, 0.400 mmol). The crude product was purified by column chromatography (Et3N-

deactivated SiO2; 0-2% EtOAc in pentane) afforded (E)-3-benzyl-5-(1-phenyl-4-(triisopropylsilyl)but-

3-yn-2-ylidene)oxazolidin-2-one (50d) as an orange oil (110 mg, 0.239 mmol, 60% yield) [10% SM

in crude NMR]

1H-NMR (400 MHz, chloroform-d) δ 7.42 – 7.14 (m, 10H, ArH), 4.49 (s, 2H, ArCH2N), 4.12 (t, J =

1.5 Hz, 2H, NCH2C=C), 3.51 (d, J = 1.5 Hz, 2H, ArCH2C), 0.99 – 0.92 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.9, 148.7, 138.5, 134.6, 129.0, 128.9, 128.4 (2C), 128.3,

126.4, 102.8, 99.1, 96.6, 48.1, 48.0, 34.8, 18.5, 11.1.

IR (cm-1) 882 (s), 1045 (s), 1248 (s), 1417 (s), 1469 (s), 1672 (s), 1794 (s), 2141 (s), 2864 (s), 2941

(s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C29H37NNaO2Si+ 482.2486; Found 482.2495.

(E)-3-benzyl-5-(1-cyclopropyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50e)

TIPS

O
N

O

Bn

Using 32d (74.0 mg, 0.400 mmol). The crude product was purified by column chromatography

(SiO2; 0-2% EtOAc in pentane) afforded (E)-3-benzyl-5-(1-cyclopropyl-3-(triisopropylsilyl)prop-2-yn-

1-ylidene) oxazolidin-2-one (50e) as a dark orange oil (135 mg, 0.329 mmol, 82% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.41 – 7.23 (m, 5H, ArH), 4.49 (s, 2H, ArCH2), 4.12 (s, 2H,

NCH2C=C), 1.81 (tt, J = 8.0, 5.2 Hz, 1H, CH(-CH2CH2-)), 1.08 – 0.95 (m, 21H, TIPS), 0.76 – 0.60

(m, 4H, CH(-CH2CH2-)).
13C-NMR (101 MHz, chloroform-d) δ 155.1, 148.0, 134.7, 128.9, 128.2 (2C), 102.0, 99.3, 96.5, 48.3,

47.9, 18.5, 11.0, 8.3, 4.8.

IR (cm-1) 2945 (m), 2865 (m), 2150 (w), 1791 (s), 1671 (s), 1467 (m), 1419 (m), 1248 (m), 1060

(s), 1040 (s), 1000 (s)

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C25H36NO2Si+ 410.2510; Found 410.2508.
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(E)-3-benzyl-5-(4,4-dimethyl-1-(triisopropylsilyl)pent-1-yn-3-ylidene)oxazolidin-2-one (50f)

tBu

TIPS

O
N

O

Bn

Using 32e (81.0 mg, 0.400 mmol). The crude product was purified by column chromatography (SiO2;

0-2% EtOAc in pentane) which afforded (E)-3-benzyl-5-(1-cyclopropyl-3-(triisopropylsilyl)prop-2-yn-

1-ylidene)oxazolidin-2-one (50f) as a yellow oil (74.2 mg, 0.174 mmol, 44% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.43 – 7.21 (m, 5H, ArH), 4.48 (s, 2H, ArCH2), 4.08 (s, 2H,

NCH2C=C), 1.22 (s, 9H, C(CH3)3), 1.08 – 0.95 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 155.1, 147.6, 134.7, 129.0, 128.6, 128.4, 108.1, 103.3, 96.6,

49.6, 48.0, 33.8, 29.6, 18.6, 11.2.

IR (cm-1) 664 (s), 700 (s), 1041 (s), 1145 (s), 1415 (s), 1463 (s), 1650 (s), 1795 (s), 2131 (s), 2868

(s), 2958 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C28H35NNaO2Si+ 468.2329; Found 468.2335.

