THE UNIVERSITY
of EDINBURGH

Exploration of Brgnsted Base Catalysis for Formal C-H
Bond Activations

Thesis Submitted in Accordance with the Requirements of the University of Edinburgh for the Degree
of Doctor of Philosophy

By

Hanno Kossen

Supervisor: Dr Uwe Schneider
EaStCHEM, School of Chemistry
College of Science and Engineering

The University of Edinburgh

August 2016



DECLARATION

I, Hanno Kossen, hereby declare that, except where specific reference is made to other
resources, the work presented in this thesis is the original work of my own research since the
start of my PhD degree in September 2012 and any collaboration is clearly indicated. This
thesis has been composed by myself and has not been submitted, in whole or part, for any

other degree, diploma or other qualification.
Signed:

Date:
11/11/2016



Acknowledgements

First of all, 1 would like to thank my wonderful wife Tomke for her continuous support

throughout the duration of my PhD. She made every single Scottish rainy day worthwhile.

I would like to thank Uwe Schneider for giving me the opportunity to carry out the research
in his group and for his supervision during my PhD. | also thank the rest of the Schneider
group (past and present) for their support and ideas. This also includes all project students
that have worked on related projects in the group. Special thanks also go to Andrew
Lawrence and his group for great literature meetings. Also thanks to Lorna and Juraj for their

help with NMR as well as Alan and Logan for help with MS.

I would also like to thank the Principal’s Career Development Scholarship for financial
support. Thanks to Peter Kirsop and Michael Seery for their guidance and support regarding
teaching. Finally, I would like to thank the School of Chemistry and ScotChem for providing

the facilities for the research as well as funding.



Abbreviations

Ac
Ar
atm
aq
bp
BB
BHT
Bn
Boc
BOX
Bu
br
cat
CDC
CDP
conc
conv
Cy

DA
DBE

DBU

DCM
DCE

acetyl

aryl

atmosphere
aqueous

boiling point
Bransted base
butylated hydroxytoluene
benzyl
tert-butyloxycarbonyl
bisoxazoline

butyl

broad

catalyst
carbodicarbene
carbodiphosphorane
concentration
conversion
cyclohexyl

doublet
di-isopropylamine
dibenzyl ether

1,8-diazabicyclo[5.4.0]
undec-7-ene
dichloromethane
dichloroethane

DFT
Dipp
DMAc
DME
DMF
DMSO

dr

ee

El

ESI

Et
Et,O
EtOAC
equiv
FLP
HMDS
HQ
HRMS
Hz
IMes

IPr

'Pr
IR

density functional theory
di-isopropylphenyl
dimethylacetamide
dimethoxyethane
dimethylformamide
dimethylsulfoxide

diastereometric ratio

electrophile

enantiometric excess

electron ionisation

electron spray ionisation

ethyl

diethylether

ethyl acetate

equivalent

frustrated Lewis pair
hexamethyldisilazene
hydroquinone

High resolution mass spectrometry
Hertz
1,3-Bis(2,4,6-trimethylphenyl)-1,3-
dihydro-2H-imidazol-2-ylidene
1,3-Bis(2,6-diisopropylphenyl)-
1,3-dihydro-2H-imidazol-2-ylidene
isopropyl

infra-red



Abbreviations (continued)

LB

MB
Me
MeCN

Mes

MIDA
MS
nd
NHC
NMP
NMR
Nu
PA
PC
PE
pin
Ph
PhMe
PHC
PMP

ppm

ligand
Lewis acid

Lewis base
multiplet
mass balance
methyl
acetonitrile

mesityl

N-methyliminodiacetic acid
molecular sieves

not determined
N-heterocyclic carbene
N-methyl pyrrolidone
nuclear magnetic resonance
nucleophile

proton affinity

propylene carbonate
petroleum ether

-pinacolato

phenyl

toluene

P-heterocyclic carbone
para-methoxy phenyl

parts per million

Pr
PTLC

Py

aq
rt

S
SIMes

SIPr

t

‘Bu
TBME
TMEDA
THF
TOF
TON
TMP

TMS

Ts

9-BBN
[DB18]c-6
[18]c-6
[15]c-5
[12]c-4

propyl

preparative thin-layer
chromatography

pyridine

quartet

room temperature

singlet
1,3-Bis(2,4,6-trimethylphenyl)-
4,5-dihydroimidazol-2-ylidene
1,3-Bis(2,6-di-isopropyl-
phenyl)imidazolidin-2-ylidene
triplet

tert-butyl

tert-butyl methyl ether
tetramethylethylenediamine
tetrahydrofuran

turnover frequency

turnover number
tetramethylpiperidine

tetramethylsilane

tosyl
borabicyclo[3.3.1]nonane
dibenzo-18-crown-6
18-crown-6

15-crown-5

12-crown-4



Lay summary

The synthesis of complex molecules, such as pharmaceutically active substances or natural
products, relies on bond forming reactions of smaller molecular sub-units. These reactions
often fail to proceed directly because they require too much activation energy. Therefore,
catalysts need to be developed which reduce the activation energy and facilitate the reaction.
The catalyst usually acts by activating one or both of the reaction partners either by
stabilising naturally occurring transition states or by forming distinct reaction intermediates,

resulting in the formation of new bonds.

The presented research focusses on the challenging development of new catalytic methods
for the formation of carbon—carbon bonds. Specifically, base catalysts were used for
increasing the electron density required for the formation of a new bond with electron
accepting species (electrophiles). The first part describes an approach using metal-base
complexes in the formation of homoallylic amines, which are a versatile structural motif that
occurs in complex molecules and their precursors. Importantly, the chosen metal, sodium, is
non-toxic, abundant, and environmentally benign. The second part explores the use of
metal-free organocatalysts, where challenging carbon-hydrogen (C-H) bonds of small
organic molecules were activated. The resulting products contained an amide functional

group, which is dominant feature in biological molecules.

Both approaches contribute to the diversity of methodologies available to synthetic organic
chemistry. By activating bonds that are common in all organic molecules, these methods are
highly applicable and versatile. These new methods may ultimately lead to the development

of better and cheaper ways of making complex organic molecules.



Abstract

This PhD project investigates the use of (Lewis or Brgnsted) bases in catalysis. While the
first chapter explores the use of main group metal amides in C—H bond activation reactions,

the second chapter focusses on metal-free organocatalysis using so-called carbones.

In the first chapter, formal allylic C(sp®)-H bond activations of unfuctionalised alkenes for
C-C bond formations with imines were investigated. Alkali metal amides were used as
catalysts for these transformations, giving homoallylic amine products. The investigations
showed the unique reactivity of the Na-amide catalyst compared to other metal base
complexes. The reaction scope and robustness was explored and initial insights into the

reaction mechanism were obtained.

A related K-amide catalyst was then developed for the isomerisation of allyl benzenes, as
well as functionalised olefins such as allylic silanes, boronic esters, phosphines, amines,
ethers, and thioethers. This part explored the use of ligands to increase the catalyst’s
selectivity. Finally, the metal- or functional group-substituted classes of reagents were used
in the functionalised allylation of imines, giving highly complex molecules with a diverse
range of applications. Here, unprecedented reactivities were observed for the use of allyl-M
reagents, as the allylation involved the activation of C—H bonds rather than C—X bonds.
Furthermore, new catalytic formations of heteroatom-substituted homoallylic amines were

described.

The following chapter focussed on the use of carbodiphosphoranes (CDPs) in catalysis.
These C(0) bases, or carbones, represent a class of heteroallene compounds that exhibit a
high electron density on a P(V)-flanked carbon centre. Their potential as either a Lewis or
Bronsted base was examined. Different CDPs were synthesised and reacted
stoichiometrically with CO,, boron Lewis acids and metal salts. The generated intermediates
were then studied in their reaction behaviour, taking advantage of a potentially available
second pair of electrons. The results of these reactions were compared to other carbon bases,
such as carbenes or other carbones. Finally, the Bransted basicity of the CDP was examined
in reactions with acidic pro-nucleophiles. The conjugate addition of alkylnitriles to a,f-
unsaturated amides was developed using a catalytic amount of CDP. To the best of our
knowledge, the first catalytic use of a CDP, as well as the first C—-H bond activation of

acetonitrile in Michael additions was reported.

\



Table of Contents

1  GENERAL INTRODUCTION .....ccuiieiiietiiiiniieeineaiieenreeesreasreessseasssensssenssssansssensenenns 1
2 METAL—BASE CATALYSIS ...ttt re s e s e s s aa s e aa s enanes 5
2.1 INTRODUCTION ..uiiitueeettteeetttneeeetsueeeraneeeessnneesstnnaeessnnasssnnneesssnnaesssnnsesssnneeesssnneessnnnnes 5
2.1.1 Allylation of Imines using AllYI—M ...........ooouoeeeeeeeiiieeeiiiieeseiieeeesciesessciesessssenens 5
2.1.2  The IMiNO-ENE REACLION .......ccc.eeeeueeeieeeeiesee ettt 11
2.1.3  Allylic C(sp>)—H BONA ACEIVALION ......c..cvereeeeeeeereereereceeceeseeieeeeeeeeeereeesaeevesseseenin 14
2.2 AUMS ettt e ettt e et e e e s e bt e e e e e e e e et b ee e e e e e e e e ababtaeeeeeeesaabtraeaeeeeeenanrrnen 17
2.3 RESULTS AND DISCUSSION ... .eetuueeeetueeeettieeeettneeesssnaeeessneeessnneesssnaeeessnneeesssnnsesssnseeessnns 19
2.3.1 Formal C(sp?)—H Bond Activation of Unfunctionalised Alkenes......................... 19
23.1.1 Previous Work in the group ... 21
2.3.1.2 Specific Literature PreCEANCE ...c.viiviiiiiieeie sttt 23
2.3.1.3  CatalySt SCrEENING ...ooiuiieeiieiite ettt sttt sttt s e s e st esabeesanee s 29
2.3.1.4  Literature for Alkali Metal Amides in Catalysis........ccccvveerrieeriieeniieniieenee e 39
2.3.1.5  Applicability and RODUSENESS ...cccueiiiiiriieiiieniiieries ettt e sreesbeesreesbeesnee s 43
D0 T80 Y - S Yoo o 1SR PP PUPTRN 47
2.3.1.7  Preliminary Mechanistic INVestigations..........cccocueeeieiriieniie e 60
2.3.1.8  Other Work in the GroUpP......c.ececueerieeriieeiieenieesieesireesieesieesreesreesbeesneesaseesnees 70
2.3.2 ISOMEIISALION. ......ueeeeeeiieeeeiee ettt e e st e e e et e e e s e e e s anes 71
2.3.2.1 Unfunctionalised Isomerisation - Optimisation.........ccccevveeiiiinieenieeniiee e 74
2.3.2.2 Unfunctionalised ISOMerisation - SCOPE ....cuviiviiiiririiiieicciee et e saee e 84
2.3.2.3  Functionalised Isomerisation —Use of Allyl=M..........ccocceerviiriiiniiiniienee e 87
2324 Functionalised Isomerisation — Use of Allyl=FG.........cccccevvuiiriieenieeniieeniiee e 90
2.3.3 Functionalised C—C Bond Formation Using AllyI=M ..............cceeevvueeevivvvveeennnen 101
2331 SHICON ettt e e et e e st e e e st e e e abe e seabt e e e sbeeeeeas 103
2.3.3.2 BOFON coiiiiiiiiiciii 108
2.3.3.3  Tin, Magnesium and Palladium ........cccccuueriiiiiiiiiiie e 111
2.3.4 Functionalised C—C Bond Formation Using AllyI—=FG .............ccccccvvuveevvvvveennnnen. 115
2341 ThIOETNEIS .ot s 116
234.2 EENEIS e 120
2343 AMINES ottt e 123
2344 PROSPNINES ...t ssaaae s 130

2.4 CONCLUSIONS AND FUTURE WORK ..vuuuiiieiiiiiiiiiieeeeeeeetiniiieeeseesesnsnnneseeesssssnsnnsesssessnnes 135

Vi



3 METAL-FREE ORGANOCATALYSIS ......ciiiiiiiiimiiiiiiiniiiiinnneieisneesnssssssisssneeesssssssens 139

3.1 INTRODUCTION TO CARBODIPHOSPHORANES .....ceutteuieeuteeteeieesseesieesaeeseesseesseesueesunenas 139
Y B V1 o 1= K3 ST 139
3.1.2  Stoichiometric APPIICALIONS. ......cc.veeeeveerieeeeeiieeeeiee e estee et e e eseea e e 143
3.1.3 Applications of Carbones in CatalYSiS.........ccoouremevvureersvureersiireessiirsessiereesssens 150

3.2 FAN LY P TRPPPRPPINt 153

3.3 RESULTS AND DISCUSSION. ....vtetteuterteeieesteesieesutesutesteebeesseesseesseesaeesnsesseesseesseesanenas 155
3.3.1  Preparation Of CDPS ..........ccueeeeeceee et eetee e e ttea e staa e ste e e esraaaeesasees 155
3.3.2  Reactions with Boron LEWis ACIdlS ...........cccceevveerveirveeesieeneeseesieeeeeee e 158
3.3.3  St0iChiOMEtriC REACLIONS.........ccueeeeeeeiieieeeseeee e 162
3.3.4  Attempted Metal CAtQIYSIS.........ccvuuiieeiieeeeeeiiieeeeciee e eectee et eectea e seaaa e e 167
3.3.5 Attempted Dual and FLP COtalysis .............ccoueeeeeiueeeescieeeesiieeeeeiieeeesieeaeeenens 170
3.3.6  Br@nsted BASE CAtQIYSIS ........cccueeeeeeiiieesiiesieeesieesisesstisesieessieesssanesssesssenenns 173

3.3.6.1  Carbonyl COMPOUNGS ...cccueiiiiiiiiieiieeet ettt s 175

3.3.6.2  Alkylnitriles - 1,2-Additions......ccceeiueeriiiiieeieeeee e 179

3.3.6.3 MECN - 1,4-AdditiONS ....eeeeieiiiie ettt ettt s e s e s ib e e sareeas 182

3.3.6.4 EtCN - 1,4-AdditioNS .eooouieeeieiiiie ettt s e s st e e s 191

3.3.65 BNCN = 1,4-AdditONS coooeeieeeeiiee ettt e s eaae e e srae e e e nae e e saneeas 195

3.4 CONCLUSIONS AND FUTURE WORK ...eeiteeteeniteriienieesieesieesteesieesateebeebeesbeesseesaeesneeeneeas 199

4 EXPERIMENTAL...coiiiiiiiiiiiiiiiinis s s s s 203

4.1 GENERAL EXPERIMENTAL ....tutiettetee sttt ettt et sae e st sat e sttt e bt e sbeesmeesaeeeneean 203

4.2 METAL-BASE CATALYSIS ...veeuveeveenueenueeeteesteesueesueesusessesaseeseesseesseesmeesnsesnseenseesseesseenns 207
4.2.1  GeNeral MEthOGS. ........c.cooeeieiiiieeeeeeee ettt 207
4.2.2 AIQIMUNES ..ottt 211
4.2.3  KELIMUNES......oeeeoieeiieeeeeeeee ettt 232
4.2.4  PronUCIEOPRIICS ........cccveeeeeeiiiieeeiie ettt et e st e e stea e sta e e e sstaaeessees 235
4.2.5 Functionalised Allylic Starting MateriQls.............ccccuevevueeeeevieeeeeiieeeesiieaeesnen, 240
.26 ANIIINES ...ttt 242
4.2.7 Homoallylic Amines: IMiN@-SCOPE ..........cceeevueeeeeciieeesiiieeesiieeeesiieaeesisieaeesses 243
4.2.8 Homoallylic Amines: Pro-nucleophile-Scope............cccocuueevvvveeecivneeesiieaeeannn, 256
4.2.9  Styrenes ANA 1,3-Di€NES..........cccccvueeeeeiieeeesiiieeesiieeeesiieaeesiaseeesieeaeesssssaeessens 265
4.2.10  Function@l ISOMEriSALION ............ceevueeeevieeesiieeie ettt 273
4.2.11  Functionalised AlIYIQtiON ..............oeeeeeeeeeeeieeeeee et ccreea e e e e esesens 278

VI



4.3 CARBODIPHOSPHORANES .....eutteuttettesueesutesuteesteesteesseesseesasesasesbesseesseesseesseesaeesnsesnsens 283
4.3.1  GeNeral MEthOUS............coocueeemueieiieiieeee ettt 283
4.3.2  SYNERCSIS.cccuriieeeetiiee ettt e ettt e et e e et e e st e e e e et a e e e ta e e e nrees 285
4.3.3  StoiChiOMELriC REACLIONS.......c...eeeeeeeiiieeeeeiee ettt 288
4.3.4  Nitrile BB Starting MateriQls .............cccuueeeecieeeesiiieeesiiieeesieeesseeseesiieaeesses 290
4.3.5 Alkylnitrile Mich@el Additions ............ccceeeeeceeeeeeciiieesiiieeesiieeeescieeeescieea e 295
REFERENCES ......coitttmeuiiiiniinireeiiiiiinrnsaesssiesssnesssaassssssssseessssesssssssssessssnssssssssens 303



1 General Introduction

Methodological research in the field of organic chemistry is crucial for the development of
new routes to important structural motifs. These novel methods may be applied in the
synthesis of complex molecules. Bond-forming reactions between two carbon atoms are of
great importance for methodological research because C—C bonds are highly stable and
among the most dominant features of organic molecules. However, the generation of these
bonds may be challenging, hence catalysts are often required in order to accomplish these
reactions. This thesis explores the use of metal-base complexes as well as metal-free
organocatalysts with respect to their potential in Lewis base (LB) and Brgnsted base (BB)

catalysis.

Catalysis is a particularly important field of research, as it lends itself to the development of
new asymmetric methods in the formation of complex organic molecules. Catalysis is among
the most effective methods to ensure a great diversity of routes that may be used to access
optically enriched products. The use of naturally occurring chiral substances (chiral pool)
allows for a limited amount of transformations to be explored. Using chiral auxiliaries helps
to diversify the access to optically enriched molecules, but relies on the stoichiometric use of
reagents derived from the chiral pool. Catalysis, in contrast, takes advantage of a large
diversity of different methodological approaches and introduces stereodifferentiation by
using catalytic amounts of enantiomerically enriched or enantiopure molecules. Therefore,
catalytic asymmetric processes are comparatively cost-effective, which accounts for their
applications in both industry and academia.

Metal-based catalysis usually introduces asymmetry by using an enantiopure ligand that is
bound to the metal centre either through a covalent or a coordinative bond. In this area, it is
important that the metal does not catalyse the intended transformation when the enantiopure
ligand is unbound; otherwise a racemic background reaction occurs. For organocatalysis,
covalent bonds to or non-covalent interactions with the substrates form enantiomerically
enriched intermediates, which then translate their chiral information to the final product.
Here, a background reaction is unlikely to occur, and enantiodifferentiation takes place
through close proximity between the reaction intermediates and the stereogenic element

within the catalyst.

The first chapter of this thesis deals with the use of a metal-base complex that is used for the
catalytic Brgnsted base activation of allylic C(sp®)-H bonds. The in situ generated
nucleophilic allylic anion was reacted with suitable electrophiles to generate homoallylic

amines in good yields with high selectivities. The used catalyst, a sodium amide, is



commercially available, cheap and can also be prepared in one step from common laboratory
reagents. Sodium is non-toxic and among the ten most abundant elements in the Earth’s

crust.

S O\ or E o BB—H

BB—H
Scheme 1: Brgnsted base-catalysed C—C bond formation

The Bragnsted base was used for the catalytic deprotonation of an acidic pro-nucleophile,
which generated an intermediate with a nucleophilic carbon centre (Scheme 1). Together
with an electrophilic carbon centre of another reactant E, new C-C bonds were formed. The
use of a metal-based catalyst in these reactions stabilised the intermediates’ anionic
character. The metal ion could also be used for the activation of the Lewis basic electrophile

through coordination.

The second part is focussed on catalyst-based research, where one class of potential catalysts
was chosen and its chemistry is investigated. This type of research allowed for flexibility
regarding substrates and conditions, but its challenge lay in determining the scope and
limitations of the new catalytic transformations triggered by this catalyst. Here, the catalytic
activity was characterised by the formation of covalent bonds and distinct reactive
intermediates that could show a high degree of selectivity for specific substrates.

Next to Brgnsted base catalysis, this chapter also included the use of the catalyst as a Lewis
base. Lewis bases display an excess of electron density, i.e. a lone pair, which may be used
to attack an electrophilic centre A of a pronucleophile (Scheme 2). If a transferable organic
rest R is bound to A, the transfer of electron density from this catalyst to the substrate may
be exploited further to create a new bond between the organic rest R on A and electrophile E
(Scheme 2). Now, the electron density on the reacted substrate E may be used to displace the
initial Lewis base thereby regenerating the catalyst.

E
& \ o “E ’/\(,;2 —— R=£-A + 18°

LB A-R — LB—A-R LB—A R=
Scheme 2: Generic scheme for Lewis base catalysis

Certain prerequisites have to be fulfilled in order to perform this type of chemistry. Firstly,
A-R and E have to react as pro-nucleophiles, which means although being intrinsically
electrophilic, the attack of an external nucleophile (or Lewis base) renders them

nucleophilic. Secondly, the catalyst has to stabilise the intermediates through the formation



of a strong bond with the substrate. At the same time, it has to be easily regenerated in order

to ensure high turnover numbers and frequencies (TONs and TOFs).

Carbenes are a common class of reagents used in metal-free organocatalysis. The central
carbon atom in the formal +II oxidation state, flanked by two covalently bound nitrogen
donor substituents, is the most common structural motif. Extending this principle to
phosphorus-flanked carbon bases allows for the introduction of a different type of structures.
Next to the P(Ill) oxidation state, phosphorus can be found in the P(V) oxidation state.
Therefore, neutral bases would display a C(0)-character with two lone pairs centred at the
carbon atom. These lone pairs may both be used as a very strong base independently, if

suitable reaction conditions are chosen.

All in all, this study will investigate different types of carbon bases for their properties and

reactivity in organocatalysis as well as metal catalysis.






2 Metal-Base Catalysis

2.1 Introduction
2.1.1  Allylation of Imines using Allyl-M

The allylation of imines furnishes homoallylic amine products, which can be used as a
versatile building block for complex molecule synthesis (c.f. leuconicone™: Figure 1). Both
the amine as well as the alkene can be further functionalised, which allows applications in
the synthesis of pharmaceutically and biologically active molecules. They also appear as

structural features of natural products (c.f. angustifoline!?: Figure 1).

‘:< \# Me § : Q/\ﬁ/\l\/\
] CO,Me angustlfollne

Ieuconlcone

Figure 1: Homoallylic amines in natural products and their precursors

Allylations of electrophiles have been reported for a range of different allyl-containing
nucleophiles. The most widely studied ones are the class of allyl-metal reagents, which can

be used for the allylations of aldehydes, ketones but also for imines (Scheme 3).°!

NPG
R H

/\/M
Scheme 3: Allylation of imines

The most reactive allyl-metal reagents are found in groups I, Il and XII in the periodic table.
These can be prepared by the use of allylic halides (allyl-X) and stoichiometric amounts of
elemental metal (Scheme 4).1*! These metals are known to insert into the reactive allyl-X
bond in order to generate highly reactive allyl-metal intermediates. The most common
examples displaying this type of reactivity are magnesium and zinc, but recently indium has

been shown to provide a useful alternative to these metals.**



NPG ’
R)LH *NPG
N\R

Scheme 4: Barbier-type reactivity

0
K M, [/\,M”-X

The in situ generation of allyl-M, followed by the addition to various electrophiles such as
imines can be regarded as a Barbier-type reactivity. Here, control over stereochemical
outcome is less likely to be ensured, but reaction intermediates are usually more reactive so

otherwise challenging substrates can be activated.

Next to the Barbier-type allylations using allyl-halides, more stable allyl-M can be used
directly in the allylations of imines. Allylic silanes, boranes, and stannanes are commonly
used reagents that have been used to generate homoallylic amines. Except for the use of
highly reactive dialkyl-substituted allylboron reagents (e.g. allyl-9BBN or halogenated semi
metals), the reactions with imines generally need to be catalysed a Lewis acid." Here, the
imine coordinates to the metal centre, thus increasing its electrophilicity (Scheme 5, top).
Alternatively, Lewis base catalysts can be used in these reactions to increase the
nucleophilicity of the allyl-M reagent (Scheme 5, bottom). One example for this kind of
reactivity has been shown by Friestad.!® Here, a fluoride catalyst was used for the activation

of allyl trimethylsilane, which could then allylate the imine.

LA,
NPG

LA (cat RJ\ H \
NPG H.
J
LB (cat) /

o~ M-LB

increased reactivity of intermediate
Scheme 5: LA and LB activation modes

The enantioselective allylation of imines to furnish chiral homoallylic amines has been
extensively studied and reviewed.™™ Efforts in this field can be classified in two categories:
substrate controlled stoichiometric asymmetric induction and enantioselective catalytic
allylations using either chiral Lewis acids to activate the electrophile, or chiral Lewis bases

to activate to nucleophilic allyl-M.



Compared to the crotylation of aldehydes and ketones, the substituted allylation of imines is
much less investigated and no clear classification of different reagents can be made.
Leighton reported the diastereoselective crotylation and cinnamylation of imines® and
hydrazones™® with substituted chiral silane 4 (Scheme 6). Reagents of this type showed a
high selectivity for the formation of products with substituents in syn-relationship.

Ne
N

Ph Ph)J\H HO:@
0 5
C"'-/g"'Me Hen
Ph~Sisy DCE, 84 °C, 16 h
e A

Ph
4
(1.5 equiv) 6
87% yield
syn:anti = 7:1
99% ee

Scheme 6: Diastereoselective cinnamylation of imines

Despite being able to carry out diastereoselective reactions with imines, this method relies on
the use of stoichiometric chiral reagents. Chiral catalysts are a much more elegant solution to
the formation of chiral homoallylic amines, where only small amounts of chiral reagents are

required.

The first catalytic enantioselective allylation was reported in 1998 by Yamamoto.™! Here
allyl-SnBus; was used as a pro-nucleophile in the reaction with benzyl-protected imine 8
using a chiral palladium catalyst (Scheme 7). Prolonged reaction times at 0 °C furnished
homoallylic amine product 9 in good yield and with an enantioselectivity of 90% ee. A chiral
allyl-Pd species was postulated as an intermediate in this reaction, where the metal acted as

a Lewis acid catalyst in the enantioselective allylation.

cat* (5 mol%) *NPMB oo

H,0 (1.0 equiv) | cat*: (E)-10

/\/S"‘BUS _ > /\)\Ph | o '
THF, 0°C, 73 h ! i E

7 _PMB 9 E tpd\) :

(1.3 equiv) )NL 89% yield : 2
PR~ “H 90% ee i Me |

8 e

10 other examples
78-90% yield
42-90% ee

Scheme 7: Asymmetric allylation using Sn

Since then, other Zr™ and Ag™ have been developed in the field of transition metal

catalysed allylation of imines using allylstannanes.



In 2004, Yamamoto reported an extension of the Pd-catalysed enantioselective imine
allylation to allylsilanes.™ A similar Pd"-catalyst was used with benzyl-protected imines of
type 12. Tetraallylsilane was used as the allylating agent, where a similar allyl-Pd
intermediate was postulated to form. Chiral induction of this catalyst was similar to the one
used with allyl stannanes. Interestingly, catalytic amounts of fluoride ions were required for
the activation of the silane, suggesting that transmetallation could only occur after silicon-ate
complex formation. Allylsilanes have also been activated by Cul™! or Ag!*® catalysts in the

enantioselective allylation of imines.

cat* (5 mol%)

et A G O

Y Eex (12), 0 /\)\ PR ¢
. ex(1:2),0°C, 14 h : Pd\ |

1 N-E" 13 5 Me Y|

: o vi , !

(1.2 equiv) Ph)J\H 821/2&3/:9'(1 i Me ve |
12 e

12 other examples
68-98% vyield
55-91% ee

Scheme 8: Asymmetric allylation using Si

Allylboron reagents have originally not received as much attention as the corresponding
silanes and stannanes. Shibasaki reported the first use of allyl-boron reagents in the
enantioselective allylation of imines using a Cu-catalyst in 2006."® In a similar manner to
the Pd-catalysed allylations, a chiral copper catalyst was used to generate a reactive allyl-Cu
intermediate. A metal alkoxide was used to catalyse the transmetallation from boron to
copper in a similar fashion to the fluoride catalyst for allylsilanes. The chiral allyl-Cu
reagent was then used for the allylation of ketimines of type 16, furnishing homoallylic

amines like 17 in good yields and good enantioselectivities.

cat* (10 mol%) (TTTTToTommommmmmomooes :
i0f [ H.
Me LiO'Pr (30 mol%) NBn

Me t : i E

9/;,\,'6 BUOH (1.0 equiv) M-Me R Q R

B~y Me PhMe, 0 °C, 0.5 h Ph | P- P\é '
N/Bn 17 E \\Cu/ R

15a )J\ 92% yield 5 R | R '
(3.0 equiv) Ph” “Me 89% ee ; F ;
16 | |

8 other examples i DUPHOS-CuF complex :

76-98% yield generated in situ
23-93% ee el !

Scheme 9: Asymmetric allylation using B

Alternative NHC-ligands have also been identified in the Cu-catalysed allylation of N-

phosphoryl imines with the same pro-nucleophile.”” Potassium allyl trifluoroboron-ates



were identified as useful alternatives to allyl boronic esters due to their high stability. This
allylic pro-nucleophile has also been used in the enantioselective allylation of cyclic imines
using a Rh-catalyst.™® The first transition metal-free enantioselective imine allylation was
reported in 2007 by Schaus, where an acyclic allylboronic ester was activated by the
catalytic use of BINOL.™ In 2013, the group of Hoveyda published a transition metal-free
asymmetric allylation using allylboronic esters (Scheme 10).%! The work showed the use of
a chiral amino phenoxide ligand generated in situ. When this ligand underwent
transesterification on the boronic acid, a chiral reagent was formed, which underwent
allylation through Bransted base catalysis of the chiral amino group. The use of activated
imine 19 allowed for a broad scope of the reaction, furnishing homoallylic amines of type 20

in moderate to excellent yields and with good to excellent enantioselectivities.

cat* (3 mol%) (TTTTTT T mmmmmmees !

Me NaO'Bu (2.5 mol%) H., ! cat*: 21
Me . NP(O)Ph, ! -
C,)/;Me MeOH (2.5 equiv) : " |
= . ey
/\/B‘o Me PhMe, 22 °C, 4 h Ph H/k”/ 2:
. 0 .
.5 N/P(O)th 950/20. ., . oH |
a o yie ! ;
(1.5 equiv) Ph)J\H 93% ee :\___‘?l:' _________________
19

21 other examples
50-98% yield
76-99% ee

Scheme 10: Organocatalytic asymmetric allylation using B

Other allylations using Pd-allyl species

Jarvo reported the use of allyl-Bpin (15a) in the Pd-catalysed allylation of Michael amides
22 (Scheme 11).Y Due to electron donation from a bidentate carbene/phosphine ligand and
the allyl anion fragment, the catalytically active Pd" catalyst is electron-rich. This increased
electron density allowed for a nucleophilic allyl transfer in a 1,4-addition to Michael amide
22. The addition of a basic alkoxide co-catalyst allowed for Lewis base activation of allyl-
Bpin by forming a boron-ate complex. Like in Suzuki cross-coupling reactions, a

transmetallation of allyl-Bpin with palladium generated a nucleophilic allyl-Pd species.



Pd" (10 mol%) '

KO'Bu (20 mol%) o | 5 NK\ PPh, Me

tert-AmOH (3.0 equiv) : [ --IIDd Me>i\OH
N e

\/\Bpin @\1 Ph N @ }

dioxane, rt, 24 h —

! Me @CI tert-AmOH ,

(0] , |

15a 23 : 24 :
2.0 equiv @J\/\Ph 71% Pyl :
—_— L

22

Scheme 11: Nucleophilic allyl-Pd reagents from allyl-Bpin

This example shows the possibility of a nucleophilic allyl-Pd generated by using a carbene
ligand. The group of Aggarwal reported an orthogonal approach to this chemistry in 2015./%2
Here, an electrophilic -allyl palladium intermediate 26 was formed from allyl-Bpin 25, but
instead of reacting with an electrophile, oxidative conditions allowed for the formation of an

electrophilic Pd"-species, which could be reacted with pro-nucleophiles (Scheme 12).

Pd,(dba)s (0.5 mol%)

Ph__Me PAr; (2 mol%) Me Me
DMBQ (1.3 equiv _ i
\I _ (1.3 equiv) Ph)\A Nu-H (1.3 equiv) Ph)\/\/N”

Bpin
P DMF, rt L | owFr 16n

27
25 26 EZ= >19:1
"""""""""""""""""" linear:branched = >19:1

/i o H MeO,C” “H o
5 0 — P R = Ph, OMe R'=Me, Ph |
! 28 29 ' U '
DMBQ PArs |

Scheme 12: Umpolung of palladium mrt-allyl

Interestingly, a Pd° catalyst was chosen that first needed to be oxidised to a Pd"-species in
situ before transmetallation could occur. Conditions and substrate scope were closely related

to those developed by White for allylic C—H bond activation (vide infra).
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2.1.2 The Imino-Ene Reaction

All these methods rely on the use of metals in organic chemistry, which constitute the
nucleophilic species either directly or in situ. These metals are lost upon protonation of the
heteroatom, forming stoichiometric metal waste. Therefore, instead of using a C—X bond
activation approach, an unfunctionalised approach has been the focus of attention. One
example for this is the imino-ene reaction. This reaction provides a different way to prepare
homoallylic amines from imines with a much better atom economy.

NPG

H
R J]\ H,_—NPG =Y ‘NPG
H RZ H ;// N
\/§ " — éz )\)\Rz
TS

Scheme 13: Imino-ene transition state

This reaction has originally been discovered in 1982, when cyclohexene (30) and Ts-
protected a-imino ester 31 were heated in neat reaction conditions to give homoallylic amine
product 32 (Scheme 14)./ The activation energy of these reactions is usually very high and

prolonged heating was required for obtaining the homoallylic amines.

[ j Hens
Ts <
+ ’ N _—
CO,Me
HJ\002Et cyclohexene ?

H 170 °C, 23 h
30 31 32
67%

Scheme 14: First example of the imino-ene reaction

Alternatively, Lewis acids were used to reduce the activation energy. Catalytic imino-ene
reactions have since been developed with Lewis acidic catalysts such as silanes™ or metal
triflates.”™ In 1998 the Lectka group reported the enantioselective imino-ene reaction, using
chiral BINAP-Cu complex 35 (Scheme 15).®! Both silver and copper salts have been used
with a variety of different phosphine ligands to achieve the atom-economic enantioselective

allylation of imines.?”
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PhH~NTS cat: (R)-BINAP-CuClO,4

Ph cat (5 mol%) :
H\A - = /]‘\/\CQZMQ i X R & E
BTF, rt, 18 h ; Y P |

33 s 34' : P::Cuc|o4
(2.0 equiv) j\]j\ 92% vyield ; P\\ .
' 99% ee ! R :
el W= TR

31 6 examples ! :

85-94% yield : 35: R = 4-MeCeHs

85-99% ee L T mTmAiGes ‘

Scheme 15: TM-catalysed imino-ene reactions

The use of allylbenzene as a nucleophile in the imino-ene reaction has also been
demonstrated. However, reports are limited and specific imines have been used only. Kresze
reported the use of allylbenzene for the imino-ene reaction in 1985 (Scheme 16).%®! The
reaction proceeded with activated imines 37 containing a perfluorinated protecting group.
Homoallylic amine products 38a and 38b were obtained in good yields, while reaction
conditions in chloroform at room temperature were mild. Interestingly, neither heating nor
the use of Lewis acids was required to obtain the product, which was linked to the
fluorinated protecting group showing a significantly increased reactivity towards the addition
of nucleophiles.

nC,F
R™ H H.NE’C4F9
37
Ph
X Ph\/\)\
=
1/\ CHCly, rt, 64 h R
36 38a: R = CCly; 77% yield
(1.2 equiv) 38b: R = CO,"C4Hg; 90% yield

Scheme 16: Imino-ene with allylbenzene |

An alternative imino-ene reaction with allylbenzene was developed by Kumadaki (Scheme
17).2% Again, a very activated imine was used, but here no fluorinated protecting group was
required. Heating allylbenzene and imine 39 in xylene under reflux furnished homoallylic
amine 40 in a low yield. This result shows the importance of substrate design in the atom-

economic ene reaction between imines and allylic substrates.
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~Ts
N

Cl,C” H H.
Ph 39 \/\)NIS
N Ph
1/\ xylene, 138 °C, 16 h Z CCly
40
36 .
(1.0 equiv) 19% yield

Scheme 17: Imino-ene with allylbenzene Il

Generally speaking, the imino-ene reaction provided a good alternative to specific allylation
reactions, especially for 1,1-disubstituted alkenes. The use of internal alkenes showed
limited applicability and only few a-substituted homoallylic amines could be obtained with
good diastereoselectivities. In this area, traditional allyl-M reagents proved to be more
reliable. Furthermore, all applications are limited to very reactive electrophiles such as a-
imino esters or halogenated imines. More challenging imines have not been used in the
imino-ene reaction and therefore further developments in the allylation of imines to furnish
homoallylic amines were required. Finally, the use metals as Lewis acid catalysts is not

desirable and more environmentally benign methods needed to be developed.
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2.1.3  Allylic C(sp®-H Bond Activation

An alternative method for the preparation of allylic reagents by C—H activation was provided
by the group of White, who reported the activation of allylic C—H bonds for the preparation
of linear and branched allylic acetates®™ and carbamates® (Scheme 18). Further studies
then expanded the nucleophile scope to carbon based pro-nucleophile when using a-nitro
esters.®? The employed Pd"-catalyst was assumed to be able to selectively metallate C—H
bonds to form electrophilic palladium species 42. Coordination of a pro-nucleophile,
followed by deprotonation and reductive elimination would give functionalised product 43
and Pd°. Therefore, stoichiometric amounts of oxidant, such as benzoquinone, were required

to regenerate the catalytically active Pd" species.

Pd' R H—Nu
RoAAMH —— rl‘d — > R~ N
A - Pd°

41 5 42 ! 43

.............................

0
0
H= NO
Nu-H Py ooy H Meo)j\/ 2

Me Ts
Scheme 18: C-H activation using Pd"

By using an additional chiral Lewis acid, an asymmetric variant of this reaction was also
developed.®® The use of a Cr(I1l) complex bound to a salen-ligand introduced moderate
levels of enantioselectivity (Scheme 19). This way, the activation of unbiased C—H bonds in

asymmetric oxidations was achieved.
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AcOH (1.1 equiv)
Pd" (10 mol%)

OAc
= Me
45 (10 mol%) WMe AcoW7

BQ (2.0 equiv 7
A Me ( auiv)
v 46 a7
44 EtOAc, MS, rt, 48 h 77% yield 15% vyield
59% ee

........................................................................

Scheme 19: Asymmetric allylic oxidation using Pd"/cr"

Trost then extended this field by demonstrating the first enantioselective allylic alkylation
using of a 1,3 diketone nucleophile (Scheme 20).*4 Instead of chiral induction arising from a
chiral Lewis acid co-catalyst, this work used a chiral and newly developed phosphoramidite
ligand (50). Again, a benzoquinone oxidant was used to regenerate the active Pd" catalyst.

2,6-DMBQ (1 equiv)

NEt; (1 equiv) Ph
940 TG0 oy I
mol% (0]
THF, 50 °C, 24 h T Me
36
49 (1.0 equiv) 51
ST '+ 89% yield
. 85% ee
O, ™ 2 oo
; O\ : MeO OMe |
P—N !

IOPN |
; = o] :
: o ©

' O 2,6-DMBQ

Scheme 20: Asymmetric allylic C-C bond formation using pd"

The major drawback for this atom economic method was the stoichiometric use of oxidant
that was required to regenerate the active Pd" species. Furthermore, the allylic alkylations
and oxidations relied on the use of acidic pro-nucleophiles, which were reacted with

electrophilic allyl-palladium reagents.
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In order to generate a nucleophilic allylic reagent from the allyl-Pd reagent generated in situ,
an Umpolung approach was required that would increase the electron density on the allyl-M
reagent. The group of Araki showed that allyl-palladium reagents can be reacted with
electrophiles by the conversion of the electrophilic palladium intermediates into nucleophilic
indium reagents using In®or Inl (Scheme 21).5%

0
X
OA Pd° | In® or Inl Py OH
AR Pd —— | R™H PPN
OAc ~ R
52 53 54 55

Scheme 21: Umpolung of allyl-Pd using indium

The insertion of Pd° into allyl acetate 52 generated allyl-Pd" complex 53 in situ. This
intermediate was analogous to the one generated from C—H activation using Pd". However,
the addition of an electron rich metal allowed for the formation of allyl-In intermediate 54,
which was nucleophilic in nature. This nucleophile was trapped using aldehydes, giving
homoallylic alcohols 55 in good to excellent yields. Unfortunately, the same method cannot
be applied to the C—H bond activation as this would involve the use of stoichiometric oxidant
(benzoquinone) and reductant (indium metal) in the same reaction. Therefore, alternative
nucleophilic allyl-Pd species were required.

16



2.2 Aims
As demonstrated in the introduction, the allylation of imines requires the use of allyl-M
reagents as (pro-)nucleophiles.’ Except for the imino-ene reaction®® with limited
applicability, electrophilic allylations using C—H bond activations of allylic sp*-hybridised
carbon centres have been reported using transition metal catalysts.*? An Umpolung
approach in this field has not been reported. Our goal was to demonstrate the activation of
allylic C—H bonds with transition metal-free base catalysts. This approach would allow for
the formation of homoallylic amines using unfunctionalised starting materials, taking

advantage of the inherent acidity of the allylic C—H bond.

©)
M-BB M M® H-BB .H
H o E E® E

Scheme 22: Allylic C-C using M-BB catalysts

Substituted allylic reagents were considered suitable substrates for the allylation of imines.
Depending on the pK, value of the allylic pro-nucleophile, allylic anions were assumed to be
formed upon deprotonation. These nucleophiles could then be reacted with imines to form
new C—C bonds, while protonation of the substrate should ensure catalyst turnover. Diversity
in this reaction was considered to arise from the variation on the X-group in the pro-
nucleophile, or by using alternative nitrogen-containing electrophiles. The use of a chiral
catalyst would lead to the development of new methods for the enantioselective preparation
of homoallylic amines by C—H bond activation, which has not been reported in the literature

to the best of our knowledge.

An alternative route to the allylation of electrophiles using a C—H bond activation approach
was the use of transition metal catalysts for the generation of allyl-M species. An Umpolung

approach that is compatible with redox-active transition metals was therefore required.

Red
H < -I-M M 2 E® E
—_— S——
X Z A X T X J\/ X )\/
:. _____________________________ TMX+2

Scheme 23: TM-catalysed C—H bond activation

As many transition metals have been shown to be selective for allylic C—H bond insertion,
no activating X-group was assumed to be required for this type of reactivity. However,
developing an approach where the reduced transition metals could be oxidised to their

catalytically active form in the presence of a reducing agent provided a challenging step.
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2.3 Results and Discussion
2.3.1 Formal C(sp®-H Bond Activation of Unfunctionalised Alkenes

Functionalisation of C—H bonds using Bragnsted base catalysts is challenging and can only be
successful with a fine-tuned balance of pK, values of reaction intermediates. Therefore,
different structural motifs were considered before developing novel C—-H bond activation
reactions. Unsubstituted alkanes have estimated pK, values of 45-50 (DMSO).* The
delocalisation effect of an aromatic ring or a conjugated double bond decreases this value to
40-45 (DMSO)¥*™ for e.g. toluene or propene (Figure 2, left). The combination of two of
these anionic stabilising groups decreases the pK, even further to 30-35 (DMSO).l*")
Examples for this kind of substrates are allylbenzene, 1,5-pentadiene and diphenylmethane
(Figure 2, centre). For substrates such as cyclopentadiene or indene this effect is even more
pronounced because of aromaticity arising upon deprotonation of the substrate (Figure 2,
right). Many bases are known for the deprotonation of substrates with pK, < 30, but

accessing C—H bonds that are less acidic is challenging.

o o
S Oy

40 < pK, < 45 30 <pK, <35 15 < pK, < 20

Figure 2: Allylic and benzylic substrates and their pK, values

In order to activate C—H bonds of the highlighted substrate (Figure 2, centre) with a Brgnsted
base, the pK, values of different base catalysts needed to be considered. Commercially
available alkyllithium reagents were deemed unsuitable, as these are too basic and are
incompatible with many functional groups (Figure 3, left). Furthermore, their conjugate
acids are volatile gases, which cannot participate in the reaction after an initiative process.
Lithium amides were found to have pK, values in the range of 3040 (DMSO)"*" depending
on the nature of the amide (Figure 3, centre). Lithium alkoxide bases can also have pK,
values >30 depending on the alkoxide ligand, but these values only apply in DMSO (Figure
3, right).B™ Indeed, due to the strong H-bond donating ability, the pK, values of metal

alkoxides vary significantly with solvent.
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Figure 3: Common lithium bases and their pK, values

Allylbenzene was chosen as the model substrate in an allylation reaction of electrophiles. In

the reaction with N-protected imines, different homoallylic amines were expected to form

(Scheme 24). Four different isomers were identified, where allylation could occur from

either the a- or the y-position. Both of these can exist as a mixture of isomers: the branched

product can have diastereoisomers and the internal double bond of the linear product can

exhibit geometrical isomerisation.

)H\/ n-FC MR, (cat)
a v o+
Ph Ph)J\H
a-products (branched) y-products (linear)
Ph H

~ AN Ph e
Ph = HN.

PG

Ph H o

*
Phe N HN g

2 diastereoisomers
each 2 stereogenic centres

2 diastereoisomers
each 1 stereogenic center

a-products (branched)
y-products (linear)

Scheme 24: Possible reaction products from the allylation of imines with allylbenzene
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2.3.1.1 Previous work in the group

All experiments in this section were carried out by Wei Bao.

When the reaction of allylbenzene 36 and N-Ph-benzaldimine 56a was carried out using
10 mol% KHMDS in diethyl ether, product 57a was observed alongside isomerised pro-
nucleophile 58.

H. _.Ph
H -Ph KHMDS (10 mol%) N
N 0
PN P Ph\/\)\Ph P TN
Ph Ph” “H EE, 25°C,20 h
36 56a 57a 58

(E)-y-adduct isomerised S.M.
Scheme 25: Reaction outcome of the KHMDS-catalysed allylation reaction

The reaction outcome did not show any a-allylation product, but trace amounts of Z-57a
could be detected in aliquot *H NMR spectroscopy. An imine screening was performed
investigating the scope on the protecting group of the imine (Table 1).

Table 1: Protecting group screening

H, .P
H N/PG NaHMDS (10 mol%) N G
+ Ph + 0 2
Ph)\/ )J\ ] \/\)\Ph Ph H
Ph H dioxane or Et,0
36 56 25°C,20h 57 58
59-64

...............................................................................................

5 N N
OMe .

H. /© H. /©/ ! 59 60 61
N N !

1 H
57a 57b ; N,Boc N/Bn N’N‘Ts
26% (Et,0) 87% (Et,0)
99% (dioxane) 98% (dioxane) ' Ph)J\H Ph)]\H Ph)]\H
62 63 64
NR NR NR

The reaction with different N-protected imines showed good reactivity for both the N-
phenyl- and the N-(para-methoxy)phenyl (PMP)-imine. All other protecting groups showed
no reaction and full recovery of the starting materials. One reason for this observation could
the direct reaction of the catalyst with the imine. As none of the reactions show any

isomerisation product, it is likely that the allylic anion did not form in the reaction.

An initial optimisation was conducted, investigating the scope of the reaction. To start, a

solvent screening was conducted using N-PMP-imine and NaHMDS in ethereal solvents
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(Table 2). Another solvent screening was then performed with non-ethereal solvents using

the same catalyst with the N-Ph-imine.

Table 2: Solvent Screening

H PMP Hen-PMP
. NaHMDS (5 mol%)
N
. Ph A~ PNy
Ph)\/ ph)J\H solvent, 25 °C, 20 h Ph
36 56b 57b 58
(1.1 equiv)

Entry  Solvent (€) Yield 57b (%)™ 58 (%)™

1 dioxane (2.3) 98 5
2 TBME (2.6) 68 2
3 Et,0O (4.3) 87 4
4 DME (7.2) 14 28
5 THF (7.5) 17 62

@ The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

The solvent screening in ethereal solvents showed high product yields and low levels of
isomerisation for the reactions carried out in dioxane, TBME and Et,O (entries 1-3). For the
reactions carried out in glyme (DME) or THF isomerisation product 58 was observed to be
the major product and only 14-17% product were obtained. Screening apolar solvents such
as heptane, toluene, trifluorotoluene (BTF), or dichloroethane showed no formation of
product 57b, which could be related to a reaction of the catalyst with the solvent or the
catalyst’s lack of activity, especially in apolar solvents. The use of DMF showed some
product formation, but reaction yields were inferior to the reactions carried out in ethereal

solvents.

Further optimisation regarding the reaction temperature, concentration and time were
performed. Lowering the reaction temperature to 0-10 °C resulted in a decreased catalytic
activity and low product yields were obtained. Increasing the temperature to 30-40 °C
increased the level of isomerisation observed. Therefore, all following reactions were
performed at 25 °C. Substrate concentrations of 0.4-1.0 M were examined and it was found
that higher concentrations resulted in higher reaction yields. Due to the somewhat limited
solubility of the imines in dioxane, 0.67 M was chosen as a suitable reaction concentration
(300 pL solvent for 0.20 mmol imine). Reaction monitoring over 24 h (NaHMDS, 5 mol% in

Et,0O) showed that reaction yields were high only after reaction times >15 h.
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2.3.1.2 Specific Literature Precedence

Literature for the formation of linear homoallylic amines of type 57

Product 57, formed in the reaction shown above, has been previously reported in the
literature.*® Similar products have been reported to be formed through substituted ‘classical’
allylation or cinnamylation reactions with allyl-M reagents. These require the pre-instalment
of functional groups in the allylic pro-nucleophiles.

Hirashita found that homoallylic amines of type 67 can be prepared in a one-pot reaction
consisting of an allylation followed by a Pd’-catalysed cross-coupling reaction (Scheme
26).%% |n the first step, indium metal was used for the insertion into the allylic C—Br bond.
A second equivalent of indium was added to generate a vinyl indium species, which could
not react with imine 61. The in situ generated nucleophilic allylic indium reagent was then
added to N-Ts- or N-Ph-protected imines to give intermediates 66, which contained a vinylic
indium iodide species. This vinyl-M was unaffected by the allylation conditions and could
be used in a subsequent cross-coupling reaction with phenyl iodide. Moderate to good yields

were obtained for homoallylic amine products 67 and 56a.

Ph-I (1.0 equiv)

LiCl (1.0 equiv) H. .PG
In (2.0 equiv) HenPC | Pa(PPhy), (5 mol% N
I~ Br |—|n\/\)\ (PPh3)4 ( b) Ph\/\)\Ph
DM, t, 2h Ph | DM, 110 °C, 17 h
65 NP8 66 67: PG = Ts; 77%
(1.0 equiv) )J\ 57a: PG = Ph; 57%
Ph” ~H
61: PG = Ts
56a: PG = Ph

Scheme 26: Two-step Barbier allylation/cross-coupling reaction

In order to avoid the two-step process for the formation of substituted homoallylic amines,
cinnamyl bromide 68 was used in the cinnamylation of imines by Szymoniak.®! The group
showed that the insertion of zinc metal into the C—Br bond gave a reactive zinc intermediate,
which could be used for the cinnamylation of alkyl ether-protected aldimines 70 (Scheme
27). As both the a- and the y-addition products could be obtained using this method, a
chelating protecting group was chosen that would favour the overall o-addition to the imine,
furnishing linear homoallylic amines 71 in moderate to good yields. The imine scope for this

reaction included aryl-, cinnamyl-, heteroaryl- and alkyl-imines.
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N/\/OMe MeO

Zn° (1.1 equiv) R)LH H~Nj

Ph A~ Br —’[Ph\/\/anr] 0 Ph\/\)\
THE. it 6 h THF, rt, 10 h R

; 1tses . 69 R = Ar, styryl 6 exa7:np|es
.1 equiv) HetAr 50-73% yield

Alkyl E:Z=>19:1

Scheme 27: Barbier-type cinnamylation using Zn

The same pro-nucleophile was used by Taddei in a Cr'"-mediated cinnamylation reaction
(Scheme 28)."! PMP-protected imine 56b was activated by a stoichiometric amount of a
boron Lewis acid. This mode of action allowed for the facile addition of a generated allyl—
chromium species, giving linear homoallylic amine 57b in moderate yields. Again, only the
a-addition product was observed, which is unusual when using allyl-M intermediates.

BFéoglEt(zz(;.O egu)iv) H.N/PMP
r .5 equiv
Ph A~ Br 2
Ph._~
THF, 1t, 6 h \/\)\Ph
68 _PMP 57b
(1.0 equiv) )'\Jl\ 57% yield
Ph” H
56b

Scheme 28: Barbier-type cinnamylation using Cr

The formation of phenyl-substituted homoallylic amines is not limited to the in situ
formation of allyl-M reagents. Allylsilanes have also been successfully used in the formation
of products 57a. Hou reported the use of cinnamyl silane 72 in the fluoride-catalysed
reaction with imine 56a (Scheme 29).2%! Here, the catalyst acted as a Lewis base for the
silane. By forming a reactive silicon-ate complex, the nucleophilicity of the allylic reagent
was increased enough to react with the unactivated imine. Product 57a formed with

exclusive a-selectivity in a good yield.

TBAF (10 mol%) Hoy PP
Ph._~_ SiMes
THF, 66 °C PhN\Ph
2 NG 57a
(1.0 equiv) )J\ 83% yield
Ph” "H
56a

Scheme 29: LB-cat allylation using y-substituted allylsilane

In contrast to silicon-substituted styrenyl compound 72, Lectka reported the use of silylated
allylbenzene 73 for the Hosomi-Sakurai reaction with activated imine 31 (Scheme 30).*! A

chiral copper catalyst was used as a Lewis acidic activator for the imine, giving product 74 in
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a good yield. In contrast to all other reports, this reaction proceeded with exclusive
y-selectivity. Thanks to the absence of an uncatalysed background reaction with allylsilanes,

chiral induction was achieved and product 74 was obtained with 75% ee.