(E)-3-benzyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50g)

TIPS

O
N

O

Bn

Using 32g (89.0 mg, 0.400 mmol). The crude product was purified by column chromatography (Et3N-

deactivated SiO2; 0-2% EtOAc in pentane) which fforded (E)-3-benzyl-5-(1-phenyl-3-(triisopropylsilyl)-

prop-2-yn-1-ylidene)oxazolidin-2-one (50g) as a straw yellow solid (145 mg, 0.325 mmol, 81% yield).

The product was isolated with 7.5% dibenzylideneacetone which was removed upon preparative

TLC (10% Et2O in pentane) to give an off-white crystalline solid, m.p. 81-82 ◦C.
1H-NMR (400 MHz, chloroform-d) δ 7.80 (m, 2H, ArH), 7.44 – 7.21 (m, 8H, ArH), 4.55 (s, 2H,

ArCH2), 4.31 (s, 2H, NCH2C=C), 1.08 – 1.03 (m, 21H, TIPS)
13C-NMR (101 MHz, chloroform-d) δ 154.8, 149.2, 134.4, 132.7, 129.1, 128.5, 128.5, 128.3, 127.7,

127.5, 102.1, 99.9, 96.9, 49.7, 48.1, 18.6, 11.2.

IR (cm-1) 2941 (m), 2863 (m), 2140 (w), 1802 (s), 1647 (m), 1463 (m), 1417 (m), 1261 (m), 1129

(m), 1034 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C28H35NNaO2Si+ 468.2329; Found 468.2335.

Cambridge Crystallographic Data Centre entry – 1905359
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(E)-3-methyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50h)

TIPS

O
N

O

Me

Using 32m (58.0 mg, 0.400 mmol). The crude product was purified by column chromatography

(Et3N-deactivated SiO2; 0-4% EtOAc in pentane) affording the named compound (E)-3-methyl-5-(1-

phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50h ) as an orange solid (97.9 mg,

0.265 mmol, 66% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.83 (d, J = 8.0 Hz, 2H, ArH), 7.36 (t, J = 7.5 Hz, 2H, ArH),

7.26 (m, 1H, ArH), 4.49 (s, 2H,

NCH2C=C), 3.05 (s, 3H, CH3), 1.20 – 1.07 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 155.0, 148.9, 132.8, 128.3, 127.7, 127.5, 102.0, 99.8, 97.0,

52.2, 30.6, 18.7, 11.2.

IR (cm-1) 2945 (m), 2862 (m), 2147 (w), 1808 (s), 1649 (m), 1463 (m), 1403 (m), 1269 (m), 1132

(s), 1080 (s), 1006 (s), 883 (m), 765 (m), 660 (s)

HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C22H31NO2Si+ 369.2119; Found 369.2116.

(E)-3-benzyl-5-(1-(4-methoxyphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-

one (50i)

TIPS

O
N

O

Bn

OMe

Using 32h (101 mg, 0.400 mmol). The crude product was purified by column chromatography (Et3N-

deactivated SiO2; 0-2% EtOAc in pentane) (E)-3-benzyl-5-(1-(4-methoxyphenyl)-3-(triisopropylsilyl)-

prop-2-yn-1-ylidene)oxazolidin-2-one (5i) as a pale orange solid (129 mg, 0.271 mmol, 68% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.80 – 7.71 (m, 2H, ArH), 7.44 – 7.27 (m, 5H, ArH), 6.94 – 6.85

(m, 2H, ArH), 4.55 (s, 2H, ArCH2), 4.30 (s, 2H, NCH2C=C), 3.82 (s, 3H, CH3), 1.10 – 1.00 (s, 21H,

TIPS).
13C-NMR (101 MHz, chloroform-d) δ 158.8, 154.9, 147.7, 134.4, 129.0, 128.9, 128.5, 128.4, 125.3,

113.6, 102.3, 99.4, 96.6, 55.2, 49.6, 48.0, 18.6, 11.2.