H~
NT
o cat35 (5mol%) S
N NN M
A DCM, -78 °C, 12 h COzMe

SiMej Ts . 74
73 JNJ\ 85% yield
i 0,
(1.0 equiv) H CO,Et 75% ee
31

Scheme 30: LA-cat allylation using a-substituted allylsilane

One example in the literature relies on C-H activation instead of C-X activation in the
formation of linear substituted homoallylic amines. Unsubstituted allylbenzene 36 was used
for the addition to diamine 76 by Savoia (Scheme 31).% Here, stoichiometric amounts of
BuLi were used for the generation of a reactive allyl-Li reagent. The use of TMEDA
allowed for the selective y-addition of this nucleophile to diamine 76, giving rise to
diallylated diamines 77. Despite being able to use unfunctionalised starting materials in this
reaction, the use of super-stoichiometric amounts of strong base limits the applications of
this method.

N R. .H
BuLi (3.0 equiv) *R”Nﬁ)\H RN
u .
TMEDA (3.2 equiv) H 76 R Al
Ph. *
Ph\/\ X
THF/hex, ~78~0 °C, 1 h Li® © ~78°C,1h
36 75 Ph
(3.5 equiv) Me 7

R* = 61% yield

“Ph dr = 78:22

Scheme 31: Stoichiometric cinnamylation using allylbenzene

No catalytic example of C—H activation has been reported in the literature. Homoallylic
amine products of type 57 can only be generated using functionalised allyl-M reagents or

stoichiometric amounts of base.
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Stoichiometric reactions with alkali metal amides

Alkali metal amides were used as a catalyst in the reaction between allylbenzene 36 and
imine 56. These bases are commonly used stoichiometrically in organic synthesis. Their
basicity is lower than that of alkyllithium reagents and therefore the amides are often used as
a milder alternative to BuLi. Of all metal amides, lithium diisopropylamide (LDA) is
probably the most common base. It is commercially available as a solid or in ethereal
solutions, but can be easily prepared by the reaction of diisopropylamine with BuLi or Li
metal, generating Bu—-H or H-H respectively. LDA is used for the selective deprotonation of
C—H bonds in a-position to carbonyl compounds (Scheme 32). Its large steric bulk prevents
the base from acting as a nucleophile and increases the base’s selectivity for the
deprotonation of the least hindered position. At —78 °C, substituted cyclohexanone 78 is
deprotonated by LDA to give lithium enolate 79, which represents the kinetic enolate

because the less substituted alkene is formed. This enolate reacts with electrophiles such as

Mel to give 80.F
0 0
1. LDA
H H 5 Mel H Me
Me s Me
THF, -78 °C

78 80

_Li
(@)
H
Me

79

Scheme 32: Use as stoichiometric BB

Other alkali metal amides are also commercially available. The reaction of BuLi with
hexamethyldisilazane or tetramethylpiperidine results in the formation of LHMDS and
LTMP, which are other commercially available lithium amides. Metal amides of the heavier
alkali metals are limited to the preparation from the corresponding metal, as no BulLi
analogues for the heavier alkali metals are readily available. Due to their relatively simple
preparation, NaHMDS and KHMDS can be obtained commercially, while the corresponding
—DA and -TMP complexes are not commercially available. NaHMDS and KHMDS are
often used as alternatives to LDA because - like LDA - they are very hindered bases.
However, due to the Si-substitution, the amide’s basicity is slightly reduced, while the use of

heavier elements increases the base’s Kinetic reactivity.
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Despite their decreased nucleophilicity, MHMDS can react as a Lewis base with very
reactive electrophiles. One example is the substitution reaction of allyl halides, giving allylic
amines (82; Scheme 33).[*"! As the substrate allows for an Sy2” substitution mechanism, the
effect of the base’s steric hindrance is attenuated. For this reaction to proceed with allyl

chlorides, a Pd° catalyst was required.[*!

/SiMe3
M-N
iM
B _ SiMe; _~N(siMes),
— MBr
81 82

Scheme 33: Use as stoichiometric LB — nucleophilic substitution

Another example of the stoichiometric use of MHMDS as a Lewis base is the formation of
N-TMS-protected imines (Scheme 34). The nucleophilic attack of secondary alkali metal
amides to reactive aldehydes furnishes hemiaminal intermediate 84. By desilylating the

amine, TMS-protected imine 85 and siloxane 86 are generated.*!

/SiMe3
M-N : . .

. Me3Si<, .SiMes .SiMey
R
R” H R O'M R OH SiMeg
83 84 85 86

Scheme 34: Use as stoichiometric LB — imine formation

Finally, alkali metal amides are used in transmetallation reactions, generating metal amides
of other main group and transition metals (Scheme 35). This method provides access to

alkaline earth,“  zinc,*"! silver,® and copper,”*? amides, as well as lanthanide®™ and

[51]

actinide™ metal amides.

2K-NR; + MX; M‘<NR2) + 2KX
2

87 88 89 90

Scheme 35: Stoichiometric use in transmetallation reactions

The structural properties of the three different lithium amides LHMDS, LDA and LTMP
were recently compared by Mulvey and Robertson.®? Their solid state and solution
occurrence, as well as their metal-nitrogen bonds were reported. As these bases are
encountered in solution only when used in organic synthesis, their structural features were of
great importance (Table 3). In general, non-coordinating apolar solvents allowed for the
formation of dimeric or oligomeric structures to be stable in solution. For LHMDS, dimers

were the only observed species in solution, while LDA and LTMP had significant
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proportions of undefined oligomeric structures. Therefore, LHMDS can be assumed to be
easily solubilised in toluene, which may not be the case for LDA and LTMP. Ethereal
solvents such as THF can break up the aggregates by complexation to the metal centres.
When substoichiometric amounts of THF were added to LHMDS, the dominant species in
solution was the disolvated dimer (Table 3, bottom). Increasing the concentration of THF
then allowed for the coordination of more solvent molecules that lead to the formation of
monomeric structures with various degrees of solvation. For LDA no monomeric structures
were found even in THF solution and the dominant species was found to be the disolvated
dimer. Despite displaying the highest degree of oligomerisation in non-coordinating
solvents, LTMP showed a significant proportion of monomeric species even at low THF
concentrations. This monomeric species increased with increasing amounts of THF, showing

that the aggregates were broken up much faster than for LDA.

Table 3: Structures of lithium amides in solution

Solvent/amide LHMDS LDA LTMP
toluene/ hexane dimer trimer/ oligomer  oligomer
. . . mono and monomer and
THF (<1 equiv) disolvated dimer . . .
disolvated dimer  dimer
. monomer (di- tri- or . . monomer and
THF (>1 equiv) ( disolvated dimer .
tetramer) dimer
0 0
' monosolvated I disolvated _
Na Na amide /LI\N Li amide v NR2
N N / dimer N NS dimer _
Na |TI O = ethereal solvent
o

When comparing the M—N bond lengths of the different alkali metal amides, a general
increase was expected with increased atomic radius for the different metals. Indeed, all
amides displayed similar bond lengths when comparing the same metals. The Li—N bonds
were ca 2.01 A, the Na-N 2.40-2.45 A and the K-N around 2.71 A. This increase reflects
the increase of ionic radii between Li* (~ 70 pm), Na* (~100 pm) and K* (~ 135 pm).F!
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2.3.1.3 Catalyst Screening

H. .PMP
H -PMP NaHMDS (5 mol%) N
N ()
=t PhW\ + Ph/\/\H
Ph)\/ ph)LH dioxane, 25 °C, 20 h Ph
36 56b 57b 58
(1.1 equiv)

Scheme 36: Alkali metal amide-catalysed cinnamylation

In order to investigate if the reaction of 36 with 56 was specific to alkali metal-HMDS
catalysts, a catalyst screening was required. Aspects that needed to be considered were (1)
the nature of the amide, (2) the nature of the metal, (3) the use of other metal bases, and (4)
metal-free catalysts. Duplicate catalyst screenings were carried out in parallel by Wei Bao
in order to confirm reaction yields, which are stated as the average of two concordant

reaction outcomes.

(1) Different amide ligands for alkali metals were commercially available and their reactivity
could be tested directly in different solvents. Here, different substitution patterns on the
amide’s nitrogen atom are possible (Figure 4). Unsubstituted metal amides (91; R = H) are
very basic with a pK, value for the conjugate acid (NH,) of ca. 41 (DMS0).F” For
tetramethylpiperidine (92) and diisopropylamine (93), the amide is alkyl substituted, and pK,
values of ca. 37 (DMSO)*¥" and 36 (THF) were found respectively. The Si-substituted
HMDS (94) is significantly less basic with a pK, value of only ca. 30 (DMS0).B" This

lowered value is related to the ability of the Si atom to stabilise a-anions.

Non-nucleophilic base: R = large

R :
N-M !
R/ 1
Me Me Me Me Me
H, Me— Me-Si
N-H N—H N-H N-H
H Me—( Me-Si
Me Me Me Mel Me
91 92 93 94
NH3 TMP DA HMDS
PKa= 41 (DMSO) 37 (DMSO) 36 (THF) 30 (DMSO)

Figure 4: Secondary amines and their pK,s

(2) Besides the alkali metal amides, some other metal-HMDS complexes were commercially
available and could be used directly. To compare their reactivity with related alkaline earth
metal HMDS complexes, these had to be prepared and purified in order to be examined for
their ability to catalyse the cinnamylation of imines with allylbenzene. While the magnesium
complex is commercially available and can be prepared using Grignard reagents, the same

does not apply to the heavier group Il analogues. Two methods for their preparation have
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been reported in the literature. The first one uses alkali metal-HMDS complexes and
alkaline earth metal iodide salts in a metathesis reaction (Scheme 37)."*! The alkali metal
iodide, that formed as a by-product, is more stable than the alkaline earth metal iodide,
which shifts this equilibrium to the right. As the reaction was carried out in toluene, a

dimeric structure 95 was formed where two amide ligands were bridging the two Ca ions.

2 K-HMDS + Cal, =———= Ca—(HMDS), + 2Kl
PhMe, rt, 72 h
87a 88a 89a 90a
Me;3Si, SiMe;
N SN
Me3Si),N-Ca Ca—N(SiMe LCa,
(MesSi)aN-Ca, La~N(SMes), (MesSipN" N(SiMes),
Me;Si” SiMe;
95 96
unsolvated disolvated Ca(HMDS), monomer
Ca(HMDS), dimer S = ethereal solvent molecule

Scheme 37: Preparation of Ca(HMDS), from Cal,

Despite the low solubility of the potassium salt in PhMe and removal by filtration, this
method is known to form products that are poisoned with potassium iodide. Even repeated
crystallisation of the alkaline earth metal amides cannot completely remove these impurities.
An alternative preparation method was provided by Westerhausen.® Here, Sn(HMDS), (97)
was used as the amide source and reactions were carried out with elemental alkaline earth

metals in a redox transmetallation reaction (Scheme 38).

Sn—(HMDS), + Ca® =————= Ca—(HMDS), + Sn°
PhMe, rt, 4 d

97 98 89a 99
Scheme 38: Preparation of Ca(HMDS), from ca’

Metallic tin (99) was formed as the by-product, which is not soluble in organic solvents and
can be removed entirely by filtration. Furthermore, excess Sn(HMDS) can be removed by
recrystallisation of the alkaline earth metal amide, as Sn(HMDS) is a liquid at room
temperature. One drawback of this reaction was the long reaction time, which was even
longer (7 d) for the Sr and Ba analogues. However, the amides were obtained using this
method and recrystallisation at —20 °C allowed for the purification of these catalysts as
shown by *H and *C NMR at room temperature, showing distinct signals for the bridging
and the terminal amide ligands of 95.

(3) Other bases also needed to be tested in this reaction to verify the importance of amide
ligands for the deprotonation. This would ultimately give insights into some mechanistic

features of the reaction. The metallated product, or product base (101), can deprotonate
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either the catalyst’s conjugate acid (BB-H, formed upon deprotonation of allylbenzene) or

allylbenzene directly (Scheme 39).

® _PMP H
Na J\ Na., -PMP )\/ H.\-PMP
Ph
e Ph” "H Ph - -~ Ph
101b BB—H 57b
100 product base product

Scheme 39: Product base mechanisms

(4) Finally, the use of metal-free conditions needed to be investigated in order to explore the
role of a metal in this reaction. It is possible that an allylic anion can only be stable in the
presence of a coordinating metal cation. However, the use of organobases in the
isomerisation reaction have shown that the deprotonation of allylbenzene using metal-free
conditions is possible.® However, the metal ion may also be required for the activation of
the electrophile, where C-C bond formations provide an additional challenge to the
activation of allylbenzenes.

To start the catalyst screenings, the three commercially available lithium amides, as well as
the sodium—HMDS and potassium—HMDS complexes were used in dioxane and THF to
compare the different reactivities. Allylbenzene (36) was used in a slight excess (1.1 equiv)
with respect to imine 56b, in order to account for any loss of pro-nucleophile to isomerised
product 58 (Table 4). Yields were recorded using 'H NMR spectroscopy (e.g. Chart 1),
where integration of the alkenyl, benzylic and allylic proton shifts provided reliable data for
product 57b yields [6 = 6.5 and 6.2 ppm (Jyans = 15.8 Hz), 6 = 4.4 ppm, 6 = 2.7 and 2.6 ppm
respectively]. Further signals for the PMP-group (6 = 6.7 and 6.5 ppm) and for the N-H (6 =
4.1 ppm) could be detected. Isomerised product 58 was quantified by integration of *H NMR
spectrum signals in the alkenyl region (6 = 6.2 ppm) when the allylic region (6 = 1.9 ppm)
overlapped with solvent signals (e.g. THF).
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Chart 1: Aliquot 'H NMR spectrum of reaction between 36 and 56b in dioxane
Table 4: Catalyst screening - metal amides in dioxane

H M-NR (10 mol% H N
)\/ 2 ( ) Ph H + NS
ph N = Ph Ph H
H

dioxane, 25 °C, 20 h

PMP H HH
36 N~ 57b 58
(1.1 equiv)
Ph)]\H
56b

4 58 (90)
b]

Entry Catalyst (x mol%)  Yield 57b (%)

1 LTMP NR! -
2 LDA NRIP! -
3 LHMDS NRIP!

4 NaHMDS 98 5
5 KHMDS 23 44
Me_Me )

SiMes JPr
Li—N Li—N\ Li—N\
SiMe; iPr
Me Me
LTMP LHMDS LDA

[ The yield was determined by *H NMR spectroscopy of a reaction aliquot and represents the average
of at least two identical reaction outcomes; internal standard: dibenzyl ether (25 mol%).  NR = no
reaction; the desired product was not detectable, only starting materials were detected (*H NMR
analysis of a reaction aliquot).
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In dioxane, none of the lithium amide catalysts showed any reactivity at room temperature
(entries 1-3). This was somewhat surprising as the activation of allylbenzene was thought to
be mostly dependent on the amide base and less on the nature of the metal. However,
excellent results were obtained using NaHMDS, which showed a good balance between
activity and selectivity for product 57b (entry 4). The use of KHMDS was less successful,
because much increased levels of isomer product 58 were observed (entry 5).

As different reaction outcomes have been observed for the reaction of NaHMDS in THF, this
solvent was also used for a catalyst screening using otherwise unchanged conditions (Table
5).

Table 5: Catalyst screening - metal amides in THF

H H.N/PMP
M-NR; (10 mol%)
XN
Ph)\/ Ph\/\)\Ph + Ph/\/\H
THF, 25°C, 20 h
PMP 57b 58
36 N~
(1.1 equiv)
Ph)J\H
56b

Entry Catalyst (x mol%)  Yield 57b (%) 58 (%)™

1 LTMP 32 2
2 LDA 56 13
3 LHMDS 42 4
4 NaHMDS 17 62
5 KHMDS 0 37

& The yield was determined by *H NMR spectroscopy of a reaction aliquot and represents the average
of at least two identical reaction outcomes; internal standard: dibenzyl ether (25 mol%).

In contrast to the results in dioxane, the use of lithium amide catalysts in THF was successful
and product yields of 32-56% were obtained (entries 1-3). Both LTMP and LHMDS showed
low levels of isomerisation, but product yields did not reach those for NaHMDS in dioxane.
NaHMDS and KHMDS both showed similar activity to the lithium amides, but selectivities
were favouring the isomerised product 58 and 0-17% vyield was observed for product 57b
(entries 4 and 5).

One alternative to using ethereal solvents was DMF, which had proven to be tolerated in the
NaHMDS-catalysed cinnamylation reaction. This solvent was also used in a catalyst

screening with all commercially available alkali metal amides (Table 6).
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Table 6: Catalyst screening - metal amides in DMF

y H.-PMP
M-NR, (10 mol%)
+ A
Ph)\/ Ph\/\)\Ph Ph” " H
DMF, 25 °C, 20 h
PMP 57b 58
36 N~
(1.1 equiv)
Ph)]\H
56b

Entry Catalyst Yield 57b (%) 58 (%)™

1 LDA 10 0
2 LTMP 2 0
3 LHMDS 55 35
4 NaHMDS 13 42
5 KHMDS 26 56

[ The yield was determined by "H NMR spectroscopy of a reaction aliquot and represents the average
of at least two identical reaction outcomes; internal standard: dibenzyl ether (25 mol%).

The catalyst screening in DMF showed that none of the catalysts gave good reaction yields
for product 57b, as isomerisation of pro-nucleophile 36 remained a major challenge in this
polar coordinating solvent. Interestingly, reactions using lithium amide bases showed some
activity, with LHMDS giving the best result (55% 57b) compared to all other catalysts (entry
3). Like in THF, both NaHMDS and KHMDS gave more 58 than 57b showing that
conditions for the C—C bond formations were too basic in this solvent (entries 4 and 5).

In order to compare these results with different metal amides, the alkaline earth metal
amides, as well as other commercially available metal hexamethyldisilazides were tested for

their ability to catalyse the cinnamylation of imine 56b in dioxane (Scheme 40).

H. .PMP
H M(HMDS), (10 mol%) \/\)N\
P X Ph._~ + Ph/\/\H
Ph)\/ dioxane, 25 °C, 20 h 57b Ph 58
36 N PMP
(1.1 equiv)
Ph)J\H
56b
Mg(HMDS
Cg(HMDS)z Zn(HMDS), Eu(HMDS),
a HMD
( )2 Sn(HMDS), Gd(HMDS)s
Sr(HMDS), Ce(HMDS),

Scheme 40: Catalyst screening — other metal amides

Next to the alkali metals, none of the other metal amides was able to catalyse the reaction
between 36 and 57b. Furthermore, no isomerisation was observed in these reactions,
suggesting that the deprotonation of allylbenzene was not achieved. This lack of reactivity

for other metals makes the cinnamylation reaction exclusive to alkali metal amides, which

34



are the cheapest and most accessible catalysts among those used. However, the development
of other areas of this research might be dependent on other metals, which allow for stronger

coordination than alkali metals, particularly in the field of asymmetric catalysis.

To investigate the choice of base in the reactions of allylbenzene with imine 56b, strong
alkali metal bases were chosen as an alternative. To start, alkali metal hydrides were chosen
as strong hydride bases. These salts display a low solubility in organic solvents, which could
influence the catalyst’s reactivity. Therefore, increased catalyst loadings (10-50 mol%) were
used in dioxane, THF and DMF for comparison. None of the employed conditions showed
any product formation. Despite their strong basicity and identical metal counterions, the
hydride salts did not appear to activate allylbenzene. The absence of any products was
somewhat surprising, as at least stoichiometric amounts of either product 57b or product 58

were expected to be observed.

Therefore, reactions with alkyllithium reagents as even stronger bases were conducted.
Catalytic amounts (10 mol%) of methyllithium and butyllithium were studied for the
cinnamylation of imine 56b (Table 7). THF was chosen as an additional solvent to dioxane,

as Li bases showed no reactivity in dioxane when using alkali metal amides.

Table 7: Catalyst screening - alkyllithium catalysts

H. .PMP
H cat (10 mol%) N
A~ Ph A~ g "
Ph solvent, 25 °C, 20 h . Ph .
57 5
36 N~ PMP
(1.1 equiv)
Ph)]\H
56b
Entry Cat Solvent Yield 57b (%) 58 (%)X
1 LiMe dioxane 14 2
2 Li"Bu dioxane 10 0
3 LiMe THF 62 22
4 Li"Bu THF 74 18

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

For the reactions carried out in dioxane, low reaction yields of 10-14% were obtained
(entries 1 and 2). These yields suggested the stoichiometric generation of an allylic
intermediate, which then added to imine 56b selectively. However, when the same reactions
were performed in THF, yields of 62-74% for product 57b were observed, alongside
isomerised pro-nucleophile 58 in 18-22% yield (entries 3 and 4). As the catalyst’s conjugate
acids (Me—H or Bu—H) have a pK, value >45 (DMSO), they were not considered to be
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deprotonated by the product base. Furthermore, these conjugate acids are both gaseous at
room temperature and were therefore expected to be removed from the reaction after an
initial deprotonation step. Thus, this reaction showed that an initiative pathway for the
cinnamylation of imine 56b with allylbenzene (36) was possible. The generation of product
57b in yields greater than the catalyst loading showed that the lithiated product was likely to
be the active catalytic species, which deprotonated further pro-nucleophile to ensure catalyst
turnover. Further mechanistic studies were required to test whether this observation could be
applied to the alkali metal amide catalysts (cf. Preliminary Mechanistic Investigations, p 60)

Finally, the reactions with strong organosuperbases were conducted, which gave insights into
the importance of the metal in the cinnamylation reaction (Table 8). These bases were
chosen because the Verkade bases have been reported to be able to activate allylbenzene in
acetonitrile (cf. Scheme 63, p 73).5* The commercially available Schwesinger bases display
an even greater structural variety than the Verkade bases and both have been shown to have
very high basicities, depending on substitution.*™ Reactions of allylbenzene (36) with imine
56b were carried out in dioxane at room temperature using 5-10 mol% of the Schwesinger

or Verkade bases.
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Table 8: Catalyst Screening - organobases

H, _PMP
H cat (x mol%) N
ph)\/ ) . Ph\/\)\Ph PNy
dioxane, 25 °C, 20 h
36 N/PMP 57b 58
1.1 equiv
( au Ph)]\H
56b
Entry Cat (x mol%) Yield 57b (%) 58 (%)™
1 102a (5) NRP!
2 102b (5) NRP!
3 103b (5) NRE!
4 103a (5) 0 69
5 104 (5) 0 64
6 105a (10) NRE!
7 105b (10) NRE!
8 105¢ (10) NRE!
2 1) 3 3
N'/Me "q'/R P(NM Me,N)3P. '}I'/BUP(NMe ) R\N/P‘,\q"‘::s
NRZ/E;\TZN NMilzl\;é';\No (NMe3)3  (MeyN); \\N,Zth 2)3 &
“P(NMey)3 N
102 103 104 105
Me-P, R%-P, Bu-P, R3Verkade
Schwesinger Schwesinger Schwesinger 105a: R% = Me
102a: R = Me 103a: R? = Et 105b: R® = 'Pr
102b: R = pyrr 103b: R2 = Bu 105¢: R® = 'Bu

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

Of the Schwesinger bases used, no reaction was observed for the any of the P, bases (102) or
the 'Bu-P, base (103a) (entries 1-3). However, both the Et-P, (103a) as well as the '‘Bu-P,
(104) bases were able to activate allylbenzene, but only isomerisation product 58 was formed
(entries 4 and 5). No C-C bond formation was observed in these reactions, suggesting a lack
of imine reactivity after successful deprotonation of allylbenzene. Despite having shown
activity in MeCN in the literature,® none of the Verkade bases (105) was able to activate
allylbenzene and no reaction was observed in all cases (entries 6-8). The same reactions were
repeated in Et,O as the solvent, showing identical results. The exclusive isomerisation
showed that a metal ion was required not only for the stabilisation of the allylic anion, but
also for the activation of the imine. Coordination of the imine to the metal after
deprotonation was considered most likely where a hypothesised closed transition state would

account for the exlusive y-addition encountered in this reaction (Scheme 41).
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Na® Ph)J\H N~ PMP Na.-PMP
a 56b PhZ:~Na—’
S = {/ ——  Pho_~_h
F i Ph
Ph” N7
Ph
100 TS 101b

Scheme 41: Possible transition state for the cinnamylation of imines

The interaction between the imine and the metal ion did not have to occur in a a cyclic
transition state. An acyclic transition state would also be possible, where multiple metal ions

would be involved.
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2.3.1.4 Literature for Alkali Metal Amides in Catalysis
Alkali metal amides have been reported in catalysis for different kinds of transformations.
Most of these reactions rely on an initiative mechanism, where the amide base was used to
deprotonate an acidic substrate that was then reacted with an electrophile to give a product
base in a similar fashion to the cinnamylation described above. Several examples are known

for C—X bond formation,” but reports for C-C bond formations are limited.

C—X bond formation example: hydroaminations

Next to the alkali metal amides, many other catalysts have been identified to catalyse the
hydroamination reaction of primary or secondary amines with alkenes and alkynes.""!
Extensive reviews demonstrated the utility and applicability of different catalysts regarding
substrate scope and asymmetric variants of the hydroamination reaction.®’ *™ Different
mechanisms are reported for the catalytic hydroamination. One pathway involves the
initiative deprotonation of the amine to form a metal amide, which is used as a nucleophile to
generate an alkyl-M intermediate (Figure 5). This intermediate can then be protonated by the
amine, regenerating the metal amide to close the catalytic cycle. Regardless of the catalyst
used, the intermediate species would always be a metal amide, which is the true catalyst in

this reaction.

RIS
108
M-RZ
: : M
RoN—H 4%» R;N-M | st\/NRZ
106 o 107
H_R __________ 109
’ /\/)
R3J\/NR2 ReN7H
106
110

Figure 5: Catalytic cycle for the hydroamination reaction

C-C bond formations

Alkali metal amides have not been extensively studied with respect to their catalytic activity
in C—C bond formations. To the best of our knowledge, only five examples of such reactions

have been reported in the literature.
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The addition of terminal alkynes to carbodiimides has been catalysed using MHMDS
catalysts by Richeson (Scheme 42).® Here, the lithium amide was assumed to act as an
initiator, which allowed for the deprotonation of the terminal alkyne 111 (pK, ~ 29).5" The
alkyne anion could then add to the carbodiimide to furnish amidine products 113 in high

yields.
LHMDS (5 mol%) N—R'
Ar—=——-H Ar——=—’
CgDg, 80 °C, 75-120 h N-R?
111 H
1.0 equiv 1
( quiv) RL, 13
If
R' = R? = 2° alkyl .
alky ll\ll 4 examples
"R? 93-95% yield
112

Scheme 42: Alkyne C-H bond activation

Dixon reported the use of KHMDS in a C—C bond formation cascade, including cyclisation
and isomerisation to give product 116 (Scheme 43).”%! Unexpectedly, product 116 was found
to be formed even when using substoichiometric amounts of base, suggesting a catalytic
activity of the metal amide for both the Michael addition, as well as the carbocyclisation.
Indeed, proposed enolate intermediate 115 or analogues could deprotonate 114 due to the
low pK, value of the staring material C—H bond (ca. 18, DMSO0).B" Like in the previous
example, the metal amide was not considered a true catalyst in the reaction as the
deprotonation of the metal amide required a very strong product base intermediate. Again an
initiative mechanism was deemed likely, where the alkali metal enolate acted as the catalyst

for both C—-C bond-forming reactions.
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R2
// KHMDS (25 mol%)
R1
N H THF, 0-40°C, 0.2-72 h
PG CO,Me
114
- 115 -
PG = Bn, p-OMe-Bn, allyl, CH,(OMe), 12 examples
R'= Me, Pe 55-86% yield
R2=H, Ar dr=99:1

Scheme 43: Dicarbonyl a-C-H activation

During the course of our investigation, Kobayashi published the asymmetric Michael
addition of esters and amides to a,B-unsaturated amides (Scheme 44).% Here the metal
amide was used together with an enantiopure crown ether ligand to provide a chiral metal
environment. This complex was used to deprotonate the ester or amide substrates. The
potassium enolates were then added to Michael acceptor 118a with moderate
diastereoselectivity and excellent enantioselectivity for the ester pro-nucleophile. In the case
of the amide pro-nucleophile, both the diastereoselectivity as well as the enantioselectivity
were excellent and 1,5-diamine compounds 119 were obtained in up to 99% yield with
98% ee.

(0] KHMDS (10 mol%) (0] Ph O
H L* (5.5 mol%) ;
BuO BuO NMe,
Me PhMe,-78°C, 24 h Me H
[ N
117 119
(1.2 equiv) Ph/\)J\NMeZ 92% vyield

96% ee (major)
86% ee (minor)
dr=65:35

118a

KHMDS (5 mol%)

H L* (2.8 mol%) R 5
PhoN Me,N NMes |
i

2
o |
- OO
S =
OHWQC
O._0O
wﬂ

R! PhMe, -60 °C, 18 h R' H
120 o
) 121
1.2 e
( quiv) Ph/\)J\NMeZ 94% yield
118a 94% ee

anti:syn = >99:1

Scheme 44: Ester and Amide C—H activation
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Further studies in the group allowed for the Michael addition of alkylnitrile 123 to amide
118a using the same catalytic system (Scheme 45).%" Again, yields were high but the
asymmetric induction only reached up to 70% ee, suggesting less efficient binding of the
deprotonated pro-nucleophile to the chiral metal centre. In all cases, the substrate’s pK, value
was assumed to be >30; a mechanistic investigation was not reported.

KHMDS (5 mol%) R® O
L* (122; 2.8 mol% NC -
NC.__H ( o) _ NMe,
R2R! PhMe, -78 °C, 18 h RZR' H
(0]
123 124
(4.0 equiv) Ph/\)J\NMeZ 86% yield
61% ee
118a anti:syn = 93:7
R, RZ= Me, H
Me, Me
Et, H

Scheme 45: Alkylnitrile C—H activation

Finally, the group of Lloyd-Jones reported an intriguing catalytic activity of KHMDS in the
insertion reaction of carbene 128 into the C—H bond of toluene (Scheme 46).1 Products of
type 127 were observed as side-products in the formation of carbene 128 from pre-carbene
125 and KHMDS in dg-toluene. It was found that carbene 128 can insert into the C—H bond
of toluene (pK. ~ 43)®" and that the mechanism for this reaction shows signs of a
deprotonative pathway. It was further found that this insertion was catalysed in the presence
of NHC-KHMDS (128-KHMDS).

/iPr o X catalyt/cally active species
N  PFs KHMDS (2 mol%)

)~H + R .
N® CgDg, 23 °C > — K—N(SiMe3),

Et H Et R

125 126 127
4 examples 128
R =H, Me

X =H, Bu, CF3, Cl

Scheme 46: Benzylic C—H activation
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2.3.1.5 Applicability and Robustness
After having demonstrated the possibility of forming product 57b selectively from
allylbenzene (36) and imine 56b using a sodium amide catalyst, the applicability and
robustness of this process was investigated. First, the model reaction was stopped after 5 h
and the reaction yield for product 57b was recorded. Reactions using 5-20 mol% NaHMDS
were compared in dioxane at 25 °C (Table 9).

Table 9: Catalyst concentration screening

H NaHMDS (x mol%) H.N/PMP
Ph)\/ dioxane, 25 °C, 5 h Ph\/\)\ph
36 N~ MP 57b
(1.1 equiv) ph)J\H
56b

Entry  x (mol%) Cat Conc (mM)  Yield (%) TON/TOF (h?)

1 20 133 96 48/1.0
2 15 100 90 6.0/1.2
3 10 67 83 8.3/17
4 5 50 83 17/3.3

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

After only 5 h, the reaction using 20 mol% showed almost complete conversion to product
57b (entry 1). By successively decreasing the catalyst loading by 5 mol% increments, the
yield decreased slightly to 83% when using 10 mol% (entries 2 and 3). These results show
that a decreased catalyst concentration lead to a decrease in reaction rate. By using 5 mol%
catalyst, a good yield could be obtained after 5 h (83%), giving a high turnover number (17)
with a turnover frequency of 3.3 h™ (entry 4). This frequency is the highest one observed for
this process and shows a major limitation to this method. However, base-catalysed reactions
often cannot compete with transition metal-catalysed reactions, where turnover frequencies

are multiple orders of magnitude higher.[*!

Next, even lower catalyst loadings were used in the model reaction (Table 10). For this set of
experiments, the substrate scale had to be adapted from 0.20 mmol (>40 mg imine, 5-10
mol% NaHMDS) to 2.50 mmol (>500 mg imine, 0.5 mol% NaHMDS) in order to be able to
weigh the catalyst precisely. Catalyst stock solutions could not be used in this reaction as the
catalyst’s solution behaviour in dioxane was not entirely predictable. Loadings of 0.5-10
mol% NaHMDS were used and reaction time as well as substrate concentrations were

adjusted to maximise the product yield.
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Table 10: Catalyst loading screening

H NaHMDS (x mol%) H.-PMP
Ph)\/ dioxane, 25 °C, t Ph\/\)\ph
36 - PMP 57b
(1.1 equiv) Ph)J\H
56b

Entry x(mol%)  Substrate  Cat Conc t(h) Yield (%)® TON/TOF (h?)
Conc (M) (mM)

1 10 0.67 67 20 99 10/05
2 5.0 1.00 50 20 99 20/1.0
3 2.5 2.00 50 20 78 31/15
4 2.0 2.50 50 20 76 38/1.9
5 1.5 2.50 38 48 71 47/1.0
6 1.0 2.50 25 20 5 5/0.3
7 0.5 3.33 17 48 NRP! 0/0

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

As expected, the reactions carried out with 5-10 mol% catalyst loading gave high yields
after 20 h (entries 1 and 2), with increasing turnover numbers (10-20) and frequencies (0.5
1 h™Y). For catalyst loadings of 2.0-2.5 mol% the catalyst concentration was kept at 50 mM,
but reaction yields decreased to 76-78% (entries 3 and 4). For the reaction using 1.5 mol%,
the reaction time was increased to 48 h, as further increasing the substrate concentration was
not possible, due to limited imine solubility. A yield of 71% was recorded for product 57b,
giving the highest turnover number for this reaction (47, entry 5). Further decrease of the
catalyst loading to 1.0-0.5 mol% resulted in low or no reactivity. This could be due to trace

impurities in either solvent, imine or pro-nucleophile.

By lowering the catalyst loading, turnover numbers as high as 47 could be obtained, while
reaction rates were generally slow (TON up to 3.3 h™). The cheap availability of this catalyst
(ca. £3 g™t or £0.5 mmol™ as a solid or ethereal solution), which can also be prepared in one
step using Na” and HMDS amine, balances the fact that catalyst loadings <1 mol% were not
tolerated, like they often are when using expensive transition metal catalysts (e.g. Pd(PPhs),
>£20 g™ or >£20 mmol ™).

Before investigating the substrate scope for this reaction, a robustness screening as suggested
by the group of Glorius was performed.® Instead of synthesising many analogues of the
imine, functional group tolerance was examined by the addition of equimolar amounts of

additives containing the functional group in question. Furthermore, competition reactions
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could be performed in this way, where the selectivity of a particular group over another

could be tested.

The reactions using additives were conducted so that the additive 129-142, the alkali metal
amide and imine 56b were in solution before the addition of allylbenzene (Table 11). In this
way, any potential reaction of the catalyst with the additive could take place before the
catalyst could interact with the pro-nucleophile. Reactions were then carried out using
standard reaction conditions for 20 h.

Table 11: Robustness screening

NaHMDS (10 mol%) H., -PMP

Additive (1.0 equiv)
Ph
Ph)\/ \/\)\Ph

dioxane, 25 °C, 20 h

57b
36 N-PMP
(1.1 equiv)
Ph)J\H
56b
Me Me Cl O j?\
Me Me—CN
/\H‘l \—\Cl Me)l\o/\Me H NMe,
129 126a 130 131 132 133
CrHie PhMe DCE MeCN EtOA DMF
99% 99% . ° c 99%
NRIPI 09%l¢l NRIPI
(0]
(0] .
)J\ Ph/\ /\/S|Me3
Ph” "H H
83a 134 135 136a
NRI! 9% 13% >99%
SaleNeelv i
Y/
Me,N N Nig NO, Ph)j\O/\Me
137 138 139 140 141 142
99% 97% 99% NRL] NRL! 94%

™ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot). ! Acetonitrile activation observed
(*H NMR analysis of a reaction aliquot).

First, common organic solvents were tested as dried and purified compounds were readily
available in the group. In contrast to the reaction outcome in toluene or heptane as the
solvent (which have shown no reaction), these apolar substrates were tolerated in equimolar
amounts. The addition of DCE resulted no products being formed, suggesting a reaction
between the catalyst and the amide. Indeed, substitution and elimination reactions are both

plausible pathways that lead to the formation of NaCl, thus removing the metal from
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solution. The reaction with acetonitrile and ethyl acetate resulted in no products being
observed. Both substrates can be deprotonated by NaHMDS as they display similar acidity to
allylbenzene. While no reaction was observed using the ester, acetonitrile appeared to react
with the imine forming new products that could be assigned to the 1,2-addition of the
acetonitrile anion (143b; Scheme 47).

NC. NaHMDS (10 mol%) H’N/PMP
he dioxane, 25 °C, 20 h NC\)\Ph
(1.01:(:uiv) N/PMP 1430
Ph)]\H
56b

Scheme 47: C-H bond activation of acetonitrile

Other additives had to be dried over MS (4 A, 2 d) either neat or as solutions in Et,O, which
were subsequently removed in vacuo. Benzaldehyde (83a) and cyclohexenone (134) addition
showed no or low product formation. As mentioned, the stoichiometric reaction of NaHMDS
with aldehydes is known to give TMS-protected imines,®! while the conjugate addition of
amides is reported for Michael acceptors.[® Alternative pro-nucleophiles such as alkyne 135
or allylsilane 136a were also tested. Here, the terminal proton of the alkyne provided an
acidic C—H bond leading to a decreased product yield, presumably through partial catalyst
deactivation. Allylsilane, however, did not appear to compete with allylbenzene in the

cinnamylation reaction and was tolerated by the reaction giving high yields.

Coordinating substrates such as TMEDA, pyridine and quinoline (137-139) were all
tolerated in the reaction and high yields of 97-99% were obtained. However, other
heterocycles, such as furan (140), were not tolerated and no products were obtained. The
same was true when nitrobenzene (141) was used as an additive. In marked contrast to ethyl
acetate, ethyl benzoate (142) was tolerated in this reaction, giving 57b in an almost
unaffected yield of 94%. This suggested that the ester functional group was tolerated as long

as it did not contain acidic a-protons.
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2.3.1.6 Scope
The robustness screening provided some initial information on functional group tolerance.
Based on this information, different imines were synthesised, purified by recrystallisation
and dried as solutions over MS. These imines were then subjected to the optimised
conditions from previous reactions, using N-PMP-protected benzaldimine 56b. To start,

different aryl aldimines were tested, including alkyl- and halogen-substituted substrates
(Table 12).

Table 12: Imine scope — substitution and steric effects

H Ar
H NaHMDS (10 mol%) *N”
= Ph._~
Ph)\/ dioxane, 25 °C, 20 h \/\)\R
36 \ PP 57
(1.1-1.5 equiv) )J\
R” "H
56
57b 57¢c 56d[a]
91% yield 96% yleld[b] 92% yield 80% yield
E:Z = 49:1 E-7 = 491 E:Z = 32:1 E7 = 491
57e 57f 579 Br
81% yield 99% yield 80% yield 85% yleld[b]
E:Z=99:1 E:Z = 4911 E:Z = 49:1 E.7 = 491
H. .PMP
N
\/\)\@ \/\)?@ \/\)’ Ph
7i 57 57k 571
96% yleld[b] 90% vyield(®! 98% yield 87% yield

E:Z = 4941 E:Z = 49:1 E:Z=19:1 E:Z =241

The yield refers to the isolated yield after PTLC purification. E:Z-ratios were determined after
isolations based on *H NMR spectroscopy of the purified products. ! The reaction was carried out by

Wei Bao. ™ The isolation was carried out by Wei Bao.

Both the model substrate product 57b, as well as the previously shown N-Ph-protected
benzaldimine product 57a were isolated in good to excellent yields. Substitution of a methyl
group in the ortho- or para-position of the imine was tolerated and gave good yields for

products 57d and 57c. Substitution of a trifluoromethyl group as well as halogens (F, CI, Br)
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in the para-position resulted in the formation of products 57e-h in good to excellent yields.
For the bromide-substituted imines, substitution in ortho-, meta- or para-positions was
tolerated and no erosion of selectivity regarding the geometrical isomers was observed. For
the 1- and 2-naphthyl-substituted products 57k and 57l, good to excellent yields were
obtained but E:Z ratios were significantly decreased to ca 20:1. The reason for this decreased
selectivity was unknown. Next, the electronic substitution effects on the imine were tested
using different electron-donating and -withdrawing groups (Table 13).

Table 13: Imine scope — substitution and electronic effects

)H\/ NaHMDS (10 mol%) Hoy-PMP
Z
Ph dioxane, 25 °C, 20 h Ph\/\)\R
36 N-PMP 57
(1.10-3.00 equiv) )J\
R™ H
______________________________________ S
H. _PMP
N H. .PMP Heoy-PMP
Ph._~
Ph._~ Ph A
OMe
57m 57n NMe 5700l CN
o
73% yield 90% yield 50% yield
E:Z= 9?:?31 E:Z = 49:1 E:Z =>99:1
1.80 equiv 2.50 equivi® 3.00 equiv
_PMP
n-PMP N \-PMP
H
/©)LH /©)‘\ Ph/\)J\H
02N MeOZC
56p 56q 56r
NRIe NR NRI
_Di .Mes
_PMP NP N
N
e @ ©)LH
H
o]
5650 56t 56u
NRI! NRIl NRE

The vyield refers to the isolated yield after PTLC purification. E:Z-ratios were determined after
isolations based on *H NMR spectroscopy of the purified products. @ Allylbenzene was added
successively in three portions over 20 h. ™ The reaction was carried out by Wei Bao. [ NR = no
reaction; the desired product was not detectable, only starting materials were detected (*H NMR
analysis of a reaction aliquot).

When electron-donating groups such as p-OMe or p-NMe, were substituted, the reaction
proceeded with high levels of isomerisation, leading to decreased yields. In order to increase

the yield for products 57m and 57n, additional pro-nucleophile was added to the reaction
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mixture successively in portions. This method ensured the use of minimal required amounts
of allylbenzene while keeping the concentration of allylbenzene low. The increased electron
density was assumed to reduce the imine’s electrophilicity. The intermediate allylbenzene
anion generated in situ was therefore more likely to form isomerised product 58.
Interestingly, the p-CN-substituted imine also required a larger excess of pro-nucleophile,
and a yield for product 570 of only 50% could be obtained. However, the nitrile functional
group is very versatile and its tolerance to alkali metal amides showed a good applicability of
the catalyst. As suggested by the robustness screening, nitro-substituted imine 56p did not
show any reactivity in the reaction with allylbenzene. Surprisingly, also ester-substituted
imine 56q could not be activated. This result contrasted the observation from the robustness
screening, where ethyl benzoate was tolerated in the reaction. Further imines such as
cinnamyl imine 56r and glyoxal-derived imine 56s were tested without success. Finally,
other aromatic protecting groups were also tested with imines 56t and 56u, but a reaction

was not observed for these substrates.

Next, heterocyclic imines as well as an aliphatic aldimine were used (Table 14). Both
pyridine and quinolone have been shown to be tolerated in the robustness screening. In the

presence of furan, in contrast, no product formation was observed.
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Table 14: Imine scope — Heteroaryl- and alkyl-substitution

)\/ NaHMDS (10 mol%) Hey-PMP
=
Ph dioxane, 25 °C, 20 h Ph\/\)\R
\-PMP 57
(1.10-2.00 equiv) J\
R™ H
56
_PMP
Hay-PMP H.-PMP H. PP N
Ph._~ Ph. =~ N
— \/\)\Il\/@ Ph .~ _— | H
S Y/ N N / _N
M Me”
57v 57w € 57x 56y
90% yield!?! 80% yield 80% yield!] NRIC!
E:Z = 49:1 E:Z = 99:1 E:Z =49:1
1.50 equiv 2.00 equiv®! 1.10 equiv
(60 °C, 72 h)
H. _PMP
Hap-PMP . PMP Hay-PMP N
Ph. =~ Me
Ph._~ N Ph. Ph._~ N
| N | Me
57z 574 576 57
21% yield 38% yield!d! 10% yield!9l 87% yield
E:Z = 49:1
2.00 equivl?!
_PMP -PMP
N N
S H :( ; | H
N\_N N
Boc Boc/
562 56a
NRI€] NRI€]

The yield refers to the isolated yield after PTLC purification. E:Z-ratios were determined after
isolations based on *H NMR spectroscopy of the purified products. ! The isolation was carried out by
Wei Bao. ™ 36 was added successively in three portions over 20 h. [/ NR = no reaction; the desired
product was not detectable, only starting materials were detected (*H NMR analysis of a reaction
aliquot). ™ The yield was determined by '"H NMR spectroscopy of a reaction aliquot; internal
standard: dibenzyl ether (25 mol%). © The reaction was carried out by Wei Bao.

The heterocyclic products 57v-x were obtained in good vyields, although some reaction
conditions had to be modified. Thienyl product 57v was obtained in a high yield only after
heating to 60 °C for 72 h. Low levels of isomerisation allowed for this reaction to be heated
for prolonged periods of time without significant loss of pro-nucleophile to its isomer. Indole
product 57w was obtained in a similar manner to the electron-rich imine products, where
successive addition of the pro-nucleophile allowed for high yields to be obtained.
Surprisingly, quinoline-substituted imine 56y did not show any product formation. Pyridy!l

substitution on the imine gave poor conversions to products 57z, 574 and 570 indicated by
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'H NMR spectroscopy of a reaction aliquot. Both quinoline and pyridine were tolerated as an
additive in the robustness screening so the low yields could not be directly correlated with
functional group intolerance. Finally, tert-butyl substituted product 57i could be obtained
with a yield of 87%. This example showed that this method could be applied to aliphatic
imines, provided that the imine did not contain any protons in a-position. Interestingly,
reactions with N-Boc-protected pyrrole and indole imines 56z and 564 gave no reaction and
complete recovery of starting materials based on *H NMR spectroscopy. Compared to the
good results obtained for the alkyl-substituted analogues, the carbamate group was assumed
to cause this lack of reactivity. The 2-furyl N-PMP-protected aldimine substrate was also
synthesised despite the negative effect of furan in the robustness screening (Table 11, p 45).
It was hypothesised that impurities in the furan used could have caused a deactivation of the
catalyst. However, reactions of the furyl-containing imine with allylbenzene under standard

reaction conditions were unsuccessful and a reaction product was not observed.

In order to expand the scope beyond aldimines, different ketimines were also tested in the
cinnamylation reaction (Table 15). Different structural motifs were considered in order to

furnish homoallylic amine products of type 145.

Table 15: Imine scope — Ketimines

)H\/ NaHMDS (10 mol%) H.\-PMP
AV 4
= A R!
Ph dioxane, 25 °C, 20 h PhMRz
36 _PMP 145
. N
(1.1 equiv) J]\
R" "R?
144
_PMP _PMP P
N N N PMP
144a 144b 144c
NRI&l NRI&l NRE
_PMP PP _PMP
N N/ N
EtO (0]
\H)J\Ph
o] N,
Me
144‘1 144e 144f
NRI2:b] NRaD] NRE]

8] NR = no reaction; the desired product was not detectable, only starting materials were detected (*H
NMR analysis of a reaction aliquot). ™ The reaction was carried out by Wei Bao.

51



Unfortunately, none of the employed ketimines gave products of type 145. Where the imine
contained acidic protons in a-position (144a and 144d), this lack of reactivity was assigned
to a deactivation of the catalyst by protonation. For other non-acidic substrates, different
reasons needed to be considered. Steric effects could account for the lack of reactivity of
some substrates, while 1,2 dicarbonyl-derived ketimine 144f could have deactivated the
catalyst by 1,2-addition of the amide to the imine’s C=N double bond.

Next to the imine scope, the allylbenzene scope was also considered. Different commercially
available allylbenzenes (substituted on the aromatic ring), were used in the cinnamylation of
imine 56b (Table 16).

Table 16: Allylbenzene scope

H, .PMP
)H\/ NaHMDS (10 mol%) N
Ar dioxane, 25 °C, 20 h Ar\/\)\Ph
146-151 .PMP 152b-157b
(1.1-1.5 equiv) J\
Ph” ~H
56b
F H. .PMP Me H. .PMP Me H, _PMP
N N N
= Ph = Ph = Ph
152b 154b
99% 85%
E:Z =491 E:Z=321
" H~N/PMP " FSC\©\/\
= Ph N
155b 156b 151
77% 51% NR
E:Z =241 E:Z =491

The yield refers to the isolated yield after PTLC purification. E:Z-ratios were determined after
isolations based on *H NMR spectroscopy of the purified products. ™ The yield was determined by *H
NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl ether (25 mol%).

Substitution of different functional groups, including fluorine, methyl, and methoxy groups,
resulted in the formation of products 152-155 in good to excellent yields. Interestingly, E:Z
selectivities were much more affected by substitution on the allylbenzene than these were for
substitution on the imine. When changing the methyl-substitution from para to ortho, a
decrease in selectivity from 99:1 to 32:1 was observed. Due to the proximity of the methyl
group in the ortho-position to the double bond in product 154b, is was assumed that the

additional substitution influenced the configuration of a reaction intermediate. Also
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methoxy-substituted product 155b showed a lower E:Z selectivity of 24:1. Here, steric
interactions were unlikely, hence the nature of this decreased selectivity may be electronic.
The perfluorinated product 156b was not isolated, as yields of only up to 51% were observed
in '"H NMR spectroscopy. It was originally assumed that this substrate would stabilise an
allylic anion better than allylbenzene, thereby leading to low levels of isomerisation.
However, the decreased electron density of the allylic anion could also reduce the

nucleophile’s reactivity, leading to low yields.

Allylpyridine 158 was used as a highly interesting pro-nucleophile, which allowed for the
introduction of a further heterocycle into the homoallylic amine products. This substrate
reacted in a slightly unusual way, because often high levels of isomerised pro-nucleophile
were observed. Furthermore, the presence of another heteroatom in the product lead to
further possible coordination to the catalyst. In order to show the utility of this method for
the formation of electron-rich and electron-poor heterocycle-containing products,
heterocyclic imines were used in the reaction with 3-allylpyridine (158; Table 17).
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Table 17: Allylpyridine Scope

H NaHMDS (10 mol%) N H. .PG

| dioxane, 25 °C, 20 h N =

N H, _PMP
_ | N /N | H.N/PMP
™ = _ e = _
S / o) /

159v 1590
57%I°] 41%!"]
E:Z =321 E:Z =321
N H. _Ph
_ | N /N | H.N/Ph
™ = = N = =
S / (0] /
159¢é 159p 1596
82% 73% 80%
E:Z=99:1 E:Z=32:1 E:Z=19:1

The yield refers to the isolated yield after PTLC purification. E:Z-ratios were determined after
isolations based on *H NMR spectroscopy of the purified products. ! The yield was determined by *H
NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl ether (25 mol%). ™ The isolation
was carried out by Wei Bao.

Interestingly, product yields of only up to 13% were observed when N-PMP-protected
benzaldimine was used in the reaction with 3-allylpyridine. A significantly increased yield of
66% was observed for N-Ph-protected product 159a. The yields for heterocyclic PMP-
protected products 159z, 159v and 159g, containing pyridyl, thienyl, or furyl groups, were
found to be 41-75%. When the same substrates were tried with N-phenyl-protection,
compounds 159¢, 159p and 15948 could be isolated in much improved yields of 73-82%. E:Z
selectivities varied between 32:1 to 99:1, reflecting the same spectrum of selectivities that

had previously been found for allylbenzene.

One final step in the pro-nucleophile scope was to test other substrates similar to

allylbenzene. As mentioned at the start of the chapter, both diphenylmethane and 1,5-
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pentadiene have pK, values similar to allylbenzene. In the reactions with 1,5-pentadiene
(160), 3-methyl-1,5-pentadiene (161) and diphenylmethane (162), products were found for
both diene substrates, but no reaction occurred when using diphenylmethane (Table 18). This
lack of reactivity supported the hypothesis of a cyclic transition state, where
diphenylmethane does not allow for y-addition to occur.

Table 18: Other pro-nucleophiles

H
H. .PMP 1
R H NaHMDS (10 mol%) N Ph N‘PMP
OR
f W " dioxane, 25 °C, 20 h th O O
(GRS | [ R
e e N PP
160-162 )J\ 163-164 165
(1.1 equiv) Ph H
56b
H‘N”FWIF> H.-PMP
=
/\/“\«)\@ o~
Me
163b 164b 162
99% 99% NRL!
E:Z=6:1
95% isolated!®
E:Z = 3:1

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ™ The isolation was carried out by Wei Bao. ' NR = no reaction; the desired
product was not detectable, only starting materials were detected (*H NMR analysis of a reaction
aliquot).

Unfortunately, E:Z selectivities were poor in the case of diene pro-nucleophiles and values
of 3:1 were observed for unsubstituted product 163b, while an increased selectivity of 6:1
was noted for the methyl-substituted product 164b. Despite this method showing a clear
preference for E-164b, the geometric isomers could not be separated using standard
chromatographic methods (silica gel flash column chromatography or PTLC), which limited
its application. However, an imine scope was developed for this method, in order to
investigate the substitution effects, as all imines were readily available in the group (Table
19-20).

55



Table 19: Pentadiene imine scope |

H NaHMDS (10 mol%) He\-PC
W ~ W
dioxane, 25 °C, 20 h = F R
160 _PG
(1.1-1.5 equiv) JNL 163
R” H
56
H.. .PMP
N Hey-Ph H.-PMP
NS Z
= N“\)j@
163b 163a 163d Me
99% 99% 94%
E:Z=3:1 E:Z=3:1 E:Z=3:1
H. _PMP
N Hey-PMP Hap-PMP
P A P Br
= NG
Br
Br
163h 163i 163j
99% 99% 92%
E:Z=3:1 E:Z=3:1 E:Z=3:1
H. .PMP H. . PMP
N N H.-PMP
> >
= =
/\/\J\©\ M«)\@\ _ _
163f F 1639 Cl
163e CF
98% 80% 97% ’
E:Z=3:1 E:Z=3:1

E:Z=3:1

The yield and E:Z-ratios was determined by *H NMR spectroscopy of a reaction aliquot; internal
standard: dibenzyl ether (25 mol%).