IR (cm-1) 2946 (m), 2867 (m), 2143 (m), 1790 (s), 1647 (m), 1512 (s), 1249 (s), 1182 (s), 1031 (s),

836 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C29H37NNaO3Si+ 498.2435; Found 498.2443.
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(E)-3-benzyl-5-(1-(4-(trifluoromethyl)phenyl)-3-(triisopropylsilyl)prop-2-yn-1-

ylidene)oxazolidin-2-one (50j)

TIPS

O
N

O

Me

CF3

Using 32i (116 mg, 0.400 mmol). The crude product was purified by column chromatography (Et3N-

deactivated SiO2; 0-2% EtOAc in pentane) (E)-3-benzyl-5-(1-(4-(trifluoromethyl)phenyl)-3-(triisopro-

pylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50j) as a red oil (105 mg, 0.204 mmol, 51% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.92 (d, J = 8.2 Hz, 2H, ArH), 7.61 (d, J = 8.3 Hz, 2H, ArH),

7.45 – 7.27 (m, 5H, ArH), 4.57 (s, 2H, ArCH2), 4.33 (s, 2H, NCH2C=C), 1.07 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.3, 151.0, 136.3, 134.2, 129.1, 128.6, 128.5, 127.8, 125.2

(q, J = 3.9 Hz), 124.1 (q, J = 272.0 Hz), 101.2, 98.8, 97.8, 49.8, 48.1, 18.6, 11.1. One carbon not

resolved.
19F NMR (376 MHz, Chloroform-d) δ -62.5.

IR (nmax, cm-1) 662 (s), 882 (s), 1052 (s), 1201 (s), 1247 (s), 1324 (s), 1416 (s), 1468 (s), 1686 (s),

1792 (s), 2148 (s), 2867 (s), 2940 (s)

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C29H34F3NNaO2Si+ 536.2203; Found 536.2195.

(E)-5-(1-(3-bromophenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-3-phenyloxazolidin-2-one

(50k)

TIPS

O
N

O

Me

Br

Following general procedure B using 32n (120 mg, 0.400 mmol). The crude product was dry loaded

onto deactivated SiO2 and purified by column chromatography (SiO2; 0-3% EtOAc in pentane) which

afforded (E)-5-(1-(3-bromophenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-3-phenyloxazolidin-2-one

(50k) as a brown solid (124 mg, 0.243 mmol, 61% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.94 (t, J = 1.9 Hz, 1H, ArH), 7.76 (dt, J = 7.9, 1.3 Hz, 1H,

ArH), 7.44 – 7.27 (m, 6H, ArH), 7.22 (t, J = 7.9 Hz, 1H, ArH), 4.56 (s, 2H, ArCH2), 4.30 (s, 2H,

NCH2C=C), 1.10 – 1.04 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.4, 150.2, 134.8, 134.3, 130.6, 130.4, 129.8, 129.1, 128.6,

128.5, 126.2, 122.4, 101.3, 98.6, 97.7, 49.7, 48.1, 18.6, 11.2.

IR (cm-1) 702 (s), 1033 (s), 1253 (s), 1416 (s), 1464 (s), 1649 (s), 1803 (s), 2147 (s), 2866 (s), 2947

(s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C28H35
79BrNO2Si+ 524.1615; Found 524.1601.
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(E)-3-benzyl-5-(1-(3,5-dimethylphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-

one

(50l)

TIPS

O
N

O

Bn

Me

Me

Using 32j (100 mg, 0.400 mmol). The crude product was dry loaded onto deactivated SiO2 and

purified by column chromatography (SiO2; 0-3% EtOAc in pentane) which afforded (E)-3-benzyl-5-

(1-(3,5-dimethylphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50l ) as an orange

solid (151 mg, 0.331 mmol, 80% yield)
1H-NMR (400 MHz, chloroform-d) δ 7.43 (s, 2H, ArH), 7.42 – 7.29 (m, 5H, ArH), 6.94 – 6.86 (m,

1H, ArH), 4.55 (s, 2H, ArCH2), 4.30 (s, 2H, NCH2C=C), 2.32 (s, 6H, ArCH3), 1.11 – 1.02 (m, 21H,

TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.9, 148.8, 137.7, 134.5, 132.5, 129.2, 129.0, 128.5, 128.4,

125.5, 102.5, 100.0, 96.6, 49.7, 48.0, 21.4, 18.6, 11.2.