Unsubstituted imine products 163b and 163a were obtained in excellent yields and E:Z
selectivities of 3:1. Methyl-substitution, as well as bromide-substitution in all positions gave
products 163d-j in good to excellent yields. Furthermore, fluoride, chloride and
trifluoromethyl substitution was shown to be tolerated, giving products 163f-e in 80-98%

yield with similar selectivities.



Table 20: Pentadiene imine scope Il

H NaHMDS (10 mol%) H.-PMP
W W
dioxane, 25 °C, 20 h % = R
160 _PMP
(1.1-1.5 equiv) J‘\ 163
R” "H
56
H.\-PMP o PP PP
=
/\/V\@\ NV\@\ H
OMe NMe, NC
163m 163n .
79% 72% o
NR
E:Z=4:1 E:Z = 4:1
H. -PMP
H.,-PMP
NG N
| 7 = = | AN
N N
163a 163z
99% 37%!"!
E:Z = 4:1 7 nd
H.-PMP . -PMP oy PHP
S / N / M Me
Me” e
163v 163x 1630
93%!"! 64% 60%
90% isolated E:z=51 E:Z=41
E:Z=4:1

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). [ NR = no reaction; the desired product was not detectable, only starting materials
were detected (*H NMR analysis of a reaction aliquot). I The reaction was carried out by Wei Bao.
Like in the case of allylbenzene, imine substitution with electron rich substituents was
tolerated and products 163m and 163n were obtained in 72-79% vyield. E:Z selectivities
were slightly increased to ca. 4:1. Cyano-substitution did not result in any product to be
formed in the reaction and only starting materials were observed in *H NMR spectroscopy.
The use of heterocyclic imines was possible and allylated 4-pyridyl-containing product 163&
was obtained with an excellent yield, while its 3-pyridyl analogue gave a yield of only 37%.
Both thienyl and pyrrolyl-substitution was tolerated and products 163v and 163x were found
with a yield of 64-93%. Finally, this pro-nucleophile was also reacted with the aliphatic
imine, giving tert-butyl-substituted product 163U in a moderate yield and an E:Z selectivity
of 4:1.
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Other pro-nucleophiles

The formation of f-Me styrene (58) in the cinnamylation of imines using allylbenzene
suggested that ‘irreversible’ isomerisation occurred under the catalytic conditions. Indeed, 58
contains a double bond conjugated to the aromatic system, which provides a high
thermodynamic stability for this product. However, the allyl-Na intermediate that was
generated from the deprotonation of allylbenzene was assumed to be similar to the
intermediate generated from the deprotonation of B-methyl styrene. Assuming that the allyl—
Na exhibited a fast equilibrium to a m-allyl species, the intermediates would indeed be
identical. However, once formed, the styrene side-product did not appear to be available for
C—H bond activation in the catalytic system. Therefore, reactions with -methyl styrene (58)
were conducted with imine 56b as the electrophile. Unsurprisingly, the reaction under
unchanged catalyst conditions (NaHMDS in dioxane) at mild temperatures (25-60 °C) did
not proceed and no reaction was observed. Therefore, different catalytic systems were

investigated and the influence of ligands was studied (Table 21).

Table 21: Activation of B-methylstyrene

cat (10 mol%)

oo H. _PMP
ligand (10 mol%) ©\/\)N\
x
©/\) = Ph

solvent, T, 20 h

N PMP 57b
(1.1588quiv) ph)J\H

56b
Entry Cat Ligand Solvent T(C) Yield?® (%)
1 NaHMDS - dioxane 25-60 NRP!
2 KHMDS - dioxane 25-40 NR™
3 NaHMDS [18]c-6 dioxane 25 NR!
4 NaHMDS [18]c-6 THF 25 NR
5 NaHMDS IPr dioxane 60 20
6 NaHMDS 'Bu-BOX*  dioxane 60 10
7 NaHMDS ; DMF 25 23

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

Heating the NaHMDS- or KHMDS-catalysed reaction up to 60 °C in dioxane did not result
in the formation of any products and only starting materials were observed in '"H NMR
spectroscopy (entries 1 and 2). The addition of a crown ether ligand also did not show the
desired product to form in either dioxane or THF (entries 3 and 4). However, the use of

carbene or bisoxazoline ligands at 60 °C furnished product 57b in 10-20% yield. The best
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yield for this transformation was obtained when carrying out the reaction in DMF, a strongly
coordinating solvent. Here, the reaction could be carried out at 25 °C giving product 57b in
23% yield (entry 7). The analogous Li- and K-catalysed reactions also showed conversions,
but yields were generally lower. These results showed that the activation of styrene was
possible, but required harsher reaction conditions or coordinating solvents to proceed.
Furthermore, no branched product was observed in this reaction, suggesting that the reaction
took place by deprotonation followed by isomerisation to the same allyl-M intermediate that
was generated from allylbenzene. As the product yields were generally low, allylbenzene
showed a much better reactivity in the allylation of imines.

Instead of using B-substituted methyl styrene, a-substituted styrene was also investigated
with respect to the C-C bond forming reaction using imine 56b. This substrate was not
considered to be activated easily by deprotonation, as the allylic anion did not experience the
same stabilisation from the aryl group as the allylbenzene anion. However, this styrene
product has been previously activated in imino-ene reactions, so its reaction with imine 56b
had to be tested (Scheme 48). The uncatalysed thermal reaction in dioxane and THF at up to

60 °C did not show any formation of homoallylic amine product 166.

H.. .PMP
cat (10 mol%) N
X
solvent, T, 20 h Ph
N/PMP
166
33 PS
(1.1 equiv) Ph H
56b
cat = none, NaHMDS, KHMDS, LTMP
solvent = dioxane, THF
T = 25-60 °C

Scheme 48: Activation of a-methylstyrene

None of the used catalytic conditions furnished allylic amine 166. NaHMDS, KHMDS or
LTMP were employed in either THF or dioxane and reactions were heated up to 60 °C. This
suggested that the imino-ene reaction with imine 56b required a high activation energy to
proceed. Considering the low reactivity of this imine compared to the a-imino esters, which
have usually been used in the imino-ene reaction, this result was not unexpected.
Furthermore, none of the alkali metals were considered a good Lewis acid catalyst, which

are usually required for the imino-ene reaction to proceed under mild conditions.

59



2.3.1.7 Preliminary Mechanistic Investigations
In order to improve reaction conditions as well as developing asymmetric variants of the
cinnamylation of imines using metal amide catalysis, understanding the reaction mechanism
was crucial. One aspect of this was the careful consideration of reaction side-products and
possible side-reactions. Many of these have been mentioned before, giving first indications
of reaction intermediates. The formation of f-methylstyrene suggested the formation of an
allylbenzene anion reactive intermediate, which could react with electrophiles (H* or imines)
from the y-position. The lack of f-methylstyrene reactivity in C—C bond forming processes
showed that once formed, this side-product could not re-enter the catalytic cycle and pro-
nucleophile was lost. This meant, isomerisation could be classified as a catalytic

‘decomposition’ of starting material (Scheme 49).

H
©)\% = ©\/\/ H

58
'isomer’
B-Me-styrene

36

Scheme 49: Isomerisation side-reaction

Alternative off-cycle pathways include possible reversible stoichiometric reactions of the
catalyst with the substrates. One example for this would be the attack of the amide to the
imine directly, giving rise to an amide that would resemble the product base (Scheme 50).
167 could be a different catalytically active species, or an off cycle reaction, which cannot be
detected easily due to the reversibility of the process.

N/PG MR2 (Cat) M~N/PG
Ph)J\H Ph/kNRz
56 167

Scheme 50: LB attack of catalyst to imine

Another off-cycle pathway would be the catalytic decomposition of products. The
dehydroamination reaction is an example for this kind of reactivity, where the metal amide
was assumed to catalyse the elimination reaction (Scheme 51). By providing either a base or
a Lewis acid catalyst, the activation energy of the dehydroamination was lowered and aniline

and diene product 168a were formed.
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H. .PG
N MR, (cat) PG
S b A .
= = > ph + HoN

Ph
168a 169
57 '1,3-diene’
1,5-diphenylbuta-1,3-diene

Scheme 51: Dehydroamination side-reaction

Neither of these processes was considered in the initial suggested pathways, which included
simplified scenarios for either an initiative or a catalytic reaction mechanism (Figure 6).

/PG
M- NR2 Ar
57
Ar -/'nitiation
catalys:s b= NR2 /PG /\( -
Ar \ Ar H
I
M
B
56 56

Figure 6: Proposed mechanisms

In the catalytic cycle, allylbenzene was deprotonated by the metal amide, resulting in a
secondary amine and an allyl-metal intermediate. This nucleophile could add to imines to
give product base 101, a key intermediate in any mechanism, which would then deprotonate
the amine to regenerate the catalyst. Alternatively, an initiative pathway was considered,
where product base 101 would deprotonate further allylbenzene to give product 57 and
regenerate the reactive allyl-metal intermediate. Both pathways were considered likely and a
possible mixture of both pathways simultaneously was also considered. One major source of
information was provided by the use of catalytic amounts of alkyllithium reagents, giving
product 57 in >60% yield. As mentioned, no catalytic pathway was possible for these bases,
as the deprotonation of the catalyst’s conjugate acid (R—H) was not possible. This result
showed that an initiative pathway was possible. For the development of an asymmetric
cinnamylation reaction using allylbenzene (36), it was therefore concluded that asymmetric
induction from a metal centre was more promising than from the amide, as the metallated
species were dominant in at least one possible reaction intermediate involved in the
stereodetermining step. Chiral metal environments are usually achieved by coordination with
asymmetric donor ligands, which was the focus of the development of the asymmetric
cinnamylation of imines (Scheme 59, p 70). In order to attempt to differentiate between the
two reaction pathways, preliminary initial rates were monitored. It was assumed that the

initiative pathway would display a very distinct reaction profile compared to the catalytic
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reaction. To this end, reactions were initially performed at varying catalyst loadings and
monitored at specific time intervals over 2-5 h (Table 22). The same experiments were then
carried out in the presence of either HMDS amine 94 or reaction product 57m additive (10-
100 mol%) for comparison. Product yields (57b) were recorded after 4 h in order to compare
results from different reactions at a specific time point.

Table 22: Additive effect on yield

NaHMDS (x mol%) H. .PMP
H additive (y mol%) N

Ph)\/ Ph\/\)\Ph

dioxane, 25 °C, 4 h

36 "pMP 57b
(1.1 equiv) )N]\
Ph™ H
56b
Entry x(mol%) Additive (y mol%) Conv (4 h, %)
1 20 / 78
2 10 / 33
3 5 / 10
4 10 Product 57m (10) 42
5 10 HMDS (10) 22
6 10 HMDS (100) 6
o H.-PMP
€30l .
[}j Ph %
SiMe3
04 57m OMe
HMDS 'product’

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

The reaction yield after 4 h decreased with decreased catalyst loadings (and hence catalyst
concentrations). These reactions showed the relevance of at least one element of the catalyst
to the overall rate of the reaction (entries 1-3). The addition of either HMDS (94) or product
57m at the start of the reaction lead to a change on product yield after 4 h in all cases (entries
4-6). In the presence of 10 mol% product 57m (1 equiv w.r.t. the catalyst), the reaction yield
increased from 33% to 42%. The addition of the same amount of HMDS amine lead to a
decrease of product yield to 22%. This effect was even stronger when using 100 mol%

amine (10 equiv with respect to the catalyst), where only 6% yield was obtained.

When looking at the initial rates of the reaction within the first 5 h of the reaction, more
detailed reaction profiles could be analysed (Chart 2). The reaction using 20 mol%

NaHMDS showed a steep rise of product yield from the first collected data point. For the
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reactions using lower catalyst loadings, a more complicated picture was drawn, where the
rate increased over the course of time and a steep rise was only observed after an initial
induction period. This induction period was removed when product 57m was added to the
reaction mixture and new product was formed quickly after the start of the reaction.
Interestingly, the rate of product formation was similar to the rate observed after the
induction period for the additive-free reaction. In the presence of HMDS amine, the rate was
considerably decreased when using 100 mol% additive, but the effect was already visible

when using only 10 mol% amine.

Reaction rates

45
40
35
c 30
0
%]
5 25
g
§ 20
(8]
R 15
10
s Jf T T - )
------- ..-'--"-'----
0 e-e-=g-==""""
0 50 100 150 200 250 300
time (min)
20 mol% 10 mol% 5 mol%
product® 10 % HMDS  --e--1eq HMDS

Chart 2: Initial rates of different catalyst loadings (top) or using 10 mol% catalyst together with the
specified additives (bottom)

* 10 mol% of product 57m was used as an additive

The presence of an induction period supported the possibility of an initiative pathway, where
the product base formed slowly at the start of the reaction, but as its concentration increased
over time, the reaction rate to give product 57b increased. The presence of HMDS amine
decreased the rate of allylbenzene deprotonation as the rate of allylbenzene reprotonation
was increased. When product 57m was added to the reaction, the concentration of product
base was assumed to be high from the start of the reaction, leading to a shorter induction
period. However, this removal of induction period depended on the efficiency of product
57m deprotonation by the catalyst. As mentioned before, other off-cycle mechanisms could
also lead to the observation of an induction period, such as a possible required attack of the

metal amide to the imine, generating the catalytically active amide adduct.
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In order to investigate the possibility of a deprotonation of the product by the catalyst,
stoichiometric deprotonations were carried out between MHMDS and product 57m (Scheme
52). Due to the lack of pK, value data for the product amine, no precise prediction could be
made about the relative acidity of amine 57m and HMDS. Comparing the HMDS pK, value
(~ 30, DMSO)E"! to aniline (~30.6, DMS0),*" it was assumed that alkylated anisidine
should be less acidic than HMDS and therefore the equilibrium of the deprotonation of
product 57m with NaHMDS should lie on the left hand side. Here, the forward reaction
mimicked the reaction for the use of product 57m as an additive, while the reverse reaction
represented the catalyst regeneration step in the catalysis cycle.

H. _PMP Na, _PMP
N NaHMDS (1 equiv) N
Ph. -~ Ph._~ + HMDS
\/\)\©\ solvent, T, 20 h \/\)\©\
OMe OMe
57m 101m

Scheme 52: Product deprotonation

Of course, the nature of the equilibrium was affected by other factors such as temperature
and solvent. Therefore, reactions were carried out in different polar aprotic solvents and *H
NMR spectroscopy in C¢Dgs was used for the detection of potential reaction products (Table
23). Surprisingly, instead of finding evidence for metallated species 101m, different signals
were found. These signals corresponded to previously identified products B-methylstyrene
(58), imine 56m and dehydroamination product 168m.

Table 23: Product deprotonation

H. .PMP BB (1.0 equiv) -PMP
\ Ph™ e + | + Pho~_~
Ph \/\)\Ar solvent, 25 °C, 4 h Ar)J\H NN A
57m 58 56m 168m

Ar = 4-CGH4OMe

Entry BB Solvent Conv 58 and 56m(%)®¥  Conv 168m (%)
1 dioxane 50 0
2 THF 25 75
3 NaHMDS DMF 10 90
4 MeCN NR! -
5 THF 10 0
6 NaH DMF 100 0

[ The conversion was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

64



In dioxane, a 50% conversion to products 58 and 56m was observed, while
dehydroamination product 168m was not observed (entry 1). This outcome changed when
the reaction was carried out in THF, where a full conversion was observed in a ratio of 1:4 in
favour of dehydroamination product 168m (entry 2). This selectivity was further increased to
1:9 for product 168m when the reaction was conducted in DMF. In MeCN, a reaction was
not observed, suggesting that deprotonation of acetonitrile lead to the formation of

unreactive intermediates.

As these reactions showed a different outcome than expected, deprotonations were also
carried out using sodium hydride. This base did not show any dehydroamination occurring in
either THF or DMF, but showed selective formation of products 58 and 56m (entries 4 and
5). The reaction mechanism for the BB activation of product 57m was assumed to occur via
the product base that formed in the equilibrium with the BB. This equilibrium was then
shifted towards the right by the decomposition of the product base to imine 56m and allyl-
metal intermediate 100, which is known to undergo protonation at the y-position, giving
styrene product 58 (Scheme 53). It was therefore found that the retro-allylation was also
mediated by the addition of NaHMDS. Indeed, reactions of allylbenzene (36) with imine 56b
catalysed by increased loadings (50-100 mol%) of NaHMDS gave significantly lower

product yields and increased levels of isomerisation.

PMP

(NaCN/PMP N
—_— Ph_~. _HMDS Ph._~
Ph%)\/_\r Ar)J\H + I \/\Me
Na  NaHMDS
101m 56m 100 58

Scheme 53: Proposed mechanism for retro C-C

In contrast to the retro-allylation, the dehydroamination product formed different reaction
products that had not been observed in the NaHMDS-catalysed cinnamylation reaction.
However, a plausible reaction mechanism would suggest the base-catalysed elimination of

anilide 170 that formed anisidine (169b) while regenerating the metal amide (Scheme 54).

H. - PMP
HMDS
Ph._~ = Ph A H.-PMP PMP—NH
g TR i el
H Na<HMDS A N@ NarMps
e
\) r
57m 168m 170 169b

Scheme 54: Proposed mechanism for dehydroamination

In order to test the deprotonation of product 57m with NaHMDS without the possibility of

decomposition reactions of the product base, the use of a product analogue was considered.
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The retro-allylation reaction was favoured by the relatively high stability of the allylic anion
(100). Furthermore, the presence of acidic protons B-position to the amine allowed for the
dehydroamination to occur. Both of these pathways were assumed to be blocked by the
removal of the allyl group, giving secondary amines substituted by one aryl and one benzyl
group. These products could be easily accessed in a one-step reduction of the corresponding
benzaldimines using NaBH, (Scheme 55).

NaBH, (1.0 equiv)

_Ar
J\ B(OH); (1.0 equiv) Ho AT
>
H
Ph H neat grinding, 0.5 h Ph™ *y
56a: Ar = Ph 171a: Ar = Ph
56b: Ar = PMP 171b: Ar = PMP

Scheme 55: Reduction of imines to secondary amines

The products of the reduction of N-PMP- and N-Ph-protected imines 56b and 56a gave
amines 171b and 171a. These amines were used for the deprotonation with NaHMDS as

well as NaH for comparison (Scheme 56).

Ar NaHMDS / NaH (1 equiv) Na. . Ar

He . N
)NTH . X R JvH + HMDS
Ph" dioxane / THF, 25 °C, 20 h Ph" H
171a: Ar = Ph 172a: Ar = Ph 94
171b: Ar = PMP 172b: Ar = PMP

Scheme 56: Secondary aniline deprotonation

Neither of the two substrates showed any decomposition by *H NMR spectroscopy (CDCls).
The reactions were then monitored in CsDs, but no change in either *H or *C NMR
suggested the formation of metallated species 172a-b or protonated HMDS (94). This meant
that the product mimics 171a-b were less acidic than HMDS and that the equilibrium of the
reaction of 171a-b with NaHMDS would lie on the left hand side. Therefore, a pKa value of

>30 was assumed not only for amines 171a-b, but also for product 57.

With the product mimics 171a-b in hand, further reactions were carried out where different
amines were added to the NaHMDS-catalysed reaction between allylbenzene (36) and imine
57m as additives (10-30 mol%; Table 24). Besides the secondary anilines, substituted
primary anilines were also investigated, as some of their pK, values were found to be in the

same area of HMDS.
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Table 24: Addition of anilines

9y NaHMDS (10 mol%) H.-PMP
aniline (y mol%)
)\/ Ph\/\)\
Ph dioxane, 25 °C, 20 h Ph
36 N-PMP 57b
(1.1 equiv)
Ph)J\H
56b
Entry Aniline (y mol%o) Conv (%)
1 - 98
2 171a (10) 91
3 171b (30) 88
4 169b (10-30) 83-90
5 169a (10) 62
6 173 (30) 60
7 174 (30) 10
8 175 (30) NRE!
9 176 (30) NR!
MeO
Cpny Gy 02
N
”/\© H/\© NH, NH,
171a 171b 169a 169b
F
©:NHMe F3C\©\ Fscj©\ F F
NH, NH, FsC NH, F NH,
F
173 174 175 176

B The conversion was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

The addition of secondary amines 171a or 171b showed little effect on the reactivity
compared to the additive-free reaction (98%, entry 1), and product yields of 88-91% were
obtained (entries 2 and 3). When anisidine (169b; PMP-substituted aniline) was used, a
similar observation was made and product yields of 83-90% were observed (entry 4). Using
unsubstituted aniline (169a) as an additive gave a moderate product yield (62%), suggesting
an interaction between the catalyst and the additive (entry 5). Similar conclusions were
drawn for the 2-NHMe-substituted aniline (173), where a yield of 60% was observed (entry
6). When moving to electron-poor anilines, the effect on the yield was even more
pronounced. 4-CF;-substituted aniline 174 showed a product yield of only 10%, while 3,4-
di-CF3-substituted aniline 175, as well as perfluorinated aniline 176 showed no reactivity.

This trend in reactivity can be rationalised by looking at the pK, values of the different
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anilines (Figure 7). While aniline was found to have a pK, value of ca. 30.6 (DMSO),*”
substitution effects of electron-withdrawing groups showed significantly lower pK, values.
Substitution effect with electron-donating groups has not been reported except for 2-MeO-
substitution, giving a very similar pK, value to aniline (30.5, DMSO).® In this substrate, the
electron donating properties were assumed to be balanced by the inductive withdrawal from
the oxygen atom in ortho-position. Also, H-bonding effects had to be considered. Therefore,
it was assumed that p-anisidine had a much increased pK, value compared to aniline. For all
anilines with a pK, value equal to or lower than aniline, a lack of product formation was
observed in the cinnamylation reaction, suggesting a catalyst deactivation by formation of an
unreactive sodium anilide species. The fact that p-anisidine was tolerated in this reaction
suggested that no deprotonation of this aniline derivative was possible and therefore the

reaction with allylbenzene could proceed in the expected fashion.

R = H 2-OMe 2-CF4 4-CF5
X
| R
= >
increasing acidit
NH» g y

PKa = 30.6 30.5 28.2 27.0
Figure 7: pK, values of different anilines

These observations lead to the assumption that catalysis with alkali metal anilides could also
be possible. As their pK, values are highly dependent on the substitution pattern, these
compounds would be versatile in their application. Alkali metal anilides have been prepared
and studied with regards to their structures.’®® More recently, the catalytic use of this class of
amides has beem reported in a hydroamination-carbocyclisation cascade reaction.’!

However, further catalytic applications in C—C bond formations have not been explored.

One interesting observation in the reaction with 30 mol% aniline was made, where a
different homoallylic amine product was found in small quantities. Upon careful comparison
of product *H NMR spectra of the isolated products, this homoallylic amine product was

identified as 57a, arising from the cinnamylation of N-Ph-protected iminie 56a (Scheme 57).

oyp  NaHMDS (10 mol%) H. _PMP H. _Ph
)H\/ N~ aniline (30 mol%) \/\)N\ \/\)N\
= ° Ph._~ +  Pho_~
Ph Ph)J\H dioxane, 25 °C, 20 h Ph Ph
36 56b 57b 57a

(1.1 equiv)
Scheme 57: Side-product formation for the reaction with aniline

Based on the examination of pK, values for aniline and HMDS, it was assumed that product

57a did not form upon dehydroamination of p-anisidine, followed by hydroamination of
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aniline. Instead, the cinnamylation of in situ generated N-Ph-protected benzaldimine was
postulated (Scheme 58). As suggested by the pK, of NaHMDS and aniline, the catalyst first
deprotonated aniline 169a to give Na-anilide 170a and HMDS amine. This anilide then
reacted with PMP-imine 56b in a transimination reaction, giving N-Ph-imine 56a and PMP-
anilide 170b as products. Despite the PMP-anilide being a poorer leaving group than the Ph-
anilide, the equilibrium is shifted by the fast protonation of PMP-anilide 170b with HMDS,
which is more acidic based on pK, values. Thus, the catalyst was regenerated and used to
catalyse the reaction between the N-Ph-imine, as well as the remaining N-PMP-imine, that
did not undergo transimination. As shown previously, the presence of p-anisidine (169b) in

this process did not interfere with the cinnamylation reaction.

Na—-HMDS

A(R/? — PN PP VM‘ PMP—NH
— —_— - 2
Ph_\H B Na
N NaHMDS
H 170a 56a 170b 169b
169a < 30 mol% < 30 mol%

Scheme 58: Proposed mechanisms for side-product formation

The use of strong bases as catalysts in the cinnamylation of imine 56, as well as preliminary
data on the reaction rates suggest that an initiative pathway is accessible when forming
product 57. Stoichiometric deprotonations using a product mimic showed that the in situ
generated product bases should be more basic than the catalyst’s conjugate acids, suggesting
that a catalytic pathway would be favoured. Retro-allylation as well as the dehydroamination
were found to be mediated by NaHMDS. This result demonstrated the advantage of the
catalytic use of alkali metal amides that displayed improved conditions to the stoichiometric
variant of this reaction. Finally, the addition of anilines to the reaction mixture gave insights
into the basicity of the product base, which was found to lie between aniline and p-ansidine
(pKa >30.6). Due to their high basicity, reaction intermediates could not be detected using
'H NMR or mass spectroscopy. This detection would be of high value for the elucidation of
vital intermediates that could then be used to develop asymmetric cinnamylation of imines

using enantiopure alkali metal amide catalysts.
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2.3.1.8 Other Work in the Group
During the course of the investigation, an asymmetric variant of the reaction between
allylbenzene and imine 56j was developed in the group by Wei Bao. In order to investigate
the effect of a chiral ligand on the alkali metal amide catalyst, a ligand screening was
performed. This screening showed that crown ethers, carbene ligands as well as bisoxazoline
ligands all had an accelerating effect on the formation of product 57. All of these ligands
were available in the group in their enantiomerically enriched forms so a screening of these
ligands was next performed in dioxane. Yields were generally good, but induction of
enantioselectivity was poor in all of these reactions. It was assumed that the coordination of
the chiral ligand was competing with solvent coordination to the metal centre, which lead to
insufficient enantiodifferentiation. Therefore, the reaction was performed in apolar solvents
which have previously shown no reaction of allylbenzene with imine 57. Reactions carried
out in apolar aromatic solvents resulted in much better enantioselectivities. After
optimisation on the imine (providing better separation by analytical chiral HPLC), product
57j was isolated with an optical enrichment of 46% ee. when using a chiral bisoxazoline

ligand in m-xylene (Scheme 59).

NaHMDS (10 mol%) PMP-H pTTTTTT s .

H o ! Me Me
Ph)\/ 176 (11 mol%) Ph. ) : oj)k(o
m-xylene, 25 °C, 20 h : S/I \\)
I N N
36 _PMP Br ! ~
(1.05 N v Bu 177 Bu

equiv) > e |
H 85% vyield LiIHMDS: NR
B E:Z=99:1 KHMDS: 12% ee

46% ee (E)

Scheme 59: Enantioselective cinnamylation using a BOX* ligand

No product formed when the same reaction was carried out using LHMDS as the catalyst.
For the use of KHMDS, the yield was slightly reduced and the enantioselectivity was only
12% ee, showing that the sodium catalyst again proved to be the most effective catalyst
among the alkali metal amides. Further studies using the alkaline earth metal amides showed
a lack of reactivity for all catalysts as suggested by the initial catalyst screening. These
catalysts were assumed to be more suitable for asymmetric induction as coordination to these
metals was assumed to be more efficient. Further studies in this field, or by using different
enantiopure ligands, are required for obtaining synthetically useful results in the

enantioselective cinnamylation of imines with allylbenzenes using Brgnsted base catalysts.
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2.3.2 Isomerisation

As mentioned before, when conducting the C—C bond formation between allylbenzene (36)
and aldimines 56, B-methylstyrene (58) was formed as a side-product resulting from
isomerisation of allylbenzene (Scheme 60). For this newly developed catalytic method
discussed in the previous chapter, the isomerisation was undesired, because once formed, the
styrene product 58 could not be activated for C-C bond formation under the employed
conditions. Therefore, an excess of pro-nucleophile was usually used to ensure complete
consumption of the imine. Also, the catalytic system was optimised so that the rate of the C—
C bond formation was enhanced and the rate of the isomerisation was decreased. It is worth
noting, however, that the styrene side-product should not be considered as a waste product
because this type of compound may be used in many different bond-transforming processes.

In addition, the development of a method for the catalytic isomerisation of allylbenzenes is

non-trivial.
H NaHMDS (10 mol%) “ Ph “
= . H
dioxane, 25 °C, 20 h HN.
PMP PMP
Y 58
36 57b
(1.05 equiv) Ph)J\H >99% ca 5%
56b

Scheme 60: Isomerisation as side-reaction in C—C bond formations

One way to demonstrate the purpose of the isomerisation is to compare the commercial
prices for allylbenzene and the two geometric isomers of the corresponding styrene products
(Scheme 61). Allylbenzene is commercially available from Sigma-Aldrich in large quantities
(100 mL) and high purity (>98%). (E)-B-methylstyrene can also be purchased from Sigma-
Aldrich, but the cost per gram is almost 10 times higher than allylbenzene. This may seem
counterintuitive, because the double bond in the isomerised product is conjugated to the
aromatic ring and is therefore thermodynamically more stable. One aspect that needs to be
considered here is that B-methylstyrene exists as a mixture of E-and Z-isomers and the
purification of these isomers can be costly.
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36 (E)-58 (2)-58
allylbenzene E-B-Me-styrene Z-B-Me-styrene
sigma: 1.21 £g° sigma: 13.8 £g°" sigma: NA
TCI: 2.06 $g°" TCI: 17.23 $g™* TCl: 26.32 $g”

Scheme 61: Price comparison between allylbenzene and styrene produtcs

This aspect becomes even more relevant when looking at (Z2)-p-methylstyrene. This
compound cannot be obtained from usual suppliers in the UK, but a comparison of the prices
from TCI shows that this isomer is 50% more expensive than its E-isomer. Generally
speaking, allylbenzenes are cheaper because they are easier to purify. Indeed, they do not
exhibit geometric isomers and are less likely to undergo oligo- or polymerisation reactions,
which also simplifies storage. For all these reasons, many processes have been developed in

the field of isomerisation of allylbenzenes and other terminal olefins in general.!*

With its relatively low pK, value of ca. 34 (DMSO), allylbenzene has been shown to be
isomerised using base catalysts (Scheme 62).1%%! Both metal hydroxides and alkoxides have
been identified as catalysts for this transformation.™ However, several drawbacks for these
processes have been identified. When using inorganic bases, such as metal hydroxides, their
low solubility in organic solvents poses a challenge. Efforts have been made to develop
phase-transfer-catalysed reactions at high temperatures using water as a co-solvent.l’!
However, large amounts of a base were typically required and E:Z selectivities of the

obtained styrene products were around 19:1.

H

©)\/ KO'Bu (10 mol%) ©/\/\H
A

58

36

Scheme 62: Base-catalysed isomerisation of allylbenzene

Further developments in the organocatalytic isomerisation of double bonds have been
achieved, where the use of a Verkade base has successfully isomerised activated allylic

substrates with good to excellent E:Z selectivities (Scheme 63).1"2
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H
©)\% iPr-Verkade (10 mol%) N
H
MeCN, rt, 10 h ©/\/\
58
94%

: &NNJIPF 5 E:Z = 99:1
i N 5

36

' 3 other examples
~ 105b ; 93-99% vyield
'Pr-Verkade , E:Z=9:1~99:1

Scheme 63: Organocatalytic isomerisation of allylbenzene

Alternative methods for the formation of styrenes are provided by the use of transition metal
catalysts (Scheme 64).°8l These are often very selective processes and their scope
outperforms base-catalysed processes. In addition, even unactivated alkenes were
succesfully isomerised. Classic examples for these methods include palladium™,
rhodiumt™!, platinum™ and ruthenium[™ catalysis. However, the use of expensive and/or
toxic metal catalysts that often require expensive ligands may be undesired and more
environmentally benign processes are of interest. Recently, iron-catalysed isomerisation
reactions have received attention, where the transition metal catalyst was readily available

and non-toxic.l’”?

H

_ ™ (<1 mol%) NNy
: Oha

58

36

Scheme 64: TM-catalysed isomerisation of allylbenzene

In our system, 58 was observed as a side-product in a C-C bond formation, suggesting that
the same metal amide could also act as a catalyst for the isomerisation reaction. This concept
was investigated when carrying out the experiment in the absence of an electrophile. When
allylbenzene was reacted with a catalytic amount of NaHMDS in dioxane at 25 °C for 20 h, a

mixture of E-and Z-styrenes was obtained (Scheme 65).

H H< H /1 Jois
trans
NaHMDS (10 mol%) H
= ° Ho . B
dioxane, 25 °C, 20 h H H
36 E-58 Z-58
92% 6%

Scheme 65: Metal amide-catalysed isomerisation of allylbenzene
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The *H NMR spectrum of the reaction aliquot showed clear signals for E-58 of the internal
alkene (8 = 6.4 and 6.2 ppm, 1H each, dq, Jyas = 15.8 Hz).""® Z-58 could also be detected
and quantified by integration of the B-H (3 = 5.8 ppm, 1H, dq, J¢is = 11.5 Hz). None of these
signals overlapped with any of the signals from the starting material (36) (internal alkenyl
signal at 8 = 6.0 ppm). Thus this method was used for the analysis of all following
isomerisation results. Dibenzylether was added as an internal standard to ensure conservation
of the mass balance of the reaction. When product isolations were attempted, the use of this

internal standard was omitted.

2.3.2.1 Unfunctionalised Isomerisation - Optimisation

In contrast to the previous C-C bond forming reaction, the major challenge regarding the
selectivity in this reaction was posed by the two geometric isomers that formed during the
isomerisation. Optimisations regarding the catalyst and the solvent, as well as the
temperature and ligands were required. With the confirmation of the catalytic activity of the
metal amides in hand, a catalyst screening of all available metal amides was performed in
both dioxane and THF, which had previously shown higher levels of isomerisation in the C—
C bond formation study (Table 25).

Table 25: Metal amide catalyst screening for the isomerisation of allylbenzene

H
= cat (10 mol%) AN \H
solvent, 25 °C, t ©/\rﬂ
36 58
Entry Catalyst Solvent t(h)  Yield (%) E:Z ratio
1 LDA dioxane 1 25 nd
2 LHMDS dioxane 1 NRM -
3 NaHMDS dioxane 1 16 nd
4 KHMDS dioxane 1 99 15:1
5 LDA THF 1 28 15:1
6 LHMDS THF 1 4 nd
7 NaHMDS THF 15 16 24:1
8 KHMDS THF 1 99 15:1

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected (*H NMR analysis of a reaction aliquot). nd = not determined due to
unreliable integration of the Z-signals.

The reaction time for the isomerisation was decreased to 1 h in most cases in order to be able

to better quantify the reactivity differences among the corresponding catalysts. In dioxane,

74



all lithium and sodium amides showed low or no reactivity for the isomerisation of
allylbenzene (entries 1-3). The potassium salt was the only catalyst that showed very high
activity, displaying a complete conversion to the product with an E:Z ratio of 15:1 (entry 4).
Similar results were obtained in THF, where none of the lithium or sodium amides were
particularly active after short reaction times (entries 5-7). Like in dioxane, KHMDS was able
to isomerise allylbenzene in THF quantitatively with the same geometric selectivity (entry
8). This selectivity is comparable to other organocatalytic processes, but does not compare
well to transition metal catalysts where selectivities of 99:1 are often achieved.["® 7]

Other strong bases were also used for the isomerisation of allylbenzene in dioxane and THF.
Both metal hydrides and alkyllithium reagents were used in catalytic amounts for the
isomerisation reaction (Table 26).

Table 26: Metal hydrides and alkyllithiums in the isomerisation of allylbenzene

H

= cat (10 mol%) ™ H
solvent, 25 °C, t ©/\HI\
36 58
Entry  Catalyst Solvent  t (h) Yield (%) E:Z ratio
1 LiH dioxane 20 NR! -
2 NaH dioxane 18 NR! -
3 KH dioxane 1 88 9:1
4 LiH THF 20 NR! -
5 NaH THF 18 22 9:1
6 KH THF 1 99 9:1
7 LiMe (1.6M in Et,0) THF 20 13 9:1
8 LiBu (1.6M in hexanes) THF 24 3 nd
9 LiBu (2.5M in hexanes) THF 24 9 nd

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

Metal hydrides are usually commercially available as stabilised suspensions in paraffin oil to
prevent hydrolysis through moisture in the air. However, the use of non-stabilised metal
hydrides is possible in an inert atmosphere. The three available alkali metal hydrides (Li, Na,
K) were used as catalysts in dioxane (entries 1-3). No products could be detected for the
reaction with LiH and NaH, but the use of KH provided the desired product in 88% NMR
yield, albeit with a lower E:Z ratio (9:1) compared with KHMDS (15:1). The same reactions
carried out in THF showed slightly increased reactivities for both NaH and KH, but no
reaction for LiH (entries 4-6). Also in this solvent, selectivities proved to be lower than those
for KHMDS. Finally, alkyllithium reagents were screened in THF (entries 7-9). Both MeLi
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and BuLi furnished the styrene product, but only in low yields with no improvement in
geometric selectivity. Interestingly, these results already gave a first insight into the
mechanistic features of this isomerisation as the conjugate acids of the employed catalysts
(H-H or R-H) are not expected to be involved after initial allylic deprotonation of the
substrate. This data suggested that an initiative pathway was conceivable for the

isomerisation of allylbenzenes.

In order to compare the results of the metal amide catalysis to the reported
organocatalysis,”? a final catalyst screening was performed (Table 27). Here, different
organobases and organosuperbases were used in the isomerisation of allylbenzene in THF at
25 °C for 24 h.

Table 27: Organocatalytic isomerisation of allylbenzene

H

©)\/ cat (10 mol%) X \H
THF, 25 °C, 24 h m
36 58
Entry Catalyst Yield (%)% E:Z ratio
1 KHMDS 99 15:1
2 102a NRP! R
3 103a NR! .
4 104 65 19:1
5 105a NRD! B
6 105b NRD! )
7 105¢ NRM! .
8 DBU NR[! -
9 179 NRP! -
-Me N~ Et By
NMe;~ l%’I‘MegN NMeZ—F\ P(NMez)s (MeZN)3P\\N/|:3'\N¢P(NMe2)3
Me,N NMe, N
SP(NMe,);
102a 103a 104
Me-P, Et-P, Bu-p,

Schwesinger Schwesinger Schwesinger

R R Mes <
\N/P\\N/ N N
(/" ) A
N
N

(Pr),N N(Pr),
105a: R = Me 178 179
105b: R = Pr BAC-NMes
105¢c: R = Bu
R-Verkade

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting
materials were detected (‘H NMR analysis of a reaction aliquot).
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Among the different organocatalysts, only one base proved to isomerise allylbenzene (65%
NMR vyield, E:Z = 19:1, entry 4). The Schwesinger organosuperbases®® are known to be
highly basic, but here only the P,-base was able to catalyse this transformation with an E:Z
selectivity of 19:1. The poor performance of the Verkade bases was surprising (entries 5-7),
as these catalysts have been demonstrated to be active in acetonitrile.™ When the same
catalysts were used in MeCN instead of THF, both the 'Pr- and the 'Bu-derivatives showed a
high activity for the formation of styrene product 58. This is in agreement with the proposed
mode of action, where the organosuperbase 105 would first deprotonate acetonitrile (Scheme
66). The ‘naked’ acetonitrile anion would then be basic enough to deprotonate the allylic
substrates. In the reactions performed in THF, this process was not possible, leading to a lack

of reactivity for these bases.

fPI"\ =) /’Pr P ,‘P @lj iP
NN H”CN SR © P N
&Y‘IJ " NFPr+ SN | PNy
105b 58

Scheme 66: Verkade base-catalysed isomerization of allylbenzene in MeCN

Overall, the different catalyst screenings provided insightful information for the optimisation
of the isomerisation reaction. The most active catalyst for this reaction was shown to be
KHMDS, which was significantly more reactive than other metal amides or organobases and
provided high E:Z ratios. THF was identified as a good solvent because it showed high

reactivities and selectivities.

Catalyst Loading

Next, the catalyst loading was optimised for the KHMDS-catalysed isomerisation of
allylbenzene (Table 28). THF was chosen as the solvent as reactions proved to be generally
faster. Experiments were carried out at 25 °C, providing the mildest and most applicable
conditions. Catalyst loadings of 10-0.1 mol% were used to isomerise the terminal double
bond of 36.
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Table 28: Catalyst loading for the isomerisation of allylbenzene

H
_ KHMDS (x mol%) NS
THF, 25 °C, 1-20 h W
36 58

Entry xmol% t(h) Yield (%) E:Zratio TON TOF (h?)

1 10 0.5 99 15:1 10 20
2 10 20 99 15:1 10 0.5
3 5 0.5 99 13:1 20 40
4 2 05 94 13:1 47 94
5 1 0.5 85 13:1 85 170
6 0.5 0.5 14 10:1 28 56
7 0.1 05 NRE! - - -

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ) NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

First, the effect of the reaction time on the E:Z selectivity was investigated (entries 1 and 2).
These reactions showed that no erosion of selectivity occurred even at prolonged reaction
times. For the reaction using 10 mol%, a turnover number of 10 and a turnover frequency of
up to 20 h™was obtained (entry 1). Next, the catalyst loading was successively decreased and
yields were recorded after only 30 min (entries 3-7). The substrate concentration was kept
constant across these experiments, which meant that the catalyst concentration was
decreased accordingly. Therefore, a decrease in the reaction rate was expected when
lowering the catalyst loading, leading to lower yields after a given reaction time. Indeed, a
lower yield was observed when the catalyst loading was decreased to 1 mol% where <90%
yield was recorded (entry 5). This reaction showed the highest turnover number (85) and
turnover frequency (170 h™). When the loading was further decreased, the yield dropped
significantly and at 0.1 mol% catalyst loading, no reaction was observed after 30 min (entry
7).

In order to be able to control the geometrical outcome of the double bond, the different
allylic binding modes needed to be analysed. Upon deprotonation of the allylic C—-H bond,
an allyl metal intermediate may form, which can exist in different isomeric forms (Scheme
67). These binding modes can all be summarised as the allyl-M complex, but the

equilibrium between the different species governs the geometric outcome of the olefin.
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Scheme 67: Binding modes for metallated allylbenzene

The n' and the 1 complexes may both exist as either the E- or the Z-isomer of the styrenyl
product. If protonation occurs in a-position to the metal, the respective amount of the
styrenyl-M Z-isomer dictates the final amount of protonated Z-isomer present. If protonation
occurs in the y-position, the amount of Z-isomer present depends on the relative positions of
the proton source and the metal in the benzylic position. All other pathways generate the
starting material as the product (Figure 8).

M y—protonation NN
—_—
o P Ph H
o—protonations

M H

Ph/\) Ph)\/

y—protonation

Figure 8: Protonation of different intermediates

Changing the nature of the allyl metal intermediate was assumed to be the best way to
increase the E-selectivity. Changing the nature of the metal has not proven to be successful
in the catalyst screenings. As an alternative, a ligand may be used for the coordination to the
metal centre (Scheme 68). For alkali metals, crown ethers have been known to have large
binding affinities, depending on the cavity size. Of course, ethereal solvents may also act as

a ligand to the metal centre as shown in the trisolvated potassium ion in dioxane (181, right).

®
e /N — ©
-
"l/' HMDS “ L = solvent o} ,O—> o o
o~ PR XY ligand \ \
Ph 0-----K----0 0-----K----0
58 Con ) N D
o o o 0
180 181

Scheme 68: (Crown-) ether ligation to alkali metals
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Ligand Screening

When performing the ligand screening, several factors needed to be considered. Generally
speaking, most carbene or diimine based ligands require in situ deprotonation of the
corresponding precursor before being able to ligate a metal centre. Therefore, two
equivalents of base with respect to the ligand were added to the reaction. Different types of
ligands were screened in THF and dioxane under the optimised conditions (Table 29).

Table 29: Ligand screening for the alkali metal amide catalyzed isomerisation

H KHMDS (x mol%)
©)\¢ ligand (5 mol %) ©/\M\H
solvent, 25 °C, 1-2 h

36 58

Entry X mol% Solvent Ligand Yield (%) E:Z ratio
1 5 THF - 99 15:1
2 10 THF IMes—HCI 98 24:1
3 10 THF IPr—HCI 99 19:1
4 10 THF 184 96 19:1
5 10 THF 185 97 24:1
6 10 THF Ph-BOX* 95 24:1
7 5 THF [15]c-5 95 49:1
8 5 THF [18]c-6 92 99:1
9 5 THF [DB18]c-6 95 49:1
10 5 dioxane [15]c-5 91 99:1
11 5 dioxane [18]c-6 91 99:1
12 5 dioxane [DB18]c-6 96 19:1
—\ Cl@ =\ CI@ Me = Me Me | \/ Me

MeS/NYN@Mes Dipp/NY/N@Dipp . N . BN
\ b Dipp H Dipp Dipp Dipp

182 183 184 185

IMes-HCI IPr—HCI (Dipp)nacnac-H py-(Dipp)nacnac

Me_ Me (—0/\\0 o(\ O/j) o(\ O/\o
iﬁﬁ_ z/ o] [o oj <jEo oji>
Ph Ph o_J oS o J

186 187 188 189
Ph-BOX* [15]c-5 [18]c-6 [DB18]c-6

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected (‘H NMR analysis of a reaction aliquot).
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Two carbene, two diimine and a chiral bisoxazoline ligand were screened in THF (entries 2-
6). Here, the base (10 mol%) and the ligand (5 mol%) were pre-stirred in THF for 10 min
before the addition of the alkene. All of these reactions gave the styrene product after 2 h in
high yields. Unfortunately, only small changes in selectivity could be observed. One problem
in these cases could be the incomplete coordination of the ligand to the metal. This could
arise from the fact that after deprotonation of the precursor, the free ligand, protonated
HMDS and a potassium complex formed. This potassium complex could compete with the
relevant allyl-M species for coordination. Therefore, reactions with these protic ligands were
not investigated further and attention was directed towards the crown ethers (entries 7-12).
Depending on their size, these ligands have different binding affinities for the different alkali
metals. Using a 1:1 molar ratio of ligand and KHMDS, reactions were carried out after a
short pre-stir time (5 min, entries 7-9). Again, the styrene product was obtained in high
yields; gratifyingly, the E:Z ratio was significantly improved by the addition of the ligands.
For all three crown ethers, selectivies increased and an E:Z ratio of up to 99:1 was observed.
However, the displayed reaction yields also reflect the mass balance of the reaction,
indicating that a small amount of unwanted side-reaction must have been occurring. These
side-products could not be detected by *H NMR spectroscopy. When the same ligands were
tested in dioxane as the solvent, similar results were obtained (entries 10-12). While
selectivities reached up to 99:1, yields were slightly diminished, but >90% in general. The
use of [18]crown-6 proved to be the most effective ligand for the KHMDS-catalysed
isomerisation of allylbenzene, but because different metals could have higher affinities for
other ligands, different combinations of metals and ligands had to be tested to identify the

best catalyst system.

To this end, NaHMDS was chosen as an alternative candidate for the isomerisation of
allylbenzene. Reactions were carried out using [18]crown-6 and [15]-crown-5 in both THF
and dioxane (Table 30).
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Table 30: Different catalyst systems for the isomerisation of allylbenzene

H NaHMDS (5 mol%)
©)\/ crown ether (5 mol%) W\H
solvent, 25 °C, 1 h

36 58

Entry Crown ether  Solvent Yield (%)  E:Z ratio

1 - THF 20 24:1
2 [15]c-5 THF 99 32:1
3 [18]c-6 THF 99 49:1
4 — dioxane 7 n.d.
5 [15]c-5 dioxane 91 24:1
6 [18]c-6 dioxane 91 19:1

B The yield was determined by H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

For NaHMDS, a significant enhancement of the reactivity was observed when crown ethers
were used in both dioxane and THF. The reaction without ligand in THF proceeded with a
low vyield and an E:Z selectivity of 24:1 (entry 1). When crown ethers were added,
guantitative results were obtained and selectivies were improved (up to 49:1, entries 2 and
3). However, the selectivity obtained with KHMDS (99:1) was not achieved. Similar
conclusions can be drawn from the reactions in dioxane, where much higher yields were
observed for the reactions with ligand (entries 5 and 6) compared to the unligated catalyst
(entry 4). Despite selectivities having also improved, the E:Z ratio was still inferior to the
KHMDS/[18]crown-6 system.

Based on the observation that the crown ethers activated the catalyst, it was assumed that
reactions using this catalyst system could be performed in a variety of solvents. A solvent
screening was performed using solvents ranging from apolar to polar for the isomerisation
reaction using KHMDS and [18]crown-6 in a 1:1 molar ratio (Table 31).
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Table 31: Solvent Screening for the KHMDS/[18]c-6 catalytic system

H KHMDS (5 mol%)
= [18]c-6 (5 mol%) NNy
©)\/ solvent, rt, 1 h ©/\HJv
36 58
Entry Solvent (€) Yield (%)  E:Z ratio
1 Heptane (1.9) 95 99:1
2 PhMe (2.4) 94 49:1
3 Dioxane (2.3) 91 99:1
4 TBME (2.6) 90 49:1
5 Et,0 (4.3) 91 49:1
6 DME (7.2) 88 99:1
7 THF (7.5) 92 99:1
8 EtOAc (6.0) 85 15:1
9 MeCN (37.5) 64 15:1
10 DMF (38.0) 87 99:1

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

As expected, all aprotic solvents used tolerated the reaction conditions and gave the styrene
product in good to excellent yields (entries 1-10). Apolar hydrocarbon solvents, as well as all
ethereal solvents gave good selectivities of at least 49:1 in favour of the E-isomer (entries 1-
7). When moving to more polar solvents, the selectivity decreased significantly for ethyl
acetate and acetonitrile, but increased again for DMF (entires 8-10). This observation
suggested that the selectivity did not depend primarily on the polarity of the solvent. Other
factors that needed to be considered were the solvent’s ability to coordinate to the metal and
their potential C—H acidity. Indeed, ethyl acetate (pK, ~ 30) and acetonitrile (pK, ~ 31) are
both more acidic than allylbenzene and are therefore more likely to be deprotonated first to
form the corresponding potassium enolates, which may act as a catalyst or initiator.
Therefore the isomerisation mechanism in these cases may be different, leading to poorer

selectivities than for all other solvents.
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2.3.2.2 Unfunctionalised Isomerisation - Scope

Finally, the scope of the isomerisation of allylbenzenes was investigated (Table 32).

Substitution effects on the aryl ring were studied using electron-donating and -withdrawing

groups.
Table 32: Scope for the isomerisation of allylbenzenes
H KHMDS (5 mol%)
_ [18]c-6 (5 mol%) @/\ﬂﬁ\H
R
R THF, 25°C, 2 h
36:R=H 58:R=H
146-151, 158 191-197
AN N NN
Me Me MeO
58 191 192 193
92% vyield 87% yield 91% yield 95% vyield
E:Z=99:1 E:Z =491 E:Z=191 E:Z =491
NN
AN \H H AN \H X \H
Fs | _
F FsC N
194 195 196 197
68% yield 60% yield (24 h) 6% yield (24 h) 50% yield
E:Z =99:1 E:Z = 99:1 E:Z=nd. E:Z =n.d.

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%).

'H NMR spectroscopic analysis was performed for the quantification of the results. Spectral
data were found to be identical to literature-reported values. ™ 7= 81 Methyl-substitution in
the para- and ortho-positions was tolerated and gave good yields. For the ortho-methyl-
substituted styrene, the selectivity did not reach the previously observed levels, suggesting
an interference of the methyl group with the allyl-metal intermediate. The introduction of a
methoxy group in the para-position increased the reactivity further and gave product 193
with a selectivity of 49:1. For the electron-poor allylbenzenes, yields were diminished to 6—
68% were obtained for the products obtained from para-fluoro-allylbenzene, para-
trifluoromethyl-allylbenzene, and 3-allylpyridine. The perfluorinated allylbenzene showed
no reaction after 2 h, and even after prolonged reaction times, syrenyl product 196 was only
obtained in 6% yield.

Alkene-substituted allylbenzenes were not commercially available and had to be prepared.
Preparation of the olefins using Wittig chemistry was identified as the simplest route to a
variety of different compounds as these can be prepared from a common phosphosium

precursor (Scheme 69).
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® i) BuLi (1.1 equiv) R?

Br PPh; (1.0 equiv) PPh;  THF, -78~25°C,2h A,
©/\/ ) o R
° Br
neat, 130 °C, 24 h i) J]\ (2.0 equiv)
198 199 R'" "R2 200: R' = Me, R?=H
THF, -78 ~60 °C, 2 h E:Zz=13
201: R' = Me, R?= Me

202: R' = Ph, R?= Me
E:Z=25

Scheme 69: Preparation of substituted allylbenzenes

The phosphonium salt was prepared in quantitative yields from the corresponding bromide
198 and triphenylphosphine, and used without purification after **P NMR spectroscopy
confirmed the presence of a single **P NMR environment. The Wittig precursor was then
deprotonated using BuL.i at —78 °C, followed by the addition of the corresponding ketone or
aldehyde at —78 °C and subsequent heating to 60 °C. The mono- and disubstituted olefins
(200-202) were purified by flash column chromatography on silica gel and dried over
molecular sieves (4A) before use. The allylbenzenes with terminal alkene substituents were
then used in the isomerisation reaction using the optimised reaction conditions (Table 33).

Table 33: Scope for the isomerisation of substituted allylbenzenes

2
H R? KHMDS (5 mol%) R .
P [18]c-6 (5 mol%) ©/\,J<H
THF, 25 °C, t
200 (E:Z = 1:3) 203-205
201
202 (E:Z = 2:5)
f Mg Me
N H H
©/\N'I\Me ©/\Mﬁ Me wph
203 204 205
87% yield (48 h) 67% yield (24 h) 33% yield (7 h)
E:Z=12:1 E:Z=99:1 E:Z =991

B The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

Substitution on the olefin was generally tolerated and both the methyl as well as the dimethyl
substitution allowed for good yields to be obtained. As the starting material for the
monomethylated product 200 was used as a 1:3 mixture of E/Z geometric isomers, the
resulting E:Z selectivity of 12:1 was acceptable. The aryl-substituted substrate 202 showed
low conversions to the styrenyl product 205, because the product contained an equally
reactive proton in the benzylic position. The less substituted alkene 205 was not as stabilised

as the starting material, so as expected, more starting material than product was obtained.
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The isolation of the allylbenzenes is described in the literature for many substances but
proved to be challenging.l'” Chromatography on silica gel can allow to separate the product
from the catalyst and other impurities. However, separation from the starting material may
be difficult and the different geometric isomers are too similar in size and polarity for
sufficient separation. Additionally, the storage of these products in the absence of solvents
may lead to oligomerisation products. Hydroquinone (HQ) or butylated hydroxytoluene
(BHT) are known to inhibit some of these unwanted decomposition reactions, but depending
on the substitution these could not be prevented entirely. To prove the principle, several
compounds were purified by flash column chromatography on silica gel and the solvents

were removed using a weak vacuum for short periods of time.

The scope could also be extended to 1,4-diene substrates, which have previously been
activated in C-C bond-forming reactions with imines. When subjecting these substrates to

the developed conditions, the corresponding 1,4-dienes formed in high yields (Table 34).

Table 34: Scope for the isomerisation of 1,5-dienes

H R KHMDS (5 mol%) RQH
[18]c-6 (5 mol%) P P
n’\)\%RZ NTNOR
¢ . RS THF, 25°C, 2 h .~ RS
160, 161, 206 207-209
W\H \)Mir,ﬂ
NN y
207 208 209
99% yield 99% yield (1 h)  55% yield (1 h)
E:Z=2:1 E:Z=8:1

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™! NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

1,3-pentadiene and the methyl-substituted products 207 and 208 were obtained as ca. 8:1
mixtures of E- and Z-isomers. This poor selectivity may arise from a smaller difference in
size between the different substituents. However, good yields were obtained for these
volatile substrates proving the general applicability of this process. In the case of 1,4-
cyclohexadiene, issues with double bond geometries were not encountered. However, the
product underwent a disproportionation reaction to give cyclohexene and benzene (Scheme
70). This reaction accounted for the remaining mass balance in the reaction and a yield of

only 55% could be observed.
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Scheme 70: Disproportionation of 1,3-cyclohexadiene

2.3.2.3 Functionalised Isomerisation — Use of Allyl-M

As the developed catalytic system for the simple isomerisation was applicable to
allylbenzenes and 1,4-pentadienes, more complex allylic motifs were investigated.
Allylsilane was assumed to be a suitable substrate for the isomerisation in the presence of a
functional group. The a-silicon effect has been reported to stabilise anions in a-position to a
silicon atom.™ Combined with the stabilising effect of the allyl group, the aciditiy of
allylsilane was expected to be significantly lower than its carbon analogue, 4,4-
dimethylpent-1-ene 211 (pK, value >40, Scheme 71). By using an appropriate Bransted base,
allylsilane would be deprotonated in a-position, giving rise to a potentially basic silylated

carbanion.

Me Me ' Me Me ®
L Mesg; BB Me~g; BB—H
M X . - X —— ol
e L Me WH/\ Me™ N
211 13§a 212a
allylsilane

4,4-dimethyl -1-
J4-dimethylpent-1-ene a-Si effect

Scheme 71: The a-Si effect

However, compared to allylbenzene, allyl silane 136a poses an additional challenge as it
contains both a Brgnsted and a Lewis acidic site (Scheme 72). Indeed, the base catalyst used
for the deprotonation could also attack the silicon Lewis acid and form a pentavalent silicon—

ate species.
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Scheme 72: Selectivity for base-activated allyl-Si

Both pathways lead to charged intermediates that can react with a proton to give
corresponding olefinic products. However, if the base catalyst reacted as a nucleophile to
activate the silicon centre, protonation would occur with loss of the silane group giving
propene 214 as a product. Only the chemoselective deprotonation and reprotonation in y-
position would lead to the intended isomerised vinyl silane product 216a.

Allylsilanes and siloxanes have been isomerised in the literature using stoichiometric
amounts of strong Bransted base® or transition metal cataysts.® Good E:Z selectivities
have been observed in both processes. The same BB cat principle was hoped to be applicable
to other semimetals including boron and tin, for which only transition metal-catalysed
isomerisations have been reported.®? The a-boron effect has been described previously,®!
but no such effect has been discovered for tin. By using different catalysts and substitution, a
method was attempted to be developed for the catalytic isomerisation of allyl-M compounds
(Scheme 73).

M BB (cat) M ’ M= SiMe3, Si(OMe);
AN N Bpin
\l/\ SnBu3

H
Scheme 73: BB catalysed cinnamylation of allyl-M
Scope

All allylic substrates were subjected to the previously developed conditions using a catalytic
amount of KHMDS in the presence of [18]crown-6 as a ligand in THF at 25 °C. Not all
allyl-M reagents were equally reactive and some methods had to be optimised in order to
achieve good yields (Table 35). Results were quantified using *H NMR spectroscopy by
integration of the new alkenyl signals with respect to DBE as the internal standard. The
formation of propene as a side-product was not detected in any of the reactions and mass

balances suggested that other side-products were not formed either.
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Table 35: Scope for the isomerisation of allyl-metal reagents

H KHMDS (5 mol%) N
)\/ [18]c-6 (5 mol%) VS T T M&L
M H
THF, 25 °C, 2 h
LS A8e (E)-216-218 (2)-216-218
MesSi” X"H  (Me0)si” X" H  (pinB X" H  Busn”
216a 216b 217 7
52 % yield 64 % yield 68 % yield( NRL!
E:Z=>15:1 E:Z=>91 E:Z=nd
66% yield 75% yield,
E:Z=>24:1 E:Z=nd
(no L, 30 °C, 20 h) (no L, 30 °C, 20 h)

[ The yield was determined by *H NMR spectroscopy of the reaction mixture; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected (*H NMR analysis of the reaction mixture). ! Reaction time was 24 h. M
Decomposition of starting material.

Allyl trimethylsilane reacted smoothly under the employed conditions to give the
corresponding vinyl silane 216a in acceptable yields. The major product was identified as
the E-isomer (8 = 6.1 ppm, Jyans = 18.4 Hz), and the Z-isomer formed as a minor product (3 =
6.4 ppm, Jis = 13.9 Hz) giving an E:Z selectivity of 15:1 (spectral information in line with
reported literature). 4 This reactivity was decreased when conducting the reaction in the
absence of the ligand, but increasing the temperature and the reaction time improved both the
yield to 66% and the E:Z selectivity to 24:1.

Siloxanes are more stable analogues of silanes, because the oxygen substituents can
potentially donate electron density towards the Lewis acidic metal centre. The isomerisation
reaction with siloxanes gave slightly higher yields than for the silanes using the standard
conditions. While the yield for styryl siloxane 216b was improved, the selectivity of this
transformation decreased; the E-isomer (6 = 6.5 ppm, Jyans = 18.8 Hz) was only favoured
over the Z-isomer (6 = 6.7 ppm, Jgis = 14.0 Hz) with a ratio of 9:1 (spectral information in
line with reported literature).’® Because of its slightly higher activity, metal alkoxides were
also tested in this reaction. These bases were reported to catalyse the isomerisation of allyl—-
Si compounds in DMSO. Here, they were tested in DMF as an alternative polar aprotic
solvent. Some reactivity was found using sodium or potassium tert-butoxides, but reactivities
were genereally low. Furthermore, sodium and potassium hydroxides could also be used as

catalysts in DMF but again, yields did not exceed the reactivity of the metal amide catalysts.

By changing the metal to boron, a more challenging reaction was attempted. The pinacol-
derived allyl boronic ester was chosen as a model substrate, because protection of the Lewis

acidic centre with oxygen-based substituents proved beneficial in the case of silicon. Initial
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attempts to isomerise this substrate were successful and good yields of the akenyl boronic
ester E-217 (6 = 6.7 ppm, Jyans = 17.8 Hz) were obtained. Z-217 could not be quantified due
to overlapping signals with the E-isomer as reported in the literature.® The isomerised
product was obtained in slightly higher yields when the reaction was performed in the
absence of the ligand at slightly elevated temperatures, but the effect on the geometric
selectivity was not recorded. Like before, no propene was observed as a result from LB
activation of the starting material.

For the allyl-Sn species, only the tributyl-substituted substrate was commercially available.
This compound showed no reactivity under the developed conditions with or without ligand
even at elevated temperatures (up to 60 °C). Also, the use of stronger bases such as LDA or
LTMP did not give the isomerised product; only the starting material was detected in all

reaction mixtures.

Allyl-M reagents have been shown to be activated by alkali metal amides in the case of
silanes, siloxanes and boronic esters. These results suggested a potential application also in
C-C bond formation, treated in the next chapter. First, the isomerisation of other

functionalised alkenes was investigated.

2.3.2.4 Functionalised Isomerisation — Use of Allyl-FG

Moving on from group XIII (B) and XIV (C, Si), allylic substrates containing other main
group elements were also examined for their ability to stabilise anions in a-position. The
deprotonation using a Brensted base, followed by reprotonation in y-position would give rise

to isomerised products containing main group elements in vinylic positions (Scheme 74).

BB

H

®
PN e

FGWH

Scheme 74: Deprotonation and isomerisation of allyl-FG

For sulfur and phosphorus, this effect is well-known and different reasons can be attributed
to the stabilisation of negative charges in vicinal positions. Originally, it was believed that
these elements have accessible vacant d orbitals that can provide a stabilisation effect by
withdrawing electron density (Scheme 75).% It was also postulated that the o*-orbital of
the corresponding C—X bonds would accommodate for electron density and this effect would

be more likely than the access of d orbitals.’”
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X = PRy, SR
Scheme 75: Stabilisation of a-anions by d-orbitals

Base-catalysed isomerisations of allylic thioethers®® and phosphines®® are reported in the
literature, where alkali metal tert-butoxides or hydroxides were used as catalysts in DMSO
for the transposition of the double bond. Further studies showed that with appropriate
ligands, KOH can be used as an effective catalyst in the same polar solvent.’®®! Recently, the
Verkade base has been used to isomerise allyl thioethers in acetonitrile, albeit with no
control over the alkene geometry.l’? Transition metals have also been reported to isomerise
these substrates in high yields and much improved selectivities.!*®

For the lighter analogues of sulfur and phosphorus — oxygen and nitrogen — no stabilising
effect has been reported. Their accessibility of o* orbitals is of course highly dependent on
the substitution pattern and these substrates are generally more challenging to activate
(Scheme 76).

X M-L .. M L-H -H
X / - .
WH/\ TL_H' [ X\l/\ —_ \) X\)
M
X = NR,, OR

Scheme 76: Stabilisation of y-anions by coordination

Like their heavier analogues, allyl ethers and amines have been reported to isomerise using
catalytic amounts of metal alkoxides in DMSO.®" Due to a lack of control over the E:Z
ratios of the double bond, transition-metal-catalysed processes have been developed for both
theses substrates.”! As the resulting enamines and enol ethers are of high synthetic use, the
isomerisation reaction has been coupled to other reactions.®

Initial isomerisation reactions were attempted using the previously developed conditions of

KHMDS/[18]-c-6 in THF at 25°C (Table 36).
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Table 36: Scope for the isomerisation using KHMDS/[18]-c-6

H KHMDS (5 mol%)

[18]c-6 (5 mol%)
X)\/ N
THF, 25°C,2h
219-224 225-230
MeS™ X" H PhS” N NH PP N H
225a 225b 226
99% yield 95% yield 61% yield
E:Z=1:A1 E:Z=1:1 E:Z=19:1
OPh
MeO™ F KM\H MeN" >
227a 227b 228a
[b] 99% yield [b]
NR E:Z=1:24 NR
O
ANF ANF I
Cl Br thp/\/
223 224 220b
NRIPI NRIPI oldl

Both allyl sulfides employed gave good conversions to the vinyl sulfides in high yields, but
with no differentiation between geometric isomers. Vinyl phosphine product 226 could be
obtained in a moderate yield and with a good selectivity using standard conditions. Of the
allyl ethers, only the phenyl substituted ether showed reactivity and the selectivity was high.
Here, the Z-isomer formed as the major product with the minor E-isomer present in only
small amounts. The amine substrate 228a showed no reaction under the employed
conditions. Also the allylic halides, which were used as a new class of reagents, showed no
reactivity under the employed conditions. Allyl phosphonate 220b showed reactivity, but no
isomerised product could be identified. Instead, polymerisation was assumed due to the

observation of broad signals in *H NMR spectroscopy.

Allyl Sulfides

As shown in the initial table, commercially available allyl phenyl thioether 219b showed
good reactivity, but selectivities were poor. Therefore, this substrate was tested in the
isomerisation reaction using KHMDS in the presence of a crown ether or a carbene ligand in
different solvents (Table 37). Conversions were monitored using *H NMR spectroscopy by
comparison of the starting material alkenyl signal (6 = 5.9 ppm, 1H) to the product signals (&
= 6.1, 6.0 ppm, Jyans = 14.8 Hz, 1H each; § = 6.2, 5.9 ppm, J.is = 9.2 Hz, 1H each).
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Table 37: Isomerisation of allylsulfide 219b

H cat (x mol%)
L (y mol%) Phs/\L
e VS
PhS)\/ R PhS H +
solvent, 25 °C, t H
219b (E)-225b (Z)-225b

Entry Cat(xmol%)  Ligand (y mol%) Solvent  t(h) Conv (%)® E:Z ratio
1 KHMDS (10) - THF 4 99 11
2 KHMDS (10) - PhMe 1 90 1:4
3 KHMDS (10) - m-xylene 1 99 1.5
4 KHMDS (10)  [18]c-6 (10) THF 2 99 11
5 KHMDS (10)  [18]c-6 (10) dioxane 3 99 1:2
6 KHMDS (10)  [18]c-6 (10) Et,0 3 99 11
7 KHMDS (10)  [18]c-6 (10) PhMe 3 99 1:1
8 KHMDS (8)  SIPr (10) PhMe 1 85 1:6
9 KHMDS (8)  SIPr (10) m-xylene 1 99 1:6
/ N\
o o , .
(_ _> Pr —\ "Pr
LS O
O\_/O Pr ipr
188 231
[18]c-6 SIPr

[ The conversion was determined by *H NMR spectroscopy of the reaction mixture without internal
standard (based on relative *H NMR analysis of the starting material and the product)

Allylic thioether 219b showed good reactivity even when using ligand-free conditions
(entries 1-3). Little change in reactivity was observed in different solvents, but the E:Z
selectivity was influenced by the nature of the solvent. While reactions in Lewis basic
ethereal solvents such as THF gave no selectivity, performing the reaction in more apolar
aromatic solvents increased the selectivity to up to 5:1. Interestingly, Z-225b was found to be
the major isomer of the vinylic product. In the presence of a crown ether lower selectivities
were observed in all solvents (entries 4-7). Even in toluene, no selectivity could be observed
for this reaction. The ligand in this case may be seen as a mimic for an ethereal solvent,
which has shown low selectivities before. However, the combination of KHMDS and a
stonger ¢ donor ligand, i.e. an NHC, triggered the isomerisation of allyl thioether 219b to
give high yields and improved E:Z selectivities that could even slightly improve the results
of KHMDS alone in aromatic solvents. This improvement showed that carbene coordination
to the metal centre may occur in apolar aromatic and non-basic solvents, leading to a change

in the catalyst’s activity.
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Allyl Phosphines

Based on the previous results, reactions with allyl diphenylphosphine 220 were carried out
using a metal-base as the catalyst in the absence of a ligand (Table 38). Yields were
recorded for the formation of the vinyl phosphine products E-226 (6 = 6.2-6.3 ppm, 2H) and
Z-226 (8 = 6.5-6.6 ppm, 2H).F¥

Table 38: Isomerisation of allyldiphenylphosphine

H cat (x mol%)

™ A
= Ph P/\/\H + Pphz
Pth)\/ solvent, T, t 2
H

220 (E)-226 (2)-226

Entry  Cat(xmol%) Solvent t(h) T (°C) Yield (%)® E:Z ratio

1 KHMDS (10)  THF 4 25 83 19:1
2 LTMP (10) THF 2 25 51 19:1
3 NaO'Bu (20) dioxane 24 25 21 5:1
4 NaO'Bu (20) DMF 3 25 84 5:1

[ The yield was determined by "H NMR spectroscopy of the reaction mixture; internal standard:
dibenzyl ether (25 mol%).

The reaction catalysed by KHMDS showed that allylphosphine 220 was isomerised quickly
under mild conditions (entry 1). The reaction was also successful using LTMP (entry 2);
both metal amide catalysts gave an E:Z selectivity of 19:1. As this compound was easy to
activate, Na'OBu was tested in the isomerisation in dioxane and DMF (entries 3 and 4).
Using 20 mol% of the catalyst gave low yields even after 24 h when performed in dioxane,
but high yields of product 226 were obtained in DMF after 4 h. This variation of reactivity
showed how the basicity of the alkoxide anion varied in different solvents. Interestingly, in
both cases, the double bond geometry could not be controlled as well as by using metal
amide catalysts.
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Allyl Amines

Due to the lack of reactivity of dimethyl allylamine 222a using KHMDS/[18]c-6 as the
catalyst system, a more detailed study of the isomerisation of this substrate was performed.
To this end, different catalysts and ligands were used in THF at different temperatures (Table
39). 'H NMR spectroscopy was used for monitoring the reaction without the use of an
internal standard. Spectral analysis was compared to the literature reported data for the E-
228a (6 =15.9, 4.2 ppm, Jyans = 13.7 Hz, 1H each) and the Z-228a (6 = 5.6, 4.3 ppm, J.is = 9.0
Hz).™

Table 39: Isomerisation of dimethylallylamine

cat (x mol%)

)H\/ L (y mol%) oSNy MezN/\L
Me,N 2

THF, T, t H
222a (E)-228a (2)-228a
Entry  Cat (x mol%) Ligand (y mol%) T (°C) t(h) Conv (%)™
1 KHMDS (10) - 25-60 20 NR!
2 LDA (10) - 25-60 20 NR!
3 LTMP (10) - 25 20 NRE!
4 LTMP (10) - 60 20 68!
5 KHMDS (10) [18]c-6 (5) 25 6 NR!
6 KHMDS (10) [18]c-6 (10) 25-60 20 NRE!
7 LTMP (10) [18]c-6 (10) 25 20 NR™!

[ The conversion was determined by "H NMR spectroscopy of the reaction mixture without internal
standard (based on relative *H NMR analysis of the starting material and the product). ™ NR = no
reaction; the desired product was not detectable, only starting materials were detected (*H NMR
analysis of the reaction mixture). 'E:Z = 1:1.

No reaction of dimethylallylamine 222a was observed when different metal amides were
used at room temperature (entries 1-3). Only the use of LTMP at 60 °C for 20 h allowed for
the formation of the desired enamine in good yields (entry 4). However, no geometric
selectivity was obtained. When reactions were carried out in the presence of [18]crown-6 as
a ligand at room temperature, no product and only staring material was detected in *H NMR
spectroscopy of a reaction aliquot (entries 5-7). In order to examine another allylic amine in
the isomerisation reaction, diphenylallylamine was prepared in one step from allyl bromide
and diphenylamine (Scheme 77). This reaction gave the corresponding allyl amine on gram-

scale, and the substrate was purified and dried (4 A MS) before use in catalysis.
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K,CO3 (2.0 equiv)
TBAI (5 mol%)

g7 +  Ph,NH PhoN" >
MeCN, 110 °C, 2 d
132 133 222b
(2.0 equiv)

Scheme 77: Preparation of allyldiphenylamine

Like its methyl-substituted analogue, diphenylallylamine was subjected to the
KHMDS/[18]crown-6 catalyst conditions at different temperatures (Table 40).

Table 40: Isomerisation of diphenylallylamine

KHMDS (10 mol%)
[18]c-6 (10 mol%)

PN NN+ thN/%L
THF, T, 2 h y

222b (E)-228b (2)-228b

Ph,N

Entry Temp (°C) Conv (%) E:Z ratio

1 25 99 1:10
2 40 99 1:10
3 60 99 1:8

& The conversion was determined by *H NMR spectroscopy of the reaction mixture without internal
standard (based on relative 'H NMR analysis of the starting material and the product).

This diphenyl amine analogue showed a much improved reactivity profile, and gave the
desired enamine in quantitative yields (entries 1-3). No starting material was detected after
2 hand Z-228b (6 = 6.1, 5.0 ppm, J.is = 8.2 Hz, 1H each) and E-228b (6 = 6.6, 4.7 ppm, Jrans
= 13.7 Hz, 1H each) were found as the only products. In contrast to the results for dimethyl
allylamine, the selectivity for this mixture of geometric isomers was much greater and the Z-
alkene was formed as the major isomer in a 10:1 ratio (entries 1 and 2). This ratio was
slightly decreased when performing the reaction at elevated temperatures (entry 3).

One way to improve the selectivity of this transformation was the use of a different catalyst.
Alkali metal alkoxides have been reported to catalyse the isomerisation of allylamines in

DMSO (Scheme 78).1°%]

H KO'Bu (20 mol%)
)\/ MezN N
MezN
DMSO, 25 °C, 48 h

~
222a 228a
100% NMR conversion

E:Z = 1:9 NMR selectivity

Scheme 78: Literature reported isomerisation of allylamines

In order to compare the results to the metal alkoxide-catalysed isomerisation, allylamine
222b was reacted with alkali metal alkoxides in DMF and DMSO (Table 41).
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Table 41: Metal alkoxides in polar solvents

H 0,
)\/ MOR (20 mol%) pth/\/\H . Pth/\L
PhoN solvent, 25 °C, 2 h y

222b (E)-228b (2)-228b

Entry MOR Solvent Yield (%)  E:Z ratio

1 LiO'Bu DMF NRI! -

2 NaO'Bu DMF 39 1:8

3 KO'Bu DMF 99 1:8

4 KOMe DMF 80 1:5

5 KOH DMF 96 1:5

6 LiO'Bu DMSO 99 1:13

7 NaO'Bu DMSO 98 1:11

8 KO'Bu DMSO 99 1.7

[ The yield was determined by *H NMR spectroscopy of the reaction mixture; internal standard:
dibenzyl ether (25 mol%). ™! NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of the reaction mixture).

While LiO'Bu showed no activity in DMF (entry 1), both the sodium and potassium bases
gave 228b in moderate to excellent yields, albeit with lower selectivity than the
KHMDS/[18]crown-6 catalyst system (entries 2-3). Furthermore, potassium methoxide and
even hydroxide were able to catalyse the isomerisation reaction in good to excellent yields,
but the E:Z selectivity was further decreased (entries 4 and 5). When comparing the different
tert-butoxide salts in DMSO, all catalysts showed excellent activity, but the selectivity

decreased from lithium to sodium to potassium.

Ph\ Ph. /\/\
Ph—N. S h M
\ Ph
M
Z-configuration E-configuration
amine coordination to M no coordination possible

Figure 9: Binding modes of metallated enamine 228b

It is likely that the Z-isomer was found to be the major product because of a significant
stabilisation occurring when the amine functional group coordinated to the metal centre of
the allylmetal species, the assumed intermediate (Figure 9). This coordination would only be
possible when the intermediate is in a Z configuration and subsequent protonation would
then occur at the a-position relative to the metal. The higher selectivity arising from the
lithium alkoxide supported this hypothesis because amine coordination to the small lithium
ion (~ 70 ppm)™*! is more energetically favourable than coordination to larger cations. Here,
the thermodynamic stability of trans-substituted alkenes favoured the formation of E-

configurations, leading to a decrease in selectivity.
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Other metal alkoxides have also been explored in this field with little success. Both
magnesium ethoxide and calcium methoxide showed no reactivity in either DMF or DMSO.
Furthermore, the KO'Bu-catalysed isomerisation was also attempted in other solvents, such
as THF, dimethylacetamide (DMAC), acetonitrile (MeCN), benzonitrile (PhCN) and
propylene carbonate (PC). No reaction occurred in any of these solvents, limiting the
applicability of the metal alkoxide catalysis to the use of DMF and DMSO only.

Allyl Ethers

In a similar fashion to the allylamines, allyl ethers were studied in the isomerisation reaction
to form enol ethers, an important class of substrates. As shown in the initial screening, no
reactivity was observed for the methyl-substituted allyl ether, but the phenyl-substituted
analogue gave promising results (Table 36, p 92). Therefore, the phenyl-substituted allyl
ether 221b was subjected to different catalysis conditions and the formation of the

corresponding enol ethers was monitored by *H NMR spectroscopy (Table 42).

The signals for Z-227b (6 = 6.4 and 4.9 ppm, Jyans = 6.0 Hz, 1H each) and E-227b (6 = 6.4
and 5.4 ppm, J.s = 12.0 Hz, 1H each) were compared to literature-known data.®® Similar
conditions were then applied to the methyl-substituted allyl ether 221a and the *H NMR
analysis data of Z-227a (6 = 5.9 and 4.4 ppm, Jyans = 6.2 Hz, 1H each) was also compared to

literature-known data.”®”!
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Table 42: Isomerisation of allyl ethers

cat (x mol%)

H .
ligand (y mol%)
AN + ROTX
Ro)\/ ] RO H
THF, 25 °C, t H
221a: R = Me (E)-227a: R = Me (Z)-227a: R = Me

221b: R = Ph (E)-227b: R = Ph (2)-227b: R = Ph

Entry R  Cat(xmol%) Ligand (y mol%) t(h) Yield(%)® E:z

1 Ph  KHMDS (5) [18]c-6 (5) 4 99 1:24
2 Ph  KHMDS (10) - 4 (51) 1:24
3 Ph  LDA (10) - 2 08 1:24
4 Ph  LTMP (10) - 2 74 1:24
5 Me KHMDS (10)  [18]c-6 (10) 2 NRE! -
6 Me KHMDS (10) - 4 NRP! -
7 Me LTMP (10) - 2 (99) 1:99

[ The yield was determined by *H NMR spectroscopy of the reaction mixture; internal standard:
dibenzyl ether (25 mol%). When no internal standard was added, numbers indicated in brackets refer
to the conversion based on relative *H NMR analysis of the starting material and the product. ™' NR =
no reaction; the desired product was not detectable, only starting materials were detected (*H NMR
analysis of the reaction mixture).

As mentioned, the reaction with KHMDS/[18]crown-6 proceeded quantitatively at room
temperature with a selectivity of 24:1, the major isomer bearing Z-geometry (entry 1). This
selectivity could not be improved when the experiments were run in the absence of a ligand
(entry 2) or by using lithium amides (entries 3 and 4). The methyl-substituted analogue was
harder to activate and a reaction was not observed using KHMDS either with or without a
crown ether ligand (entries 5 and 6). Only the use of LTMP as a strong base allowed for the

formation of enol ether 227a in high yields and with exclusive Z-selectivity (entry 7).

As metal alkoxides have been shown to achieve the isomerisation of allylamines in DMF,
this system was also used for the isomerisation of allyl phenyl ether 221b (Table 43). Alkali

and alkaline earth metal alkoxides or hydroxides were used in this transformation.
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Table 43: Metal alkoxide isomerisation of allyl phenyl ether

H cat (x mol%)
P PhO” " N"H + PhOTY
PhO DMF, 25 °C, 2 h
H
221b (E)-227b (2)-227b

Entry  Cat (x mol%) Yield (%)® E:Z

1 LiO'Bu (20) 45 1:40
2 NaO'Bu (10) 3 1:19
3 KO'Bu (20) 99 1:40
4 KOH (10) NR[! -
5 Ca(OMe), (20) NR™ -

4 The yield was determined by '"H NMR spectroscopy of the reaction mixture; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of the reaction mixture).

All alkali metal tert-butoxides were able to catalyse the isomerisation reaction in DMF,
albeit with varying success (entries 1-3). Of these metal alkoxides, KO'Bu performed with
the best results regarding both reactivity and selectivity, and even improved previous results
using alkali metal amides. Neither potassium hydroxide, nor calcium methoxide were able to

isomerise the allyl ether under the indicated reaction conditions (entries 4 and 5)

Overall, it was found that alkali metal amides were able to catalyse the isomerisation of
heteroatom-substituted allylic substrates in groups XII-XVI. In particular, allyl silane and
boron reagents were activated, where the metal’s ability to stabilise a-anions was exploited.
In the case of sulfur and phosphorus, as well as their lighter analogues, oxygen and nitrogen,
significant contribution of o* orbital stabilisation was assumed to aid the isomerisation
reactions. These findings were of great importance to the developments of new synthetic
methods, not only in the field of C—H bond formations, exemplified in these isomerisation
reactions, but also in the field of C—C bond formations, which involve similar reaction
intermediates. Indeed, by trapping the substituted allylic anion with a suitable electrophile
before reprotonation, novel methods for building up complex structures could be explored,

which will be covered in the following chapter.
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2.3.3 Functionalised C-C Bond Formation Using Allyl-M

With the knowledge of the isomerisation of metal-substituted allylic substrates in hand, these
compounds were also considered as pro-nucleophiles for C—C bond formations. Here, similar
challenges as with the isomerisations were faced, where the intended catalytic Brgnsted base
activation of the pro-nucleophile competed with the unwanted attack of a Lewis base at the
Lewis acidic metal site. In the presence of an electrophile other than a proton, each of these
two intermediates would then give rise to different products. The attack at the Lewis acidic
metal centre would create an ‘ate’-complex, which could either be protonated to yield
propene, or react with an electrophile, leading to allylated products. In both cases, the metal
functional handle would be lost (Scheme 79).

Lewis H _
acid H@ vl + M—LB®
M
A o ,\lA A propene
H Bronsted N \ E=M
acid E /\/ *
base side-product

Scheme 79: Conventional catalytic Lewis base activation of allyl-M reagents

Depending on the metal centre and the electrophile, these allylated reaction products can be
obtained even in the absence of a Lewis basic catalyst, as described in the introduction.
Direct allylations of this kind are known for organometallic reagents such as boron, silicon,

and tin, as well Barbier-type reactions from the corresponding allylic halides (Scheme 80).!""!

JOL R o-? © o
B~ ——R \\}\]./43\8 - NvRR- 5 /\)ER'
R

Scheme 80: Example of a ketone allylation with an allyl-B reagent (closed TS)

We aimed to form C-C bonds by activating the allylic Brgnsted acidic site, next to the metal
centre, using a deprotonation pathway. Here, the reactive intermediate would be an allylic
anion - including the metal functional handle - that could react with an electrophile (Scheme
81). The reaction with a proton would lead to the isomerised allylic starting material, which
has been discussed in the previous chapter. Only the selective reaction with an electrophile

would generate the allylated products with incorporation of the metal into the product.
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Lewis ® M A H o+

acid BB-H
M X 4~: BB / isomer
W/\ ) Mo |
H Bronsted S) E
acid M E=H &
base product

Scheme 81: Unprecedented catalytic Brgnsted base activation of allyl-M

Stoichiometric Brgnsted base activation of allylsilanes has been achieved in the literature
giving silylated products of type 135 (Scheme 82).1 ®®1 Here, the allylsilane was metallated
using BuLi in the presence of TMEDA as a chelating ligand. The resulting silylated
allyllithium complex was then added diastereoselectively to chiral diimine 134 to give bis-
allylated product 135 with incorporation of the silyl group.

i) ‘BuLi (2.5 equiv)

Ph _/Ph
: TMEDA (2.5 equiv) }—NH HN—,
Me3S|\/\ md e

THF / CgHyp, 78 ~ 0 °C
136a 11/ CsHiz MesSi—/ N\ e,
(2.5 equiv) i) pp, Ph
}—N N—/ 135
v 43%
Me
VARY dr=3:1
134
-78°C

Scheme 82: Functionalised allylation using stoichiometric Brgnsted base

From the isomerisation reactions, it was established that the allylic anion can be formed by
deprotonation in a-position to the metal centre. By using a strong and bulky base such as
alkali metal hexamethyldisilazides, good conversions were obtained for the formation of
isomerised products. In this chapter, the allylic anion intermediate was expected to be
trapped in the reaction with a suitable electrophile. Imines have previously been shown to be
reactive electrophiles in the allylation reactions with allylbenzene. Both carbonyl-contaning
electrophiles, as well as aziridines would be suitable alternatives depending on the conditions

and the used catalyst (Figure 10).

M A, ,E=H M =B, Si, Sn...
o N/PG
X  X=0,NPG
E-= E= )J\ E=
RJ\H R™ 'H R
JH H. PG
0 N
M M M__~ X=H
WR WR R

Figure 10: Different electrophiles for functionalized C-C bond formations
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In all cases, the products from such a C—C bond formation would retain the functional handle
in the form of a vinyl metal that could be used in further transformations. Specifically, the
use of Pd-catalysed cross-couplings were thought to be an application that would allow for
the formation of highly complex structures. The Suzuki (B),”” Hiyama (Si),"*” or Stille
(Sn)!"" cross-coupling reactions have been well studied and were assumed to be compatible
with the reaction conditions developed in the C—C bond formations, leading to one-pot

procedures for the bis-functionalisation of allylic substrates (Scheme 83).

H.N/PG Pd° (cat) H'N/PG
ArX
M W O > ArWR
promoter o

bis-functionalised Cs
M =B, Si, Sn...

Scheme 83: Pd-catalysed cross coupling reactions

2.3.3.1 Silicon

SiM63

As the isomerisation of allylsilanes and siloxanes was achieved using alkali metal amides
(Table 35, p 89), this class of catalysts was investigated in the functionalised allylation of
imines. N-PMP-protected benzaldimine 56b was reacted with allylsilane 136a in different
solvents at 25 °C for 20 h (Table 44).

Table 44: Allylation using allylsilanes

cat (10 mol%) H.N/PMP H’N/PMP
Me3Si ligand (10 mol%) )
X i + MejSi H
ﬁ/\ Me?’SIW\Ph 3 \/\/ + N\ph
H solvent, 25 °C, 20 h
PMP H H

136a N~ 236a 216a 237

(1.1 equiv) Ph )J\H C—C product isomerised S.M.  Side-product
56b

Entry  Cat/Ligand Ligand Solvent Yield 236a (%)™  216a (%) 237 (%)@

1 NaHMDS - dioxane NRE! - -
2 KHMDS - dioxane 37 14 0
3 KHMDS - THF 10 0 0
4 KHMDS [18]c-6  dioxane 18 6 30
5 KHMDS [18]c-6 THF 20 8 50
6 Ca(HMDS), [18]c-6  dioxane NR! - -

[ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected (‘*H NMR analysis of a reaction aliquot).
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The use of NaHMDS proved somewhat limited as no reaction occurred in dioxane (entry 1).
Therefore, reactions were carried out with KHMDS in both dioxane and THF (entries 2 and
3). Product 236a was formed in both solvents with slightly better results in dioxane (37%),
but isomerised side-product 216a was also observed in 14% yield (entry 2). 'H NMR
spectroscopy allowed for the identification of the different products. The isomerised starting
material 216a was identified by comparison to previous and literature-reported data.®"
Product 236a is an unknown compound, but characteristic signals in "H NMR spectroscopy
of a reaction aliquot at 6 = 2.6 and 2.5 ppm for the allylic protons in 236a have been
identified. By using [18]crown-6 as a ligand for KHMDS in order to increase the catalyst’s
reactivity and selectivity no improvement in yields could be noted (entries 4 and 5). Instead,
new signals in '"H NMR spectroscopy were observed, which could be assigned to the

192) This meant that the use of a ligand for

formation of unfunctionalised side-product 237.!
the metal centre increased the Lewis basicity of the metal amide, leading to the attack at the
metal centre to give product 237. The use of DMF as a polar aprotic solvent in the reactions
catalysed by NaHMDS and KHMDS also proved to be unsuccessful at improving the yields
of product 236a. Finally, a calcium amide catalyst was used with a crown ether ligand to
catalyse the C—C bond formation, but no reaction was observed (entry 6). As reactions with
allylsilane 136a showed promising results with allylation yields of up to 37%, other silanes

were considered for this type of reaction.

Si(OMe)

Allylsiloxane 136b was used as an alternative Si-containing pro-nucleophile. This substrate
proved to be easier to activate in isomerisation reactions (Table 35, p 89) and was therefore
assumed to be more active in reactions with electrophiles as well. Reactions of siloxane 136b
with imine 56b were carried out using different metal amide catalysts in dioxane and THF
(Table 45).
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Table 45: Alkali metal amide catalysts in the allylation of imines using siloxane 136b

oy Hep-PMP
t 1% .
(MeO);Sis_~ cat (x mof¥) (MeOkSiWPh* (MeO)sSin_~_H
ﬁ/\ solvent, 25 °C, 20 h
H PMP H HH
N
136b 236b 216b
(1.1 equiv) Ph)J\H
56b
Entry Cat (x mol%) Solvent  Yield 236b (%)™ 216b (%)"
1 LHMDS (20) dioxane 47 0
2 NaHMDS (10) dioxane 85 7
3 KHMDS (10) dioxane 40 33
4 LTMP (10) dioxane 15 0
5 NaHMDS (10) THF 65 21
6 LDA (10) THF NRE!
7 LTMP (10) THF 22 0

' The yield was determined by ‘H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

The use of all alkali metal amide catalysts gave product 236b selectively over the formation
of isomerised starting material 216b in both dioxane and THF (entries 1-4 and entries 5-7
respectively). Remarkably, in none of these reactions direct allylation products with loss of
the siloxane functional group was observed. This selectivity may be related to the shielding
effect of the Si-substitutents, which decrease the metal’s electrophilicity through donation of
electron density. Product 236b was identified by *H NMR spectroscopy of a reaction aliquot.
Signals were recorded at 6 = 6.4 and 5.6 ppm (Jyans = 18.9 Hz) for the protons in the alkenyl
positions, 6 = 4.4 ppm for the benzylic proton, and 6 = 2.7 and 2.6 ppm for the two allylic
protons. In order to avoid overlap with any alkenyl signals, isomerised side-product 216b
was quantified by integrating the terminal methyl signal at 6 = 1.9 ppm (dd, 3H). All
integrations were relative to the internal standard (DBE, 0.25 equiv, 6 = 4.6 ppm, 4H).

Among the used alkali metal amides, NaHMDS performed best, giving 236b in 85% vyield
(entry 2). For both the Li and the K analogues, only modest yields of 40-47% could be
obtained (entry 1 and 3). However, different factors caused these yields to be low: In the
case of LHMDS, a lower reactivity was observed, whereas the KHMDS-catalysed reaction
showed high levels of isomerisation occurring, leading to a ‘loss’ of pro-nucleophile to
generate undesired side-product 216b, which did not appear to participate in C-C bond
formation.

In order to compare the reactivity of this amide catalyst with other metals, a catalyst

screening was performed using the corresponding alkaline earth metal amides. These
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catalysts were also of interest in light of developing enantioselective reaction conditions:
coordination to the more Lewis acidic alkaline earth metal centres by chiral ligands may be
more efficient, increasing the potential for stereodifferentiation. Reactions were carried out

using 10-20 mol% of the catalyst under otherwise unchanged reaction conditions (Table 46).

Table 46: Alkaline earth metal catalysts in the allylation of imines using siloxane 136b

cat (x mol%) H.N/PMP
li d 1% .
(MeO)Si « igand (y mol%) (Meo)3SiNPh+ (MeO)asl\/\/H
ﬁ/\ dioxane, 25 °C, 20 h
H _PMP 236b 216b
136b N
(1.1 equiv) Ph)J\H
56b
Entry Cat (x mol%) Ligand (y mol%)  Yield 236b (%)  216b (%)®
1 Mg(HMDS), (10) - NR! -
2 Ca(HMDS), (10) - NRI! -
3 Sr(HMDS), (10) - NR! -
4 Ca(HMDS), (20) [18]c-6 (20) 17 2

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

None of the alkaline earth metal hexamethydisilazide catalysts was able to catalyse the
reaction between siloxane 136b and imine 56b (entries 1-3). Only the addition of a ligand
gave the intended product, albeit in only 17% yield (entry 4). Overall, alkaline earth metals
were not found to be suitable catalysts in the allylation of imines using allylsiloxanes.

Due to the promising results with NaHMDS in dioxane, an initial imine scope was
investigated to probe the applicability of the developed method. Different imines were
reacted with a slightly increased excess of siloxane 136b. Aromatic, heteroaromatic and

aliphatic aldimines were used to give products 236 (Table 47).
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Table 47: Imine scope of the allylation using allyltrimethylsiloxane

H.N/PG

0,
(MeO)ssiﬁ/\ NaHMDS (10 mol%) (MeO)3Si\/\)\R * (MeO)asi\/\,H
H dioxane, 25 °C, 20 h

1366 PG 236 216b
(1.5 equiv) J\lj\
R™ H
56, 61
H. .PMP H. .Ph
N N N/TS
(MeO)sSin_~ Ay (MeO)sSin_~ Ay A
236b 236a" 61
96% 80% NR!
H. _PMP H.-PMP
N N Hey-PMP
(MeO)sSix_~ N (MeO)Sin~ 9 (MeO)asiN@
N /N S /
Me
2362 236x 236v
38% 45% 66%
H. .PMP
Hey-PMP N
(MeO);Sin_ _ (MeOh&MI:\/IAZ
Me
236r 236ii
63% 79%

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting materials
were detected ("H NMR analysis of a reaction aliquot).

Both the N-PMP- and the N-Ph-protected benzaldimine gave good to excellent yields in the
formation of functionalised homoallylic amines 236b and 236a’. Like in the case of the
cinnamylations with allylbenzene, N-Ts-protected aldimine 61 showed no reactivity.
Heteroaryl-substituted imines were tolerated under these conditions including pyridyl-,
pyrrolyl-, and thienyl-substitution, albeit with decreased yields of 38-66%. Surprisingly,
cinnamaldimine product 236r was obtained in 63% yield, which has been an unsuccessful
substrate the case for the unfunctionalised cinnamylation. Finally, alkyl-substituted aldimines
were shown to be reactive and product 236ii was obtained in 79% yield. Like in previous
reactions with this imine, a relatively high level of isomerisation was observed (50%).

In summary, the catalytic system that had been developed for the allylations using
allylbenzene was directly applicable to the use of allylsiloxane 136b, and a variety of
homoallylic amines containing a vinyl siloxane functional group were obtained in good to
excellent yields. To the best of our knowledge, this method is the first Brensted base
activation of allyl-Si reagents for C—C bond formations that allow for the incorporation of

the Si functionality into the final compound.
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2.3.3.2 Boron
Bpin

Allyl-Bpin (15a) was chosen as the most suitable model substrate for C-C bond formations
with imines. In isomerisation reactions, it was shown to be activated by a Brensted base
catalyst (Table 35, p 89). Like in previous examples, this pro-nucleophile was also reacted
with the PMP-protected aldimine 56b using alkali metal amides as the catalyst in different
solvents (Table 48).

Table 48: Alkali metal amide catalysed allylation using allylboronate 15a

1y Hey-PMP Ho-PMP
NaHMDS (10 mol%) .
(pin)BW/\ ° (pin)BNgh + (pln)B\/\,H + /\)\Ph
solvent, 25 °C, 20 h
H H HH
_.PMP 238a 217a 237
(1 11::uiv) N fmmm o : not observed
Ph” H . Me  Me
(pin)B = o
56b Me |
Me O/B‘

Entry Cat (x mol%)  Solvent  Yield 238a (%)?  217a (%)™

1 LHMDS (20) dioxane 32 0
2 NaHMDS (10)  dioxane 47 0
3 KHMDS (10) dioxane 14 0
4 NaHMDS (10)  THF 23 7
5 NaHMDS (10) DMF 72 37
6 NaHMDS (10)  PhCN 5 8

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

"H NMR spectroscopy showed the formation of signals at & = 5.6 ppm (Jyans = 17.8 Hz) for
one of the alkenyl signals, 6 = 4.8 ppm for the benzylic position, and & = 2.7 and 2.6 ppm for
the two allylic hydrogens. Integration with respect to the internal standard, DBE, showed
that 238a was formed in 14-47% vyield in dioxane (entries 1-3). No side-product other than
the isomerised starting material 217a was observed. NaHMDS was chosen as the best alkali
metal amide catalyst and was used in THF, DMF, and PhCN respectively (entries 4-6). This
solvent screening revealed that the use of both THF and PhCN gave lower yields in both
reactions (entries 4 and 6). DMF was a more suitable solvent for the formation of product
238a; a yield of 73% was obtained (entry 5). However, the selectivity of this reaction

remained challenging as the remaining pro-nucleophile isomerised entirely.
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In order to investigate if other catalysts displayed a higher selectivity, both stronger lithium
and alkaline earth metal amides were used in the allylation of imine 56b with allyl boronic
ester 15a (Table 49).

Table 49: Catalyst screening for the allylation using allyl boronate 15a

H.N/PMP H.N/PMP
cat (x mol%) .
i ; in)B H
(pm)BY\ (pln)B\/\)\Ph + (PiN)B A~ H + /\)\Ph
H solvent, 25 °C, 20 h
.5 N”PMP 238a 217a 237

a
1.1 equiv
trequy I

56b

Entry Catalyst (x mol%)  Solvent Yield 238a (%) 217a (%) 237 (%)

1 LDA (10) dioxane NR™ - -
2 LDA (10) DMF 23 8 5
3 LTMP (10) dioxane 1 0 2
4 LTMP (10) DMF 2 0 0
5 Mg(HMDS), (20) dioxane NRE! - -
6 Ca(HMDS), (20) dioxane 0 0 30
7 Sr(HMDS), (20) dioxane 0 0 100

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

No reaction was observed when LDA was used as the catalyst in dioxane (entry 1). In DMF,
however, product 238a was formed in 23% yield; the formation of isomer 217a (8%) and
direct allylation product 237 (5%) was also observed (entry 2). Despite being present in
small quantities only, side-product 237 could be identified by comparison with literature
reported *H NMR spectroscopic data.*®®! The use of the more basic LTMP resulted in lower
product yields in both dioxane and DMF (entries 3 and 4). When looking at the results of the
alkaline earth metal amide catalysts, very different reaction outcomes were observed. No
reaction was observed for the reaction using magnesium amide even at 20 mol% catalyst
loading (entry 5). Both the calcium and the strontium analogues did not give the desired
product 238a, but instead catalysed the formation of side-product 237 (entries 6 and 7). This
difference in product selectivity was unexpected because the loss of the boronic ester
functional group had not previously been observed in >5% vyield. Overall, the results of
NaHMDS in DMF could not be improved by changing the catalyst so a yield of 72%
remained the best result for the functionalised allylation of imines, which represents the first

Bregnsted base activation of this substrate in C—C bond formations.
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Boranes and Boron-ate Species

Allyl-9BBN (15b) could not be used as a pro-nucleophile in this reaction because the
background allylation reaction with imine 56b proceeded smoothly in the absence of a
catalyst at room temperature (Scheme 84).!'" Dialkyl-substituted boranes are much more
Lewis acidic as indicated by their chemical shift in "B NMR spectroscopy. While allyl-Bpin
shows a signal at 6 = 32 ppm, allyl-9BBN appears at 6 = 80 ppm. The oxygen-substituents in
boronic acids and esters can donate electron density to the vacant © orbital on B. For alkyl-
substituents, this effect cannot take place, leading to an increased electrophilicity. The
coordination of imine 56b lead to the formation of a stable transition state, where the
allylation occurred with boron transfer to the amine, followed by protonation. For proof of
principle, NaHMDS was added to the reaction mixture in catalytic amounts, but no

incorporation of the borane into the final product was observed in either dioxane or THF.

_PMP
N .
)J\ H, .PMP
- Ph” H N :
2 \ =
H dioxane, 25 °C, 20 h 237 |
15b
(1.1 equiv)

Scheme 84: Uncatalysed allylation of imine 56b

Next, C-C bond formations with MIDA boron-ate and trifluoroboron-ate complexes as pro-
nucleophiles were attempted using different catalysts and solvents. First, MIDA boron-ate
15¢ was used using sodium and potassium amide catalysts both in the presence and in the

absence of a crown ether ligand (Scheme 85).

cat (20 mol%) H.N/PMP H,N/PMP
(mida)B Ligand (20 mol%) . + (mida)B H .
N e (mida)B_~ Ay L N .,
H solvent, 25-60 °C, 20 h 238 ’17 -
C [
15¢ _PMP
(1.1 equiv) )’\Jl\
Ph” H
56b
5 0 y ;
5 Me F’/{ e\N/\): E cat = NaHMDS, KHMDS
midag= N0 = " 0[O ! Ligand = [18]c-6
! ;ﬁ B.. gZ0 O : solvent = dioxane, THF, DMF, MeCN
i 0 .”

Scheme 85: MIDA-boron-ate allylations

No reaction was observed under any of the employed conditions, even when heating up to

60 °C. Next to dioxane, reactions were carried out in polar aprotic solvents such as THF,
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DMF, and MeCN. None of these reactions showed the formation of any products and only

starting materials were recovered based on *H NMR spectroscopy.

Next, potassium trifluoroboron-ate 15d was examined in the same reaction. Again, different
catalyst systems were explored using polar aprotic solvents to ensure maximum solubility.
Reaction monitoring was performed by 'H NMR spectroscopy in D,O due to the low
solubility of the pro-nucleophile in CDCl; (Scheme 86).

t (20 mol?
cat (20 mol%) H. _PMP H. _PMP

® © Ligand (20 mol%) N N
AN K 3 +
jH/\ X FsB~ Ph NI 2 Ph
solvent, 25-60 °C, 20 h 238d 217d 237
15d _PMP
(1.1 equiv) N cat = NaHMDS, KHMDS
Ph)J\H Ligand = [18]c-6
solvent = dioxane, THF, DMF, MeCN, PhCN
56b

Scheme 86: Allyl-BF;K allylations

None of the conditions allowed for product 238d to be obtained. Reactions were carried out
in dioxane, THF, DMF, MeCN, and PhCN, but neither the desired product, nor any of the
side-products were observed and aliquot '"H NMR spectroscopy only showed signals for the
starting materials. For both boron-ate complexes, a high reactivity was expected as the
tetravalent boron atoms were much less electrophilic. However, solubilising the
corresponding pro-nucleophiles and products in aprotic solvents proved difficult, which may

account for their poor reactivity.

2.3.3.3 Tin, Magnesium and Palladium

SnBuj,

The third type of allylic metal reagents was the use of tin, which had not been a successful
candidate in the isomerisation reaction (Table 35, p 89). Again, different alkali metal amide
catalysts were used for C—C bond formations in dioxane and THF (Scheme 87). None of
these conditions resulted in the activation of pro-nucleophile 7; only starting materials were
recovered based on *H NMR spectroscopy. The use of M(HMDS), (M = Ca, Sr) also failed

to achieve the activation of this substrate, even in the presence of a crown ether ligand.
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cat (x mol%) H.N/PG H.N/PG

BusSn Ligand (y mol%)
X + BuzSn H
W/\ 4 BUSSnW\Ph SUNGZNPL I N\Ph
H solvent, 25 °C, 20 h
7 N/pG 239 218 237
(1.1 equiv)
Ph)J\H cat = NaHMDS, KHMDS, Ca(HMDS),, Sr(HMDS),
56b Ligand = [18]c-6

solvent = dioxane, THF

Scheme 87: Allyl-Sn in allylation reactions

MgBr

Next, more classical allyl-metal reagents were considered. Commercially available allyl
magnesium bromide (240) was chosen as a possible pro-nucleophile, but like in the case of
allyl-9BBN, the direct reaction with imines posed a challenge. Indeed, allylation of imine
56b using magnesium reagent 240 was shown to proceed in dioxane and Et,0 at 25 °C or —
78 °C respectively (Scheme 88). The addition of NaHMDS to this reaction mixture did not
result in any change of reactivity and only unfunctionalised product 237 was obtained

regardless of reaction solvent or temperature.

_PMP
N

PR H. _PMP

Ph” H N

56b
Bng\/\ N\Ph

240 dioxane, 25 °C, 20 h 237

. or
1.1 equiv —649 i
(1.1 equiv) Et,0. 78 °C, 12 h 61-64% NMR yield

Scheme 88: Allylation of imine 56b using allyl-MgBr

PdCl

As an alternative and less reactive allyl-M reagent, allyl palladium chloride (241) was
chosen, containing a transition metal in allylic position. This compound is usually
encountered as a catalyst or pre-catalyst in cross coupling reactions, but was thought to be a
possible reaction partner with potentially high stability of the metallated homoallylic amine
product. Palladium complex 241 is commercially available as a dimeric structure, where
each palladium centre binds to one 1’ allylic ligand and is bridged by two chloride ions
(Figure 11). Due to the highly delocalised nature of the electron density in the allylic ligands,
this substrate was considered to be highly challenging to activate. Studies of allyl-Pd species
showed a fast interconversion of E- and Z-isomers of substituted allyl species in the presence

[105]

of coordinating anions. It was assumed that the coordination to the metal centre would

give rise to a faster equilibrium between the E- and Z-isomer. Previous studies had shown
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that this isomerisation was likely to proceed via an n-intermediate.’'® Therefore, it was
assumed that the addition of coordinating anions could increase the availability of the o-

complex of 241 leading to a higher reactivity for Brgnsted base activation.

Cl
1/2 <<—Pd: :Pd—>> —_— /\/F’dCl
Cl
[m-241], c-241
n3 n1

Figure 11: Allyl palladium chloride dimer

No background reaction was observed between allyl palladium chloride 241 and imine 56b.
Metal amides were then screened in different solvents and inorganic additives were added in
order to achieve the allylation reaction with allyl-PdClI (Table 50).

Table 50: Allylation reactions using allyl-PdClI

cat (x mol%) _ H.N/PMP H.N/PMP
CIPdY\ additive (1.0 equiv) C""‘pr CIPd _~_H + Nph
H solvent, T, 20 h
_PMP 242 243 237
241 N
(1.1 equiv) Ph)J\H
56b

Entry Cat (x mol%) Additive Solvent T (°C) Yield 242 (%)™
1 NaHMDS (20) - dioxane 25-100 NRP!
2 NaHMDS (20) - THF 25-100 NRP!
3 Ca(HMDS),(10) - dioxane 25 NR!
4 Sr(HMDS), (10) - dioxane 25 NR™
5 NaHMDS (10) KClI dioxane 25 NR!
6 NaHMDS (10) KF dioxane 25 NR!
7 NaHMDS (10) KO'Bu dioxane 25 NR
8 NaHMDS (10) KClI DMF 25 NRP!
9 NaHMDS (10) KF DMF 25 NR™!
10 NaHMDS (10) KO'Bu DMF 25 NR™!