IR (cm-1) 674 (m), 702 (s), 851 (m), 884 (m), 1037 (s), 1133 (m), 1236 (m), 1415 (m), 1463 (m),

1645 (m), 1800 (s), 2142 (w), 2866 (m), 2942 (m).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C30H40NO2Si+ 474.2823; Found 474.2822.

(Z )-3-benzyl-5-(1-(thiophen-2-yl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

(50m)

TIPS

O
N

O

Bn
S

Using 32o (91.0 mg, 0.400 mmol). The crude product was dry loaded onto deactivated SiO2 and

purified by column chromatography (SiO2; 0-3% EtOAc in pentane) which afforded (Z )-3-benzyl-

5-(1-(thiophen-2-yl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one (50m) as an orange oil

(91.4 mg, 0.189 mmol, 47% yield).
1H-NMR (400 MHz, chloroform-d) δ 7.42 – 7.25 (m, 5H, ArH, 2H, thiopheneH), 7.03 (dd, J = 5.1,

3.7 Hz, 1H, thiopheneH), 4.56 (s, 2H, ArCH2), 4.28 (s, 2H, NCH2C=C), 1.12-1.02 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 154.4, 147.0, 136.1, 134.4, 129.1, 128.5, 128.4, 127.1, 126.1,

125.6, 100.5, 96.9, 95.4, 48.9, 48.1, 18.6, 11.2.

IR (nmax, cm-1) 2942 (m), 2864 (m), 2148 (w), 1796 (s), 1651 (m), 1462 (m), 1414 (m), 1253 (s),

1097 (m), 1039 (s), 882 (m), 744 (m), 697 (s), 665(s).

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C26H34NO2SSi+ 452.2074; Found 452.2071.
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(E)-3-benzyl-5-(1-(p-tolyl)ethylidene)oxazolidin-2-one (138) and

(Z)-3-benzyl-5-ethylideneoxazolidin-2-one (139)

Bn
NH

I

(E)Bn

O

O
Me

0.1 mmol 1.3 equiv.

Pd2(dba)3·CHCl3 (2.5 mol%)

CsHCO3 (2 equiv.)
DCE [0.2 M], 60 °C, 20 hrs

+

Me

N
Me DPEPhos (7.5 mol%)

AgBF4 (1.3 equiv.)

Me

(Z)Bn

O

O
Me

H

N+

32a 52b 138 139

A vial was charged with Pd2(dba)3•CHCl3 (2.6 mg, 2.5 µmol, 2.5 mol%), DPEPhos (4.4 mg, 7.5

µmol, 7.5 mol%), AgBF4 (25 mg, 0.13 mmol, 1.3 equiv.) and CsHCO3 (38 mg, 2.0 mmol, 2.0

equiv.). The vial was sealed and purged with argon. To this was added DCE (0.3 mL) and the

mixture was heated at 60 ◦C for 2-3 minutes, after which it took on a black colour. N-benzylbut-2-yn-

1-amine 32a (16 mg, 0.1 mmol, 1.0 equiv.) and a solution of 4-iodotoluene (28 mg, 0.13 mmol, 1.3

equiv.) in DCE (200 µL) were added directly to the reaction mixture and left to stir at 60 ◦C for 20

hours. After this time, the reaction mixture was removed from heating, cooled to room temperature,

unsealed, diluted with pentane (2 mL) and passed through a small plug of silica gel (deactivated

by Et3N) rinsing with 10% EtOAc in pentane (4 mL) and concentrated by rotary evaporation. The

crude material was purified by preparative TLC (15% EtOAc in pentane) to afford a mixture of the

named compounds 138 and 139 in a 1.5:1 ratio as a straw yellow oil (13.5 mg, 53.0 µmol 53% yield)

containing some impurities.
1H NMR (400 MHz, Chloroform-d ; as a 1.5:1 mixture of 138 and 139) δ 7.41 – 7.21 (m, 5H, ArH;

5H, ArH), 7.12 (d, J = 7.9 Hz, 2H, ArH), 7.05 – 7.00 (m, 2H, ArH), 4.55 (qt, J = 6.9, 2.2 Hz, 1H,