[ The yield was determined by 1H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™! NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

No reaction between 241 and 56b was observed when the alkali or alkaline earth metal
amide catalysts (10-20 mol%) were used (entries 1-4). Heating the reaction did not result in
any formation of products. Instead, a black reaction colour was observed suggesting partial
decomposition of the pro-nucleophile. Dry aliquot conditions in C¢Dg showed the formation
of new allylic species in "H NMR spectra, but these new signals disappeared when using wet
NMR solvents. By adding coordinating anions to the reaction mixture, the equilibrium was

attempted to be shifted towards an allyl-Pd o-complex. The interaction of the Lewis bases
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with the Lewis acidic palladium was thought to favour the formation of an n' complex that
would be more reactive in Brensted base activation. However, the addition of equimolar
amounts of potassium chloride, fluoride, and tert-butoxide did not result in the activation of
this pro-nucleophile in dioxane (entries 5-7) or DMF (entries 8-10). Unfortunately, the
activation of this challenging substrate was not achieved. Further investigations would be

required in order to obtain the desired palladium-containing homoallylic amines.
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2.3.4  Functionalised C-C Bond Formation Using Allyl-FG

In a similar manner to the allyl-M reagents, the use of a heteroatom-substituted allylic
reagents could give rise to novel products containing a vinylic functional group. As
introduced in the previous chapter, phosphines and amines, as well as thioethers and ethers
have all demonstrated the possibility to be deprotonated using alkali metal amide catalysts.
The reaction of the corresponding anionic intermediates with suitable electrophiles would
give rise to allylation products that would contain important functional groups, which can be

further utilised in subsequent reactions (Scheme 89).

FG=P S, N, O

Scheme 89: Allylation of allyl-FG

In all previous reactions, imines have been the most promising electrophiles together with
alkali metal amide catalysts. The products of these transformations would contain a
functional group in vinylic positions. This structural motif may be exploited for further
modifications: For allylic alcohols and amines, the corresponding enol ethers and enamines
are nucleophilic in nature and may react with different electrophiles to form molecules of

high complexity in only two steps (Scheme 90).

Hop He-PG
E H. .PG
g N O Hey-PC HO -7 OW)R
L - | g
FG
R W\R H._ H., .PG
Nu-H -~ E N
FG=NPG, O FG SR
Nu

Scheme 90: Applications of enamines and enol ethers

Phosphine-containing products were thought to be useful in the field of ligand synthesis,
where the presence of an amine in the same molecule may allow for the formation of
bidentate ligands (Scheme 91). To this end, the double bond might need to be reduced in
order to achieve a higher degree of flexibility that is required for efficient binding to

potential Lewis acids.
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Scheme 91: Applications of vinyl phosphines

In the literature, the deprotonation of these allylic substrates has been performed using
stoichiometric amounts of bases, creating allylic anions, usually at low temperatures.
Common bases, such as BuLi, but also LDA, have been used for the more reactive substrates
(S, p BN 19 O MY The jn situ generated allyl anions have subsequently been reacted
with a range of electrophiles to give the functionalised allylated products of type 246 using

aldehydes, ketones, and imines (Scheme 92).'!

However, all methods rely on the
stoichiometric use of a Brensted base, creating waste material and extra costs.

Here, we report the catalytic use of a Bronsted base in allylation reactions using heteroatom-
substituted allylic pro-nucleophiles. Reactions were carried out using mild reaction

conditions giving linear substituted homoallylic amine products.

. "BuLi (1.0 equiv) [ un-
7 Py .
’ W/\ THF, 0 °C \//I\\ Ph Ph?NMEt
i : Li N” Ph
222b 244b P 246
(1.0 equiv) Ph™ Et 70%
245

Scheme 92: Stoichiometric deprotonation of allyl-NPh,

2.3.4.1 Thioethers

First, the possibility of C—C bond formations with heteroatom-substituted allyl reagents was
examined using allyl phenyl thioether 219b. This reagent was reacted with imine 56b using
different alkali metal amides in dioxane and THF (Table 51). Reaction monitoring was
carried out using *H NMR spectroscopy, where product signals were recorded for both the E-

and the Z-isomers of product 247b as well as isomer 225b.
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Table 51: Metal amide screening for the allylation using allyl phenyl thioether

H. .PMP
PhS SN cat (10 mol%) o H + PhS H
74/\ phs%%% N
solvent, 25 °C, 20 h H HH
219b N-PMP 247b 225b
(1.1 equiv)
Ph)J\H
56b
Entry Cat Solvent Yield 247b (%)  E:Z 225b (%)%
1 LHMDS dioxane 80 51 5
2 NaHMDS dioxane 91 2:1 16
3 KHMDS dioxane 42 2:1 66
4 LHMDS THF 18 4:1 21
5 NaHMDS THF 64 1:1 44

@ The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

Alkali metal amide catalysts proved to be efficient in the functionalised thio-allylation in
dioxane (entries 1-3). The pro-nucleophile was completely consumed in all cases and only
product signals for homoallylic amine 247b or isomerised pro-nucleophile 225b were visible
in the aliquot "H NMR spectra. Product signals for product £-247b appeared at & = 6.2 and
6.0 ppm (Jyans = 14.9 Hz) for the alkenyl signals, 6 = 4.3 ppm for the benzylic proton, and &
= 2.6 ppm for the two protons in allylic position. Product Z-247b displayed signals at 3 = 6.4
and 5.8 ppm (Js = 9.6 Hz; alkenyl), 6 = 4.4 ppm (benzylic), and 6 = 2.8 ppm (allylic). The
isomerisation was quantified by integration of the terminal methyl group (£-225b: 6 = 1.9
ppm, 3H, Z-225b: & = 1.7 ppm, 3H). Good yields for 247b were obtained in the LHMDS-
and the NaHMDS-catalysed reaction respectively (entries 1 and 2). KHMDS catalysis
showed a high degree of isomerisation and consequently lower yields for product 247b
(entry 3). Interestingly, the E:Z selectivity varied substantially across these three catalysts:
while a clear preference for £-247b was found when using a lithium amide catalyst (5:1), a
decreased selectivity of only 2:1 was observed for both the sodium and the potassium amide.
This effect was even more pronounced when the reaction was carried out in THF, where
LHMDS catalysed the reaction with a good selectivity, albeit with a low yield (entry 4). The
reaction using NaHMDS in THF gave a much better yield, but no geometric selectivity was
observed (entry 5).

Next, ligands were screened to develop a more selective method for the formation of product
247b. During the isomerisation of pro-nucleophile 219b, it was found that carbene ligands
were suitable for improving the E:Z selectivity in apolar aromatic solvents (Table 37, p 93).

Crown ethers usually had a negative effect on the selectivity of the isomerisation and were
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consequently omitted here. Carbenes and a bisoxazoline were chosen for the ligand
screening using LHMDS, as this amide has shown the most selective reaction profile (Table

52).

Table 52: Ligand screening for the LHMDS catalysed functionalised allylation

LHMDS (10 mol%) H.-PMP
Ph Li d (11 1%
Sj/\ 'gand (11 mol%) PhSWPh + PhS_om, H
H solvent, 25 °C, 20 h
219b N/PMP 247b 225b
(1.1 equiv)
Ph)J\H
56b
Entry Ligand Solvent  Yield 247b (%)™ E:Z  225b (%)%
1 - dioxane 80 5:1 5
2 SIPr dioxane NRP! - -
3 SIMes dioxane 75 1:1 13
4 BOX* dioxane 13 6:1 0
5 - PhMe 8 6:1 2
6 SIPr PhMe NRIP! - -
7 SIMes PhMe NRIP! - -
8 BOX* PhMe NRIP! - -
Me — Me ipr — ipr Me Me
(0] O
L. YO an
Me ’ Me o N N—
Me Me l|:>r lPr fBu :tBu
248 231 176
SIMes SIPr BOX*

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

Compared to the reaction with LHMDS in dioxane in the absence of a ligand (entry 1), both
carbenes proved to be unsuitable for improving the catalyst’s performance (entries 2 and 3).
The addition of the SIPr ligand (231) resulted in no reaction, whereas the use of SIMes (248)
gave comparable yields to the unligated catalyst, but no selectivity was obtained. The use of
enantiopure BOX ligand 176 slightly improved the selectivity, albeit with only 13% yield
(entry 4). In toluene, the reaction catalysed by LHMDS in the absence of a ligand showed a
yield of only 8%, but an improved selectivity of 6:1 was observed (entry 5). The use of
ligands in this system, however, resulted in a loss of reactivity; no reaction was observed for
both carbenes and the bisoxazoline ligands (entries 6-8). As NaHMDS showed the highest

overall yield, this catalyst was chosen for another ligand screening (Scheme 93).
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NaHMDS (10 mol%)
PhS N 248 or 176 (10 mol%)

PMP

H. -
N
+
Phs\/%\')\Ph Phs\/q"’b/H

H solvent, 25 °C, 20 h
219b N/PMP 247b 225b
(1.1 equiv) )J\ E:Z= <2:1in dioxane
Ph H <2:1in THF
56b <1:1 in DMF
Me /_\ Me Me Me
N N O (0]
e l \J
Me Me N N—/
Me Me tBU /[BU
248 176
SIMes BOX*

Scheme 93: Ligand screening for the NaHMDS catalysed functionalised allylation

When adding a carbene or a bisoxazoline ligand to the reaction, the £:Z ratio of 2:1 was not
significantly improved in any coordinating solvent. Reactions carried out in dioxane gave
equal or lower selectivities and an increased level of isomerised pro-nucleophile. Reactions
in THF showed a slight increase in reactivity compared to the reaction without ligand, as
well as a slightly improved E:Z selectivity. In DMF, no selectivity was observed, and a 1:1
mixture of geometric isomers was obtained. The most likely cause for this lack of
improvement was the choice of solvent: In coordinating solvents, the effect of the ligand
binding to the metal amide may be less pronounced as the ligand competes with the solvent
for coordination.

Finally, alkaline earth metal amides were also examined with respect to their ability to
catalyse the thio-allylation. Magnesium, calcium, and strontium amides were used in dioxane

(Scheme 94).

H. .PMP
N
PhS M(HMDS), (x mol%)
X + PhS H
Y\ Phs\/l\««')\Ph \/4"'1,/
H dioxane, 25 °C, 20 h
219b N/PMF’ 247b 225b
1 equi
(1.1 equiv) )J\ M= Mg: NR
Ph™ H Ca: 10%
56b Sr: 19%

Scheme 94: Alkaline earth metal amide catalysed functional allylation

The magnesium amide gave no reaction; only starting materials were observed in aliquot 'H
NMR spectroscopy of the reaction mixture. Both calcium and strontium amide catalysed the
reaction in low yields, but the selectivity was not determined. Overall, the best E:Z ratio of
6:1 was observed for the use of LHMDS in toluene, although only low yields were recorded.
The use of LHMDS in dioxane gave a similar level of selectivity (£:Z = 5:1) with a much

higher yield of 80%. Generally, certain effects of the carbene and bisoxazoline ligands on the
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metal’s reactivity and selectivity were found, suggesting that binding of these ligands to
alkali metal centres was possible. However, effects were much less pronounced than in the
case of crown ethers, which were assumed to bind much more strongly to the alkali metal
ions. However, the potential for asymmetric transformations has been shown through these
reactions, where the use of chiral ligands can be investigated further in the development of
new enantioselective methods for the formation of sulfur-containing homoallylic amines of

type 247.

2.3.4.2 Ethers

Next, the lighter analogue, allyl phenyl ether (221b), was investigated. This pro-nucleophile
has been shown to be much more difficult to activate in isomerisation reactions (Table 42, p
99). Furthermore, the major isomerised product was found to be the Z-isomer, which was
originally considered to be thermodynamically less stable. Pro-nucleophile 221b was found
to be active only in the presence of a crown ether-ligated alkali metal amide. However, the
use of KHMDS as a catalyst often lead to increased levels of isomerisation in previous
allylation reactions. Therefore, the allylation of imine 56b with allyl ether 221b was
conducted using NaHMDS and a range of ligands in dioxane and THF (Table 53).
Table 53: Ligand screening for the allylation with allyl phenyl ether

NaHMDS (10 mol%) p Hen-PMP
PhO ligand (10 mol%) H +
A H
T Sl e I
solvent, 25 °C, 20 h PO HH OPh
221b _PMP
(1.2 equiv) J\ (2)-249b (E/Z)-22Tb
Ph” ~H
56b
Entry Ligand Solvent Yield 249b (%)™ 227b (%)™
1 - dioxane NRM! -
2 - THF NRM -
3 [18]c-6 dioxane 26 53
4 [18]c-6 THF 15 99
5 [15]c-5 dioxane 24 33
6 SIPr dioxane NR! -
7 SIMes dioxane NRM! -

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

In the absence of a ligand, NaHMDS was not able to catalyse the oxy-allylation in either

dioxane or THF at 25 °C (entry 1 and 2). Heating the reaction mixture to 40 °C allowed for
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the formation of product 249b in 14% yield. Z-249b showed chemical shifts at 6 = 6.5 and
4.8 ppm (Jys = 6.1 Hz), 5 = 4.3 ppm, and & = 2.8 and 2.6 ppm in "H NMR spectroscopy for
the alkenyl, benzylic, and allylic positions respectively. Further quantification was facilitated
by integration of the product’s aromatic PMP-group signals at 6 = 6.7 and 6.4 ppm (2H
each). The formation of £-249b could not be observed in any of these reactions. This meant
that this C—C bond-forming reaction either proceeded with very high selectivities or that all
product peaks for both isomers overlapped. However, considering the difference of the
alkene shifts for isomerised pro-nucleophile 227b in '"H NMR spectroscopy (5 = 4.9 or 5.4
ppm for the Z- or E-isomer respectively), it was assumed that the lack of additional sets of
product signals was caused by the absence of £-249b in these reactions. Side-product 227b
was quantified by integration of the terminal methyl H signals for the two geometric isomers
(distinct signals, both at & = 1.7 ppm).

The additional use of a crown ether ligand at room temperature gave product 249b in 15—
26% (entries 3-5). The level of isomerisation was relatively high in all these reactions (up to
99% in THF). Carbene ligands were then examined (entries 6 and 7). The use of these
ligands did not increase the metal amide’s reactivity; a reaction was not observed.

As the catalyst’s reactivity was generally low, the potassium amide-catalysed reactions were
studied next. Knowing that the pro-nucleophile was prone to isomerisation once activated,

two equivalents of this substrate were used (Table 54).

Table 54: KHMDS catalysed allylation with allyl phenyl ether

oro PT_I.-IMDdS((1100 m?|/°/o)) H.-PMP o

XN igan mol% . V
WH/\ dioxane, T, 20 h N\Ph Cgh

221b o OPh
(2.0 equiv) N-FMP (2)-249b (E/Z)-22Tb
Ph)J\H
56b

Entry  Ligand T (°C) Yield 249b (%)™ 227b (%)™
1 - 25-40 NRE! -
2 - 60 19 17
3 [18]c-6 25 24 27
4 [18]c-6 60 49 91
5 [18]c-6 80 50 111
6 [15]c-5 25-40 5 13
7 [15]c-5 60 7 31
8 [DB18]c-6 60 NR! -

@ The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected (*H NMR analysis of a reaction aliquot).
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The reaction with unligated KHMDS gave no reaction at 25-40 °C (entry 1), but 19% of
product 249b was obtained when the reaction was conducted at 60 °C (entry 2). The use of
[18]crown-6 as a ligand at 25 °C gave similar results and a yield of 24% was recorded (entry
3). When performing this reaction at 60-80 °C, yields increased to up to 50% (entries 4 and
5). At the same time, the level of isomerisation also increased and around twice the amount
of isomer product 227b was obtained. Other ligands performed much poorer in this oxy-
allylation: The use of [15]crown-5 resulted in low yields; no reaction was observed when the

more rigid [dibenzo-18]crown-6 ligand was used (entries 6-8).

Reactions with KHMDS were then carried out in other solvents, such as THF, TBME, and
DMF both with and without crown ether ligands (Scheme 95). These reactions showed that
the use of more polar solvents increased the reactivity of KHMDS, but best results were
obtained by using [18]crown-6 as a ligand. In all these reactions, high levels of isomerisation
were observed, which were increased compared to the use of dioxane (up to 227b:249b =
>4:1). Other reactions with [15]crown-5 or [dibenzo-18]crown-6 showed no improvement
for the developed reaction outcomes and usually resulted in increased levels of

isomerisation.

KHMDS (10 mol%) H.-PMP
PhO [18]c-6 (10 mol%) o H
X v P
T e L
solvent, T, 20 h OPh
Ay N-PMP (2y249  (E1z)227
(1.1-2.0 equiv) P§ THF (25°C): 34%  143%
Ph” H TBME (60 °C): 37%  130%
56b DMF (25 °C): 15% 36%

Scheme 95: KHMDS catalysed allylations with allyl phenyl ether

Finally, lithium amide bases were examined for their ability to catalyse the oxy-allylation of
imine 56b with allyl ether 221b. As both NaHMDS and KHMDS showed high levels of
isomerisation when the activation of the pro-nucleophile was achieved, it was hoped that
LHMDS would allow for a more selective reaction to proceed. Additionally, LDA and
LTMP were used as more basic amides. Unfortunately, all three lithium amides proved to be
inactive in dioxane and THF (Scheme 96). The addition of [18]crown-6 to the reaction also
did not show any product formation. Heating these reactions to 40 °C or conducting the
reactions with LTMP or LDA in DMF also did not give product 249b.
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cat (10 mol%) He ( .PMP e e

PhO ligand (0_10 m0|%) N N (%/H E c.:at = LHMDS, LDA, LTMPE
W/\ X N\Ph ' ligand = [18]c-6 |
H solvent, T, 20 h OPh ! solvent = dioxane, THF, DMF
221b o LT =2840°C
2.0 5qu) \-PMP (2)-249b (E/Z)-227b
Ph)J\H
56b

Scheme 96: Lithium amide catalysed allylation reactions

The enol ether-containing homoallylic amine 249b could be formed in 50% vyield by using
excess allylic reagent and a strong alkali amide metal base catalyst system (KHMDS/[18]c-
6). The selectivity with respect to undesired isomerisation of the pro-nucleophile was poor,
regardless of the catalytic system used. However, a catalytic method for the addition of allyl
ethers to electrophiles has been demonstrated, providing highly complex structures in a

single step.

2.3.4.3 Amines

NMe,

The use of an allylic amine in C—C bond formations with imines was of particular interest,
because the enamine-containing homoallylic amine products of type 250 were thought to be
reactive intermediates that may be further functionalised easily. The isomerisation of
dimethyl allylamine 222a was achieved only by using LTMP at 60 °C (Table 39, p 95). In
C-C bond formations with imine 56b, LTMP and other alkali or alkaline earth metal amide
catalysts were screened in dioxane, THF, and DMF at temperatures ranging from 25-60 °C
(Scheme 97). None of the conditions showed the formation of product 250a or isomerised
starting material 228a. Furthermore, the addition of crown ether ligands did not increase the

desired reactivity.

cat (20 mol%) H.N/PMP
Me,N ligand (20 mol%) , H
AN N
j/\ X (‘\/»L)\Ph (
H solvent, T, 20 h NMe,
NMe2
222a \-PMP
(1.1 equiv) L 250a 228a

Ph™ H ! cat = NaHMDS, KHMDS, NaNH,, LTMP !
56b ; Mg(HMDS),, Ca(HMDS), 5
¢ ligand = [15]c-5, [12]c-4
' solvent = dioxane, THF, DMF '
‘T =25-60 °C :
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Scheme 97: Allylations using dimethyl allylamine

It was assumed that a stronger base was required to activate the dimethyl-substituted allylic
amine. The use of LTMP showed some potential in isomerisation reactions, but its reactivity
was not increased with crown ethers. Despite their high basicity, the lithium amides have
generally shown milder reaction profiles than their sodium or potassium analogues.
However, NaTMP and KTMP are not commercially available. A similar challenge in the
case of alkyllithium bases has been addressed by using Schlosser’s base: Here, an
alkyllithium was mixed with an alkali metal tert-butoxide in order to generate a more

reactive alkylsodium or alkylpotassium species in situ.™**?

It was therefore anticipated that a
similar method may be applicable to lithium amides, where the strong binding preference of
lithium for the alkoxide base would serve as a driving force to generate heavier TMP-
complexes (Scheme 98).

Dl 2 ()
Me Me ~=———7= Me Me + Lio'Bu

Me l}l Me M = Na, K Me l}l Me

Li M
Scheme 98: In situ generation of M—-TMP complexes

NaO'Bu or KO'Bu (20 mol%) were used in combination with LTMP or LDA (20 mol%) for
the in situ generation of the corresponding sodium and potassium amides. When tested in the
amino-allylation between 222a and 56b, no reaction was observed in dioxane and THF.
Heating these reactions up to 60 °C did not result in the formation of any products either. As
the isomerisation results showed a much increased reactivity of the diphenyl-substituted

allylic amine 222b, our attention was focussed on this pro-nucleophile.
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NPh,

The use of diphenyl allylamine (222b) had shown good yields in the isomerisation reaction
and required relatively mild reaction conditions for the formation of the corresponding
products 228b (Table 40).

Table 40, p 96). Therefore, the reactions of amine 222b with imine 56b were attempted using
metal amide catalysts in the absence of a ligand in dioxane and THF. Unfortunately, none of
the alkali metal HMDS-complexes displayed any reactivity. Also the use of stronger amides
such as LDA and LTMP resulted in no reaction. Therefore, the use of a crown ether ligand
was deemed necessary for the reaction to proceed, and a metal screening was conducted in

the presence of [18]crown-6 (Table 55).

Table 55: Catalyst screening for the allylation with N,N-diphenyl allylamine

cat (x mol%) H.N/PMP
PhoN [18]c-6 (x mol%) H
N + e
™ o
H solvent, 25 °C, 20 h NPh,
222b _PMP NPh;
(1.1 equiv) )Nj\ (2)-250b (E/Z)-228b
Ph™ "H
56b

Entry  Cat(xmol%) Solvent Yield 250b (9%6)®  228b (%)™

1 LHMDS (20) dioxane 8 7
2 NaHMDS (10)  dioxane 42 21
3 KHMDS (20) dioxane 37 50
4 NaHMDS (20) THF 20 89
5 KHMDS (20) THF 35 66

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

The reactions using the alkali metal amide catalysts in dioxane followed a trend of increased
reactivity for the heavier metals. While LHMDS gave product 250b in 8% yield alongside a
similar level of isomerisation (entry 1), NaHMDS showed a much improved reactivity (42%;
entry 2). The formation of product Z-250b was monitored by '"H NMR spectroscopy, where
indicative new signals appeared at 6 = 6.2 and 4.9 ppm (J.;s = 8.2 Hz) for the alkenyl, 8 =4.2
ppm for the benzylic, and 6 = 2.2 ppm for the two allylic hydrogen atoms. Further evidence
for the new product was provided by new signals appearing in '"H NMR spectra for the
aromatic PMP group at & = 6.7 and 6.4 ppm (J = 8.9 Hz, 2H each). Like in the case of the
allyl ethers, product E-250b could not be detected with separate signals. Again, the
structurally related isomerised pro-nucleophile product 228b displayed distinct signals for
the E- and Z-isomers, which were quantified by integration of the allylic signals (5 = 1.7 and
1.3 ppm respectively). The distinct alkenyl signals for Z-228b (5 = 5.0 ppm) and £-228b (6 =
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4.7 ppm) suggested that C—C bond formation product £-250b should be identifiable and the
lack of the corresponding signals suggested its absence in all reactions.

The reaction with KHMDS gave product 250b in 37% yield because of an increased level of
isomerisation (entry 3). Reactions in THF showed a high activity for both NaHMDS and
KHMDS; the ratio between C-C bond formation and isomerisation was better using
KHMDS (entries 4 and 5). As the highest product yield was obtained using NaHMDS and
[18]crown-6 in dioxane, a ligand screening was performed in this solvent in order to identify
any other suitable crown ethers that could activate the catalyst sufficiently. Due to the high
levels of isomerisation observed, reactions were carried out using a larger excess of
allylamine 222b (2.0 equiv; Table 56).

Table 56: Ligand screening for the allylation using diphenyl allylamine

NaHMDS (10 mol%) H.N/PMP
Ph,yN ligand (10 mol%)
2 \l/\ ’/\)\Ph N I/WH
H dioxane, 25 °C, 20 h NPh
NPh, 2
222b _PMP
(2.0 equiv) J\ (2)-250b (E/Z)-228b
Ph” "H
56b
Entry  Ligand Yield 250b (%)@ 228b (%)™
1 - NR™! -
2 [18]c-6 65 134
3 [DB18]c-6 9 10
4 [15]c-5 35 89
5 [12]c-4 NR! -

@ The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

As mentioned before, in the absence of a ligand, the reaction did not proceed (entry 1). The
use of [18]crown-6 allowed for the formation of 250b in 65% yield, albeit with a very high
level of side-product formation (134%; entry 2). None of the other crown ether ligands was
able to improve the catalyst’s performance in this reaction, with yields ranging from 0-35%
(entries 3-5).

Next, a solvent screening was conducted to identify the most suitable solvent for the amino-
allylation (Scheme 99). Diethyl ether, THF, and benzonitrile were chosen as alternative
solvents for the reaction catalysed by NaHMDS/[18]c-6, but product 250b was obtained in
only 0-17% yields. To verify these results, the same solvents were also examined with

NaHMDS and [15]crown-5 as the ligand. Product yields were found to be slightly higher
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than before (0-31%), but none of the solvents gave superior results to the reactions in

dioxane.
NaHMDS (10-20 mol%) H. -PMP

Ph,N ligand (10 mol%) 2 o H

X + =

W/\ = Ph (

H solvent, 25°C,20h  ypy, NPh;
222b PMP 2
(1.1 equiv) N~ (2)-250b (E/z)-228b
)J\ up to 31% up to 96%
Ph” "H
56b

! ligand = [18]c-6, [15]c-5 !
' solvent = dioxane, THF, Et,0, PhCN !

Scheme 99: Solvent screening for the functional allylation with an allylic amine

As none of the developed conditions gave sufficient selectivity for the amino-allylation of
imine 56b, alternative catalyst systems were explored. As KHMDS gave promising results
together with [18]crown-6 in dioxane, another solvent screening was performed (Scheme
100). Yields for the reaction with this catalytic system could not compete with the results
obtained with NaHMDS. By using 2.0 equiv 222b, a maximum yield of 43% could be
obtained in THF, but the high level of isomerisation (140%) did not allow for this reaction to

proceed further.
KHMDS (10-20 mol%) H.-PMP

Ph,N [18]c-6 (10-20 mol%) w, o H

X + =

b o T

H solvent, 25°C,20h oy, NPh,
222b BMP 2
(1.1-2.0 equiv) N~ 250b 228b
P up to 43% up to 87%
Ph” "H
56b

solvent = dioxane, THF, DMF, PhCN

Scheme 100: Solvent screening using KHMDS/[18]c-6

As no change of catalyst system resulted in yields >65%, other methods were attempted in
order to increase the product yield. The use of more pro-nucleophile resulted in even higher
levels of isomerisation with respect to C—C bond formation. This was linked to an increase of
pro-nucleophile concentration resulting in a higher reaction rate for the isomerisation
reaction. A successive addition of the pro-nucleophile was attempted, where initially
1.0 equiv was reacted with the imine for 12 h, followed by two consecutive additions of
0.5 equiv after 6 h each. However, no improvement in yield could be observed in these
reactions either; aliquot 'H NMR spectroscopy revealed that additional pro-nucleophile
added at a later stage was exclusively isomerised to 228b, and did not participate in any C—C
bond formation. A final attempt to improve the reaction yield was attempted by varying the

reaction concentration: reactions were carried out with imine molarities ranging from 0.25—
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2 M. Unfortunately, initial reactions carried out at 0.5 M concentrations proved to be most
successful; increasing or decreasing the concentration did not allow for the improvement of
product yield.

Finally, alkali metal alkoxides were tested as catalysts in the reaction of allylamine 222b
with imine 56b. Solvents such as THF, DMF, and DMSO were tested as the isomerisation
using these catalysts had shown that only polar aprotic solvents were able to promote the

activation of diphenyl allylamine (Table 57).

Table 57: Metal alkoxides in the functionalised allylation of imines

H. _PMP
PhoN A MOR (20 mol%) N . (@WH
H solvent, 25 °C, 20 h NPh,
222b _PMP NPh,
(2.0 equiv) J‘\ 250b 228b
Ph”™ "H
56b
Entry  Base Solvent  Yield 250b (96)®  228b (%)™
1 NaO'Bu THF NRP! -
2 KO'Bu THF 0 87
3 NaO'Bu DMF 32 85
4 KO'Bu DMF 28 85
5 KOH DMF 0 25
6 NaO'Bu DMSO 10 0

@ The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

The use of NaO'Bu and KO'Bu displayed formation of product 250b, depending on the
reaction conditions. In THF, no reaction was observed for NaO'Bu whereas the use of KO'Bu
resulted in exclusive isomerisation (entries 1 and 2). However, the use of DMF as the solvent
allowed for the formation of product 250b in 28-32% yield, albeit with high levels of
isomerisation (entries 3 and 4). By using KOH as the catalyst in DMF, only the isomerised
substrate was detected (entry 5). The use of DMSO as the solvent also allowed for the
exclusive formation of product 250b, albeit with a low yield of only 10% (entry 6).

As these reaction conditions showed the possibility to use metal alkoxides for the formation
of homoallylic amines, it was hypothesised that aldehydes could be more suitable reaction
partners, leading to homoallylic alcohol products (Scheme 101). The use of these
electrophiles is limited with metal amides catalysts, as these are known to react with
aldehydes. This side-reaction is not the case for metal alkoxides and the structural

resemblance between the catalyst and the product base suggested a potential reaction.
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Unfortunately, initial results with benzaldehyde (83a) as the electrophile showed no amino-

allylation products.
0O M o
f
N MoB @omatt)
\ = Ph | T > Ph
DMF, 25 °C, 20 h
222 NPh, NPh,
(2.0 equiv) 0 251b 252b
Ph” H
83a

Scheme 101: Allylation of benzaldehyde with diphenyl allylamine

Cyclic urea

In order to expand the scope of the amino-allylation, a different type of amine product was
synthesised and examined in the allylation reaction. Allyl urea 253 was used as a
commercially available starting material. However, this substrate was unsuitable for
Bragnsted base catalysis because of its three acidic N-H protons that were expected to be
more acidic than the hydrogen in allylic position.” Protection of all positions was ensured
in a two-step synthesis of compound 222¢ (Scheme 102). First, oxalyl chloride was used in
order to form cyclic trione product 254, substituting two of the acidic protons in one step.
The urea was subsequently methylated using Mel, giving product 222¢ in gram guantities.
Purification by recrystallisation, followed by drying (THF solution over 4 A activated MS,

then HV) gave a suitable substrate that could be tested in Brgnsted base-activated C—C bond

formation.
H,N__O ) 0o Me-1 (1.5 equiv) Me
i (COOh; (12equiv) HN— KOH (1.2 equiv) ‘N\(O
HN N _—
T dioxane, rt, 3 h :Sf R EtOH, 60 °C, 24 h Oﬁ//N\/\
o]
253 254 0 222

Scheme 102: Protection of allylurea 253

Allylurea 222¢ was used in the allylation reaction with imine 56b, catalysed by alkali metal
amides in dioxane or THF (Scheme 103). None of the employed conditions allowed for the
activation of this pro-nucleophile. The substitution pattern on the amine functional group
was found to be crucial for the ability to activate the pro-nucleophile. As the difference
between a dimethyl- and a diphenyl-substituted amine was pronounced, changing the
functional group substantially, like in substrate 222c, was likely to alter the substrate’s

reactivity. However, other urea substrates may be more reactive.
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0 cat (20 mol%) O H. .PMP
MeN MeN *N”
o \.\// \_(

O
ligand (20 mol%) MeN\.‘//
N X 0 N +
ﬁ// Y\ solveﬁ, Tt ﬁ]/ \/%)\Ph O:SfN\/%/H

° H N-PMP © o

222c )]\ 250c 228c
(11equiv)  ph” “H

56b 1 cat = NaHMDS, KHMDSE

i ligand = [18]c-6
' solvent = dioxane, THF

Scheme 103: Allylation with allylurea 222c

2.3.4.4 Phosphines

The heavier analogue of diphenyl allylamine, diphenyl allylphosphine (220), was used in the
phosphino-allylation with imine 56b. This substrate was much easier to activate and metal

amide catalysts were directly screened in the absence of a crown ether (Table 58).

Table 58: Allylation reactions with diphenyl allylphosphine

H. _PMP
H °N
PhyP cat (10 mol%) H Ph-P H
jH/\ 0 PhyP H v PhP s
solvent, 25 °C, 20 h H HH
220 _PMP 255b 226
(1.1 equiv) N
Ph)J\H
56b
Entry Cat Solvent  Yield 255b (%)™ 226 (%)™
1 LHMDS dioxane 8 7
2 NaHMDS dioxane 82 25
3 KHMDS dioxane 14 55
4 NaHMDS THF 40 59
5 NaHMDS DMSO 0 100

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%).

When LHMDS was used as the catalyst for the reaction of allylphosphine 220 with imine
56b in dioxane, a low product yield of only 8% was observed (entry 1). 'H NMR
spectroscopy of reaction aliquots was used for monitoring the reaction. New signals
appeared at 8 = 6.3 and 6.1 ppm (Jians = 16.5 Hz, alkenyl), § = 4.4 ppm (benzylic), 8 =
2.7 ppm (2H, allylic). "H NMR signals for the aromatic protons of the PMP group appearing
at 8 = 6.7 and 6.4 ppm (2H each) could also be used for quantification. Integration of 'H
NMR signals at & = 1.9 and 2.0 ppm allowed for the quantification of isomerised product 226
(E-226 and Z-226 respectively). The formation of Z-255b was not identified by 'H NMR

spectroscopy, as new signals were not detected. However, the absence of distinct signals
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does not exclude the formation of E-255b, as signals might overlap with its geometric

isomer.

The NaHMDS-catalysed reaction gave 255b in 82% vyield together with a relatively low
level of isomerisation (25%; entry 2). When KHMDS was used as the catalyst, the yield for
isomer product 226 increased, while the yield for product 255b decreased to 14% (entry 3).
When NaHMDS was used in THF or DMSO, lower selectivities for product 255b were
observed; most or all of the pro-nucleophile was converted to isomerised product 226
(entries 4 and 5). Therefore, NaHMDS in dioxane was again identified as the best conditions
for the phosphino-allylation of imines 56. In order to increase the yield further, this reaction
was carried out for 48 h. The aliquot 'H NMR spectrum of this reaction showed the
appearance of new signals that could not be assigned to any of the previously identified
products. However, the new signals were assigned to a fully aromatic compound that may
form through dehydroamination of product 255b to give 1,3-diene 256 and p-anisidine
(169b; Scheme 104)."**! Indeed, aromatic signals for p-anisidine could be observed as a by-

product, confirming the occurrence of an elimination reaction.*'*

L

HO

QN OMe
B ——

thp\/\d\Ph PhoPso~py - HN/©/

H 2
2550 | ‘BB 256 169b
after hydrolysis

Scheme 104: Dehydroamination of 255b

As reaction conditions were milder, the phosphino-allylation was also attempted using metal

alkoxide catalysts. These reactions were conducted in dioxane, DMSO, and DMF (Table 59).
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Table 59: Metal alkoxides in the phosphino-allylation

orp cat (20 mol%) H.\-PMP
ligand (20 mol% .
2 ﬁ/\ igand (20 mol%) thp\/\)\Ph PhaP o~ H
H solvent, 25 °C, 20 h
- oMP 255b 226
(1.1 equiv) N
Ph)J\H
56b
Entry Cat (Ligand)  Ligand  Solvent  Yield 255b (%) 226 (%)%
1 NaO'Bu - dioxane NR! -
2 NaO'Bu [18]c-6  dioxane 12 66
3 NaO'Bu - DMSO 0 100
4 NaO'Bu - DMF 0 74

B The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™ NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

The reaction of NaO'Bu in dioxane showed no reaction at room temperature (entry 1). In the
presence of a crown ether ligand, this catalyst gave product 255b in 12% yield and a high
level of isomerisation (66%; entry 2). When the reaction was carried out in DMSO or DMF
in the absence of a crown ether, no C—C bond formation was observed, but most or all of the
pro-nucleophile was ‘lost’ to isomer 226 (entries 3 and 4).

Alternative catalysts were also screened. Sodium hydride was used in dioxane both with and
without [18]crown-6 as a ligand, but a reaction was not observed. Like before, reactions
carried out in DMSO showed exclusive formation of isomer 226.

As the best results were obtained using NaHMDS in dioxane, this system was used for
screening different imines to investigate the scope of the reaction (Table 60). Due to
potential loss of pro-nucleophile to isomerisation, reactions were carried out using 1.5

equivalents allylphosphine 220.
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Table 60: Imine scope for the phosphino-allylation

H. .PG
N
Ph,P. NaHMDS (10 mol%) + Ph.P H
ﬁ/\ thp\/\)\R 2PN
H dioxane, 25 °C, 20 h
220 .PG 255 226
(1.5 equiv) J\
R” "H
56
H.. .PMP Hey-PMP
\ N Ho\-Ph
255b 255] 255a
82% 9% 23%
H. _PMP H. _PMP
N N H.N/PMP
2 4 €
S Y _N V. Me
Me Me
255v 255x 255ii
61% 12% 10%

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting materials
were detected ("H NMR analysis of a reaction aliquot).

Other than the model imine 56b, most imines performed poorly in the reaction with
allylphosphine 220. The naphthyl-product 2551 as well as pyrrolyl-substituted product 255x
and fert-butyl-substituted product 2551 were all obtained in 9-12% vyields. The N-Ph-
protected imine product 255a showed a slightly increased yield of 23%, which was still
below synthetic use. Only thienyl-substituted product 255v could be obtained in acceptable
yields of 61%. Overall, the allylation using diphenyl allylphosphine was not a very

applicable method and will require more development in the future.
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2.4 Conclusions and Future Work

The use of a sodium amide catalyst allowed for the activation of allylic C—H bonds and the
subsequent addition to imines gave homoallylic amines. The products were obtained with
exclusive y-selectiviy and good to excellent E:Z selectivities. This approach was applied to
allylbenzene in the first instance, which represented the activation of unfunctionalised
olefins in C—C bond formations. Catalyst loadings as low as 1.5 mol%, as well as turnover
numbers of >40 have been observed for this reaction. A robustness screening showed the
catalyst’s intolerance to protic substrates, but a general tolerance of most common functional
groups. The scope for both the imine as well as the pro-nucleophile was explored.
Substituted aryl-, heteroaryl- and tert-alkyl-substituted N-PMP-protected aldimines, as well
as substituted allylbenzenes and allylpyridine furnished a variety of >30 different linear
homoallylic amines. Initial mechanistic investigations demonstrated the presence of an
induction period, which suggested an initiative role of the metal amide catalyst. Further
experiments with substrate mimics showed that a catalytic pathway was also likely to occur.
Further work in this field would require a more detailed look at reaction kinetics, as well as
Hammet plots for both the imine and the allylbenzene. Furthermore, mass spectrometric
analysis under inert conditions may allow for the detection of highly sensitive reaction
intermediates (Figure 12).

Me Me //\|
Oﬁ\o} _ //\\ L,/\\L [
y” N~ = R4 N

N N Na <, -PMP
R Na R Nla | N

l : Nt
N(SiMes), N(SiMe3), P F Ph\/\)\Ph
BOX*-NaHMDS BOX*-Na-allylbenzene BOX*-product base

Figure 12: Potential metallated chiral intermediates

The isomerisation of allylbenzene was observed as a side reaction of the C—C bond forming
reaction. This formation of styrene products was optimised using a catalyst system composed
of KHMDS and a crown ether ligand. Excellent E:Z selectivities were obtained for this
reaction and a substrate scope showed the applicability of the method to a fairly broad range
of substituted allylbenzenes. A robustness screening may elucidate other functional group
tolerance in the future. Furthermore, competition reactions may reveal the selectivity of the
allylbenzene isomerisation over other alkenes that could be present in a substrate for

potential application in more complex syntheses (Scheme 105).
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KHMDS (cat)
F [18]c-6 (cat) X Me
CUL oL

Scheme 105: Predicted selective isomerisation of allylbenzenes

The isomerisation reaction was then applied to allylic substrates, where the phenyl group of
allylbenzene was replaced with a metalloid or another functional group. The isomerisation of
allylsilanes and boronic esters has been demonstrated, while other metals such as tin did not
show any intended reactivity. Allylic phosphines and thioethers, which are both known to
stabilise o-anions, were also isomerised using the developed conditions, albeit with a low
E:Z selectivity for the thioether. This geometric selectivity was improved by changing either
the solvent, the metal, or the ligand, showing that a high degree of fine-tuning was possible
with these reagents. The isomerisation was also applied to allylic amines and ethers,
although more forcing conditions were required for these substrates. The resulting Z-
enamines and ethers were assumed to be highly versatile in subsequent bond-forming

reactions (Scheme 106).

KHMDS (cat) j\ Oy
[18]c-6 (cat) R H ® e cyclisation
Ph2N/\/ - thN/\ """""" - pthé\g)\R . or
Me X =0, NPG Me hydrolysis

Scheme 106: Predicted reactivity of functionalised enamines

Finally, C—C bond formations between the functionalised olefins and imines were developed.
For the allylic metal reagents, the functionalised allylations showed an exclusive Brgnsted
base activation of the pro-nucleophile, which did not compete with a potential Lewis base
attack of the catalyst to the metal centre. Here, metallated homoallylic amines were produced
in good yields with excellent y- and E-selectivities. Future work in this area would include
the cross coupling of these reaction intermediates to give more stable homoallylic amines
(Scheme 107). Ideally, a one-pot method would be developed, where the cross coupling

conditions are compatible with the allylation conditions.
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Scheme 107: Predicted reactivity of functionalised vinyl boronic esters

For the heteroatom-substituted pro-nucleophiles, allylations occurred for both the thioether
and the phosphine in good yields. Products were obtained with good E:Z ratios, which could
be improved based on the knowledge obtained in the isomerisation work. However, further
investigations are required in order to expand the imine scope. Interestingly, both the allylic
amine and ether could be activated in C—C bond formations with imines, giving substituted
homoallylic amines with a Z-configuration. These products contained enol ethers and
enamines, which may be reacted with activated electrophiles to give more complex
structures in the future. However, the yields for these allylations were only modest and more

work is required in this field in order to optimise the reaction conditions.

Finally, enantioselective reactions need to be developed for the functionalised allylations
using allyl-M and allyl-FG. These reactions are particularly challenging, due to the inherent
Lewis acidity of the allyl-M reagents, or the Lewis basicity of the allyl-FG pro-
nucleophiles. These groups can interfere with the coordination of a ligand to the catalyst,
which would decrease the catalyst’s ability to induce chiral information to the product.
However, the use of a carbene ligand for improving the E:Z selectivity of the reaction shows
potential in the field of ligand effects, which may be applied to enantioselective allylations in

the future.
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3 Metal-Free Organocatalysis

3.1 Introduction to Carbodiphosphoranes
3.1.1 Synthesis

Preparation and Properties

Carbodiphosphorane 259 was isolated initially in 1961 by Ramirez after deprotonation of
methylene bis(triphenylphosphonium)dibromide salt 257.*%! Initially, this deprotonation
was achieved directly using two equivalents of potassium metal or sodium amide, but later it
was discovered that it can also be performed stepwise using sodium carbonate and sodium
hydride (Scheme 108).1*¢]

©) © © H
Bro o Br  NaxCO; g NaH PN
® — 9 PheP” SPPh
PhsP” ~PPh, PhsP” ~PPh, 3 3
257 258 259

Scheme 108: Stepwise Formation of hexaphenylcarbodiphosphorane

Resulting compound 259 was described to have different resonance forms, which can be
represented either in the neutral linear structure or as the ylidic or double-ylidic structures
with a central sp- or sp3-type hybridised carbon centre (Figure 13).

~ ® ) ®0®
Ph3P:C:PPh3 -~ Ph3P_C=PPh3 - Ph3P—8_PPh3

259

Figure 13: Resonance forms of CDP

Due to the double negative charge on the carbon, carbodiphosphoranes are dibasic and react
rapidly with water (Scheme 109). The strong Brgnsted basicity and the P=0 stability provide
a large driving force for the fast reaction with water so that hydrolysis occurs with
atmospheric water as soon as the carbodiphosphorane is in solution.™ Apart from their
high reactivity with acidic substrates, carbodiphosphoranes are remarkably stable as they can
be easily isolated as a bright-yellow powder with a high melting point of 210 °C.["

O

H,O Il
PhsP=C=PPh; ———> Phsp:?—Pth + Ph-H
H
259 260

Scheme 109: CDP Reaction with water

After their initial discovery, carbodiphosphoranes and their protonated derivatives have been
extensively studied in metal coordination (vide infra). More recent computational studies

showed their potential as bases in catalysis and organic synthesis. The P-C—P bond angle of
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135° and the P—C bond length of 166 pm show that they are best described as sp® hybridised

at the carbon centre (Figure 14).1**%]

® ©)
— //PRa - PR3 -~ ® /PR3
RsP=C R;P=CO R3P_<g®
sp sp? sp®
(180°) (120°) (109°)

Figure 14: Hybridisation of CDP

DFT calculations showed that the central carbon atom has two orthogonal occupied orbitals,
one with o and one with © geometry.®! Therefore, this class of compounds can be regarded
as a divalent C(0) compound with two lone pairs on the central carbon atom that can be used
as a four electron donor (Figure 15). In order to quantify the basicity of the compounds, their
proton affinities (PAs) were calculated. Compared to the PA of N-heterocyclic carbenes
(NHCs; 250 kJmol™), which are very strong bases, the first PA of carbodiphosphorane was
found to exceed the NHC PA by about 30 kJmol™."? |n addition, a second PA of the
carbodiphosphoranes was found to be significant, with a value of 186 kJmol™. This double
basicity is why both of its lone pairs may potentially be used in organocatalysis, metal or

dual catalysis.

CARBONE CARBENE
(PR3 <N
’.‘ PR3 5
PR ﬁ
C‘/ 3 ZC/
o <D

Figure 15: Orbitals of CDP vs. NHC

Synthetic Route

As described earlier, carbodiphosphoranes were traditionally prepared by deprotonation from
their corresponding bromide salts. The required methylene bis(triphenylphosphonium)
dibromide salt 257 was prepared from dibromomethane (261) and triphenylphosphine
(Scheme 110, 1). Higher overall yields for the dibromide salt were obtained in the literature
when performing the synthesis in two steps, where intermediate 262 was isolated after
bromide substitution by one triphenylphosphine unit.**Y! 262 was then subjected to the
second substitution reaction at higher temperatures.'’”? The dibromide salt has been
deprotonated in one step using K® metal or NaNH, in liquid ammonia. Alternatively, the

formation of the dibasic carbodiphosphorane was achieved in two steps, where initially only
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one proton was abstracted by a carbonate base forming a stable monobasic
carbodiphosphorane precursor salt (Scheme 110, 2)."?Y This method resembled the synthesis
of NHC where the protonated carbene salts are usually employed for an in situ preparation of
the carbene using a base. The second CDP proton was subsequently removed using a
stronger base, such as sodium hydride, to form 259 with two lone pairs at the central carbon

atom.
© S S
" H_ H PPhs Br @H H PPh; Br @H H o
Br™ "Br PhsP” “Br PhsP” ~PPhs
261 262 257
34% yield 47% vyield
S © © H
2) Br @H H@ Br N82CO3 Br ® NaH PN
——— PhsP” "PPh
PhsP” “PPhy NaHcO, FNsP” PPhg ", 3 3
257 ~NaBr 258 —_NaBr 259

Scheme 110: Traditional method for CDP synthesis

A different approach was developed by Appel where triphenylphosphine (263) was directly
reacted with tetrachloromethane (264) to give intermediate chloride salt 265 (Scheme
111).1% This method did not display the common carbene precursor analogue, which
required deprotonation, but contained a chlorine atom that was removed using an
aminophosphine. Resulting carbodiphosphorane 259 could be successfully prepared using

cheap and commercially available starting materials in two steps with good yields.

o @

Cl  PPhg P(NMe,); PPh
3PPh; + CCl; — > PhP= Phyp=/ ’
— PCI;Ph; cl — PCly(NMey)s

263 264 265 259
74% vyield 61% yield

Scheme 111: Improved method for CDP synthesis

Literature-Known CDPs

Different derivatives of the carbodiphosphoranes have been prepared in the past 50 years,
where the substituents on the phosphine unit were exchanged (Figure 16). Initial studies
included the use of symmetrical and unsymmetrical substituents such as R,R’ = Me (266)1*24
or R,R’ = Me/ Ph (267 and 268).'*! However, methyl-substitution allowed access for
decomposition pathways through acidified C—H bonds that could be easily deprotonated by
the central carbon atom. Other analogues included trialkylaminophosphine derivative
269.1"%! These carbones showed a higher stability than the trimethylphosphine analogues, but

have been characterised by X-ray crystallography to have a linear P-C—P bond arrangement
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and were therefore possibly not as basic as their aryl- and alkyl-homologues. However, the
reason for this structural feature is yet to be elucidated. In 2013, Alcarazo described the
preparation of pyridyl-substituted carbodiphosphorane 270, where a pyridine ring aided the
coordination to potential metal centres."?”! Other advances in the preparation of different
carbodiphosphoranes include P-heterocyclic carbones (PHCs, 271).128! These compounds, in
contrast to earlier cyclic versions of CDP,"*! showed a relatively high stability and have

been used in metal coordination.**%

on Ph
PhaPs Pe. N, =N R

MesPo PMe;  RRpPSUPRIR'  (EtpN)yPa PINEt)g PP (iPr)ZN:PVb‘\N'IJ
1

266 267: RR' = Me,Ph 269 N7 2 Pr

268: R,R' = Ph,Me 270 271

Figure 16: Different literature-known CDPs

Heteroatom-substituted phosphines such as —PR,=NR or —PR,=S (273) motifs form a
different class of compounds, which can also be regarded as C(0) compounds (Scheme
112)."34 These compounds have an additional binding mode to metal centres through the
heteroatoms (Scheme 112). Depending on the substituents, they showed donation of four
electrons to a metal.™®? However, these bases can also be treated as pure carbene bases

rather than true four electrons donors because a high charge density is located on the

heteroatom.
Ph, Ph, Ph, - Ph,
HE Ps .R H_ Ps .R ® P Ps_.R
RS e L o X
N PhP. O Ph,Ps
PhZP\X PhZP\X@ 2 \)l<® 2 \)l(
|
R R R R
272 273

Scheme 112: Heteroatom-substituted CDPs with C(0) character
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3.1.2  Stoichiometric Applications

Side Reactions: Ylide Chemistry

Due to their ylidic nature, carbodiphosphoranes have been used in reactions with reactive
ketones, where the P—-C—P motif is used in Wittig-type chemistry (Scheme 113). In principle,
carbodiphosphoranes can be considered as extended Wittig reagents with a negative charge
on the carbon centre and one single and one double bond to phosphorus.

C) © ® —_
(O PPh, O  PPhg Q—PPhs Wittig
)J\r/\@k\ > > R __~ » products
R R' PPh3 R R PPh3 R' PPh3
274 259 275 276

Scheme 113: CDP reaction with carbonyls

When CDP 259 attacked activated a-keto lactone 277, the generated oxygen anion cyclised
to form betaine 278, which then led to the formation of triphenylphosphine oxide (280) and
the replacement of the carbonyl group with a C=C bond giving heterocumulene 279 (Scheme
114).1133

®
PhsP
0 \— PhsPRPhs PPh

o=PPh, v JPPhs

—_ B 1l
0 o O  PPh;
o o o
277 278 279 280

Scheme 114: Example of Wittig reaction

Furthermore, CDPs are not compatible with Brensted acidic substrates like alcohols™* or
hydroxylamines™®! because the abstraction of a proton, like in the reaction with water, is
thermodynamically favoured (Scheme 115). After protonation by phenol 281, the CDP was
attacked by the generated phenolate to form 282. Further reactions using the second lone pair
of electrons were still possible, but resulted in the integration of the carbodiphosphorane

motif into complex structures like 283.13¢

Ph SD
3
OH  J—ppn, O pph, O.
3 PPhs
LG LG
281 282 283

Scheme 115: CDP Reaction with alcohols
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Mono- and Dimetallated Complexes

Metal complexes with CDP are numerous and can display different properties depending on
the carbodiphosphorane and the nature of the metal. The first class of complexes are the
monometallated species of type 284, where the basic carbon atom on the
carbodiphosphoranes coordinates to one metal centre bound to a ligand L (Figure 17, left).
Late transition metals, predominantly in group XI (Cu, Ag, Au), have been studied.™*”! To
form these complexes, the carbodiphosphoranes were reacted with the corresponding metal
salts or organometallic reagents to form a bond between the CDP and the metal, which was
still bound to its ligand. Apart from the metals in group XI, other metals have been shown to
display a similar reactivity, such as Zn(11) or Cd(11)!**®. A slight modification of the bonding
situation was achieved when reacting two equivalents of CDP with one equivalent of the
metal to form a linear complex where two CDPs coordinate to one metal (285; Figure 17,
right).**! Complexes including Ag, Hg and Cu(l) have been isolated with an overall cationic

or neutral charge.

PhsR o PhsR PPh;,
O)—M-L O)—N—@
PhsP Phs? ©  PPhg
284 285

M = Cu, Ag, Au, Zn, Cd
L = Cl, Br, I, Cp, acetylene, acac M = Ag, Hg, Cu

Figure 17: Literature-known mono and dimetallated complexes

Carbodiphosphoranes also reacted with transition metal carbonyl compounds upon loss of
one CO ligand to give complexes of type 286 (Figure 18). W, Ni and Re have been observed
to undergo this process.™*” In these complexes, it is possible to represent the carbon—metal
bond in a carbene-type fashion where the carbodiphosphorane donates its second electron
pair into the C—M bond. Also the reaction with BeCl, shows some proof for a double basic
character on the carbodiphosphorane, as beryllium can be seen as a double Lewis acid and
the coordination from the CDP would involve the donation of four electrons to the Be**

centre. [
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Q)M—L=<— =M + L
PhsP PhsP

286
W(CO)s, Ni(CO),, Re(O3), BeCl,

Figure 18: Potential 4 electron donor complexes

Further evidence for the accessibility of two lone pairs for coordination was provided by the
dimetallated CDP complex formed when two equivalents of methylgold (I) or gold (I)
chloride were reacted with one equivalent of CDP 259 (Scheme 116).4 Complex 287
displayed binding between both lone pairs on the central carbon atom of the CDP and
showed that CDPs are not only more nucleophilic than commonly known Lewis bases, but
also display sufficient reactivity to be bis-metallated. This double metallation meant that
carbodiphosphoranes are not only double Brgnsted bases as described in the original paper,
but also double Lewis bases.