C=CH), 4.46 (s, 2H, ArCH2), 4.45 (s, 2H, ArCH2), 4.03 (q, J = 2.2 Hz, 2H, NCH2C=C), 3.96 (p, J =

2.2 Hz, 2H, NCH2C=C), 2.31 (s, 3H, ArCH3), 2.07 (t, J = 2.2 Hz, 3H, CH3), 1.67 (dt, J = 7.0, 2.3 Hz,

3H, CH3).
13C NMR (101 MHz, Chloroform-d ; as a 1.5:1 mixture of 138 and 139, some signals could not be

attributed) δ 156.0, 155.9, 141.6, 138.1, 136.9, 135.9, 135.2, 129.3, 128.9, 128.1, 128.1, 128.1,

127.1, 112.1, 97.6, 47.9, 47.9, 47.4, 47.1, 21.1, 16.5, 9.9.

IR (cm-1) 3031 (w), 2921 (w), 2863 (w), 1777 (s), 1716 (m), 1422 (m), 1258 (m), 1083 (s), 1062 (s),

821 (m), 754 (m), 703 (s).

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H20NO2
+ 294.1489; Found 294.1490.

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C12H13NO2
+ 204.1019; Found 204.1020.

The spectra of 9 closely resembles similar structure in literature.256
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6.5 Optimisation of enantioselective oxyarylation

6.5 Optimisation of enantioselective oxyarylation

(E)-3-Benzyl-5-(phenyl(p-tolyl)methylene)-2-(trifluoromethyl)oxazolidine (55i)

O
NBn

F3C

Me

*

To a sealed vial containing Pd2(dba)3•CHCl3 (2.6 mg, 2.5 µmol, 2.5 mol%),

chiral ligand (6.0 µmol, 6 mol%) and K3PO4 (28 mg, 0.13 mmol, 1.3 equiv.)

under an atmosphere of N2 was added DCE (30 µL), the mixture was heated

at 45 ◦C for 5 min (mixture obtained an orange/yellow colour). To the reaction

mixture was added N-benzyl-3-phenylprop-2-yn-1-amine (49g ) (22 mg, 0.10

mmol) and trifluoroacetaldehyde ethyl hemiacetal (18) (19 µL, 0.13 mmol, 1.35

equiv.) were added directly via Hamilton syringe and p-iodotoluene (28 mg, 0.13

mmol, 1.3 equiv) as a solution in DCE (20 µL). The resulting reaction mixture

was stirred at 45 ◦C for 14-18 hours. After this time, the reaction mixture was removed from heating,

cooled to room temperature and unsealed. the reaction mixture was then diluted with pentane (4

mL) and passed through a small plug of silica gel (deactivated by Et3N) rinsing with 10 % EtOAc in

pentane (4 mL) and concentrated by rotary evaporation. The crude reaction material was purified by

prepTLC (SiO2; 3% EtOAc in pentane) affording (E)-3-benzyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-

yn-1-ylidene)-2-(trifluoromethyl)oxazolidine (55i) as a colourless oil that forms a white solid overtime.

1H-NMR (400 MHz, chloroform-d) δ 7.86 – 7.79 (m, 2H, Ph), 7.42 – 7.27 (m, 7H, Ar, Ph), 7.25 –

7.21 (m, 1H, Ph), 5.29 (q, J = 5.3 Hz, 1H, CHCF3), 4.26 – 4.20 (m, 1H, NCH2C––C), 4.08 – 3.91 (m,

3H, NCH2C––C, ArCH2), 1.09 – 1.05 (m, 21H, TIPS).
13C-NMR (101 MHz, chloroform-d) δ 158.3, 136.4, 134.3, 128.9, 128.7, 128.1, 128.0, 127.4, 126.6,

122.2 (d, J = 283.4 Hz), 104.4, 96.4 (q, J = 34.9 Hz), 95.8, 93.6, 60.7, 57.2, 18.7, 11.3.
19F-NMR (376 MHz, chloroform-d) δ -80.82 (d, J = 5.5 Hz).

IR (cm-1) 3028 (w), 2867 (m), 2945 (m), 2143 (m), 1637 (m), 1458 (m), 1293 (m), 1175 (s), 1153

(s), 1127 (s), 880 (m)

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C29H37F3NOSi+ 500.2591; Found 500.2590.

Figure 6.1. racemic product and reaction using 122 as ligand. HPLC conditions: CHIRALPAK IB N-5, 1 %
IPA in hexane, 30 min, 1 mL/min
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7 Spectra

7.1 Carboetherification
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7 Spectra

(Z)-3-Benzyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Benzyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(Z)-3-(4-Methoxybenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-(4-Methoxybenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(Z)-3-(4-Chlorobenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-(4-Chlorobenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(Z)-3-(2-Chlorobenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-(2-Chlorobenzyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(Z)-3-Methyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Methyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

20
.4

4

3.
05

1.
13

1.
10

1.
10

1.
00

1.
07

2.
64

3.
573.

57
3.

58
3.

583.
613.

61
3.

62
3.

62
4.

074.
07

4.
07

4.
07

4.
11

4.
11

4.
85

4.
86

4.
88

4.
89

5.
15

5.
16

5.
16

7.
26

 C
D

Cl
3

ONMe

CF3

H

TIPS

(45e)

13C-NMR (101 MHz, chloroform-d)

0102030405060708090100110120130140150160170180190200

43
.7
4

56
.4
3

80
.7
3

93
.2
4

96
.1
3

96
.4
7

96
.8
2

97
.1
6

10
2.
27

12
0.
78
12
3.
60

16
4.
00

ONMe

CF3

H

TIPS

(45e)

203



7 Spectra

(Z)-3-(Furan-2-ylmethyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-(Furan-2-ylmethyl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.5

20
.5

3

3.
22

1.
03

0.
89

1.
01

1.
10

1.
09

1.
00

3.
893.
89

3.
89

3.
92

3.
93

3.
93

4.
01

4.
014.

02
4.

02
4.

02
4.

064.
06

4.
06

4.
06

5.
06

5.
06

5.
07

5.
16

5.
17

5.
19

5.
20

6.
286.
28

6.
29

6.
29

6.
336.
34

6.
34

6.
34

7.
26

 C
D

Cl
3

7.
397.

40
7.

40
7.

40

ON

CF3

H

TIPS

O

(45f)

13C-NMR (101 MHz, chloroform-d)

0102030405060708090100110120130140150160170180

11
.2
6

29
.7
0

51
.9
5

53
.7
9

80
.3
1

93
.0
2

93
.9
2
94
.2
7

94
.6
2

94
.9
6

10
2.
46

10
9.
73
11
0.
37

12
0.
83

12
3.
64

14
3.
20

14
9.
87

16
4.
14

ON

CF3

H

TIPS

O

(45f)

205



7 Spectra

(Z)-3-Phenyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Phenyl-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(Z)-3-(Prop-2-yn-1-yl)-2-(trifluoromethyl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(Z)-2-(Trifluoromethyl)-3-(5-(triisopropylsilyl)penta-2,4-diyn-1-yl)-5-(3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-Benzyl-2-(trifluoromethyl)-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)- and (Z)-3-Benzyl-2-(trifluoromethyl)-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-Benzyl-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)pent-1-yn-3-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)- and (Z)-3-Benzyl-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)pent-1-yn-3-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.5
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7 Spectra

(E)-3-Benzyl-5-(4-methyl-1-(triisopropylsilyl)pent-1-yn-3-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Benzyl-5-(1-cyclopropyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-Benzyl-5-(4,4-dimethyl-1-(triisopropylsilyl)pent-1-yn-3-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Benzyl-5-(1-phenyl-4-(triisopropylsilyl)but-3-yn-2-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
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7 Spectra

(E)-3-Benzyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Benzyl-5-(1-(4-methoxyphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-Benzyl-2-(trifluoromethyl)-5-(1-(4-(trifluoromethyl)phenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-benzyl-5-(1-(3,5-dimethylphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

21
.8

4

5.
83

2.
18

0.
92

1.
00

1.
00

0.
85

5.
01

1.
83

3.
91

3.
953.

97
4.