PhsP Au—L  [PhsP PhsP Au—L  PhsP AV
Da Au-l <= Rap-L | = T Au-L
PhsP Phsp” © Phyp  © PhsP O
® ®
259 284c 287

Scheme 116: Diauration of CDP

A more recent example of bis-metallation is the preparation of heterobimetallic CDP
complex 289 (Scheme 117).! Here, pentapheny! pyridyl carbodiphosphorane 270 was first
reacted with a gold (1) complex to give 288. Subsequently, a copper ion was coordinated by
the second lone pair, where the pyridyl ligand formed a chelating complex to Cu(l) (289;
Scheme 117). In addition to the demonstration of the double Lewis basic character of the
central C atom, the heterobis-metallation also shows that the complexes can possibly be used

as dual catalysts when two different metals are coordinated by one CDP.

® ® sbFL 7\ or.©
AuCI(PPh pyPhoP. — 6

pyPhoP o (PPhg) NC-Au-PPh CuCl @—N 5
% NaSbF, 4 PhoR A

PhsP 6 PhsP o —Cu.

- NaCl ph.p N Cl
S® Au-L
270 288 289

97% yield 95% yield

Scheme 117: Heterobimetallic complex formation

Further proof for the ability to act as a 4 electron donor was provided in the reaction of CDP

with the dimeric borane B,Hg (Scheme 118).* The isolated complex 291 did not display
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the coordination of each lone pair to one BH; as expected. Instead, it formed a tetravalent
carbon intermediate with coordination to two boron atoms, bridged by one hydrogen atom,

which is assumed to have rearranged from the initial double boration product (291).

2 BH @ H
Ph3P @ BQHB Ph3P 3 BzHe Phgp B\
/ BHj © H o
PhsP PhsP  © pPh.p B BoHz
® %
259 290 291

291

Scheme 118: Diboration of CDP

Complexes with other main group elements have also been published. In 2013, Alcarazo
published the addition of CDP 259 to GeCl, and SnCl, (Scheme 119)."*! These adducts
showed a high Lewis basicity and reactions with further metal resulted in the formation of a
Ge—Ge bond.

® M = Ge GeCl,
PhsP o MCl, PhsR © GeCl, PhsR
Y MCl, ———— GeCl,
PhSP PhMe, rt Ph35 DCM, rt Ph3P
@
259 292a: M = Ge 293

292b: M = Sn
Scheme 119: CDP-Ge and CDP-Sn adducts

Further main group adducts with main group metals were synthesised using AI(I11) or In(I11)
salts (Figure 19).°! The reaction of CDP 259 with TMS—OTf was reported in 2014, where

CDP-SiMe; adduct 292e formed with a triflate counterion.*”!

PhsR O PhsP, O PhsP
AlBrj InMe3 SiMe;
PhyP PhsP PhsP 9
L S S OTf
292¢ 292d 292e

Figure 19: Main group CDP-adducts

Moreover, Vidovic reported a CDP—phosphorus complex 295 (Scheme 120).#8! Here, 259
reacted with an aminodichloro phosphine to form adduct 294, which was dechlorinated using
AICI; to give dication 295. Further studies demonstrated the application of this method to

other carbodiphosphoranes, including crystal structures and bonding analyses.™**)
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©) ‘ Cl~ ®. .
PhsP o 'ProNPCI, (excess) PhsR NPrz  Alcl; (2.0 equiv) PhsR,  NPry
P e ————— P’

\

Ph,P CgHe, rt DCM, rt ©)
3 66 Ph35 Cl Ph35 2 [AICI,]
259 294 295

85% yield 66% vyield

Scheme 120: CDP-P adduct

CX, Adduct Formation (X =0, S, NR)

Carbodiphosphoranes have been known not only to coordinate to metals, but also to other
molecules such as carbon dioxide.®” Here, the C-centered nucleophile attacked a C=0 bond
of 296 and formed stable zwitterionic adduct 297 (Scheme 121). This inner salt was found to
be reactive towards electrophiles such as methyl iodide, where the oxygen anion was

methylated to form ester adduct 298.

® ® ®
PhaP 5™\ 3 PhsP. 09 Mel Php.  O-Me
7§ G =G 1©
PhsP o} PhsP o) Ph3P o
259 296 297 298
CO, adduct

Scheme 121: Carbon dioxide adduct formation and E* trapping

Similar to the reaction with carbon dioxide, CDP adducts have been reported for CS,, SCO
and even carbodiimides 299 or isocyanates (Scheme 122)." However, adducts of type 300
have not been used further in synthesis or catalysis.

@ ® O ® O
Y phgs  ONAr phgs, ONAr
Il I\ \
PhsP NAr PhsP NAr Pth(’_D oNAr
259 299 300

Scheme 122: CDP adducts with carbodiimides

Stoichiometric Applications

As mentioned before, carbodiphosphoranes have been extensively studied in terms of their
ability to form complexes with metals. Their use as catalysts has not been reported and only

few examples of its use in organic synthesis were reported from the same group.

The first example was the reaction of the CDP with the Lewis acidic tris(perfluorophenyl)

borane, B(C¢Fs) (301), where the CDP was initially thought to act as a potential Lewis base
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for coordination to the boron centre (Scheme 123).%2 The reaction, which was carried out
in toluene at —78 °C, showed that the CDP did not coordinate to the boron centre, but instead
acted as a frustrated Lewis pair with the boron centre. Reaction product 302 resulted from
the attack of the carbodiphosphorane at the para-position of one of the aryl substituents to
displace a fluoride anion, which was then transferred to the boron Lewis acid. This example
represents the first stoichiometric use of a CDP in organic synthesis (C—F bond activation).

rRF R F
PPhg PhsRy -
PhsP=C + F B(CeFs)y ————— C (% CeFs)2
PhMe, -78 °C Ph;P
F F © F F
259 301 302
74% yield

Scheme 123: C-F bond activation

Subsequent reactions were carried out to show the potential of CDPs to activate bonds while
acting as Lewis or Brgnsted bases. When reacted with terminal alkynes, CDP displayed
Bragnsted basic properties; alkyne 303 was deprotonated to form an acetylene anion and
protonated CDP (304) (Scheme 124). The acetylene anion was then transferred, like the
fluoride in the previous case, to the Lewis acidic boron centre. Thus, CDPs were also used
for the activation of C(sp)—H bonds.

o
PPh; B(CeFs)s PhPy (CeFs)gB==="—Ph
PhsP=C + H———mPh /C-H
PhMe, - 78 °C ~rt | PhsP
®
259 303
304
78% yield

Scheme 124: C-H bond activation

In addition, CDPs have also been used as a Lewis base to activate B-H and Si—-H bonds
(Scheme 125). Here, the hydride donors, BH; and silane 307, were attacked by C-centred
Lewis base 259 to deliver a hydride to 301. CDP-B or CDP-Si bonds were generated and

boron-ate complexes 306 and 308 with high hydride donation ability were formed.*5%%%
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PPh; BH3-SMe, PhsR !'{ B(CgFs)3 PhsP

PhsP=C BH, ————————— BH,
B-H PhMe, rt, 20 min ~ Ph,” ©  DCM, it, 15 min
3 PhsP
259 305 306
o
96% yield 97% yield
PPh B(C¢Fs) PhsP H BC?C Fs)
4 Fng ) 6r5)3 3 . —B(Lels)3
Si-H PhsP=C + MesEtSi—H ——————» \/C'SlMezEt
PhMe, - 78°C~rt | Phal%y
259 307
308
94% vyield

Scheme 125: B—-H and Si—H bond activation

Finally, small molecule activation has also been achieved using the described frustrated
Lewis pair.**¥ When hydrogen gas was added to a cooled mixture of CDP 259 and borane
301, a heterolytic cleavage of dihydrogen was observed, where the CDP abstracted a proton
from molecular hydrogen, leaving a formal hydride that was transferred to the borane

(Scheme 126). This sort of reactivity is usually expected from frustrated Lewis pairs and

showed a great potential for catalysis.

o
,PPhg . B(CeFs)s PhsR H=B(CgFs)s
Ph3PU H-H H
PhMe, — 78 °C ~ rt Phs%
259 309
310
91% vyield

Scheme 126: Metal-free heterolytic dihydrogen activation
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3.1.3 Applications of Carbones in Catalysis

At the outset of this project, the use of carbones in organocatalysis has not been reported.
During the course of our study, Stephan postulated in a generic catalytic cycle the in situ
generation of a CDP as a catalytically active species (Scheme 127).%* The reduction of
carbon dioxide (296) using phosphine 311 was achieved by forming CDP 314 in situ. The
reaction of 314 with carbon dioxide led to expected adduct 315, which, in the presence of a
zinc Lewis acid catalyst, decomposed to phosphine oxide 312 and ketene 316. In the reaction
with further phosphine, 316 regenerated CDP 314 and gave carbon monoxide (313) as the

final product.

CH,l, (4 mol%)
ZnBr, (4 mol%)

EtsP + C02 Et3P=O + CO
CeHsBr, 100 °C, 5 h
311 296 312 313
99% yield
CHyly
PEt; | -CDP
® PEt
® PEt CO;  grp-( EtsP
EtsP—C 0 c=c=0
~P(O)Ets =
| S S 6o
314 315 316

Scheme 127: In situ generation of a CDP catalyst

Despite being able to characterise several reaction intermediates, the reaction was not
performed using CDP 314 directly, as its isolation proved challenging. Furthermore, a *'P
NMR chemical shift of +28 ppm was recorded for 314, which markedly contrasted
previously described data for CDPs (—29.6 ppm).1**®]

The first direct use of a carbone in organocatalysis was reported by Ong in 2015.%%® The
used carbone was not a carbodiphosphorane, but a related carbodicarbene (CDC). This class
of compounds has originally been proposed by Frenking,**" and analogues were
subsequently prepared by the group of Bertrand and Firstner.'*® Here, CDC 320 was
prepared by deprotonation of 319, which was synthesised from 317 and 318 (Scheme 128).
CDCs like 320 have been calculated to display a high electron density at the central carbon
atom, as they can be treated as a C(0) centre stabilised by two carbene donors, analogously
to the CDP bonding situation.™®"!
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T10©
317 318 319 320
71% yield 50% yield

Scheme 128: Preparation of a CDC

This carbone was then used in the methylation reaction of primary and secondary amines
using CO, as a carbon source (Scheme 129). The mechanism for this activation was shown
to proceed through the addition of CDC 320 into the B—H bond of the reducing borane. This
intermediate reacted with CO, to give a carboxylate, which subsequently reacted with
borylated amine 323 to give formamide 324. Finally, the CDC was assumed to also catalyse

the reduction of 324 to give methylated amine 322.

CO, (1 atm) ! '
H CDC (10 mol%) Me i CcDC i

l . ! \
N H-BR; (4 equiv) N ' Dipp Me !
! \ , !
\ N N 1
[ j [) PhMe, 100 °C, 1.5 h ©/ \© ! 7N :
321 322 N 7\1/\1\1( :
90% yield ' I:I) I\I/I i
ipp Me 1

H-BR 5 -
‘ ’ H‘BRZT | 320 :
(o] Os_H T e
BR, Y : R,BH .
N HJJ\O/BRZ N ; @ 5
©/ \© - R,B-0-BR, ©/ \© ; BH ;
323 324 ! H-9BBN |

Scheme 129: CDC catalysis
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3.2 Aims
The CDP’s high basicity was thought to be applicable to organocatalysis, while its steric
bulk suggested applications in frustrated Lewis pair (FLP) catalysis. In addition, the high
electron-donating properties of the CDP showed a potential in metal catalysis where the CDP
may act as a ligand. As two lone pairs were potentially available on the central carbon atom,
these two areas were aimed to be combined for a potential dual activity of the catalyst.

One potential application for CDPs was their use in Brgnsted or Lewis base catalysis
(Scheme 130). As a Brgnsted base (BB), the CDP could activate C—H bonds and subsequent
reactions with electrophiles were assumed to lead to unprecedented C—C bond formations.
As a Lewis base (LB), the CDP may activate boron-based pro-nucleophiles with a
transferable R group that could react with electrophile E.

PR WP Sua S WP -

Ph EWG —> C—H * P EWG — Ph EWG Hzco > Ph EWG

— ® o B~ o @®mn X H,0
c® BX;—R — CO%—=B-yx —_— R-E\f°/4—‘B\X = ~R-E=BX; TBX; R=E=H
X

Scheme 130: CDP-catalysed C-H and B-R bond activations

Frustrated Lewis pair catalysis could also be developed, where the carbone and Lewis acids
would not show direct reactivity. This type of reactivity could lead to the activation of small

molecules such as CO, or H,.

Metal catalysis was another promising area for applications, where the CDP may act as a
ligand to metal centres (Scheme 131). Due to the CDP’s high basicity, the metal may be

turned into a catalytically active intermediate that may then act as a novel catalyst.

Bronsted or

AR Lewis base

e0" M-L

co.
\M/ . .
<—— Lewis acid

Scheme 131: CDP metal complexes

Furthermore, the potential for the two lone pairs at the carbon centre was to be used
separately in dual catalysis. One lone pair may be used for coordination to a metal, which
acted as a Lewis acid in a reaction to activate an electrophile. The second lone pair at the
carbon may act as a Lewis or Brgnsted base, which may catalytically activate an acidic pro-
nucleophile. A different method to achieve dual catalysis could be the use of two metals that
are ligated by one CDP. These metals would ideally be different and could act as sequential

Lewis acid catalysts.
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3.3 Results and Discussion
3.3.1 Preparation of CDPs

In order to prepare the hexaphenylcarbodiphosphorane, the modified synthetic route
developed by Appel was chosen due to simplicity and higher reported yields (Scheme
132).0%9]

o @
1) DCM, rt, 24 h Cl  PPhy  P(NMey); PPhs
3 PPh3 + CC|4 Ph3P=< Ph3P=//
263 2) epoxybutane (¢]] Ph-H, rt, 24 h
264 _ _
PCl,Phg 265 PClz(NMe;)s 259
13.3 g, 66% 1.32 g, 93%

Scheme 132: Overall synthetic route

The first step in the synthesis involved the reaction of triphenylphosphine with
tetrachloromethane. This step was carried out in DCM at room temperature for 24 h. In this
reaction, two products were formed: The first equivalent of phosphine 263 abstracted a
chlorine cation from tetrachloromethane (264) and the loss of a chloride anion formed 325,
which was insoluble in DCM and precipitated after several hours of stirring (Scheme 133).
The resulting electrophilic carbene 326 was then attacked by a second molecule of 263 to
form intermediate 327 that was attacked by a third equivalent of 263, which displaced a

chloride ion. Overall, the expected salt 265, which was soluble in DCM, was formed.

& PPh ©PPhg PPhy | :pph, © @ PPhy
K ——| A Mg Ay | T O
Php  CI e —PCl,Phy |CI7 Tl CI~ °Cl ClI~ ~cl (o] PPhy
325
263 264 326 327 265

Scheme 133: Proposed mechanism for the formation of 265

Next, epoxide 328 was added once the reaction had come to completion in order to remove
the insoluble by-product. The epoxide reacted with by-product 325 to the form
triphenylphosphine oxide (280) and chlorinated hydrocarbon 329 that were both soluble in
DCM (Scheme 134).
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PO\/EPh3 I /?;—FI’PM . f\,LPm — + O=PPh,
-
Et Cl R Cl R™ (0} R” ~Cl
328 325 329 280

Scheme 134: Proposed mechanism for the removal of by-product

Once the by- products were removed, diethyl ether was added for the crystallisation of 265,

which was obtained in high yield and purity.

The second step of the CDP synthesis involved the dechlorination of intermediate 265 using
aminophosphine 330 (Scheme 135). In this reaction, the Lewis basic phosphine abstracted a
CI" ion from the central carbon atom of 265 and formed a stable salt (331) that was insoluble

in benzene.

PPh; _©

cl
Cl PPhs i
TN — + P(NMe
(NMe,);P CIAPPhg kkpphs P (NMe2)s
® cl
330 265 259 331

Scheme 135: Proposed mechanism for the dechlorination

Product 259 was purified and isolated using a hot benzene filtration to remove by-product
331. The CDP in the filtrate crystallised immediately and was filtered off as a bright-yellow
solid in high yields. **P NMR spectroscopic analysis showed a single signal at —4.8 ppm and
two multiplets for the aromatic hydrogens were observed in *H NMR spectroscopy (CDs;
Chart 3).

Chart 3: P NMR spectrum for CDP

Residual water in the solvent caused severe contamination by the hydrolysed CDP (up to
15%:; Scheme 136). **P NMR spectroscopic analysis of 260 showed two doublets at 23 ppm
arising for the two phosphorus environments of this impurity. Therefore, it was important to

use distilled and dried solvents in the purification process.
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H,0 .

PhsP=C=PPh; ————>  Ph,P=C—PPh,
1
- Ph-H &

259 260

Scheme 136: Hydrolysis of CDP

A different C(0) complex was prepared according to the preparation of a pyridine-containing
carbodiphosphorane reported by Alcarazo (Scheme 137).* As the literature reported
synthesis did not offer a simplified preparation method like in the previous case, the original

synthesis of CDPs was carried out.

CHzBrZ
(2.0 equiv) Opgr
PhsP P
PhMe Br PPh; | o
263 60 °C,72h 262

Il
90°C,15h 169, 60% P(OPh); | Xy ©Br OBr NaH (3.0 equiv) A
- > e o |

o N~ P PPh A
120 °C B 3 MeCN, 1t 15h "N~ ~PZ pph

15h 2 2
334 270
2g,20% 31 mg, 38%

i) Li (2.4 equiv) PPh,

THF, rt, 2.5 h
PhsP /7 N
ii) EtOH (0.8 equiv) —
0°C, 10 mi
263 min 333

ii) cl 4g,31%
\
/ N

332
(1.0 equiv), rt

Scheme 137: Synthetic route to a heteroaromatic-substituted CDP
Similar to the original method of preparing hexaphenylcarbodiphosphorane, the route for
making pyridyl-substituted carbone 270 started by condensing triphenylphosphine 263 and
dibromomethane (Scheme 137). Product 262 was obtained and purified by recrystallization
in a moderate yield. Pyridine-substituted phosphine 333 was then synthesised in a low yield
from 2-chloropyridine (332) and triphenylphosphine (263) using Li metal. Despite the low
yield, the reaction gave ca. 4 g of 333 from cheap starting material. Phosphine 333 and
phosphonium salt 262 were then reacted in liquid triphenylphosphate at 120 °C and
dibromide salt 334 was extracted with toluene and recrystallised from methanol. The
deprotonation of this carbone precursor was described in the literature by using NaNH, in
liquid ammonia. This method was presumably chosen because the precursor salt is insoluble
in most common solvents. It was found, however, that it dissolved at least partially in
acetonitrile. Therefore, the deprotonation of 334 was attempted using KH in acetonitrile,

which gave a yellow suspension after 15 h. Product 270 was then filtered off and the *'P
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NMR was recorded (Chart 4). A subsequent reaction was carried out using NaH, which gave

a cleaner reaction and a yield of 38% starting from 105 mg of precursor 334.

——————
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Chart 4: *'P NMR spectrum of a pyridyl substituted CDP

Carbone 270 was particularly interesting in the context of metal complexes because of the
additional binding interaction of the pyridyl nitrogen to a coordinated metal, forming a five
membered chelate. As demonstrated by Alcarazo it did, however, not always participate in
binding, which was the case for the diaurated complex where the crystal structure showed

that the pyridine substituent pointed away from the gold centre.**!

3.3.2 Reactions with Boron Lewis Acids

In order to determine the Lewis basicity of the synthesised CDP, it was reacted with different
boron-containing compounds to form boron-ate complexes (Scheme 138). The chemical shift
of the corresponding boron atom of the boron compounds in **B NMR spectroscopy was
used as an indication for its Lewis acidity, where a more positive value represented a high
electrophilicity at the boron atom. Once a Lewis base attacked the boron centre, a boron-ate
complex formed. These tetravalent species display a low chemical shift between +5 and —40

ppm in B NMR spectroscopy.

PhsP.  BHgSMe,  PhsR o

@ BH3
PhsP PhMe, rt, 5 min  pp p
259 305

Scheme 138: CDP reaction with a borane

According to the literature preparation of CDP-BH; (305), the borane—dimethylsulfide

complex was reacted with CDP 259.M The !B NMR spectrum of the generated complex
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showed a signal at —22 ppm, which was in agreement with the literature data (Chart 5). Also
the *H and *'P NMR spectroscopic data corresponded to the previously described results,
where the P NMR shift appeared at +20 ppm. As the CDP was not entirely soluble in
toluene, the reaction mixture needed to be stirred (5 min) upon which the CDP in solution
reacted slowly with the borane and precipitated. Removal of the solvent in vacuo and

dissolving the residue in CDCl; showed the formation of the C-B donor-acceptor complex.

CDP-BH3 adduct

,,,,,,,,,,,,,

Chart 5: 'B and *'P NMR spectra of the CDP-BHj; adduct

Other boranes were used in the binding study with CDP (Table 61). P and B NMR
spectroscopy were used to analyse the formation of new adducts. *'B NMR spectra were
collected for all substrates. Reactions between CDP 259 and boron Lewis acids 335
(1.2 equiv) were carried out at room temperature in toluene; a slight excess of BR; was used

in order to maintain an internal standard for the *'B NMR chemical shift.
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Table 61: Boron Binding Study

PhgP, BR3 (1.2 equiv) PhsR. ©
PhsP PhMe, rt, 5 min PhsP
259 305, 336
3P = 4.1 ppm "B =-30~+5 ppm
Entry BR; BR; "B NMR Conv. (%) New B NMR New *P NMR
shift (ppm) shift (ppm) shift (ppm)
1 BHs;-SMe,  —19 100% —24 +22
2 BEt, +87 NR! - -
3 Bn-9BBN  +80 NR! - -
4 BPh; +60 NR[! . i}
5 MeO-9BBN  +57 NR! - -
6 Allyl-Bpin ~ +33 NR[! - -
7 B.pin, +32 NR[! - :
8 H-Bpin +28 (d) 10% - +23(d), -18 (d)
9 H-9BBN +27 (d) <10% - +20, +30
Bt -Et /_B& Ph\l?/Ph ﬂ7
IIEt PH Ph MeO—B~
335b 335¢c 335d 335e
"B NMR: 5 = BEt, Bn-9BBN BPhg MeO-9BBN
+87 ppm +80 ppm +60 ppm +57 ppm
_ N M |v| ~ BN
0 Mee e \H/B g
15a 335g 335h 335i
"B NMR: & = allyl-Bpin B,pin, H-Bpin [H-9BBN],
+33 ppm +32 ppm +28 ppm (d) +27 ppm (d)

B The conversion was determined by *H NMR spectroscopy of with the entire reaction. ' NR = no
reaction; the desired product was not detectable, only starting materials were detected (*H NMR
analysis of a reaction aliquot). [ The boron-ate complex could not be detected by B NMR
spectroscopy.

Other boranes did not display the same kind of reactivity as BH; (entry 1): The reaction of
CDP with triethylborane (335b) did not proceed even at high temperature (80 °C, entry 2).
The same results were observed for benzyl borabicyclo[3.3.1]nonane (335c, Bn—9BBN),
triphenylborane (335d), methoxy borabicyclo[3.3.1]Jnonane (335e, MeO-9BBN), allyl
boronic ester (15a, allyl-Bpin) and Bypin, (335g; entries 3-7). H-substituted boron Lewis
acids, such as pinacolatoborane (335h, H-Bpin) and H-9BBN (335i) showed around 10% of
a new signal in P NMR spectroscopy (entries 8 and 9). However, a boron-ate complex
could not be confirmed by B NMR spectroscopy, where only starting material was visible.
The lack of binding showed how the binding equilibrium may be largely affected by steric
effects and only less sterically demanding Lewis acids were attacked by the bulky C(0)

centre.
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The CDP only showed full binding to the least sterically hindered boron Lewis acid, BHs.
This observation suggested that the carbone was not a very good nucleophile. It was
assumed, however, that the steric demand of the CDP prevented the Lewis base to bind to
the boron centre in most cases. Other carbones have been studied in the group and were also
found to react with BH;. A carbodicarbene formed reactive boron-ate complex 337, which
underwent hydride transfer to the carbon centre, resulting in a chemical shift of 25 ppm in
"B NMR spectroscopy (338; Scheme 139)." C,P-substituted carbone adduct 339 displayed a
very low signal of —37 ppm in "B NMR spectroscopy, which was comparable to the
carbene—BH; complexes formed using NHC Lewis bases.’

... BH
c C— BH;,4

E NMe NMe : O

- PhP

‘| MeN o MeN ; 3Ry © . .

: NBHy | - N—gH, BHs 5 :

'l MeN MeN—=H 1 Phaf Do N—gH,

i NHMe NMe . v PhsP S

5 P Do ®

5 337 338 b 305 Do 339

. Carbodicarbene \ ' Carbodiphosphorane - ! Carbone |

| B NMR: § = 25 ppm P —22 ppm - -37 ppm

1

Scheme 139: Different C°—BH3 Complexes

In contrast to the other boron Lewis acids, tris(perfluorophenyl)borane (301) was described
to form a different boron-ate complex in the literature (Scheme 140).% This complex
underwent C-F bond activation, where the CDP attacked the aromatic para-position and the

displaced fluoride was transferred to the boron.

R F PPhy R F

®
PhsP=C PhsP_ F
F B(CeFs)2 © <%(Cs':s)z
PhMe, - 78°C PhsP
FF FF
301 302

Scheme 140: C-F activation

This behaviour showed the ‘frustration’ between the carbon nucleophile and the boron
electrophile. The steric bulk between the Lewis pair prevented direct attack of 259 at the

highly Lewis acidic centre. Although only few boron-ate complexes were observed, the

! Reactions were carried out by Xun Lu.

2 Reactions were carried out by Alexandros Papafilippou.
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strong basic character of the carbone was demonstrated and its steric bulk offered a

promising selectivity.

3.3.3 Stoichiometric Reactions

Reactions with Aldehydes and Imines

Studies of the reactivity of the carbodiphosphorane 259 with aldehydes and imines showed
no reactivity. When the CDP and benzaldehyde were mixed and reacted overnight, a reaction
did not occur even at elevated temperatures (Scheme 141). However, heating in the absence
of molecular sieves (4A, powder) lead to decomposition products being formed, as suggested
by *'P NMR spectroscopy.

Ph3P toluene, 80 °C PhsR, XO
e

©)
PhsP 24h, 4A MS PhsP  Ph
259 i 340
(1.0 equiv) Ph)J\H
83a:X=0
56b: X = NPh
61: X = NTs

Scheme 141: CDP reactivity towards benzaldehyde

The same lack of reactivity was observed in the reactions of carbodiphosphorane 259 with
benzaldimines. When a mixture of 259 and N-phenyl or N-Ts-benzaldimine in toluene was
heated in the presence of molecular sieves, no change in the corresponding *P or 'H NMR
spectra was observed. More reactive electrophiles such as 1,2 dicarbonyls had been shown to
react with CDPs in the literature.**® Therefore, both electronic and steric factors also had to
be considered when rationalising this lack of reactivity. However, it was shown that no
Wittig or aza-Wittig products were formed. Furthermore, the lack of reactivity with
aldehydes and imines allowed for the use of these substrates as electrophiles in CDP-

catalysed activations of pro-nucleophiles.

Reactions with CO,

Carbodiphosphoranes are known to react with carbon dioxide at ambient temperature and
pressure.'*" 81 The attack of CDP 259 to the electrophilic carbon atom resulted in the

formation of a carboxylate adduct 297 with a formal zwitterionic structure (Scheme 142).
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This structure was potentially stabilised by an interaction of the oxygen anion with the

phosphonium ion of the bound carbodiphosphorane.

Ph3p> CO, PhaR\_/° PhsR. O
_—
PhsP PhMe,it.15h  PhsRy  Og 1 g 5l g 5

297 Tt
89%

259
Scheme 142: Formation of the CO, adduct

As the product of this reaction was insoluble in toluene, product 297 could be easily purified
by washing the colourless precipitate with toluene. However, the **P and **C NMR spectra
had to be recorded in CDCI; which was acidic enough for the second lone pair to get
protonated and displace the carboxylate group to give 258 (Scheme 143).

® c1® on.p. C1°
Ph3R (O] CHCly Ph3F’b' O 3
r) E——— H
Phsy Oy CDClyrt | PhsRpH Og | -CO,  Phsfy
297 341 258

Scheme 143: Proposed decomposition pathway for the CDP-CO, adduct

This proposed decomposition was not very fast at room temperature so the corresponding
signals of the adduct could be detected using NMR spectroscopy. Distinct signals in the *'P
NMR spectrum at 15.0 ppm and in the *C NMR spectrum 172.2 ppm confirmed the
formation of the CDP—CO, adduct (Chart 6).
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Chart 6: *'P NMR spectrum of the CDP-CO, adduct
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Metal Complexes

As many metal complexes with CDPs are literature-known, it was of interest to investigate
the properties of CDPs as ligands to metal centres and the applications of these complexes in
metal-catalysed reactions. As group XI metal complexes (Cu,¥" 163 pg, [162a 163 p[137cly
dominated the literature, representative gold-catalysed reactions were chosen as a model
system, where Au acted as a w-acid. Literature precedence was also provided by the Gandon
group, where m-acid catalysis had been achieved using NHC-Ga complexes (343; Scheme
144).11%4

R o R R
N CI°  'BuOK N GaCls (1 equiv) N o
[ ) ————~ [ E [@>—Ga¢|3
N® THF, rt, 40 min N THF, -25°Ctort, 12h N
R R R
183 342 343

R = Dipp

Scheme 144: NHC-GaCl; formation

This background inspired us to prepare novel metal complexes that could be potentially used
in metal Lewis acid catalysis. The gallium complex 344 was synthesised using GaCl; and
CDP in toluene (Scheme 145). The reaction was observed to be very fast, forming a

colourless precipitate immediately upon addition of the Ga source to the suspension of CDP

in toluene.
PhsP i PhsR  ©
3N o GaClj (1.0 equiv) GaCl,
Phsf, PhMe, rt, 15h  Phsfy
259 344

Scheme 145: CDP-Ga complex formation

As the complex was insoluble in toluene, isolation and purification with toluene was
straightforward. Again, analysis was performed using **P NMR spectroscopy in CDCls,
which showed a shift at 23.4 ppm (Chart 7). A small amount of impurity was observed in the
P NMR spectrum at 20.6 ppm, which was assigned to a small contamination by the CDP—
H* chloride salt that could have potentially formed during the reaction. It is, however, also
possible that this signal arose from the reaction with residual chloroform in the NMR

solvent.
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Chart 7: *'P NMR spectrum of CDP-GaCl,

Unfortunately, a crystal structure analysis could not be obtained; crystallisation of the
compound from chlorinated solvents and toluene lead to the formation of the protonated
CDP with a tetrachlorogallate counteranion 345 (Figure 20).
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Figure 20: Crystal structure of [CDP-H] [GaCl,]

""Ga NMR spectroscopy of this complex did not show any signal, due to the low solubility of
the complex even in chlorinated solvents. The absence of a hydrolysed product or starting

material signal in *'P NMR suggested the formation of the desired product.

During the course of this study, Gandon reported the synthesis of CDP-GaCl; adduct 344.
Spectral information were identical to the collected data.®® Reaction conditions were
similar, but the reaction was carried out in THF instead of toluene. Diffusion of Et,O into a
DCM-solution of 344 allowed for the formation of crystals, which were used for X-ray

analysis, confirming the structure of 344 (Figure 21).
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Figure 21: Reported crystal structure of CDP-GaCl;

The CDP-Fe(ll) and CDP-Fe(lll) complexes were prepared using a similar method. The
iron chloride salts were added to a suspension of CDP in toluene and reacted at room
temperature overnight (Scheme 146). Monitoring the formation of these complexes was
achieved using *'P NMR spectroscopy in either C¢Dg (consumption of starting material) or in
CDCl; (product formation). As the solubility of these complexes even in chlorinated solvents
was low, these complexes were reacted for prolonged periods of time and at higher
temperatures until no starting material was visible in **P NMR spectroscopy.

PhsP\ FeCl, (1.0 equiv) PhaR ©
© FeCl,

Phsfy  PhMe, 40°C,7-14d  PhsRy

259 346: x = 2, 64%
347: x=3,73%

Scheme 146: Formation of CDP—Fe complexes

Isolation by filtration and washing with toluene gave both complexes in moderate yields
[Fe(111): 346, dark-purple solid, 64%; Fe(l1): 347, pale-brown solid, 73%)]. *'P NMR analysis
of these complexes was attempted using chlorinated solvents, but proved to be challenging.
The Fe(l11) complex showed a weak 3P NMR signal at 22.2 ppm, while the Fe(ll) signal
could not be recorded after isolation due to the lack of solubility in any common solvent. The
aliquot *'P NMR spectrum, however did show a signal at 22.3 ppm, which corresponded
well to the expected shift. However, precise analysis of the metal coordination number could

not be achieved using **P NMR spectroscopy. The ligands attached to the metal centre have
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little influence on the *'P NMR shift and therefore other forms of the complex could not be

excluded from the predicted structure.

Further studies in the field of CDP—metal complexes were made while attempting to form
digallated CDP complex 348 (Scheme 147). Neither the addition of GaCl; to the gallated
CDP complex 344, nor the reaction of CDP 259 with two equivalents of GaCls resulted in
the formation of any dimetallated species 348 to be observed, even at elevated temperatures.
Next to the absence of electron density on the central C-atom, the low solubility of the CDP-
GaCl; complex could also account for this lack or reactivity. Furthermore, CDP complex 344
did not react with the unhindered borane BH;*SMe,, which had shown coordination with the
uncomplexed CDP. These results suggested that the coordinated GaCls shielded the carbon

centre from further reactions.

GaCl ®@ ©°
S, PhsP ~CGaCls
phyp GaCl
® ©
PheP,  GaCls Phg)\c-gacb— 348
P PiMe  pngp ® o
BH3;SMe, F’hsF’\C,Gam3
259 344 X— " “BH
Phep BHs
®

349

Scheme 147: Attempted double Lewis base reactions

3.3.4 Attempted Metal Catalysis

Gandon used the NHC-Ga complex 343 in m-acid catalysis by adding a catalytic amount of
silver hexafluoroantimonate (Scheme 148).1"%! The addition of a non-coordinating anion to
the GaCl; complex was assumed to result in the abstraction of a chloride ligand and the
formation of a cationic gallium catalyst. Complex 350 was assumed to be more m-acidic than
precursor 343 and was therefore generated in situ in the reaction between alkyne 351 and
352. This reaction included an intramolecular cycloisomerisation, followed by a Friedel-

Crafts-type substitution, both of which were catalysed by a Lewis acidic metal.[**®!
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343 350
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DCE, 40 °C, 2 h MeO,C O
351 352 353
(3.0 equiv)

Scheme 148: n-acid catalysis

Inspired by this work, we aimed to apply this chemistry to the development of CDP-GaCl;
catalysis (Scheme 149). As AgSbF; is an expensive reagent, Ga-complex 344 was thought to
be activated by the use of NaSbFg or AgOTf. Reactions were carried out in 0-C¢H4BrF, a
non-reactive polar solvent that has been used previously to crystallise CDP-metal
complexes.™® The formation of NaCl or AgCl was assumed to result in a counterion
exchange to form complex 354.

PhsR  © AgOTf | PhsR\

@%c—eaczl3 = ®,>:’C_G6C|2 + AgCl y
Phy Phs O o

344 354

Scheme 149: Catalyst generation by anion exchange

Reactive gallium complex 354 may then act as a stronger n-acid, activating a n-base towards
the attack of an external nucleophile. Phenyl acetylene (303), phenyl propyne (355) and
diphenylacetylene (356) were chosen as m-bases, where the triple bond was assumed to be
easily activated (Scheme 150). The nucleophile of choice was allyl trimethylsilane (136a), a
reactive and commercially available compound. A similar reaction has been reported in the
literature using catalytic amounts of AICI, InBry or stoichiometric GaCls.™"! In these
reactions, the stable gallium catalyst would activate the alkyne for the attack of allylsilane
136a, which would lead to silylated product 357. Proto-desylilation would then give rise to
1,4-diene product 358.
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CDP-GaCls (10 mol%) = =
S AgOTf (20 mol%) . Nu—H
Ph———R
Ph o SiMe; — b ~LH & NuSiMes,

303:R=H CeH4BIF, rt~ 100 °C R R
355: R =Me
357 358
356: R =Ph \/\SiMee,
136a
(1.1 equiv)

Scheme 150: CDP-Ga-catalysed allylation of alkynes

Different conditions were tested in this reaction. For each substrate, GaCl; was used for
comparison and showed no reaction and complete recovery of starting materials in ‘H NMR
spectroscopic analysis of reaction aliquots. 'H NMR spectroscopy shifts in the allylic
position of the silane 136a (4.8 ppm) and the formation of allylic signals at 3.4-3.3 ppm for
product 358 were monitored in this reaction (Table 62).
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Table 62: n-Acid-catalysed allylation of alkynes

CDP-GaCl3 (10 mol%) =
Ph—— R co-cat (20 mol%)

o Ph "
303:R=H CgH4BIF, rt~ 100 °C R
355: R = Me Nu-H 358
356: R =Ph

N"siMes
136a
(1.1 equiv)
Entry R Co-Catalyst Conv (%)
1 H AgOTf 30
2 H NaSbF NRE!
3 Me AgOTf 5
4 Me NaSbFg NRE!
5 Ph AgOTf NRE!
6 Ph NaSbFg NRP!

[ The conversion was determined by *H NMR spectroscopy of a reaction aliquot without internal
standard. ! NR = no reaction; the desired product was not detectable, only starting materials were
detected (*H NMR analysis of a reaction aliquot).

No product was formed in the reactions below 80 °C. Prolonged heating at 100 °C lead to the
formation of the desired product, where the silane was hydrolysed when using terminal
alkyne 303 and a silver co-catalyst (entry 1). Using a sodium co-catalyst did not result in any
product formation (entry 2). When methyl-substituted alkyne 355 was used, a similar pattern
was observed, where the use of AgOTT resulted in 5% conversion to allylated product 358,
but no reaction was observed when the sodium salt was used (entries 3 and 4). Symmetrical

alkyne 356 showed no reaction regardless of co-catalyst (entries 5 and 6).

Due to time contraints, reactions with 136a were not investigated further at this point as the
development of a catalytic method using both lone pairs on the carbone were of interest.
However, some reactivity of the CDP-GaCl; in the field of m-acid catalysis has been

observed.

3.3.5 Attempted Dual and FLP Catalysis

With the CDP-GaCl; complex in hand, dual catalysis was attempted by exploiting the
potential for both CO, activation as well as metal coordination (Scheme 151). As both the
reaction with carbon dioxide and gallium trichloride were fast, it was assumed that

carboxylated CDP-GaCl; complex 359 could be formed in situ.
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Scheme 151: Formation of carboxylated CDP-Ga

Complex 359 may then be used as a catalyst for the activation of a basic electrophile through
coordination to the Lewis acidic metal (Scheme 152). The reaction of NHC—carboxylates

(168 Therefore,

with an epoxide is known to form the corresponding organic carbonate.
gallium complex 344 was thought to activate epoxide 360 towards attack of the proposed in

situ generated CDP—carboxylate 359 to generate carbonate 362.

® ©PPO0Ty © OPPh:Zory 0
Ph.P PhsP GacCl
" NGacl, Z ¢ \O2 @/PPhs oy oX
N E— - = +
S AN PhaP=X o
3. Y
Ph Ph
Ph
359 360 361 354 362

Scheme 152: Proposed mechanism for dual catalysis

CDP-GaCl; 344 (10 mol%) and NaSbFs (20 mol%) were used for the activation of epoxide
360 using atmospheric pressure of CO, in 1,2-bromofluorobenzene. Alternatively, 344 was
replaced by a mixture of carbodiphosphorane 259 (20 mol%) and GaCl; (20 mol%) to
generate 344 in situ (Scheme 153).

cat
NaSbFg (20 mol%)

0
OA COZQ atm) OJ<O
Ph  CgH4BrF, rt, 15h \\{
Ph

360 362

cat = CDP-GaCl; (10 mol%)
= CDP (20 mol%), GaClj (20 mol%)

Scheme 153: CDP and CDP-GaCl;-catalysed reactions

Unfortunately, neither of these reactions showed any product formation after 15 h at room
temperature. Further heating of this mixture led to the loss of the styrene oxide without the
formation of any product. Instead, polymerisation of the epoxide was indicated by broad

signals in *H NMR spectroscopy.

The steric bulk that was assumed to prevent binding of CDP 259 to boron Lewis acids was

assumed to be applicable to frustrated Lewis pair (FLP) catalysis."*” Triethylborane (335b)
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had been shown to be unreactive in the addition of CDP 259. This FLP may be used in the
activation of CO, by increasing the epoxide’s electrophilicity by coordination to BEt;
(Scheme 154). Simultaneously, the CO, could be turned into a nucleophile by the attack of
CDP 259. Both activated species could then react to form a carbonate, while regenerating the

FLP catalysts after cyclisation.

PhsR ©
JPPhs 3R
=+ BE, K "o H%),C'BEts
3

259
(@]
\coz \ AN

Ph
360 o
PR o © BEts Ph3P /—\ BEts OJ{
Phca)c C(e ®03 N P o[ — \\{o
3 \_/4 Ph 8 ~ BEt, bh
297 363 362

Scheme 154: Proposed mechanism for the carboxylation of epoxides

Initially, a stoichiometric version of this reaction was attempted, where the carboxylate
adduct was reacted with the epoxide in the presence of the Lewis acid. No reaction was
observed in CDCl3, which could be due to the slow decomposition of the CO, adduct.

The in situ formation of adduct 297 was then attempted in toluene (Scheme 155). As the
carboxylate was observed to precipitate, acetonitrile was added to increase solubility.
However, no product was observed in this reaction. Further studies of this reaction showed
that in the presence of CDP, styrene oxide (360) did not form a boron-ate complex with

BEts, which was required in this reaction.

CDP (cat), BEt; (cat) 0
0 CO, (1 atm)
M o
Ph PhMe rt~80°C
Ph
360 362

Scheme 155: Attempted catalytic cabonate formation

In summary, the activation of carbon dioxide was not achieved using CDP 259 as a catalyst.
Despite the fast formation of adduct 297, this compound did not show any reactivity towards
(activated) electrophiles. The use of alternative electrophiles or other activators may be more

successful in this field.
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3.3.6  Brgnsted Base Catalysis

As described previously, the Lewis basicity of the CDP was found to be low even in
reactions with highly electrophilic aldehydes. No reaction was observed with benzaldehyde
even at elevated temperatures suggesting that the attack of the CDP is slow or reversible
(Scheme 156, right, cf. Scheme 141, p 162). This poor nucleophilicity may be related to the
CDP’s steric bulk, which may disfavour the attack of an electrophile. On the other hand,
CDPs have been reported to yield Wittig-type products in the reaction with activated ketones
(Scheme 156, left). This transformation liberates one equivalent of triphenylphosphine oxide,
which is a good driving force for the reaction.

Il
PPh
R”H 3

0
X
PPhs R™ H Y o © //Pph3 o
Jf ~X— Ph,p”PPh; ——————— o
o
279

364 259 280

Scheme 156: Reaction of CDPs with carbonyls

The steric bulk of the CDP was assumed to be less pronounced when it acted as a Brgnsted
base catalyst. Here, the catalyst would deprotonate an acidic C—H bond to generate the
protonated CDP cation and an alkyl anion (Scheme 157). This nucleophile may subsequently
be used in the reaction with a suitable electrophile to generate a C—C bond.

O e @
PhsP™ “PPh; o E : o _H
R-H f R \ R=E- : 7~ R-E-H
1 ,
H
®
Ph3P/kPPh3

Scheme 157: BB activation using a CDP catalyst

Different acidic substrates may be used as pro-nucleophiles in this reaction. Depending on
their pK, values, these can be more or less difficult to be activated. Possible examples

include nitroalkanes, ketones and alkyl nitriles (Figure 22).

Figure 22: Potential pro-nucleophiles

Once deprotonated by the CDP catalyst, the corresponding nucleophilic carbanions

generated may be used in C—C bond-forming reactions with neutral electrophiles. These
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transformations would generate a negative charge on a heteroatom that can be protonated by
either the substrate or the protonated catalyst to close the catalytic cycle. Carbonyls, imines,
epoxides, aziridines and Michael acceptors are all potential electrophiles that would give rise
to different kinds of products (Figure 23).

....................................................................................................

X=0,NPG; Y =H, R, OR, NR,

Figure 23: Potential electrophiles

Overall, the choice of pro-nucleophiles and electrophiles was limited by their reactivity with
the catalyst. For acetophenone for example, both the nucleophilic attack and the
deprotonation are competing reactions, where either the Wittig product or the enolate is
produced (Scheme 158). If the reaction with the electrophile is fast, the equilibrium may be
shifted towards the deprotonation. At the same time, the catalyst may also be deactivated by

the reaction with the electrophile, if this is too electrophilic.

2 ?
PPh; k © H
(@] K g P (0] BB (@]
[ + PhsP” SPPh; + + Jo
PPh 3 3 H
Ph” “Me 3 slow Ph)l\/ slow Ph/& PhsP™ "PPhsg

driving force
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Scheme 158: LB and BB activation of a CDP with Acetophenone

Aldol and Mannich reactions

The aldol and the Mannich reaction are common C—C bond forming reactions, where an
enolate nucleophile is added to aldehydes and imines.!®! As a variety of carbonyl-containing
pro-nucleophiles were available for activation, this reaction depends largely on the pro-

nucleophile’s pK, value (Figure 24).

174



pK, (DMSO)=  13.3 15.9 265 29.5 ~35

increasing acidity

Figure 24: Acidity of a-carbonyl C—H bonds

While many bases are known for the activation of malonates, deprotonation of esters and
amides are less explored. Drawing from the success of enamine catalysis in the aldol
reaction,"""® a similar pathway was rationalised for the reactions with imines."™ The use of
a proline catalyst has been reported for the activation of ketones."? Both malonates as well
as P-ketoesters were activated using chiral cinchona alkaloid catalysts*”™! or a lithium

binaphtholate catalyst™ in the enantioselective catalytic Mannich reaction.

3.3.6.1 Carbonyl Compounds

1,2-additions

Acetophenone was chosen as an initial model substrate with a comparably low pK, value of
ca. 25 (DMSO).B! First, the reaction between acetophenone and CDP was examined,

showing no Wittig products being formed even when heating up to 60 °C (Scheme 159).

o} % PPh
A + Ji + 1l
PhsP™ “PPhy Ph)J\Me PhMe, 25-60 °C, 20 h  pp”" “Me PPh;

259 365 366 280
(4.0 equiv)

Scheme 159: Reaction of CDP with acetophenone

Catalytic reactions with benzaldehyde and imines were then carried out using 5-20 mol%
CDP in toluene at 25 °C for 20 h (Table 63). In all cases a product mixture was obtained,
which can be assigned to structures 367-369 based on comparison with literature ‘H NMR
data.*’™ Conversions were based on the relative integration of the product signals with
respect to the acetophenone signals in *H NMR spectroscopy. For this analysis, C—H signals
in the benzylic position [6 = 5.4 (X = 0), 6 = 4.9 (X = NPG) for 367 and 6 = 4.1 ppm for
369] or in the alkenyl region (3 = 7.8 ppm for 368) were integrated.
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Table 63: Aldol and Mannich reactions of acetophenone

.H
X

0 CDP (x mol%) j\)\ . j\/\ 9 PO
Ph)J\/H Ph Ph Ph Ph Phw;:h
H
369

PhMe, 25 °C, 20 h
X

365 . 367 368

oK, = 25 Ph)J\H (1.0 equiv)

(DMSO) 83a, 61, 56a
Entry X  x(mol%) Overall Conv (%) 367:368:369 Conv (%)%
1 O 20 47 10:26:11
2 0 10 73 31:42:0
3 (0] 5 30 2:24:4
4 O 5 35 18:15:2
5 NTs 10 15 15:0:0
6 NPh 10 5 5:0:0

[ The conversion was determined by "H NMR spectroscopy of a reaction aliquot without internal
standard. ™ Reaction carried out at 0 °C.

Although the expected aldol adducts 367 were detected (entries 1-4), these products
underwent further transformations. Due to the acidic nature of the C,—H bond in the aldol
adduct, a dehydration reaction was observed, leading to the formation of chalcone (368;
Scheme 160). One reason for this side-reaction could be the coordination of the OH in 367a
to the catalyst. Chalcone was then shown to act as an electrophile in a Michael addition with

the in situ generated enolate of acetophenone.

o®

0
OH O - Hy0 o) Ph/& Ph)‘j\/ﬁ\
PhM Ph oA, Ph Ph

H
367a 368 369

Scheme 160: Dehydration and further reaction of aldol adduct

Reactions with benzaldehyde as the electrophile achieved good conversions and catalyst
turnover was achieved (TON up to 7, entries 1-4). However, low degrees of selectivity were
obtained and a mixture of all three products was observed under almost all employed
conditions, regardless of catalyst loading or temperature. By changing the nature of the
electrophile, an improvement of selectivity was expected to be observed. The Mannich
adducts 367b-c, generated from imines, were assumed to be less likely to undergo a
dehydroamination. By changing the N-protecting group, the imine can be either more (PG =

Ts) or less (PG = Ph) reactive than benzaldehyde.!"™
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In the reactions with imines, a higher degree of selectivity was indeed observed, where 367
(X = NTs or NPh) was the only observed product and no dehydroamination occurred (Table
63, entries 5 and 6). However, conversions were generally poor with levels of only up to

15% showing a limited turnover capacity, if any.

In order to suppress the undesired side-reactions, a solvent screening was performed under

otherwise identical conditions and compared to the result in toluene (Table 64).

Table 64: Solvent screening for aldol reaction of acetophenone with benzaldehyde

j\/H CDP (x mol%)
Ph solvent, 25 °C, 20 h
365 o _
)J\ (1.0 equiv)
Ph” "H
83a
Entry Solvent (€) x (mol%)  Overall Conv (%) 367a:368:369 Conv (%)
1 PhMe (2.4) 5 30 2:24:4
2 Dioxane (2.3) 5 34 8:14:12
3 Et,O (4.3) 5 40 3:29:8
4 2-Me-THF (7.0) 5 18 4:0:14
5 THF (7.5) 5 20 3:10:7
6 BTF (9.2) 5 13 3:7:3
7 THF (7.5) 10 42 30:12:0
gl THF (7.5) 5 57 13:21:23

[ The conversion was determined by "H NMR spectroscopy of a reaction aliquot without internal
standard. ! Reaction carried out at 0 °C.

Compared to the initial result in toluene (30%, mixture of 367a, 368 and 369; entry 1), none
of the other aprotic solvents with different polarities (€ = 2.3-9.2) showed a significant
improvement in selectivity, and a general decrease in reactivity was observed (entries 2-6).
This could be ascribed to a lower solubility of the catalyst in the chosen solvents. Due to the
established solubility of CDPs in THF, reactions at a higher catalyst loading and at 0 °C were
performed in this solvent (entries 7 and 8). Both the conversion and the selectivity for
product 367a increased when using 10 mol% catalyst loading, but products 367a and 368
were obtained in a 3:1 ratio only (entry 7). Despite a good yield being obtained at 0 °C,
unfortunately the product selectivity was poor (entry 8). Overall, best conversions were
obtained in toluene and diethyl ether, but no satisfactory method for the selective preparation
of aldol or Mannich adducts could be developed. However, it was noted that the nucleophilic
addition of acetophenone to Michael acceptors was indeed observed, suggesting that direct

selective Michael reactions may be more successful.

177



1,4-additions

As the Michael addition of acetophenone enolates to chalcone was observed as a side-
reaction in previous experiments, this reaction was further investigated and extended to the
use of o,p-unsaturated aldehydes and amides (Table 65). Previous reaction conditions
(toluene, 25 °C, 20 h) were applied. The conversion was determined by quantification of the

product signals in "H NMR spectra relative to the consumption of acetophenone.

Table 65: 1,4-addition of acetophenone to different Michael acceptors

o o)
CDP (5 mol%)
Ph)J\/H Ph o}
PhMe, 25 °C, 20 h
365 o) R X
(1.0 equiv) H
R/\)J\x
369, 371-372
368, 370, 118
o) o)
Ph o) Ph o) /\)?\ Q
N oA
Ph Ph Ph Ph NPh, NMe,
H H
369 371 118b 118¢c
30% 1% NRPI NRIPI

The conversion was determined by *H NMR spectroscopy of a reaction aliquot without internal
standard. ! NR = no reaction; the desired product was not detectable, only starting materials were
detected (*H NMR analysis of a reaction aliquot).

Reacting acetophenone (365) with chalcone (368) yielded the 1,5-dione product 369, albeit
in only 30% yield. Compound 369 had previously been identified as a side-product in the
1,2-addition experiments. The incomplete transformation shows that this side-reaction is
slow, which may explain why chalcone was often the major side-product in the previous
aldol reactions. The use of a more reactive Michael acceptor, cinnamaldehyde (370), gave
only 11% conversion to dione product 371. Here again, no side-products such as the 1,2-
adduct were observed in *H NMR spectroscopy. The less reactive Michael amides (118) did
not show any reactivity under the employed conditions, both for the B-substituted and
unsubstituted substrates. In both cases, only the corresponding starting materials were

recovered.