00
4.

01
4.

04
4.

05
4.

19
4.

23

5.
26

5.
27

5.
28

5.
30

6.
88

7.
26

 C
D

Cl
3

7.
31

7.
337.

34
7.

34
7.

367.
37

7.
37

7.
46

7.
46

O
NBn

F3C

TIPS

Me

Me

(??)

13C-NMR (101 MHz, chloroform-d)

0102030405060708090100110120130140150160170180

1.
02

11
.3
3

21
.4
5

29
.7
1

57
.1
6

60
.6
7

93
.3
6

95
.7
4

95
.8
5

96
.0
9

96
.4
3

96
.7
8

10
4.
81

11
8.
0312
0.
85

12
3.
66

12
5.
34

12
6.
48

12
8.
03

12
8.
34

12
8.
67

12
8.
89

13
4.
141
36
.5
1

13
7.
44

15
7.
88

O
NBn

F3C

TIPS

Me

Me

(??)

221



7 Spectra

(E)- and (Z )-3-benzyl-4-pentyl-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)hept-1-yn-3-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

3-(4-methoxybenzyl)-4-(4-methoxyphenyl)-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)hept-1-yn-3-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

3-(4-methoxybenzyl)-4-(4-methoxyphenyl)-2-(trifluoromethyl)-5-(1-(triisopropylsilyl)hept-1-yn-3-ylidene)oxazolidine

1H-NMR (400 MHz, chloroform-d)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

2.
56

3.
00

21
.8

2

1.
72

1.
63

2.
96

3.
09

1.
88

1.
00

1.
06

4.
44

4.
23

0.
65

0.
65

0.
67

0.
67

0.
68

0.
99

1.
01

1.
07

1.
09

1.
51

1.
52

1.
53

1.
54

1.
54

3.
79

3.
79

3.
91

3.
91

4.
70

4.
815.

08
5.

09
5.

10
5.

11

6.
77

6.
78

6.
79

6.
79

6.
81

6.
81

7.
08

7.
08

7.
09

7.
11

7.
12

7.
26

 C
D

Cl
3

MeO
TIPS

BupMeOBn

F3C

O
N

(Minor) (51d)

13C-NMR (101 MHz, chloroform-d)

0102030405060708090100110120130140150160170180

1.
02

11
.3
4

13
.7
6

21
.7
6

21
.9
7

28
.9
829
.9
7

55
.0
5

55
.2
8

66
.5
0

90
.2
6
90
.6
0

90
.9
5

91
.3
0

94
.4
0

95
.6
4

10
3.
77

11
3.
69
11
3.
84

11
8.
47
12
1.
28

12
4.
10

12
6.
90

12
7.
30

12
9.
22

12
9.
86

13
0.
23

13
0.
73

13
1.
72

15
9.
17

15
9.
20

MeO
TIPS

BupMeOBn

F3C

O
N

(Minor) (51d)

224



7.1 Carboetherification

(E)-3-benzyl-5-(1-phenylethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(1-(p-tolyl)ethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-benzyl-5-(1-(o-tolyl)ethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(1-(3,5-dimethylphenyl)ethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-benzyl-5-(1-(4-methoxyphenyl)ethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(1-(4-nitrophenyl)ethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-benzyl-5-(cyclopropyl(p-tolyl)methylene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(diphenylmethylene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-benzyl-5-(phenyl(p-tolyl)methylene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-2-(4-((3-benzyl-2-(trifluoromethyl)oxazolidin-5-ylidene)(phenyl)methyl)phenoxy)-N,N-dimethylethan-1-amine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Benzyl-5-(but-3-yn-2-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)- and (Z )-3-Benzyl-5-(but-3-yn-2-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

(E)-3-Benzyl-5-(1-(1-(4-bromobenzyl)-1H-1,2,3-triazol-4-yl)ethylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(4-(4-nitrophenyl)but-3-yn-2-ylidene)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

1-(benzylamino)-4-hydroxy-3-methyl-5-(triisopropylsilyl)pent-3-en-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

N-benzyl-1-(3-methyl-5-(triisopropylsilyl)furan-2-yl)methanamine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