The choice of electrophile was somewhat limited in this type of reaction because the catalyst
showed reactivity with many other Michael acceptors. These substrates were often
decomposed or polymerised in the presence of catalytic amounts of CDP and were therefore
considered less suitable in Michael additions. In turn, a different pro-nucleophile was

considered for these Brgnsted base-catalysed reactions.
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3.3.6.2 Alkylnitriles - 1,2-Additions

Acetonitrile is @ much more challenging substrate to activate than acetophenone. With a pK,
value of 31 (DMSO0),*" acetonitrile requires a much stronger base to get deprotonated than
acetophenone (pK, ~ 25, DMSO)."! In 2008, Levacher reported the activation of acetonitrile
using a Bransted base catalyst in a Mannich reaction with imine 56a (Scheme 161). The
catalyst consisted of a combination of sodium phenoxide with an a-silyl ester, which was
thought to be basic enough to generate the acetonitrile anion.

cat (10 mol%) Ha - Ph T O
373 (30 mol%) ' '

NC._H NC\)\Ph E O-Na E; Me3SiYCOZEtE
MeCN, rt, 15 min ! " i
' MeO = :

131 o 143a ¥ H
- 85% ! 374 N 373

Scheme 161: Phenoxide-mediated C—H bond activation of acetonitrile

Therefore, reactions with acetonitrile were attempted in a similar manner to the experiments
using acetophenone as a pro-nucleophile (Table 66). Imines and aldehydes were used
initially as electrophiles in the 1,2-addition reaction. A similar reactivity pattern to the aldol
reactions was observed in these experiments. The 1,2-adducts 143 were the desired products.
However, these could undergo a dehydration or dehydroamination reaction to yield
substituted acrylonitrile 375, which could subsequently be attacked by another equivalent of
the acetonitrile anion to give 1,3-dicyanoakane 376. By using different electrophiles and

solvents, the ratio of these products was attempted to be optimised.
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Table 66: 1,2-additions of acetonitrile to aldehydes and imines

CN

.H
X
CDP (x mol%)
NC._H NC\)\Ph + NC\?\Ph + NC\HiPh

solvent. 25 °C, 20 h H

131 X .
PR (1.0 equiv) 143 375 376
Ph” "H
83a, 56a, 61

Entry X Solvent x (mol%)  Overall 143:375:376

Conv (%)™  Conv (%)™
1 0] PhMe 5 7 0:5:2
2 NPh  PhMe 5 NR! -
3 0] MeCN (>50 equiv) 10 35 26:5:4
4 NPh MeCN (>50 equiv) 10 62 52:0:10
5 NTs MeCN (>50 equiv) 10 9 9:0:0

[ The conversion was determined by *H NMR spectroscopy of a reaction aliquot without internal
standard. ! NR = no reaction; the desired product was not detectable, only starting materials were
detected (*H NMR analysis of a reaction aliquot).

First, the reactions using benzaldehyde or the N-Ph-protected benzaldimine as electrophiles
were carried out in toluene (entries 1 and 2). In the case of benzaldehyde, a low conversion
was observed with a slight preference for the formation of the dehydration side-product 375.
The reaction with the imine did not proceed at all; only starting materials were recovered.
Acetonitrile is a popular organic solvent as it is more volatile than most other polar aprotic
solvents. Thus, reactions were attempted using acetonitrile as both the solvent and pro-
nucleophile (>50 equiv relative to the electrophile; entries 3-5). Furthermore, the catalyst
loading was increased to 10 mol%. The reaction with benzaldehyde gave a much higher
conversion and turnover of the catalyst was achieved (TON > 3, entry 3). However, further
reactions of product 143 could not be suppressed entirely, and substantial amounts of both
side-products were observed. As imines had previously shown an improvement in the
selectivity in the reactions with acetophenone, these were used as alternative electrophiles
(entries 4 and 5). Surprisingly, the reaction with N-Ph-benzaldimine gave a substantially
higher conversion and a higher selectivity for product 143. The reaction with N-Ts-protected
benzaldimine gave exclusive formation of product 143, although the conversion was only
9%.

The reaction with the N-Ph-protected imine showed that the 1,2-adduct could be formed
selectively by using CDP as the catalyst. Further reactions of the product could not be

suppressed entirely, but 376 appeared to be the only side-product in this reaction. This means
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that the elimination product 375 also reacted quickly with the in situ generated acetonitrile

anion.

Before investigating the Michael addition of acetonitrile, other alkylnitriles were examined
in the 1,2-addition. Propionitrile has a higher pK, value (32.5, DMSO)®"! than acetonitrile,
due to the methyl group in a-position. By replacing the methyl with a phenyl group instead,
the pK, value is lowered to 22 (DMSO0).B" Both pro-nucleophiles were tested for their ability
to react with aldehydes and imines (Table 67). Toluene was used as the solvent because

these pro-nucleophiles are less commonly used as organic solvents.

Table 67: 1,2-addition of substituted acetonitrile with electrophiles

CDP (x mol%) X" Ry N
NC H ° NC
NC ZPh NC
l/ PhMe, 25 °C, 20 h \H\Ph * \Fr o Ph
X R H
123a: R = Me
377: R=Ph Ph)J\H 378 379 380
(1.2 equiv) 83a, 56a, 61
Entry R X x (mol%) Overall Conv (%) 378:379:380 Conv (%)™
1 Me 0 5 NRE! -
2 Me NPh 5 NRE! -
3 Ph o) 10 95 0:95:0
4 Ph NPh 10 64 17:40:7
5 Ph NTs 10 96 0:96:0

[ The conversion was determined by *H NMR spectroscopy of a reaction aliquot without internal
standard. ' NR = no reaction; the desired product was not detectable, only starting materials were
detected (*H NMR analysis of a reaction aliquot).

No reactivity was observed when using propionitrile in the reaction with benzaldehyde or N-
Ph-benzaldimine (entries 1 and 2). As this pro-nucleophile is more difficult to activate, lower
conversions were expected. Benzylnitrile, in turn, was easier to activate due to the
significantly increased acidity of the a-hydrogen. In the reaction with all three electrophiles,
high conversions but very low selectivities for the desired product 378 were observed
(entries 3-5). This may arise from the highly acidic proton in product 378, leading to a facile
elimination reaction producing 379 in high yields. In the absence of further pro-nucleophile,
the reaction essentially stopped after the elimination. When the reaction had not gone to
completion and pro-nucleophile was present when the alkene formed, this was also a suitable

electrophile for the Michael addition and product 380 formed as well.

Overall, the activation of alkylnitriles provided promising results, but the selectivity in

reactions with aldehydes and aldimines remained a challenge.
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3.3.6.3 MeCN - 1,4-Additions

The addition of alkylnitriles to Michael acceptors is much less investigated and only one
example is known in the literature. The Kobayashi group developed a Brgnsted base-
catalysed process, in which propionitrile was added to a,p-unsaturated amides in a
diastereoselective fashion (Scheme 45, p 42).Y Furthermore, the use of a chiral ligand for
the employed potassium amide catalyst resulted in the enantioselective 1,4-addition with an
optical purity of up to 65% (Scheme 162). It is worth noting that the reaction using

acetonitrile resulted in a ‘messy’ reaction mixture, and did not yield the desired 1,4 adduct.

KHMDS (5 mol%) R® O
L* (2.8 mol% NC._~
NCXH ( o) Y\l)LNM e
R2 R! PhMe, -78 °C, 18 h R?R' H
0
123 124
(4.0 equiv) R3/\)J\NR2 11 examples
118 48-99% vyield
33-70% ee

R', R2= Me, H or Me, Me or Et, H
RS = Ar, HetAr, Cy

Scheme 162: BB-catalysed activation of alylnitriles in Michael additions

We decided to examine the CDP as a metal-free catalyst, which may address this gap in
synthetic methodology. Different Michael acceptors, such as a,p-unsaturated aldehydes,
ketones and amides, were selected for the reaction with acetonitrile (Table 68). In line with
the previous results suggesting a higher reactivity using a large excess of the pro-
nucleophile, reactions were carried out in acetonitrile as the solvent. This choice also
simplified the *"H NMR spectroscopic analysis as only one solvent signal was present. In
order to quantify the results reliably, dibenzyl ether (DBE) was added as an internal standard
after the specified reaction time. For '"H NMR spectroscopic interpretation, the overlapping

C—H signals of the a- and y-positions of the 1,4 adduct were integrated (3 = 2.9 ppm, 4H).
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Table 68: Michael additions of acetonitrile

CDP (10 mol%) R O
NC. _H NC._Y o
\ X
MeCN, 25 °C, 20 h AT
131 o
L 383-387
R X
oe.......370,381,382,368,118b .
o 0 0
SN T \)J\Ph PhWPh
370 381 382
olal ofbl ofb!
NC NC

o)
Ph NPh,

H H
386 387b
30% 70%

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ™ 1,2-addition product observed (*H NMR analysis of a reaction aliquot). ™
polymerisation observed (*H NMR analysis of a reaction aliquot).

The reaction with cinnamaldehyde (370) showed no formation of the expected product, but
instead gave rise to a different compound that was assumed to be the 1,2-adduct. Different
ketones were then tested in this reaction. Both vinyl phenyl ketone (381) and dibenzylidene
acetone (382) gave rise to broad signals in 'H NMR spectroscopy, suggesting
polymerisation, and no formation of the product. In contrast, the reaction with chalcone
(368) proceeded, but the yield was only 30% after 20 h. Finally, the N,N-diphenyl-3-
phenylacrylamide (118b) gave a promising yield of 70% for product 387b. Interestingly, this
substrate is very similar to the substrate used by the Kobayashi group.

Since less reactive Michael acceptors proved to be most suitable in the 1,4-addition of
acetonitrile, similar electrophiles were screened next under otherwise unchanged conditions
(Table 69).

183



Table 69: Electrophile screening for the Michael addition of acetonitrile

NC. H  CDP (10 mol%)

~~ NC R
131 MeCN, 25 °C, 20 h V\l/

H
\/R
394-400
388-393, 356
i i i \/\)CJ)\
NC NC NC
\/\)J\OMe \/\)J\OEt NC\/\)J\ofsu Onap
394a 394b 394c 394d
9 lal 129,[a] 48%!@] 8o,lal
Q o
= X (6]
Ph
389 390 391 392 393 356
0%lel 0%lal 0%lal 0%lel NRIb] NRIb]

The yield was determined by *H NMR spectroscopy of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ™ Broad *H NMR signals were observed due to polymerisation of the starting
material. ™ NR = no reaction; the desired product was not detectable, only starting materials were
detected ("H NMR analysis of a reaction aliquot). nap = 2-naphthyl.

Michael esters were expected to be slightly more reactive than amides, but are not known to
undergo side-reactions such as the 1,2-addition, as seen with cinnamaldehyde.
Unfortunately, none of the employed esters, including the alkynyl substrate, gave yields that
were comparable with those obtained in the reaction with the Michael amide. In all cases,
broad 'H NMR signals were observed, suggesting polymerisation of the o,B-unsaturated
esters. Similar results were obtained when using N-protected maleimide 390, nitrostyrene
391 or acrylonitrile 392. Indeed, when reacting these Michael acceptors with 10 mol% of
CDP, decomposition of the starting material was observed by 'H NMR analysis even in the
absence of the pro-nucleophile. This background reaction suggested an attack of the CDP to
the Michael acceptors leading to subsequent reactions with further equivalents of the
Michael acceptor resulting in oligomeric or polymeric structures. On the other end of the
spectrum, unactivated multiple bonds were also tested under these conditions. Both styrene
393 and diphenyl acetylene 356 showed no reactivity even when heating the reaction

mixtures to 80 °C.
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As o,p-unsaturated amides have been shown to be the most suitable electrophiles under mild
reaction conditions, solvent screenings were performed for this class of substrates to
decrease the equivalents of pro-nucleophile used. Despite the reaction resulting in a high
yield when conducted in acetonitrile, its application may be limited when the pro-
nucleophile is the limiting reagent. Reactions between acetonitrile (2.0 equiv) and the
previously used Michael amide 118b were carried out in THF, toluene, and dioxane (Table
70).

Table 70: Solvent screening for the Michael addition of acetonitrile |

CDP (5 mol%) RQ

mo
NC._H ° NC\)\l/U\NPh

2
solvent, 25 °C, 20 h H

131 Q 387b

(2.0 equiv)
Ph/\)J\NPhQ

118b

Entry  Solvent (€) Yield (96)%

1 MeCN (37.5) 70
2 THF (7.5) NR!
3 PhMe (2.4) NRE!
4 dioxane (2.3) NRE!

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ™! NR = no reaction; the desired product was not detectable, only starting
materials were detected ("H NMR analysis of a reaction aliquot).

No reactivity was observed under these conditions (entries 2-4). One reason for this lack of
reactivity could be the decreased substrate concentration that led to a slow equilibration
when forming the acetonitrile anion. Alternatively, the low polarity of the employed solvents
compared with acetonitrile could destabilise the charged intermediates. Another reason could
be the low reactivity of the chosen substrate, as the -substitution may substantially increase
the steric hindrance. Therefore, unsubstituted acrylamide 118d was chosen as the

electrophile and reactions were carried out in a range of more polar solvents (Table 71).
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Table 71: Solvent screening for the Michael addition of acetonitrile I
CDP (5 mol%) ROQ
mol™
NC
solvent, 25 °C, 20 h

131 Ho Lo

NC

(x equiv) Q 387d
\)J\N/\
(o]
118d

Entry  Solvent (€) x (equiv)  Yield (%)%
1 MeCN (37.5) 40 86
2 PC (65.5) 2 8
3 DMF (36.7) 2 39
4 NMP (32.2) 2 23
5 PhCN (26.0) 2 NRE!
6 THF / MeCN 20 70
7 DMF / MeCN™ 20 77

[ The yield was determined by "H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting materials
were detected (*H NMR analysis of a reaction aliquot). [! Solvent:MeCN = 1:1.

First, the reaction with this Michael acceptor was performed in acetonitrile to provide a
benchmark vyield for the solvent screening (86%, entry 1). Propylene carbonate (PC) was
chosen as a solvent with a higher polarity than acetonitrile, but the observed yield was low
(8%, entry 2). Both DMF and N-methyl-pyrrolidone (NMP) have a similar polarity to
acetonitrile and contain an amide functional group that may be able to stabilise highly polar
reaction intermediates. The use of these solvents resulted in higher yields for product 387d
than in the case of propylene carbonate, but could not compete with the result in acetonitrile
alone (entries 3 and 4). Like acetonitrile, benzonitrile (PhCN) contains a nitrile functional
group, but due to the lack of a-hydrogens, it cannot be activated itself. However, its polarity
is rather low and no reaction was observed (entry 5). As some of these solvents were at least
tolerated in this reaction, it was anticipated that a solvent mixture may be used in order to
decrease the equivalents of pro-nucleophile. When using a 1:1 mixture of acetonitrile with
THF or DMF, similar yields were observed to the reaction in pure acetonitrile (entries 6 and
7). This method allowed to decrease the amount of pro-nucleophile used by 50%, while

maintaining a comparable yield.

As both pure acetonitrile and the binary solvent system with DMF were suitable conditions
for this reaction, temperature screens were performed both solvent systems using Michael
acceptor 118b (Table 72).
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Table 72: Temperature screening for the Michael addition of acetonitrile |

CDP (5 mol%) Ph O
NC. _H NC
solvent, T, 20 h NPh;
131 0 H
(x equiv) Ph/\)J\Nphz 387b
118b
Entry  Solvent x (equiv) T (°C) Yield (%)™
1! MeCN 40 25 70
2 MeCN 40 40 60
3 MeCN 40 60 52
4 MeCN 40 80 78
5 DMF / MeCN! 20 25 39
6 DMF / MeCN! 20 40 50
7 DMF / MeCN! 20 60 42
8 DMF / MeCN! 20 80 52

[ The yield was determined by "H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ™ Reaction carried out using 10 mol% catalyst loading. [ DMF:MeCN = 1:1.

It was found that increasing the temperature to 40-80 °C did not significantly increase the
reactivity in pure acetonitrile. The use of the solvent mixture showed a substantially lower
reactivity of this electrophile compared to the unsubstituted Michael acceptor 118d (entry 5).
Increasing the temperature in this case did generally increase the reactivity but only yields of

up to 52% were observed (entry 8).

In order to verify these results, another temperature screening was carried out with the more
reactive Michael acceptor 118d in DMF or THF using only 2.0 equiv acetonitrile (Table 73).

Table 73: Temperature screening in DMF and THF

CDP (5 mol%) Q
NC\V/H NC\’/\W/M\N
solvent, T, 20 h O
131 o H 0
(2.0 equiv) 387d
\)J\N/\

L_d

118d

Entry Solvent T (°C)  Yield (%)™

1 DMF 25 39
2 DMF 60 47
3 DMF 80 44
4 THF 60 4
5 THF 80 25

[ The yield was determined by *H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%).
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This screening showed a moderate improvement of reactivity in DMF when performing the
reaction at 60-80 °C (entries 2 and 3) compared to the reaction at room temperature (entry
1). Interestingly, reactivity was also observed at elevated temperatures in THF, which had
previously been proven to be an unsuitable solvent at room temperature (entries 4 and 5).
Overall, changing the temperature does not have a substantial effect on the reactivity and as
the reaction proceeded at room temperature when conducted in acetonitrile, the use of the

pro-nucleophile as the solvent was considered the most convenient.

Other organobases were also tested as catalysts in the reaction between acetonitrile and
Michael amides. Verkade and Schwesinger organosuperbases were screened under identical
conditions to the CDP-catalysed reactions (Table 74).

Table 74: Catalyst screening for the 1,4-addition of acetonitrile to Michael amides
NG H cat (5 mol%)
~ ) NC\/\l)J\N/\
MeCN, 25 °C, 20 h K/
131 o H 0
\)J\N/\ 387d

o)
118d

Entry Cat Yield (%)®

1 CDP 86
2 102a (Me) NR!
3 102a (pyrr) NRI!
4 103b 62
5 103a 68
6 104 22
7 105a (Me) 66
8 105b ('Pr) 86
9 105¢ (‘Bu) 46
10 NaHMDS 13[4

Me 2 f 3 3
EI\ NM —II}DII/R/P(NMez)e, (MeN)3Py E/BiP(NMez)s R\N/P\'\\II\L/I;
RN T i \
“P(NMey)s N
102 103 104 105
Me-P, (R") R2-P, Bu-P, R3verkade
Schwesinger Schwesinger Schwesinger

[ The yield was determined by *H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting materials
were detected ("H NMR analysis of a reaction aliquot). [ Mass balance = 13%.
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Neither of the P; Schwesinger bases 102 was able to catalyse the reaction between 131 and
118d (entries 2 and 3). However, P, Schwesinger bases 103 gave product 387d in 62—68%
yield (entries 4 and 5). The strongest Schwesinger P, base did not show a comparable
reactivity and gave product 387d in only 22% vyield (entry 6). Also the Verkade bases 105
were able to catalyse the conjugate addition giving 387d in 46-86% vyield (entries 7-9).
Although some of these catalysts were highly active in the Michael addition, their general
potential in catalysis has already been demonstrated, so the CDP-catalysed reactions were
investigated further. When NaHMDS was used for comparison, a low yield and a low mass
balance was observed (entry 10). This observation confirmed the results obtained by
Kobayashi, where a ‘messy’ reaction mixture was described in the Michael addition of
acetonitrile (Scheme 162, p 182).

Finally, the electrophile scope of this reaction was investigated using the optimised
conditions (Table 75).

Table 75: Electrophile scope for the addition of acetonitrile to acrylamides

CDP (10 mol%) " R0
NG _H A
MeCN, 25 °C, 20 h
131 o H
/\)J\ 387
RN NR,
________________________________________ M8 ..
0 o o) o
N NC N _OM
C\/\l)kNMez V\HJ\N/\ CV\l)\N oMe A
| NH2
H H K/o H Me
387c 387d 387e 118f
>99% 86% 99% o]
79% isolated 80% isolated 72% isolated 0
Ph O Ph O o)
NC NC NC
AP WA S e,
H H H Me
387a 387b 387g
89% (80°C, 5 mol%) 90% 91% (80°C, 5 mol%)
77% isolated 88% isolated 73% isolated

The yields were determined by *H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ! Broad *H NMR signals are observed due to polymerisation of the starting material
(*H NMR analysis of a reaction aliquot).

The unsubstituted acrylamides, as well as the Weinreb amide showed good reactivities
towards the addition of acetonitrile and products 387c-e were formed in good yields. The

unprotected acrylamide 118f did not give any product due to the polymerisation of the

189



starting material as suggested by *H NMR spectroscopy. The p-substituted amide products
387a and 387b could be obtained in high yields but more forcing conditions had to be used
in the case of N,N-dimethyl acrylamide (118a), which did not show any reactivity under mild
reaction conditions. Indeed, prolonged reaction times or heating (96 h at 40 °C or 20 h at
80 °C) were required to obtain the desired reactivity of this compound. For the a-methyl
substituted N,N-diphenyl substrate, similar forcing conditions were required as its reactivity
at room temperature was very low. After 20 h at 80 °C, excellent yields for product 387g
were obtained. Interestingly, no side-reactions or decomposition were observed when

heating these substrates.

In order to investigate the catalytic cycle for this reaction, **P NMR spectroscopy was used
as a simple tool to identify the nature of the catalyst before and after the reaction. To this
end, CDP and acetonitrile were reacted neat in a 1:1 molar ratio at different temperatures and
the *'P NMR spectrum was recorded after 20 h (Scheme 163).

H

25-80 °C, 20 h
NCH PP PPH, & NClo Ph3P%PPh3
131 259 401
3P NMR: §=-4.2 ppm 5=21.3 ppm

Scheme 163: Stoichiometric reaction of acetonitrile with CDP

The catalyst’s P NMR signal at § = —4.2 ppm remained the major signal in this reaction
even at elevated temperatures. However, a second signal at 6 = 21.3 ppm was observed,
which increased with increasing temperature, suggesting the formation of an ion pair
between the acetonitrile anion and the protonated CDP, a delocalised phosphonium species
(401). These results were confirmed by analysing the *P NMR spectra of reaction aliquots,
where the only observed signals were either the unchanged CDP or its protonated form at 6 =
21.3 ppm. The coexistence of the protonated and the original form of the catalyst suggested a
slow deprotonation or a fast equilibrium between the two species. The in situ generated
acetonitrile anion was then assumed to undergo a conjugate addition to the Michael acceptor
leading to a basic enolate intermediate, the so-called product base (Scheme 164). This
species had the choice to deprotonate either the catalyst’s conjugate acid or the pro-

nucleophile directly in order to close the catalytic cycle and form the observed product.
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H
PhsP” “PPh,
®

Scheme 164: Product base mechanisms

In summary, the first example of a 1,4-addition of acetonitrile to a variety of Michael
acceptors has been developed. Furthermore, to the best of our knowledge the first catalytic
use of a carbodiphosphorane has been demonstrated in this reaction, exploiting the catalyst’s
high Brgnsted basicity together with its steric hindrance that prevents side-reactions in a very
efficient manner.

3.3.6.4 EtCN - 1,4-Additions

To explore the scope of the CDP-catalysed 1,4-addition of alkylnitriles to acrylamides,
substituted alkylInitriles were examined in this reaction with different electrophiles. As not all
pro-nucleophiles are as readily available as acetonitrile, reactions were carried out in other
solvents first. The CDP-triggered reaction of propionitrile in toluene or THF showed no

activity for Michael aldehydes, ketones or amides.

In order to improve the reactivity of propionitrile, the reaction with unsubstituted acrylamide

118d was performed in different solvents at various temperatures (Table 76).
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Table 76: Solvent screening for the Michael addition of propionitrile

(@]
CDP (y mol%)
NCYH NCY\l)J\N/\
Me solvent, T, 20 h Me H K/O
123a (0] 124d
(x equiv) \)J\N/\
L_o
118d
Entry  Solvent (€) x (equiv) ymol% T (°C) Yield (%)™
1 DMF (36.7) 2.0 5 25 13
2 PhCN (26.0) 2.0 5 25-80 NRP!
3 THF (7.5) 2.0 10 25-40 NRE!
4 Et,0 (4.3) 2.0 10 25-40 NRE!
5 PhMe (2.4) 2.0 10 25-40 NRE!
6 EtCN (27.7) 30 5 25 82
7 DMF/EtCN® 15 5 25 52

[ The yield was determined by "H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting materials
were detected ("H NMR analysis of a reaction aliquot). /) DMF:EtCN = 1:1.

The reaction of propionitrile (123a, 2.0 equiv) with electrophile 118d did proceed in 13%
yield when performed in a highly polar aprotic solvent such as DMF (entry 1). Solvents with
a lower polarity did not prove to be suitable for this reaction and the product was not
obtained in benzonitrile, THF, diethyl ether, or toluene (entries 2-5). To mimic the reaction
conditions of acetonitrile, the reaction was performed in propionitrile as the solvent (ca. 30
equiv) and the product yield increased to 82% (entry 6). As both DMF and EtCN proved to
be suitable solvents in this reaction, a 1:1 solvent mixture was also used, giving a yield of
52% (entry 7).

Under otherwise identical conditions, both solvent systems were then subjected to a
temperature screening under otherwise identical conditions between 25 and 80 °C (Table
77).
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Table 77: Temperature screening for the Michael addition of propionitrile

NCYH CDP (5 mol%) NC\(\l)J\N/\
EtCN, T, 20 h

Me
(0]

(X1 ezqsuaiv) \)J\N/\ 124d
L_o

118d

Entry  Solvent x (equiv) T (°C) Yield (%)

1 EtCN 30 25 82
2 EtCN 30 40 79
3 EtCN 30 60 60
4 EtCN 30 80 17
5 DMF / EtCN® 15 25 52
6 DMF / EtCN®! 15 40 68
7 DMF / EtCNP®! 15 60 44
8 DMF / EtCNP®! 15 80 83

[ The yield was determined by "H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%). ™ DMF:EtCN = 1:1.

Like in the case of acetonitrile, the increase of temperature did not result in a significant
improvement of the yield when using the pro-nucleophile as the solvent (entries 1-4). Indeed,
the best result was obtained for the mildest conditions (entry 1). For the solvent mixture
containing DMF, the increase of the reaction temperature did not give conclusive results
(entries 5-8). Here, the best result was obtained at 80 °C (83%, entry 8), but a general
correlation between temperature and yield could not be observed. Therefore, reaction
conditions at 25 °C using 30 equivalents of the pro-nucleophile as the solvent were chosen as
optimised reaction conditions for the electrophile scope (Table 78). For all three
unsubstituted acrylamides, the reaction proceeded to give good to excellent yields for the
corresponding Michael adducts. Due to the a-substitution of the pro-nucleophile, these
reactions formed chiral products with one stereogenic centre in a-position to the cyano

group.
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Table 78: Electrophile scope for the reaction with propionitrile

1
CDP (5 mol%) RTO
NCY > NCNX
Ve EtCN, 25 c,ozoh PR
123a 124
R1/\)J\X
R2
118

124d 124e
93% 99%
90% isolated 61% isolated
Ph O o
NC NC
e e
Me H Me H Me
124b 1249
39%!®! 43%!"!
dr=1.1:1 dr=1:1

The yield was determined by "H NMR analysis of a reaction aliquot; internal standard: dibenzyl ether
(25 mol%). ! Reaction performed at 60—80 °C.

When substituted acrylamides were used in this reaction, the products contained two
stereogenic centres, leading to diastereocisomers. These centres were vicinal in product 124b
and in a 1,3-relationship in product 124g. Like in the case of acetonitrile, these products
could not be obtained in high yields using the developed mild conditions, but heating to 60—
80 °C resulted in acceptable yields for these substrates. However, the diastereoselectivity for
both products 124b and 124g was poor and 1:1 mixtures of products were formed. A change
of solvent was considered the most effective way to improve the selectivity of the reaction.
However, the solvent screening had shown a low tolerance of solvents other than the pro-
nucleophile for this reaction. Therefore, no alternative method could be developed at this

stage.

Overall, the activation of propionitrile was achieved using a CDP catalyst. In contrast to the
literature, this transformation constitutes the first organocatalytic 1,4-addition of
propionitrile to Michael acceptors. However, both reactivity and diastereoselectivity present

limitations for this new catalytic activity.
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3.3.6.5 BNCN - 1,4-Additons

As previously discussed, phenyl acetonitrile is up to 10 orders of magnitude more acidic than
[37]

the alkylnitriles, as suggested by its pK, value of 22 (DMSO)."" It is therefore not surprising

that reactions with Michael acceptors were catalysed by CDP under mild reaction conditions
in toluene (Table 79).

Table 79: Michael addition of benzylnitrile to Michael acceptors

CDP (10 mol%) Ph O

NC H NC

T PhMe, 25 °C, 20 h X
Ph Ph H

377
(1.2 equiv) Ph/\)J\X 402-404

370, 368, 118b

Ph O Ph O Ph O
NC NC NC
NH Nph NNth
Ph H Ph H Ph H
402 403 404b
o vietqld 54% yield 97% yield
20% yield dr=1.7:1 dr=1.4:1
dr =nd

@ The yield was determined by 'H NMR spectroscopy of a reaction aliquot; internal standard:
dibenzyl ether (25 mol%). ! NR = no reaction; the desired product was not detectable, only starting
materials were detected (*H NMR analysis of a reaction aliquot). [ 1,2-addition product also
observed.

Both the Michael aldehyde and ketone gave poor to modest yields and resulted in a mixture
of diastereoisomers with poor selectivity (entries 1 and 2). In the case of cinnamaldehyde,
the 1,2-addition product was also observed in the reaction aliquot. The reaction with the
Michael amide resulted in complete conversion to the desired product albeit with a low
diastereoselectivity (1.4, entry 3). In order to improve this selectivity, a solvent screening

was performed (Table 80).
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Table 80: Solvent screening for the Michael addition of benzylnitrile |

NC H CDP (5 mol%) NG eh 0
NPh,
Ph solvent, 25 °C, 20 h Ph  H
0
377 404b
(1.2 equiv) Ph/VJ\Nth
118b
Entry  Solvent (€) Yield (%)  syn:anti
1 PhMe (2.4) 97 1:1.4
2 dioxane (2.3) 99 1:1.3
3 THF (7.5) 53 1:1.2
4 DMF (36.7) 99 1:1.4

[ The yield was determined by "H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%).

The reactions proceeded in toluene, dioxane and DMF in excellent yields (entries 1, 2 and 4).
In THF, only a moderate yield was observed (entry 3). However, none of the more
coordinating solvents was able to improve the diastereoselectivity of this reaction where the
two stereogenic centres are in vicinal positions.

When an o-substituted acrylamide was used, the diastereoselectivity occurred in different
positions. Again, a solvent screening was conducted to monitor the selectivities in different
solvents (Table 81).

Table 81: Solvent screening for the Michael addition of benzylnitrile Il

NC H CDP (10 mol%) NG Q
. NPh,
Ph solvent, 25 °C, 20 h bh H Me
377 0
(1.2 equiv) 404g
NPh,
Me
1189

Entry  Solvent (€) Yield (%) syn:anti

1 PhMe (2.4) 95 1:1.4
2 dioxane (2.3) 81 1:2.3
3 DMF (36.7) 62 1:14

[ The yield was determined by *H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%).

While the reaction yields were again moderate to excellent, the diastereoselectivities did not

give satisfactory results. Despite a slightly improved selectivity for the reaction in dioxane
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(entry 2), neither toluene nor DMF showed a significant diastereodifferentiation (entries 1
and 3).

The methyl-substituted analogue of benzyl nitrile, a-methyl benzylnitrile, was used as
another synthetically interesting pro-nucleophile in this reaction. This substrate was
particularly interesting because of its single acidic proton that, upon C—H activation and
subsequent C-C bond formation, would give rise to a all-carbon quaternary stereogenic
centre. The scope of benzylnitrile (377) and a-methyl benzylnitrile (405) was investigated in

the same manner as before in toluene with different acrylamides (Table 82).

Table 82: Scope for the Michael addition of benzylnitriles

1
CDP (5 mol%) RO
NC>|/H NC
X
R o
Ph PhMe, 25 %ZOh Me ph H R2
377:R=H 1 404, 406
405: R = Me R' ™y °X
(1.2 equiv) R?
118
NC i NC i o) oo i
e ~ N N
Lol NMe; I N Me c NMe, c NMe,
Me Ph H Ph HMe
404c 404e
s st
79% isoated 88% isolated dr e 11 dr e 11
0 o 0 Ph O
NC NC NC O.

Ph H Ph H bo Ph H Me € oh H
406¢ 406d 406e 406b
97%!e] 99%e] 97%!e] 998l

()
dr~1:1

@ The yield was determined by 'H NMR analysis of a reaction aliquot; internal standard: dibenzyl
ether (25 mol%).

The scope showed the facile formation of highly substituted products 404. Products 404c and
404e were chosen to be isolated for proof of principle. Due to the poor diastereoselectivity
when using substituted acrylamides, this process proved to be limited to unsubstituted
acrylamides. Substituted benzylnitrile 405 showed similar reactivity and products 406 were
obtained in excellent yields. However, as shown for substrate 377, a 1:1 mixture of

diastereoisomers was obtained for substituted acrylamides.

To expand the scope of this newly developed C—C bond-forming methodology, different

substitution patterns at the a-carbon centre of acetonitrile were of interest. Initial results
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using halogenated acetonitriles (X = ClI, Br) showed no reactivity, but due to time constraints
this class of compounds was not investigated in depth. Among these compounds,
fluoroacetonitrile is of particular interest, which has not been used in preliminary studies yet.
Here, the formation of a fluorinated amide product 408 may be interesting in the area of
pharmaceutically active compounds, while the method avoids the use of expensive

electrophilic fluorine (‘F*”) sources (Scheme 165).

0
NC_H CDhPcat . Nc
h NR,
F O F H
407 \)J\NRZ 408

Scheme 165: Fluorinated alkylnitriles in Michael additions

Due to the highly diverse nature of the nitrile functional group, further modifications may
open pathways for the selective formation of fluorinated compounds ranging from carboxylic
acid derivatives (hydrolysis) to aldehydes or amines (reduction), as well as cyclisation

products.

Further commercially pro-nucleophiles that have not been studied in this project include allyl
cyanide 410 and adiponitrile 409 (Figure 25).

NC._H
NC._H
1
H™ "CN
409 410

Figure 25: Alternative pronucleophiles

The dinitrile substrate may potentially show interesting reactivity, because the double
addition to two equivalents of acrylamides would be possible. In the case of the allylic
substrate, both a- and y-additions are possible and a selective process would lead to highly

functionalised products.
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3.4 Conclusions and Future Work
Carbodiphosphoranes are a promising class of reagents for organic synthesis and catalysis.
Their ease of preparation and good stability to anhydrous conditions offered a variety of
applications in catalysis. The synthesised carbodiphosphorane has been shown to coordinate
to BH; showing chemical shift of —22 ppm in B NMR spectroscopy, thereby proving its
Lewis basicity. More sterically demanding boron Lewis acids showed little or no reactivity
with the C(0), which suggests a frustrated Lewis pair character. Further work regarding the
deprotonation of the pyridyl-substituted carbodiphosphorane is required prior to its use in
metal complexation and binding studies (Scheme 166). Cyclic carbones could also be
prepared and used for the formation of metal complexes, as CDPs are calculated to be the

most basic class of carbodiphosphoranes.

. Ph>_N iPr Ph,

('Pf)zN/.P_ \P.\\N PhaPs P AN

i PLINS

(PrpN” YN N
Pr

Scheme 166: Different CDPs

Protonated CDP—H" with only one lone pair of electrons could also be studied with respect
to metal complex formation and boron binding. Indeed, the CDP—H" has been successfully
used as a ligand for a variety of transition metals [Au(l),™*" Ag(1),12%% Fe(111),""): Scheme
167].

o ® o
PhsR. ~ OTF  Aucitht) PhR 4 ~OT
H —— 90%
AuCl 0
Ph3P® DCM, rt, 2 h Ph3P® o
3P = 20.6 ppm 31p =22.1 ppm

Scheme 167: Auration of CDP-H" Ligand

The metal complexes of this compound could then be deprotonated in situ in order to achieve
dual catalysis, which was not achieved directly, yet. Therefore, such complexes can be
regarded as ‘protected’ metallated CDPs, where the second lone pair on the carbon centre

can be activated when required.

Initial experiments in the field of FLP catalysis showed that the activation of CO, is facile,
while further reactions with electrophiles did not show the desired reactivity. A variety of
metal complexes have also been prepared using the CDP as a ligand to the metal centre.
These complexes have been shown to be unstable in protic solvents and display a low

solubility in apolar solvents.
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In the field of FLP catalysis, different boron Lewis acids can be used to activate carbon
dioxide. The used electrophiles can also be varied, giving rise to a wider substrate scope.
One example of using FLP catalysis would be the use of the CDP-BH; complex as a
reducing agent. NHC-BH; complexes are known to reduce aldehydes, aldimines and ketones
in the presence of Lewis acids.'™® The reduction of CO, to MeOH using a CDP-BH;
complex would be of interest in the field of ‘carbon capturing’ (Scheme 168). Here, the CDP
acts as a nucleophile to form an intermediary reactive ate complex with the borane, which
could then reduce the LA-activated CO; in order to form methanol and water as the final

products.
/TN ® © 0,lA® @ o-LA OH
o *+ BH3'SM82 _ co—BH2 I} co_BHz 1 T
(o3 A \\_IC —_— /C\
1 H™N H 1 H
(0] (0] hydrol. H

Scheme 168: FLP catalytic Reduction of CO,

When reacted with different electrophiles, the CDP did not show any nucleophilic attack
towards aldehydes or imines, even at elevated temperatures. This lack of reactivity
demonstrated that reactivity may be limited to certain electrophiles, but at the same time

side-reactions may be avoided and high substrate selectivity may be achieved.

The use of CDP as a Brgnsted base, however, was more successful. CDPs have been shown
to deprotonate a-carbonyl C—H bonds, which was used in the catalytic aldol, Mannich or
Michael addition, albeit with low selectivities. The catalytic activation of acetonitrile was
then demonstrated in the reaction with aldehydes and imines and was finally optimised for
Michael amides (Scheme 169). The scope for other alkylnitriles showed applicability to alkyl
and phenyl-substituted alkylnitriles.

CDP (5 mol%) NC.__R!

NC H O
\rg 0 RZT\HLN(R%
RZ/\)J\N(RS)Z

H

Scheme 169: 1,4-addition of alkylnitriles to Michael amides

A diastereoselective variation of this reaction was not developed yet, but modification on the
catalyst, the use of a co-catalyst, or a different solvent could allow for a more selective 1,4-
addition. One field of applications include the use of halogenated alkylnitriles, which would
provide a useful alternative for the preparation of fluorinated amide products using BB

catalysis.
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Other pro-nucleophiles can also be screened in the catalytic BB activation using CDPs.
Examples for this include indene or indole substrates with a pK, ~ 20 (DMSO)®" as well as
more challenging substrates such as diphenylmethane, which could not be activated in the

first chapter using a metal-base approach (Figure 26).

H

& of o

Figure 26: Different Acidic Substrates for BB Catalysis

In order to stabilise the intermediates formed in this reaction, it might be necessary to use the
CDP as a ligand to a metal centre that can then be used to form a complex with the generated
anion. This combination would lead to new developments in the field of metal catalysis

using Brgnsted basic complexes, which would combine both strands of research.
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4 Experimental

4.1 General Experimental
'H NMR spectra were recorded on Bruker AVA400 (400 MHz), Bruker AVA500 (500
MHZz), Bruker PRO500 (500 MHz), or Bruker AVA600 (600 MHz) spectrometers. Chemical
shifts (8) are quoted in parts per million (ppm) downfield of tetramethylsilane, using TMS as
an internal standard (Si(CHz)4, 8 = 0.00 ppm). In the absence of TMS, deuterated solvents
were used as an internal standard (CDCl;, 6 = 7.26 ppm or C¢Ds, & = 7.16 ppm).
Abbreviations used in the description of resonances are: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet) and br (broad). Coupling constants (J) are quoted to the nearest 0.1
Hz. *C NMR spectra were recorded on Bruker AVA500 (125 MHz), or Bruker AVAG00
(150 MHz) spectrometers. Chemical shifts (§) are quoted in parts per million (ppm)
downfield of tetramethylsilane, using TMS as an internal standard (Si(CHz)4, 6 = 0.00 ppm).
In the absence of TMS, deuterated solvent was used as an internal standard (CDCls, 6 = 77.0
ppm or CeDg, & = 128.4 ppm). 'Li NMR spectra were recorded on Bruker AVA400 (155
MHz) or Bruker PRO500 (194 MHz) spectrometers. Chemical shifts (&) are quoted in parts
per million (ppm) downfield of lithium chloride without internal standard. **B NMR spectra
were recorded on Bruker AVA400 (128 MHz) or Bruker PRO500 (160 MHZz) spectrometers.
Chemical shifts () are quoted in parts per million (ppm) downfield of trifluoroborate
diethyletherate without internal standard. *F NMR spectra were recorded on Bruker
AVA400 (376 MHz) or Bruker PRO500 (470 MHz) spectrometers. Chemical shifts (5) are
guoted in parts per million (ppm) downfield of trichlorofluoromethane without internal
standard. Na NMR spectra were recorded on Bruker AVA400 (106 MHz) or Bruker
PROS500 (132 MHz) spectrometers. Chemical shifts (8) are quoted in parts per million (ppm)
downfield of sodium chloride without internal standard. **P NMR spectra were recorded on
Bruker AVA400 (162 MHz) or Bruker PRO500 (202 MHz) spectrometers. Chemical shifts
(d) are quoted in parts per million (ppm) downfield of phosphoric acid without internal
standard. Infra-red spectra were recorded on a Shimadzu IRAffinity-1 instrument on isolated
samples using the attenuated total reflectance sampling technique provided in the School of
Chemistry, The Univeristy of Edinburgh. High resolution mass spectra were recorded using
electrospray ionisation (ESI) or electron ionisation (El) techniques on a Finnigan MAT 900
XLT spectrometer in School of Chemistry, University of Edinburgh. Thin layer
chromatography (TLC) was performed on Merck DFAlufoilien 60F254 0.2 mm pre-coated
plates. Product spots were visualised by UV light at 254 nm. Preparative thin-layer

Chromatography (PTLC) was carried out on self-prepared plates prepared from Wakogel B-
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SF (particle size 45 um) from WAKO. Flash column chromatography was performed using
silica gel (Fisher Scientific 60 A particle size 40-63 um).

Unless otherwise stated, all reagents purchased from commercial suppliers were used
directly and all catalytic reactions were carried out in a nitrogen glovebox with oven—dried
glassware. All the solvents were stored in a nitrogen glove box over 4 A molecular sieves.
THF, toluene and diethyl ether were distilled over Na° with a benzophenone indicator and
stored over 4 A molecular sieves. Solvent dryness was analysed using a Carl-Fischer
apparatus. Allylbenzene 36 was commercially available (98%; Acros) and distilled prior to
use over CaH,. Substituted allyltoluene 147 (97%; Aldrich) and 148 (97%; Aldrich), as well
as allylanisole 149 (98%; Acros), trifluoromethyl allylbenzene 151 (95%; Aldrich) and
fluoro allylbenzene 146 (97%; Aldrich) were stored over 4 A molecular sieves. Perfluoro
allylbenzene 150 (97%; Alfa) was purchased from VWR and stored in a nitrogen glove box
over 4 A molecular sieves. Allyl trimethylsilane (136a; Sigma-Aldrich) and benzaldehyde
(83a; Sigma-Aldrich), were commercially available and stored in a nitrogen glove box over
4 A molecular sieves. Allyl boronic ester 15a was prepared and and purified by distillation
by another member of the group. Dry acetonitrile was obtained from the departmental
solvent supply and was stored without further purification in a nitrogen glove box over 4 A
molecular sieves. Propionitrile 123a (99%; Acros), phenylacetonitrile 377 (>98%; Alfa),
methyl-phenyl acetophenone 405 (96%; Sigma-Aldrich), as well as N,N-dimethyl acrylamide
118c (99%; Sigma-Aldrich) and 4-acrylo morpholine 118d (97%; Sigma-Aldrich) were

stored in a nitrogen glove box over 4 A molecular sieves.

The following catalysts were stored nitrogen glove box: potassium bis(trimethylsilyl)amide
(Aldrich,  95%), Sodium  bis(trimethylsilyl)amide ~ (Acros,  95%), lithium
bis(trimethylsilyl)amide (Aldrich, 97%), lithium 2,2,6,6-tetramethylpiperidide (Aldrich,
97%), lithium diisopropylamide (Aldrich, 97%) , sodium hydride (Aldrich, 95%),
magnesium bis(hexamethyldisilazide) (Aldrich, 97%), tris[N,N-bis(trimethylsilyl)amide]
gadolinium(I11) (Alfa, 98%), tris[N,N-bis(trimethylsilyl)amide] europium(lll) (Alfa, 98%),
tris[N,N-bis(trimethylsilyl)amide] cerium(l1l) (Alfa, 96%), 2,8,9-triisobutyl-2,5,8,9-tetraaza-
1-phosphabicyclo[3.3.3]Jundecane (105c; Aldrich, 97%), 2,8,9-triisopropyl-2,5,8,9-tetraaza-
1-phosphabicyclo[3,3,3]Jundecane  (105b;  Aldrich), 2,8,9-trimethyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3Jundecane (105a; Aldrich) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(178; Alfa, 99%). Potassium hydride (Aldrich, 30 wt% dispersion in mineral oil) was washed
with PE and pulverised to powder then dried and stored in a nitrogen glove box.
Phosphazene base P;-'Bu (102a; Aldrich, 97%), phosphazene base P;-'Bu-
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tris(tetramethylene) (102b; Aldrich, 97%), phosphazene base P.-'Bu (103b; Aldrich, 2.0 M
solution in THF), phosphazene base P,-Et (103a; Aldrich, 98%) and Phosphazene base P,-
'Bu solution (104; Aldrich, 0.8M solution in hexane) were stored in a freezer. Methyllithium
(Acros, 1.6M solution in diethyl ether) and n-butyllithium (Acros, 1.6M solution in hexane)
were stored in a fridge.

The following ligand were stored in a nitrogen glove box: [18]crown-6 (188; >99%, Alfa),
[DB18]crown-6 (189; >98%, Alfa), [15]crown-5 (187; 98%; Alfa), as well as chiral ‘Bu-
BOX ligand 176 (99%; Sigma-Aldrich) and carbene precursors IPr-HCI (183; 97%; Sigma-
Aldrich) and IMes-HCI (182; 97%; Sigma-Aldrich). Carbene ligands SIPr (231; 97%;
Sigma-Aldrich) and SIMes (241; 97%; Sigma-Aldrich) were stored in a freezer under
nitrogen atmosphere at —20 °C.
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4.2 Metal-Base Catalysis

42.1 General Methods

Preparation of Imines from Aldehydes and Anilines (GP-I)

R1
0 /©/ MgSO, N
H,N

I I

R? H 2 DCM, rt, 18 h R2 OH

N-Ar-protected aldimines were prepared using a literature reported method."” In a dried
flask under an Ar atmosphere, aniline (55.0 mmol) and benzaldehyde (60.0 mmol, 1.1 equiv)
were stirred for 1 h at rt (in the absence of a solvent for the liquid amines). After 1 h, DCM
(75 mL) and magnesium sulfate (10 g) were added and this mixture was stirred at rt for 15 h.
The mixture was then filtered and the solvent removed in vacuo to give the crude imine,
which was recrystallised from warm ethanol to yield the pure imines, which were ground and

dried in THF over molecular sieves (4A) before use.

Preparation of Imines from Ketones and Anilines (GP—II)

R3
“ 9
o) /©/ Dean-Stark N
R? HoN

K K

R PhMe, 110 °C, 18 h R “R2

N-Ar-protected ketimines were prepared using a literature reported method.™ In a dried
flask under an Ar atmosphere, aniline (40 mmol) and ketone (40 mmol, 1.0 equiv) were
stirred for 18 h under reflux in toluene (100 mL) using a Dean-Stark apparatus. The mixture
was then cooled and the solvent was removed in vacuo to give the crude imine, which was
recrystallized from warm ethanol to yield the pure imines, which were ground and dried in

THF over molecular sieves (4A) before use.
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Preparation of Hexamethyldisilazide Salts (GP—II1)

The alkaline earth metal hexamethyldisilazides were prepared according to a literature
known procedure developed by Westerhausen. In a glove box, the alkaline earth metal (10
mmol, 2.0 equiv) and tin bis(hexamethyldisilazide) (5 mmol) were reacted in toluene (10
mL) and stirred at room temperature for 48-96 h. The resulting suspension was filtered over
a size 4 frit in the glove box and the solvent was removed in vacuo. The resulting solid was
redissolved in toluene and crystallised at —20 °C overnight. The alkaline earth metal
bis(hexamethyldisilazides) were then filtered and washed with petrol ether. *H and **C NMR

analysis was in agreement with the literature data.

Catalytic Allylation of Imines (GP—IV)

N/PG NaHMDS (10 mol%) HN/PG

1™~ ﬂ\
R R? TH solvent, rt, 18 h Rsz

In a nitrogen glove box, a dry screw-capped vial with a magnetic stirring bar was charged

with sodium hexamethyldisilazide (3.7 mg, 0.02 mmol, 10 mol%), the corresponding imine
56 (0.20 mmol), and dioxane (100 pL). To this mixture were added the corresponding
alkene 36 or 146-151 (0.20-0.60 mmol, 1.00-3.00 equiv) and dioxane (200 pL). The
reaction mixture was sealed and stirred at 25-60 °C for 18-72 h (as indicated for the
individual product). The internal standard, dibenzyl ether, was added prior to *H NMR
spectroscopic analysis using an aliquot of the reaction mixture. The solvent was removed in
vacuo, and the residue was purified by PTLC on silica gel to give the corresponding product
57 or 152-157 (as indicated for the individual product).

Successive Addition of Pro-nucleophile in the Catalytic Allylation of Imines GP-V

In a nitrogen glove box, a dry screw-capped vial with a magnetic stirring bar was charged
with sodium hexamethyldisilazide (3.7 mg, 0.02 mmol, 10 mol%), the corresponding imine
56 (0.20 mmol), and dioxane (100 puL). To this mixture were added the corresponding
alkene 36 (0.20 mmol, 1.00 equiv) and dioxane (200 pL). The reaction mixture was sealed
and stirred at 25 °C for 6 h. To this mixture under an inert atmosphere was re-added the
corresponding alkene 36 (0.16-0.20 mmol, 0.80-1.00 equiv), and stirred at 25 °C for 6-12 h.
If necessary, to this mixture under an inert atmosphere was re-added the corresponding
alkene 36 (0.10 mmol, 0.50 equiv), and stirred at 25 °C for 6 h (as indicated for the
individual product). The internal standard, dibenzyl ether, was added prior to 'H NMR
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spectroscopic analysis using an aliquot of the reaction mixture. The solvent was removed in
vacuo, and the residue was purified by PTLC on silica gel to give the corresponding product

57 (as indicated for the individual product).

Catalytic Allylation of Imines in the Robustness Screening (GP-VI)

PG NaHMDS (10 mol%)
N~ additive (1.0 equiv) .PG

1/\/ * JJ\ 1
R R? “H solvent, rt, 18 h R\/\)\Rz

In a nitrogen glove box, a dry 10 mL screw cap vial with a magnetic stirring bar was charged

with sodium hexamethyldisilazide (3.7 mg, 0.02 mmol, 10 mol%), benzaldimine (0.20
mmol), and dioxane (100 pL). To this mixture, the additive (0.20 mmol, 1.00 equiv) and
allylbenzene (0.21 mmol, 1.05 equiv) were added and rinsed with dioxane (200 pL). This
solution was sealed and stirred in a 25 °C sand bath for 18-24 h. The internal standard DBE
(0.25 M, 0.20 mL) was added prior to *H NMR analysis using aliquot NMR. The mixtures
were purified by PTLC on silica gel (Wako, Et,O:PE = 1:9) to isolate the pure homoallylic

amine (R¢~ 0.3) as a yellow liquid.

Preparation of Substituted Allylic Substrates (GP-VII)

® i) BuLi (1.1 equiv) R2
PPh3 THF, -78 ~25°C,2h _
©/\/ 5 R!
Br o}
ii) J]\ (2.0 equiv)
XX R""R? XX: R" = Me, R2= H

THF, 78 ~60°C,2h  XX:R'=Me, R?=Me

XX: R' = Ph, R?= Me
Substituted allylbenzenes were prepared using a literature reported method.*® In a dried
flask under Ar atmosphere, phosphonium salt 199 (7.5 mmol) and n-butyllithium (8.25
mmol, 1.1 equiv) were stirred for 1 h at -78 °C in THF (25 mL). After 1 h, the reaction was
warmed to room temperature for 1 h. The mixture was then cooled again to -78 °C followed
by the addition of the aldehyde or ketone (15 mmol, 2.0 equiv), which was stirred for 1 h at
this temperature. The mixture was then warmed to room temperature and heated to 60 °C for
1 h. After having cooled to room temperature, the mixture was extracted into cyclohexane
(20 mL) and washed with water (2 x 20 mL). The organic phase was dried (MgSO,), filtered
and the solvent was removed in vacuo to give the crude allylbenzenes, which were purified

by silica gel chromatography (petrol ether) to give the substituted allylbenzenes.
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Isomerisation of Allylbenzene (GP-VIII)

KHMDS (5 mol%)
[18]c-6 (5 mol%)

1

R1’\/ R~ H

THF, 25°C,2h

In a nitrogen glove box, a dry 10 mL screw cap vial with a magnetic stirring bar was charged
with potassium hexamethyldisilazide (2.0 mg, 0.01 mmol, 5 mol%), the crown ether (2.6
mg, 0.01 mmol, 5 mol%) and THF (100 pL). To this mixture the allylbenzene (0.20 mmol,
1.00 equiv) was added and rinsed with THF (100 pL). This solution was sealed and stirred at
25 °C for 2 h. The internal standard DBE (0.25 M, 0.20 mL) was added prior to *H NMR
analysis using a reaction aliquot. The mixtures were purified by PTLC on silica gel (Wako
silica gel, PE) to isolate the allylbenzene (R¢ ~ 0.3) as a colourless liquid. The solvent was

removed on a rotary evaporator (>150 mbar) prior to NMR analysis.

Isomerisation of Functionalised Allylic Compounds (GP-IX)

KHMDS (5 mol%)
[18]c-6 (5 mol%)

R1’\/ RiA~H

THF, 25°C,2h

In a nitrogen glove box, a dry 10 mL screw cap vial with a magnetic stirring bar was charged
with potassium hexamethyldisilazide (2.0 mg, 0.01 mmol, 5 mol%), the crown ether (2.6
mg, 0.01 mmol, 5 mol%) and THF (100 pL). To this mixture the allyl-M or allyl-FG (0.20
mmol, 1.00 equiv) was added and rinsed with THF (100 uL). This solution was sealed and
stirred at 25 °C for 2 h. The internal standard DBE (0.25 M, 0.20 mL) was added prior to *H

NMR analysis using a reaction aliquot.

Catalytic Allylation of Imines with Functionalised Allylic Substrates (GP—X)

N NaHMDS (10 mol%) PG

AN + ”\
X R?TH solvent , rt, 18 h X \/\)\Rz

In a nitrogen glove box, a dry 10 mL screw cap vial with a magnetic stirring bar was charged
with sodium hexamethyldisilazide (3.7 mg, 0.02 mmol, 10 mol%), benzaldimine (0.20
mmol), and dioxane (100 pL). To this mixture allylic substrate (0.21-0.30 mmol, 1.05-1.50
equiv) was added and rinsed with dioxane (200 pL). This solution was sealed and stirred at
25 °C for 18-24 h. The internal standard DBE (0.25 M, 0.20 mL) was added prior to *H

NMR analysis of a reaction aliquot.
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422 Aldimines

All Imines were prepared according to known literature procedures and spectral information
is in agreement with the reported literature.