N-benzyl-1-(3-cyclopropyl-5-(triisopropylsilyl)furan-2-yl)methanamine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

N-benzyl-1-(3-cyclopropyl-5-(triisopropylsilyl)furan-2-yl)methanamine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

3-benzyl-2-(trifluoromethyl)-5-(4-(triisopropylsilyl)butan-2-yl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

3-benzyl-2-(trifluoromethyl)-5-(4-(triisopropylsilyl)butan-2-yl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

5-(phenyl(p-tolyl)methyl)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

5-(phenyl(p-tolyl)methyl)-2-(trifluoromethyl)oxazolidine

1H-NMR (400 MHz, chloroform-d)
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7.1 Carboetherification

1-amino-3-(p-tolyl)butan-2-ol

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

7.2 Carboxy-alkynylation
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7.2 Carboxy-alkynylation

(E)-3-benzyl-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-(4-methoxybenzyl)-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7.2 Carboxy-alkynylation

(E)-3-ferrocenylmethyl-5-(4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(1-phenyl-4-(triisopropylsilyl)but-3-yn-2-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7.2 Carboxy-alkynylation

(E)-3-benzyl-5-(1-cyclopropyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(4,4-dimethyl-1-(triisopropylsilyl)pent-1-yn-3-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7.2 Carboxy-alkynylation

(E)-3-benzyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-methyl-5-(1-phenyl-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7.2 Carboxy-alkynylation

(E)-3-benzyl-5-(1-(4-methoxyphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(1-(4-(trifluoromethyl)phenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.5

21
.2

6

2.
00

1.
95

5.
07

2.
10

2.
05

1.
05

1.
08

1.
09

1.
10

1.
10

1.
11

1.
12

1.
12

4.
33

4.
57

7.
26

 C
D

Cl
3

7.
317.

31
7.

337.
33

7.
38

7.
39

7.
407.

607.
62

7.
91

TIPS

O
N

O

Me

CF3

(50j)

13C-NMR (101 MHz, chloroform-d)

-100102030405060708090100110120130140150160170180190200

0.
14

0.
86

11
.1

4

48
.0

9
49

.7
6

76
.6

8 
CD

Cl
3

77
.0

0 
CD

Cl
3

77
.3

2 
CD

Cl
3

97
.8

2
98

.7
8

10
1.

17

12
5.

14
12

5.
18

12
5.

22
12

5.
26

12
7.

80
12

8.
55

12
8.

59
12

9.
11

13
4.

18
13

6.
29

15
1.

02

15
4.

32

TIPS

O
N

O

Me

CF3

(50j)

258



7.2 Carboxy-alkynylation

(E)-5-(1-(3-bromophenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)-3-phenyloxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

21
.5

4

2.
08

2.
07

1.
18

6.
65

1.
08

1.
00

4.
30

4.
56

7.
20

7.
22

7.
24

7.
26

 C
D

Cl
3

7.
30

7.
327.

32
7.

36
7.

37
7.

38
7.

40
7.

41
7.

94
7.

94
7.

95

TIPS

O
N

O

Me

Br

(50k)

13C-NMR (101 MHz, chloroform-d)

-100102030405060708090100110120130140150160170180190200

11
.1
5

48
.0
7

49
.6
8

97
.7
098
.6
3

10
1.
3312
2.
42

12
6.
19

12
8.
52

12
8.
56

12
9.
11

12
9.
77

13
0.
3813
0.
56

13
4.
27

13
4.
79

15
0.
18

15
4.
45

TIPS

O
N

O

Me

Br

(50k)

259



7 Spectra

(E)-3-benzyl-5-(1-(3,5-dimethylphenyl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7.2 Carboxy-alkynylation

(Z )-3-benzyl-5-(1-(thiophen-2-yl)-3-(triisopropylsilyl)prop-2-yn-1-ylidene)oxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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7 Spectra

(E)-3-benzyl-5-(1-(p-tolyl)ethylidene)oxazolidin-2-one and (Z )-3-benzyl-5-ethylideneoxazolidin-2-one

1H-NMR (400 MHz, chloroform-d)
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