[(phenylimino)methyl]-benzenamine (56a)"*"
N :
©)J\H
Compound 56a was prepared according to GP-I and the obtained analytical data fitted

accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 8.47 (s, 1H), 7.94-7.91 (m, 2H), 7.50-7.41 (m, 3H), 7.43—
7.39 (m, 2H), 7.27-7.22 (m, 3H) ppm.

¥C NMR (125 MHz, CDCly): § = 160.4, 152.0, 136.2, 131.4, 129.1 (2C), 128.82 (2C),
128.75 (2C), 125.9, 120.8 (2C) ppm.

[[(4-methoxyphenyl)imino]methyl]-benzenamine (56b)M*

I
N
©)J\H
Compound 56b was prepared according to GP—I and the obtained analytical data fitted

accurately the literature reported data.

'H NMR (500 MHz, CDCly): & = 8.47 (s, 1H), 7.92-7.84 (m, 2H), 7.47-7.45 (m, 3H), 7.24
(d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.84 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 158.7, 158.4, 144.9, 136.5, 131.0, 128.7 (2C), 128.6 (2C),
122.2 (2C), 114.4 (2C), 55.5 ppm.
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4-[[(4-methoxyphenyl)imino]methyl]-methyl-benzenamine (56¢)!*™

N
o
Me

Compound 56¢ was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 8.44 (s, 1H), 7.78 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.1 Hz,
2H), 7.24 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 2.41 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 158.5, 158.2, 145.0, 141.6, 133.8, 129.5 (2C), 128.7 (2C),
122.2 (2C), 114.4 (2C), 55.5, 21.6 ppm.

2-[[(4-methoxyphenyl)imino]methyl]-methyl-benzenamine (56d)!%!

e
N
L™

Me

Compound 56d was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 8.77 (s, 1H), 8.06 (dd, J = 8.0, 1.5 Hz, 1H), 7.37-7.27 (m,
2H), 7.25-7.19 (m, 3H), 6.94 (d, J = 9.0 Hz, 2H), 3.84 (s, 3H), 2.58 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 158.2, 157.1, 145.5, 138.3, 134.4, 130.9, 130.7, 127.5,
126.3, 122.1 (2C), 114.3 (2C), 55.5, 19.4 ppm.
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4-[[(4-methoxyphenyl)imino]methyl]-trifluoromethyl-benzenamine (56e)!*®"

Ly
N

o
FsC

Compound 56e was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'"H NMR (500 MHz, CDCls): § = 8.53 (s, 1H), 8.00 (d, J = 8.2 Hz, 2H), 7.71 (d, J = 8.2 Hz,
2H) 7.27 (d, J = 8.9 Hz, 2H), 6.97 (d, J = 8.9 Hz, 2H), 3.84 (s, 3H) ppm.

¥C NMR (125 MHz, CDCly): & = 158.8, 156.2, 144.1, 139.6, 132.5 (q, J = 32.5 Hz), 128.7
(2C), 125.6 (q, J = 3.2 Hz, 2C), 123.9 (q, J = 127.2 Hz), 122.38 (2C), 114.5 (2C), 55.5 ppm.

E NMR (471 MHz, CDCly): § = -62.9 (s) ppm.

4-[[(4-methoxyphenyl)imino]methyl]-fluoro-benzenamine (56f)*"

N
jon
F

Compound 56f was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): & = 8.45 (s, 1H), 7.89 (t, J = 8.7, 5.5 Hz, 2H), 7.24 (t, J = 8.9
Hz, 2H), 7.15 (dd, J = 8.7, 8.7 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.84 (s, 3 H) ppm.

¥C NMR (125 MHz, CDCl3): 8 = 164.5 (d, J = 250.0 Hz), 158.3, 156.9, 144.7, 132.8, 130.5
(d, J =8.0 Hz, 2C), 122.2 (2C), 115.9 (d, J = 22.0 Hz, 2C), 114.4 (2C), 55.5 ppm.

F NMR (471 MHz, CDCl,): & = -(108.7-108.8) ppm.
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4-[[(4-methoxyphenyl)imino]methyl]-chloro-benzenamine (56g)*™

Compound 56g was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 8.44 (s, 1H), 7.83 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz,
2H), 7.26 (d, J = 9.0 Hz, 2H), 6.94 (d, J = 9.0 Hz, 2H), 3.83 (s, 3H) ppm.

C NMR (125 MHz, CDCly): § = 158.5, 156.7, 144.4, 137.0, 134.9, 129.8 (2C), 129.0 (2C),
122.3 (2C), 114.4 (2C), 55.5 ppm.

4-[[(4-methoxyphenyl)imino]methyl]-bromo-benzenamine (56h)!%*!

N
o
Br

Compound 56h was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 8.42 (s, 1H), 7.75 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.4 Hz,
2H), 7.23 (J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 159.3, 154.8, 149.0, 143.5, 142.0, 129.1 (2C), 124.0 (2C),
122.7 (2C), 114.6 (2C), 55.5 ppm.
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3-[[(4-methoxyphenyl)imino]methyl]-bromo-benzenamine (56i)%®

O.
/©/ "
N

H

Br

Compound 56i was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl5): & = 8.42 (s, 1H), 8.08 (dd , J = 1.8, 1.0 Hz, 1H), 7.77 (ddd, J =
7.6,1.8, 1.8 Hz, 1H), 7.58 (ddd, J = 7.8, 1.8, 1.0 Hz, 1H), 7.33 (dd, J = 7.8, 7.6 Hz, 1H), 7.27
(d, J=8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.84 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 158.6, 156.3, 144.2, 138.5, 133.8, 131.1, 130.2, 127.3,
123.0, 122.3 (2C), 114.4 (2C), 55.5 ppm.

2-[[(4-methoxyphenyl)imino]methyl]-bromo-benzenamine (56j)1**”

/©/O\Me

N

L™
B

r

Compound 56j was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 8.87 (s, 1H), 8.22 (dd, J = 7.8, 1.8 Hz, 1H), 7.61 (dd, J =
7.8,0.9 Hz, 1H), 7.41-7.37 (m, 1H), 7.31-7.27 (m, 3H), 6.98-6.91 (d, J = 9.0 Hz, 2H), 3.84
(s, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 158.6, 157.1, 144.6, 134.9, 133.2, 132.0, 128.8, 127.7,
125.8, 122.5 (2C), 114.5 (2C), 55.5 ppm.
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1-[[(4-methoxyphenyl)imino]methyl]-naphthylamine (56k)*

O.
IOh.
4%
Sh
Compound 56k was prepared according to GP—-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): 8 =9.14 (s, 1H), 9.03 (d, J = 9.2 Hz, 1H), 8.10 (dd, J = 7.2, 1.3
Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.92 (dd, J = 8.2, 1.3 Hz, 1H), 7.62 (ddd, J = 8.5, 6.8, 1.3
Hz, 1H), 7.59 — 7.53 (m, 2H), 7.32 (d, J = 8.9 Hz, 2H), 6.98 (d, J = 8.9 Hz, 2H), 3.86 (s, 3H)
ppm.

C NMR (125 MHz, CDCly): & = 158.4, 158.0, 145.7, 134.0, 131.8, 131.6, 131.5, 129.3,
128.8, 127.3, 126.2, 125.3, 124.2, 122.2 (2C), 114.5 (2C), 55.6 ppm.

2-[[(4-methoxyphenyl)imino]methyl]-naphthylamine (561)1**]

Compound 561 was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'"H NMR (500 MHz, CDCls): & = 8.64 (s, 1H), 8.18 (s, 1H), 8.16 (dd, J = 8.5, 1.7 Hz, 1H),
7.95 - 7.85 (m, 3H), 7.56 — 7.50 (m, 2H), 7.29 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H),
3.85 (s, 3H) ppm.

C NMR (125 MHz, CDCly): § = 158.37, 158.30, 144.98, 134.91, 134.24, 133.19, 130.75,
128.71, 128.60, 127.93, 127.34, 126.55, 123.95, 122.26 (2C), 114.45 (2C), 55.52 ppm.
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4-[[(4-methoxyphenyl)imino]methyl]-methoxy-benzenamine (56m)®*™!

Compound 56m was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): 5 = 8.41 (s, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.25—7.22 (m, 2H),
6.98 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H), 3.83(s, 3H) ppm.

C NMR (125 MHz, CDCly): § = 162.0, 158.0, 157.9, 145.3, 130.4 (2C), 129.6, 122.1 (2C),
114.4 (2C), 114.1 (2C), 55.5, 55.4 ppm.

4-[[(4-methoxyphenyl)imino]methyl]-N,N-dimethyl-benzenamine (56n)1**"

/©/O\Me
N

o
MesN

Compound 56n was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): § = 8.34 (s, 1H), 7.75 (d, J = 8.9 Hz, 2H), 7.18 (d, J = 8.9 Hz,
2H), 6.91 (d, J = 8.9 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 3.82 (s, 3H), 3.05 (s, 6H) ppm.

BC NMR (125 MHz, CDCls): § = 158.6, 157.5, 152.3, 146.0, 130.2 (2C), 124.8, 122.0 (2C),
114.3 (2C), 111.6 (2C), 55.5, 40.2 (2C) ppm.
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4-[[(4-methoxyphenyl)imino]methyl]-cyano-benzenamine (560)**"

Compound 560 was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl,): & = 8.52 (s, 1H), 7.99 (d, J = 8.2 Hz, 1H), 7.74 (d, J = 8.2 Hz,
1H), 7.28 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 3.84 (s, 3H) ppm.

3C NMR (125 MHz, CDCly): 8 = 159.1, 155.4, 143.7, 140.3, 132.5 (2C), 128.9(2C), 122.6
(2C), 118.6, 114.5 (2C), 113.9, 55.5 ppm.

[[(4-methoxyphenyl)imino]methyl]-nitro-benzenamine (56p)™®!

/©/O\Me
N

jon
O,N

Compound 56p was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl5): § = 8.57 (s, 1H), 8.30 (d, J = 8.8 Hz, 2H), 8.05 (d, J = 8.8 Hz,
2H), 7.31 (d, J = 9.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 3.85 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 159.3, 154.8, 149.0, 143.6, 142.0, 129.1 (2C), 124.0 (2C),
122.6 (2C), 114.6 (2C), 55.5 ppm.
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4-[[(4-methoxyphenyl)imino]methyl]-benzoic acid methyl ester (56g)™**!

/©/O\Me
N

o
MeO,C

Compound 56q was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): & = 8.53 (s, 1H), 8.12 (d, J = 8.2 Hz, 2H), 7.95 (d, J = 8.2 Hz,
2H), 7.27 (d, J = 8.9 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 3.95 (s, 3H), 3.84 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 166.7, 158.8, 156.8, 144.3, 140.4, 132.0, 130.0 (2C),
128.4 (2C), 122.4 (2C), 114.5 (2C), 55.5, 52.3 ppm.

4-methoxy-N-(3-phenyl-2-propen-1-ylidene)-benzenamine (56r)1%3

N
©/VJ\H

Compound 56r was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl,): & = 8.28 (dd, J = 4.7, 3.6 Hz, 1H), 7.55-7.49 (m, 2H), 7.40—
7.35 (m, 2H), 7.35-7.30 (m, 1H), 7.20 (d, J = 9.0 Hz, 2H), 7.12—-7.08 (m, 2H), 6.91 (d, J
=9.0 Hz, 2H), 3.81 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 159.5, 158.4, 144.6, 143.0, 135.8, 129.4, 128.9 (2C),
128.8, 127.4 (2C), 122.2 (2C), 114.4 (2C), 55.5 ppm.
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2-[(4-methoxyphenyl)imino]-acetic acid ethyl ester (56s)*%

Compound 56s was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 7.93 (s, 1H), 7.38 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 8.9 Hz,
2H), 4.41 (q, J = 7.1 Hz, 2H), 3.84 (s, 1H), 1.41 (t, J = 7.1 Hz, 3H) ppm.

C NMR (125 MHz, CDCly): & = 163.6, 160.5, 148.0, 141.4, 123.6, 114.5, 61.9, 55.5, 14.2
ppm.

2,6-bis(1-methylethyl)-N-(phenylmethylene)-benzenamine (56t)™**"

Me

|
©)Me Me

Compound 56t was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl5): & = 8.20 (s, 1H), 7.91 (d, J = 7.4 Hz, 2H), 7.52-7.47 (m, 3H),
7.15 (d, J = 7.4 Hz, 2H), 7.12-7.07 (m, 1H), 2.98 (hept, J = 6.9 Hz, 2H), 1.17 (d, J = 6.9 Hz,
12H) ppm.

¥C NMR (125 MHz, CDCly): § = 162.0, 149.3, 137.6 (2C), 136.1, 131.4, 128.8 (2C), 128.6
(2C), 124.1, 123.0 (2C), 27.9, 23.5 ppm.
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1,3,5-trimethyl-N-(phenylmethylene)-benzenamine (56u)™*!

Me Me

N
Me

Compound 56u was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'"H NMR (500 MHz, CDCls): = 8.25 (s, 1H), 7.97-7.93 (m, 2H), 7.57-7.50 (m, 3H), 6.93
(s, 2H), 2.33 (s, 3H), 2.16 (s, 6H) ppm.

C NMR (125 MHz, CDCly): § = 162.7, 148.7, 136.2, 133.0, 131.3, 128.7 (2C), 128.7 (2C),
128.4 (2C), 127.0 (2C), 20.7, 18.2 (2C) ppm.

4-methoxy-N-(2-thienylmethylene)-benzenamine (56v)*!

Compound 56v was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): 8 = 8.58 (s, 1H), 7.50 (d, J = 5.0 Hz, 1H), 7.47 (d, J = 3.6 Hz,
1H), 7.25 (d, J = 8.8 Hz, 2H), 7.15 (dd, J = 5.0, 3.6 Hz, 1H), 6.94 (d, J = 8.8 Hz, 2H), 3.78
(s, 3H) ppm.

C NMR (125 MHz, CDCls): 6 = 158.3, 151.1, 144.4, 143.2, 132.0, 130.1, 127.8, 122.5
(2C), 114.2 (2C), 55.5 ppm.
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4-methoxy-N-(2-furylmethylene)-benzenamine (56g)*"!

Compound 56g was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 8.30 (s, 1H), 7.59 (d, J = 1.7 Hz, 1H), 7.26 (d, J = 9.0 Hz,
2H), 6.92 (d, J = 9.0 Hz, 2H), 6.91 (d, J = 3.3 Hz, 1H), 6.54 (dd, J = 3.3, 1.7, 1H), 3.82 (s,
3H) ppm.

¥C NMR (125 MHz, CDCly): & = 158.5, 152.3, 145.7, 145.3, 144.3, 122.3 (2C), 115.5,
114.4 (2C), 112.1, 55.5 ppm.

4-methoxy-N-[(1-methyl-1H-pyrrol-2-yl)methylene]-benzenamine (56x)™%!

Compound 56x was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 8.30 (s, 1H), 7.13 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 Hz,
2H), 6.77 (d, J = 2.0 Hz, 1H), 6.64 (dd, J = 3.8, 2.0 Hz, 1H), 6.19 (dd, J = 3.8, 2.6 Hz, 1H),
4.05 (s, 3H), 3.82 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 157.6, 151.3, 146.5, 130.2, 128.7, 121.7 (2C), 118.7,
114.4 (2C), 108.7, 55.6, 36.7 ppm.
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4-methoxy-N-(2-quinolinylmethylene)-benzenamine (56y)™"!

Compound 56y was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): 5 = 8.81 (s, 1H), 8.34 (d, J = 8.5 Hz, 1H), 8.21 (t, J = 7.4 Hz,
1H), 8.15 (d, J = 8.5 Hz, 1H), 7.83 (t, J = 5.9 Hz, 1H), 7.74 (t, J = 7.4 Hz, 1H), 7.60-7.53
(m, 1H), 7.40 (d, J = 8.2 Hz, 2H), 6.96 (d, J = 8.2 Hz, 2H), 3.83 (s, 3H) ppm.

C NMR (125 MHz, CDCly): § = 159.2, 158.4, 155.2, 148.0, 143.5, 136.5, 129.8, 129.6,
128.8, 127.7, 127.5, 122.9 (2C), 118.6, 114.5 (2C), 55.5 ppm.

4-methoxy-N-(2-pyridinylmethylene)-benzenamine (566)1**"

Compound 560 was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): § = 8.71 (d, J = 4.8 Hz, 1H), 8.66 (s, 1H), 8.21 (d, J = 7.9 Hz,
1H), 7.83 (dd, J = 7.9, 6.7 Hz, 1H), 7.37 (dd, J = 6.7, 4.8 Hz, 2H), 7.35 (d, J = 8.9 Hz, 2H),
6.97 (d, J = 8.9 Hz, 2H), 3.85 (s, 3H) ppm.

®C NMR (125 MHz, CDCls): & = 158.9, 158.2, 154.8, 149.5, 143.6, 136.6, 124.8, 122.6
(2C), 121.6, 114.4 (2C), 55.7 ppm.
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4-methoxy-N-(3-pyridinylmethylene)-benzenamine (564)%"”!

O.
/©/ "
N

Ny OH

—

N

Compound 56& was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): = 9.00 (d, J = 1.8 Hz, 1H), 8.68 (dd, J = 4.8, 1.8 Hz, 1H),
8.52 (s, 1H), 8.27 (app dt, J = 7.9, 1.8 Hz, 1H), 7.39 (dd, J = 7.9, 4.8 Hz, 1H), 7.27 (d, J =
8.9 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 3.84 (s, 3H) ppm.

C NMR (125 MHz, CDCly): § = 158.8, 154.9, 151.7, 150.8, 144.2, 134.6, 132.1, 123.8,
122.3 (2C), 114.5 (2C), 55.5 ppm.

4-methoxy-N-(4-pyridinylmethylene)-benzenamine (56z)%"

O.
/©/ "
N

oYy
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Compound 56z was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 8.73 (d, J = 4.2 Hz, 2H), 8.45 (s, 1H), 7.72 (d, J = 4.2 Hz,
2H), 7.28 (d, J = 6.8 Hz, 2H), 6.94 (d, J = 6.8 Hz, 2H), 3.83 (s, 3H) ppm.

BC NMR (125 MHz, CDCl,): § = 159.2, 155.3, 150.5 (2C), 143.6, 143.1, 122.6 (2C), 122.1
(2C), 114.5 (2C), 55.5 ppm.
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N-(2,2-dimethylpropylidene)-4-methoxy-benzenamine (56u1)"?

O.
IS Ay
N
Me%J\
H
Me
Me

Compound 560 was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl;): § = 7.70 (s, 1H), 7.30 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz,
2H), 3.80 (s, 3H). 1.17 (s, 9H) ppm.

C NMR (125 MHz, CDCly): & = 171.6, 157.6, 145.6, 121.6 (2C), 114.1 (2C), 55.4, 36.6,
26.8 (3C) ppm.

2-formyl-1H-Pyrrole-1-carboxylic acid 1,1-dimethylethyl ester (411)%!

GHL "

\

N o}
BuO

411 was prepared from pyrrole-2-carboxaldehyde (11 mmol), di(tert-butyl) dicarbonate
(12.1 mmol, 1.1 equiv) and sodium hydride (13.2 mmol, 1.2 equiv) in THF (70 mL). After
stirring this mixture for 20 h at room temperature, saturated ammonium chloride solution
(30 mL) was added. The mixture was extracted into diethyl ether (20 mL) and washed with
water (20 mL) and brine (20 mL). The organic solvents were dried over MgSQ,, filtered and
the solvents were removed in vacuo. The pale yellow solid was used without further

purification and the obtained spectral data fitted accurately with literature reported data.

'H NMR (500 MHz, CDCly): & = 10.32 (s, 1H), 7.44 (dd, J = 3.1, 1.7 Hz, 1H), 7.19 (dd, J =
3.7, 1.7 Hz, 1H), 6.28 (dd, J = 3.7, 3.1 Hz, 1H), 1.65 (s, 9H) ppm.
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4-methoxy-N-[(1-Boc-1H-pyrrol-2-yl)methylene]-benzenamine (56z)

BuO
Compound 56& was prepared according to GP-I.

'H NMR (500 MHz, CDCl5): & = 9.07 (s, 1H), 7.37 (dd, J = 3.2, 1.7 Hz, 1H), 7.22 (d, J =
9.0, 2H), 7.13 (dd, J = 3.6, 1.7 Hz, 1H), 6.90 (d, J = 9.0, 2H), 6.27 (dd, J = 3.6, 3.2 Hz, 1H),
3.82 (s, 3H), 1.62 (s, 9H) ppm.

3-formyl-1H-Indole-1-carboxylic acid 1,1-dimethylethyl ester (412)?*!

@]
H
W
N
o=
P
Bu
412was prepared from indole-3carboxaldehyde (7 mmol), di(tert-butyl) dicarbonate
(7.7 mmol, 1.1 equiv) and potassium hydroxide (> 20 mmol) in toluene (10 mL) in the
presence of TBAB (0.7 mmol, 10 mol%). After stirring this mixture for 1 h at room

temperature, the crude yellow liquid was recrystallised from diethyl ether at -20 °C to give a

colourless solid. The obtained spectral data fitted accurately with literature reported data.

'H NMR (500 MHz, CDCls): § = 10.09 (s, 1H), 8.28 (d, J = 7.7 Hz, 1H), 8.22 (s, 1H), 8.15
(d, J =8.2 Hz, 1H), 7.41 (dd, J = 8.2, 7.5 Hz, 1H), 7.37 (dd, J = 7.5, 7.7 Hz, 1H), 1.71 (s,
9H) ppm.

C NMR (125 MHz, CDCly): § = 185.8, 148.8, 136.5, 136.0, 126.1, 126.1, 124.6, 122.1,
121.6, 115.2, 85.7, 28.1 (3C) ppm.

226



3-[(E)-[(4-methoxyphenyl)imino]methyl]-1H-Indole-1-carboxylic acid 1,1-dimethylethyl

ester (564)12"
N
H
W
N
o=
0]
Me7<

Me Me

Compound 56a& was prepared according to GP—I and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 8.65 (s, 1H), 8.55 (d, J = 7.8 Hz, 1H), 8.17 (d, J = 8.2 Hz,
1H), 7.99 (s, 1H), 7.40 (ddd, J = 8.2, 7.8, 1.3 Hz, 1H), 7.36 (ddd, J = 7.5, 7.3, 1.3 Hz, 1H)
7.25 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 1.70 (s, 9H) ppm.

BC NMR (125 MHz, CDCly): § = 158.0, 152.0, 145.7, 130.6, 127.6, 125.5, 123.8, 122.7,
122.0 (2C), 119.7, 115.0, 114.4 (2C), 84.6, 55.5, 28.2 (3C) ppm.

1-methyl-1H-Indole-3-carboxaldehyde (413)%2°

0
H
W
N
Me

413 was prepared from indole-3carboxaldehyde (13.8 mmol), methyl iodide (16.5 mmol,
1.2 equiv) and sodium hydride (16.5 mmol, 1.2 equiv) in DMF (30 mL). After stirring this
mixture for 1 h at room temperature, the mixture was extracted into ethyl acetate (50 mL)
and washed with water (5 x 50 mL). The organic layer was dried (MgSQ,), filtered and the
solvent was removed in vacuo. The crude product was recrystallised from diethyl ether and
light petroleum ether at 0 °C to give a colourless solid. The obtained spectral data fitted

accurately with literature reported data.

'"H NMR (500 MHz, CDCls): 3 = 9.89 (s, 1H), 8.29 (d, J = 6.8 Hz, 1H), 7.52 (s, 1H), 7.36—
7.17 (m, 3H), 3.72 (s, 3H) ppm.
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4-methoxy-N-[(1-methyl-1H-indol-3-yl)methylene]-benzenamine (56w)?""

Compound 56w was prepared according to GP-I and the obtained analytical data fitted
accurately the literature reported data.

'"H NMR (500 MHz, CDCls): & = 8.64 (s, 1H), 8.46 (d, J = 7.8 Hz, 1H), 7.51 (s, 1H), 7.37 —
7.32 (m, 2H), 7.32-7.26 (m, 1H), 7.22 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 3.85 (s,
3H), 3.83 (s, 3H) ppm.

3C NMR (125 MHz, CDCly): § = 157.2, 152.5, 146.5, 137.7, 133.5, 125.9, 123.1, 122.0,
121.7 (2C), 121.3, 115.0, 114.2 (2C), 109.3, 55.4, 33.1 ppm.

N-phenyl-2-furyl aldimine (568)%"

X H
\ @)
Compound 5608 was prepared according to GP-I and the obtained analytical data fitted

accurately the literature reported data.

'H NMR (500 MHz, CDCl5): & = 8.28 (s, 1H), 7.60 (s, 1H), 7.38 (ddd, J = 7.4, 7.3, 1.7 Hz,
2H), 7.25-7.20 (m, 3H), 6.94 (d, J = 3.5 Hz, 1H), 6.54 (dd, J = 3.4, 1.7 Hz, 1H) ppm.

¥C NMR (125 MHz, CDCly): & = 152.1, 151.4, 147.7, 145.6, 129.2 (2C), 126.2, 121.0 (2C),
116.2, 112.2 ppm.
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N-phenyl-2-thienyl aldimine (56p)2*®

A H
\ S
Compound 56p was prepared according to GP-I and the obtained analytical data fitted

accurately the literature reported data.

'H NMR (500 MHz, CDCl): & = 8.54 (s, 1H), 7.48 (d, J = 5.0 Hz, 1H), 7.45 (d, J = 3.7 Hz,
1H), 7.39-7.34 (m, 2H), 7.23-7.18 (M, 3H), 7.10 (dd, J = 5.0, 3.7 Hz, 1H) ppm.

BC NMR (125 MHz, CDCly): & = 153.0, 151.4, 142.9, 132.2, 130.3, 129.1 (2C), 127.7,
126.0, 121.0 (2C) ppm.

N-phenyl-4-pyridyl aldimine (56&)%"

A

) H
N~
Compound 56é was prepared according to GP-I and the obtained analytical data fitted

accurately the literature reported data.

'H NMR (500 MHz, CDCl5): § = 8.78-8.73 (m, 2H), 8.45 (s, 1H), 7.80-7.72 (m, 2H), 7.42
(ddd, J = 7.7, 6.7, 1.7 Hz, 2H), 7.31-7.26 (m, 1H), 7.26-7.23 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): & = 157.9, 151.0, 150.6 (2C), 142.8, 129.3 (2C), 127.0, 122.3
(2C), 120.9 (2C) ppm.
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4-Methyl-N-(phenylmethylene)-benzenesulfonamide (61)?"

Compound 61 had been previously prepared in the group and the obtained analytical data
fitted accurately the literature reported data.

'H NMR (CDCls, 500 MHz): & = 9.06 (s, 1H), 7.96-7.91 (m, 4H), 7.62-7.53 (m, 1H), 7.51-
7.46 (m, 2H), 7.37 (d, J = 8.1 Hz, 2H), 2.46 (s, 3H) ppm.

3C NMR (CDCls, 125.8 MHz): & = 170.1, 144.6, 135.2, 134.9, 132.1, 131.3 (2C), 129.8
(2C), 129.2 (2C), 128.1 (2C), 21.7 ppm.

Benzaldehyde-O-methyloxime (60)?!

Compound 60 had been previously prepared in the group and the obtained analytical data
fitted accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 8.05 (s, 1H), 7.59-7.55 (m, 2H), 7.37-7.32 (m, 3H), 3.96
(s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 148.5, 132.2, 129.8, 128.7 (2C), 127.0 (2C), 62.0 ppm.

230



2-Methyl-N-(phenylmethylene)-2-propanamine (59)%*?
Me
e
N Me

©)J\H
Compound 59 had been previously prepared in the group and the obtained analytical data

fitted accurately the literature reported data.

'H NMR (500 MHz, CDCl5): & = 8.27 (s, 1H), 7.76-7.73 (m, 2H), 7.41-7.36 (m, 3H), 1.29
(s, 9H) ppm.

BC NMR (125 MHz, CDCls): & = 155.1, 137.2, 130.1, 128.5 (2C), 127.9 (2C), 57.2,
29.7 (3C) ppm.
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423 Ketimines

N-(1-phenylethylidene)- 4-methoxy-benzenamine (144a)®?*!

N
O)J\Me

Compound 144a was prepared according to GP-Il and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): & = 7.98-7.94 (m, 2H), 7.47-7.40 (m, 3H), 6.91 (d, J = 8.8 Hz,
2H), 6.75 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H), 2.25 (s, 3H) ppm.

¥C NMR (125 MHz, CDCly): § = 165.7, 156.0, 144.8, 139.8, 130.3, 128.3 (2C), 127.1 (2C),
120.7 (2C), 114.3 (2C), 55.5, 17.3 ppm.

N-(2,2,2-trifluoro-1-phenylethylidene)-4-methoxy-benzenamine (144b)#

O.
/©/ e
N

M

Ph”” CF,

Compound 144b was prepared according to GP-II and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCls): & = 7.42-7.31 (m, 3H), 7.28-7.21 (m, 2H), 6.79-6.68 (m, 4H),
3.70 (s, 3H) ppm.

BC NMR (125 MHz, CDCl,): & = 157.8, 155.3 (g, J = 33.5 Hz), 139.6, 130.5, 130.2 (2C),
128.7 (2C), 128.4,123.2 (2C), 120.1 (q, J = 278.7 Hz), 114.1 (2C), 55.2 ppm.

F NMR (376 MHz, CDCl5): § = 92.1 ppm.
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N-(diphenylmethylene)-4-methoxy-benzenamine (144c)®?™!

N OO\MG

Compound 144c was prepared according to GP-II and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCly): & = 7.74-7.71 (m, 2H), 7.44 (tt, J = 7.2, 2.3 Hz, 1H), 7.40—
7.36 (m, 2H), 7.29-7.24 (m, 3H), 7.14-7.10 (m, 2H), 6.7-6.65 (m, 4H), 3.71 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 167.7, 155.9, 144.4, 140.1, 136.6, 130.5, 129.6 (2C),
129.2 (2C), 128.5, 128.1 (2C), 128.0 (2C), 122.6 (2C), 113.8 (2C), 55.3 ppm.

N-cyclohexylidene-4-methoxy-benzenamine (144d)#°!

N /©/O\Me
S

Compound 144d was prepared according to GP-Il and the obtained analytical data fitted
accurately the literature reported data.

'H NMR (500 MHz, CDCl3): 6 = 6.84 (d, J = 8.9 Hz, 2H), 6.63 (d, J = 8.9 Hz m, 2H), 3.74
(s, 3H), 2.40 (t, J = 6.0 Hz, 2H), 2.22 (t, J = 6.0 Hz, 2H), 1.91-1.83 (m, 2H), 1.67-1.61 (m,
4H) ppm.

®C NMR (125 MHz, CDCly): § = 175.3, 155.6, 144.0, 120.9 (2C), 114.0 (2C), 55.4, 39.5,
31.1, 27.8, 27.6, 25.8 ppm.
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a-[(4-Methoxyphenyl)imino]-benzeneacetic acid ethyl ester (144e)?!"

Compound 144e was prepared according to GP-II and the obtained analytical data fitted
accurately the literature reported data.

Mostly E-isomer, residual signals from Z-isomer.

'H NMR (500 MHz, CDCly): § = 7.87-7.83 (m, 2H), 7.47-7.42 (m, 3H), 6.94 (d, J = 9.0 Hz,
2H), 6.84 (d, J = 9.0 Hz, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.76 (s, 3H), 1.06 (t, J = 7.1 Hz, 3H)
ppm.

1,3-Dihydro-3-[(4-methoxyphenyl)imino]-1-methyl-2H-Indol-2-one (144f)?®!

O.
/©/ e
N

@)
N

\

Me

Compound 144f was prepared according to GP-II and the obtained analytical data fitted
accurately the literature reported data.

Ratio E:Z isomers = 6:1.

E-isomer: 'H NMR (500 MHz, CDCl5): 6 = 7.39 (dd, J = 7.9, 7.6 Hz, 1.2, OH), 7.05 (d, J =
9.0 Hz, 2H), 6.99 (d, J = 9.0 Hz, 2H), 6.98-6.92 (m, 1H), 6.88 (d, J = 7.9 Hz, OH), 6.82 (d, J
=7.6 Hz, 1H), 3.87 (s, 3H), 3.33 (s, 3H) ppm.

E-isomer: *C NMR (125 MHz, CDCl): & = 162.4, 157.3, 153.5, 147.5, 143.0, 134.1, 125.1,
122.5,119.8 (2C), 115.4, 114.8 (2C), 110.2, 55.6, 26.0 ppm.

Z-isomer: 'H NMR (500 MHz, CDCl,): & = 7.46 (d, J = 7.7 Hz, 1H), 7.26 (d, J = 8.9 Hz,
2H), 7.14 (d, J = 7.7, 7.2 Hz, 1H), 7.09-7.01 (m, 2H), 6.96-6.92 (m, 1H), 6.87-6.80 (m,
1H), 3.86 (s, 3H), 3.21 (s, 3H) ppm.

Z-isomer: *C NMR (125 MHz, CDCL): § = 165.5, 159.5, 157.2, 143.2, 134.0, 131.4, 128.6
(2C), 127.7 (2C), 121.1 (2C), 114.0 (2C), 61.7, 55.4, 13.8 ppm.
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4.2.4  Pronucleophiles

Allylbenzene (36)%*
©/\/
Compound 36 is commercially available and the obtained analytical data fitted accurately the

literature reported data.

'H NMR (500 MHz, CDCly): & = 7.52-7.38 (m, 2H), 7.42-7.38 (m, 3H), 5.97 (ddt, J = 16.9,
10.1, 6.7 Hz, 1H), 5.10-5.05 (m, 1H), 3.59 (d, J = 6.7 Hz, 2H) ppm.

¥C NMR (125 MHz, CDCly): § = 140.0, 137.4, 128.6 (2C), 128.4 (2C), 126.0, 115.8, 40.2
ppm.

4-Fluoro-allylbenzene (146)?

o
F
Compound 146 is commercially available and the obtained analytical data fitted accurately

the literature reported data.

'H NMR (500 MHz, CDCly): & = 7.15 (dd, J = 8.7, 5.5 Hz, 2H), 6.97 (dd, J = 8.7, 8.7 Hz,
2H), 6.03-5.89 (m, 1H), 5.10-5.05 (m, 1H), 3.37 (d, J = 6.6 Hz, 2H) ppm.

BC NMR (125 MHz, CDCly): & = 161.4 (d, J = 243.0 Hz), 137.3, 135.6 (d, J = 2.9 Hz),
129.9 (d, J = 7.8 Hz, 2C), 115.9, 115.1 (d, J = 21.1 Hz, 2C), 39.4 ppm.

F NMR (376 MHz, CDCl,): 8 = —(117.5-117.6) (m) ppm.
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4-Methyl-allylbenzene (147)%%!

/@/\/
Me

Compound 147 is commercially available and the obtained analytical data fitted accurately
the literature reported data.

'H NMR (500 MHz, CDCl,): & = 7.10 (d, J = 8.2 Hz, 2H), 7.07 (d, J = 8.2 Hz, 2H), 6.03—
5.91 (m, 1H), 5.11-5.04 (m, 2H), 3.36 (d, J = 6.7 Hz, 2H), 2.33 (s, 3H) ppm.

B3C NMR (125 MHz, CDCl5): & = 140.0, 137.4, 128.6 (2C), 128.4 (2C), 126.0, 115.8, 40.2,
21.1 ppm.

2-Methyl-allylbenzene (148)?2!

L

e

Compound 148 is commercially available and the obtained analytical data fitted accurately
the literature reported data.

'"H NMR (500 MHz, CDCl5): § = 7.16-7.10 (m, 4H), 6.02-5.89 (m, 1H), 5.08-4.96 (m, 2H)
3.36 (d, J = 6.6 Hz, 2H), 2.28 (s, 3H) ppm.

C NMR (125 MHz, CDCly): & = 138.1, 136.6, 136.3, 130.1, 129.1, 126.2, 126.0, 115.6,
37.7,19.3 ppm.

4-Methoxy-allylbenzene (149)*!

o
MeO

Compound 149 is commercially available and the obtained analytical data fitted accurately
the literature reported data.

'H NMR (500 MHz, CDCly): § = 7.16 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 6.06—
5.97 (m, 1H), 5.15-5.09 (m, 2H), 3.85 (s, 3H), 3.39 (d, J = 6.6 Hz, 2H) ppm.

C NMR (125 MHz, CDCly): § = 158.0, 137.9, 132.1, 129.5 (2C), 115.4, 113.8 (2C), 55.2,
39.3 ppm.
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4-Trifluoromethyl-allylbenzene (151)%?%Y

o
FsC

Compound 151 is commercially available and the obtained analytical data fitted accurately
the literature reported data.

'H NMR (500 MHz, CDCly): § = 7.55 (d, J = 7.9 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 5.95
(ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.14-5.07 (m, 2H), 3.44 (d, J = 6.6 Hz, 2H) ppm.

BC NMR (125 MHz, CDCls): 8 = 144.1, 136.3, 128.9 (2C), 128.5 (q, J = 32.2 Hz), 125.3 (q,
J=3.8Hz, 2C), 124.3 (q, J = 272.1 Hz), 116.7, 39.9 ppm.

E NMR (376 MHz, CDCly): § = —62.4 ppm.

3-Allylpyridine (158)%224

X =

—

N

Compound 158 had been previously prepared in the group and the obtained analytical data
fitted accurately the literature reported data.

'"H NMR (500 MHz, CDCls): & = 8.47 (app s, 2H), 7.50 (d, J = 7.8 Hz, 1H), 7.22 (dd, J =
7.8, 4.8 Hz, 1H), 5.95 (ddt, J = 16.8, 10.1, 6.6 Hz, 1H), 5.14-5.07 (m, 2H), 3.39 (d, J = 6.6
Hz, 2H) ppm.

BC NMR (125 MHz, CDCly): 8 =150.1, 147.7, 136.2, 136.0, 135.3, 123.4, 116.8, 37.2 ppm.
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3-Phenylpropane-1-triphenylphosphonium bromide (199)?%?

® Br@

@/\/Pph3

199 was prepared from 2-bromo ethylbenzene (75 mmol) and triphenylphosphine (75 mmol,
1.0 equiv) in the absence of solvent. After stirring this mixture at 130 °C for 24 h, the
mixture was cooled to room temperature, whereupon it solidified to a colourless solid, which
was used without further purification. The obtained spectral data fitted accurately with
literature reported data.

'"H NMR (500 MHz, CDCly): & = 7.91-7.84 (m, 6H), 7.84-7.77 (m, 3H), 7.74-7.68 (m, 6H),
7.66 (td, J = 7.9, 3.5 Hz, 1H), 7.31 (d, J = 7.3 Hz, 2H), 7.25-7.22 (m, 2H), 7.19-7.15 (m,
1H), 4.21 (dd, J = 20.4, 7.8 Hz, 2H), 3.09 (dd, J = 20.7, 7.8 Hz, 2H), 1.84 (dd, J =19.1, 7.2
Hz, 1H) ppm.

3P NMR (202 MHz, CDCly): & = 24.6-24.3 ppm.

1,1-Dimethylallylbenzene (201)%%!

201 was prepared according to GP-VII and spectral data fitted the literature reported data
accurately.

'"H NMR (500 MHz, CDCl3): & = 7.38-7.33 (m, 2H), 7.28-7.23 (m, 3H), 5.45-5.39 (m, 1H),
3.42 (d, J =5.3 Hz, 2H), 1.83 (s, 3H), 1.80 (s, 3H) ppm.

C NMR (125 MHz, CDCly): § = 141.9, 132.5, 128.4 (2C), 128.4 (2C), 125.7, 123.3, 34.4,
25.8,17.9 ppm.
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(E/Z)-1-methylallylbenzene (200)%*

T

200 was prepared according to GP-VII and spectral data fitted the literature reported data
accurately. E:Z = 1:3.

Z-isomer:

'"H NMR (500 MHz, CDCls): § = 7.27 (t, J = 7.3 Hz, 2H), 7.19-7.16 (m, 3H), 5.61 — 5.58
(m, 2H), 3.40 (d, J = 4.9 Hz, 2H), 1.72 (d, J = 4.8 Hz, 3H) ppm.

BC NMR (125 MHz, CDCls): 6 = 141.2, 129.0, 128.4 (2C), 128.4 (2C), 125.8, 124.8, 33.2,
12.8 ppm.

E-isomer:

'H NMR (500 MHz, CDCly): § = 7.27 (t, J = 7.3 Hz, 2H), 7.19-7.16 (m, 3H), 5.88-5.83 (m,
1H), 5.54-5.47 (m, 1H), 3.31 (d, J = 6.5 Hz, 2H), 1.68 (d, J = 6.2 Hz, 3H) ppm.

(E/Z)-1-methyl-1-phenyl allylbenzene (202)1%%!

Y

202 was prepared according to GP-VII and spectral data fitted the literature reported data
accurately. E:Z = 2:5.

E-isomer: 'H NMR (500 MHz, CDCl,): & = 7.36-7.32 (m, 2H), 7.32-7.28 (m, 2H), 7.27—
7.22 (m, 4H), 7.18-7.11 (m, 2H), 5.66 (tq, J = 7.5, 1.3 Hz, 1H), 3.32 (d, J = 7.5 Hz, 2H),
2.08 (g, J = 1.3 Hz, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 141.8, 141.5, 137.4, 128.4 (2C), 128.3 (2C), 128.2 (2C),
127.9 (2C), 126.7, 125.8, 125.7, 35.3, 25.7 ppm.

Z-isomer: 'H NMR (500 MHz, CDCly): § = 7.42-7.38 (m, 2H), 7.32-7.28 (m, 2H), 7.27—-
7.22 (m, 4H), 7.19-7.16 (m, 2H), 5.97 (tq, J = 7.4, 1.4 Hz, 1H), 3.57 (d, J = 7.4 Hz, 2H),
2.14 (q, J = 1.4 Hz, 3H) ppm.

13C NMR (125 MHz, CDCly): § = 143.7, 141.0, 135.7, 128.5 (2C), 128.4 (2C), 128.2 (20),
127.9 (2C), 126.7, 126.0, 125.7, 35.0, 16.0 ppm.
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4.2.5 Functionalised Allylic Starting Materials

N,N-diphenylallylamine (2220)%*"

©/N\/\

222b was prepared from allyl bromide (132, 50 mmol, 2.0 equiv), diphenylamine (133,
25 mmol) and K,CO; (50 mmol, 2.0 equiv) in acetonitrile (40 mL) and water (0.5 mL) in the
presence of TBAI (0.75 mmol, 3 mol%). After stirring this mixture for 48 h under reflux,
the mixture cooled to room temperature. The solvent was removed in vacuo and the crude
product was extracted into ethyl acetate (20 mL) and washed with water (2 x 20 mL). The
organic phase was dried (MgSQ,), filtered and the solvent removed in vacuo. The crude
product was then purified by silica gel flash chromatography (Petrol ether) to give the title
compound as a colourless liquid. The obtained spectral data fitted accurately with literature
reported data.

'H NMR (500 MHz, CDCl,): & = 7.25-7.20 (m, 4H), 7.04-6.99 (m, 4H), 6.93-6.88 (m, 2H),
5.95-5.87 (m, 1H), 5.25 (d, J = 17.2 Hz, 1H), 5.14 (d, J = 10.4 Hz, 1H), 4.33 (d, J = 5.9 Hz,
2H) ppm.

BC NMR (125 MHz, CDCly): & = 147.8 (2C), 134.3, 129.2 (4C), 121.2 (2C), 120.7 (4C),
116.3, 54.7 ppm.

3-(2-propen-1-yl)-2,4,5-imidazolidinetrione (254)

o)

I~°
HN

RN
0]

254 was prepared from allyl urea 253 (10 mmol) and oxalyl chloride (12 mmol, 1.2 equiv) in
dioxane (30 mL). After stirring this mixture for 72 h at room temperature, the solvent and
excess reagent were removed in vacuo and the crude product was used directly as a pale
yellow solid.

'H NMR (500 MHz, CDCl5): 8 = 7.86 (br s, 1H), 5.87 (ddt, J = 16.6, 10.1, 6.1 Hz, 1H), 5.36
(d, J = 16.6 Hz, 1H), 5.33 (d, J = 10.1 Hz, 1H), 4.29 (d, J = 6.1 Hz, 2H) ppm.
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1-methyl-3-(2-propen-1-yl)-2,4,5-imidazolidinetrione (222c)

222c was prepared from trione 254 (7.5 mmol), methyl iodide (11.2 mmol, 1.5 equiv) and
KOH (8.95 mmol, 1.2 equiv) in ethanol (20 mL). After stirring this mixture for 24 h under
reflux, the mixture cooled to room temperature. The solvent was removed in vacuo and the
crude product was recrystallised from diethyl ether at -20 °C.

'H NMR (500 MHz, CDCly): 8 = 5.84 (ddt, J = 17.1, 10.2, 6.1 Hz, 1H), 5.32 (dtd, J = 17.1,
1.3,0.9, 1H), 5.28 (app dg, J = 10.2, 1.1 Hz, 1H), 4.25 (dt, J = 6.1, 1.3 Hz, 2H), 3.19 (s, 3H)
ppm.

BC NMR (125 MHz, CDCls): 8 = 156.7, 156.4, 153.6, 129.8, 119.8, 41.3, 25.0 ppm.

IR (neat): v=2947.2, 1728.2, 1699.3, 1647.2, 1448.5, 1431.2, 1388.8, 1136.1, 935.5, 758.0,
732.9cm™.

HRMS (EI): calculated for C;HgN,O;" = [MH™]: m/z = 169.0608, found: m/z = 169.0599;
calculated for C;HgNaN,O;" = [MNa']: m/z = 191.0427, found: m/z = 191.0418.
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426 Anilines

N-(N-4-methoxyphenyl)benzylamine (171b)®#"]

O.
o
N
@/\H

According to a literature procedure??®!, in a mortar, benzaldehyde (11 mmol, 1.1 equiv), and
p-anisidine (10 mmol) were ground in the presence of boric acid (10 mmol, 1.0 equiv) with a
pestle until the mixture was ground to a uniform powder. Next, sodium borohydride
(210 mmol, 1 equiv) was added in three portions and ground for 30 min. The resulting liquid
was dissolved in ethanol and product 171b crystallised as a colourless solid at -20 °C. The
collected spectral information fitted the literature reported data accurately.

'H NMR (500 MHz, CDCly): § = 7.38-7.31 (m, 4H), 7.28-7.23 (m, 1H), 6.77 (d, J = 8.8 Hz,
1H), 6.59 (d, J = 8.8 Hz, 2H), 4.27 (s, 2H), 3.76 (br s, 1H), 3.73 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 152.2, 142.5, 139.7, 128.6 (2C), 127.5 (2C), 127.2, 114.9
(2C), 114.1 (2C), 55.8, 49.3 ppm.

N-phenyl-N-benzylamine (171a)%"

Sas

According to a literature procedure®??®!, in a mortar, benzaldehyde (11 mmol, 1.1 equiv), and
aniline (10 mmol) were ground in the presence of boric acid (10 mmol, 1.0 equiv) with a
pestle until the mixture was ground to a uniform powder. Next, sodium borohydride
(10 mmol, 1 equiv) was added in three portions and ground for 30 min. The resulting liquid
was dissolved in ethanol and product 171a crystallised as a colourless solid at -20 °C. The
collected spectral information fitted the literature reported data accurately.

'H NMR (500 MHz, CDCl): & = 7.40-7.31 (m, 4H), 7.27 (t, J = 7.1 Hz, 1H), 7.21-7.13 (m,
2H), 6.71 (t, J = 6.8 Hz, 1H), 6.64 (d, J = 7.7 Hz, 2H), 4.33 (s, 2H), 4.01 (s, 1H) ppm.

C NMR (125 MHz, CDCls): § = 148.2, 139.4, 129.3 (2C), 128.6 (2C), 127.5 (2C), 127.2,
117.6, 112.8 (2C), 48.3 ppm.
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4.2.7 Homoallylic Amines: Imine-Scope

(E)-N-(1,4-Diphenylbut-3-enyl)-4-methoxyaniline (57b)

o
H HN
0

Compound 57b was prepared according to GP-IV from allylbenzene (36; 26.5 pL,
0.20 mmol, 1.00 equiv) and imine 56b (42.2 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57b was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 60.0 mg (91%; E:Z = 99:1).

'H NMR (600 MHz, CDCly): § = 7.38-7.37 (m, 2H), 7.33-7.27 (m, 6H), 7.24-7.19 (m, 2H),
6.67-6.65 (m, 2H), 6.49 (d, J = 15.8 Hz, 1H), 6.46-6.43 (m, 2H), 6.16-6.11 (m, 1H, E-
CH=CH), 5.69 (ddd, J = 10.8, 7.1, 7.1 Hz, 1H, Z-CH=CH), 4.42-4.36 (m, 1H), 3.95 (br s,
1H), 3.65 (s, 3H), 2.74-2.70 (M, 1H), 2.65-2.60 (M, 1H) ppm.

C NMR (150 MHz, CDCl): & = 152.1, 143.8, 141.5, 137.1, 133.2, 128.6 (2C), 128.6 (2C),
127.4,127.0, 126.4 (2C), 126.2 (2C), 114.8 (3C), 114.8 (2C), 58.4, 55.7, 42.5 ppm.

IR (neat): v = 3389, 3024, 2930, 2830, 1508, 1234, 818, 741, 692 cm .
HRMS (EI): calculated for C,3H,sNO™ = [M*]: m/z = 329.1774, found: m/z = 329.1772.

(E)-N-(1,4-Diphenylbut-3-enyl)aniline (57a)%*!

HHN:
C

Compound 57a was prepared according to GP-IV from allylbenzene (36; 29.2 L,
0.22 mmol, 1.10 equiv) and imine 56a (36.2 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57a was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 57.5 mg (96%; E:Z = 49:1).
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'H NMR (500 MHz, CDCly): & = 7.49-7.48 (m, 2H), 7.44-7.38 (m, 6H), 7.35-7.29 (m, 2H),
7.28-7.15 (m, 2H), 6.74 (dd, J = 7.3, 7.3 Hz, 1H), 6.63-6.59 (m, 3H), 6.24 (ddd, J = 15.9,
7.4, 7.0 Hz, 1H, E-CH=CH), 5.79 (ddd, J = 11.9, 7.0, 6.1 Hz, 1H, Z-CH=CH), 4.57 (dd, J =
6.3, 6.3 Hz, 1H), 4.30 (br s, 1H), 2.93-2.83 (m, 1H), 2.78-2.72 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): § = 147.2, 143.5, 137.0, 133.3 (2C), 129.1 (2C), 128.6 (2C),
128.6 (2C), 127.4, 127.0, 126.3 (2C), 126.2 (2C), 126.0, 117.4, 113.5, 57.4, 42.4 ppm.

IR (neat): v= 3412, 3024, 2922, 1601, 1503, 1265, 734, 691 cm .
HRMS (EI): calculated for C,,HyN™ = [M*]: m/z = 299.1669, found: m/z = 299.1668.

(E)-N-[1-(4-Methylphenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57c)

o
H HN
0

Me
Compound 57c was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56¢ (45.1 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57c was purified
by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 63.2 mg (92%; E:Z = 32:1).

'H NMR (500 MHz, CDCl,): 8 = 7.37 (d, J = 7.4 Hz, 2H), 7.35-7.29 (m, 2H), 7.28-7.18 (m,
3H), 7.10 (d, J = 7.7 Hz, 2H), 6.65 (dd, J = 8.9, 1.5 Hz, 2H), 6.48-6.39 (m, 3H), 6.08 (ddd, J
=145,7.2,7.2 Hz, 1H, E-CH=CH), 5.64 (ddd, J =12.1, 7.1, 7.1 Hz, 1H, Z-CH=CH), 4.42—
4.31 (m, 1H), 3.96 (br s, 1H), 3.66 (s, 3H), 2.77-2.67 (m, 1H), 2.67-2.54 (m, 1H), 2.32 (s,
3H) ppm.

BC NMR (125 MHz, CDCly): & = 152.0, 143.8, 141.6, 137.2, 134.3, 133.1, 129.2 (2C),
128.6 (2C), 127.0, 126.4 (2C), 126.1 (2C), 125.1, 114.7 (2C), 114.7 (2C), 58.4, 55.7, 42.6,
21.2 ppm.

IR (neat): v= 3401, 3024, 2920, 2832, 1508, 1236, 816, 735, 692 cm
HRMS (EI): calculated for C,,H;sNO™ = [M*]: m/z = 343.1931, found: m/z = 343.1938.
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(E)-N-[1-(2-Methylphenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57d)

Compound 57d was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56d (45.1 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 uL) at 25 °C for 18 h. 57d was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 55.0 mg (80%; E:Z =99:1).

'H NMR (500 MHz, CDCly): & = 7.42-7.37 (m, 1H), 7.32-7.22 (m, 4H), 7.21-7.08 (m, 4H),
6.62 (d, J = 8.9 Hz, 2H), 6.49 (d, J = 15.8 Hz, 1H), 6.34 (d, J = 8.9 Hz, 2H), 6.14 (ddd, J =
15.8, 7.2, 7.2 Hz, 1H, E-CH=CH), 5.68 (ddd, J = 11.9, 7.0, 7.0 Hz, 1H, Z-CH=CH), 4.57
(dd, J = 8.1, 4.8 Hz, 1H), 3.91 (br s, 1H), 3.63 (s, 3H), 2.71-2.63 (m, 1H), 2.58-2.47 (m,
1H), 2.43 (s, 3H) ppm.

BC NMR (125 MHz, CDCls): & = 152.0, 141.6, 141.4, 137.1, 134.6, 133.2, 130.7, 128.6
(2C), 127.4, 126.8, 126.5, 126.4, 126.2 (2C), 125.5, 114.8 (2C), 114.5 (2C), 55.8, 54.6, 40.7,
19.2 ppm.

IR (neat): v =3395, 3025, 2928, 2832, 1508, 1234, 818, 735, 692 cm
HRMS (EI): calculated for C,,H,;sNO™ = [M*]: m/z = 343.1931, found: m/z = 343.1930.

(E)-N-[1-(4-Trifluoromethylphenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57¢)

ol
H HN
0

CF3
Compound 57e was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56e (55.9 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57e was purified
by PTLC on silica gel (Et,O/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 64.4 mg (81%; E:Z = 99:1).
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'H NMR (500 MHz, CDCly): § = 7.65 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 7.9 Hz, 2H), 7.40—
7.35 (m, 4H), 7.31-7.28 (m, 1H), 6.74 (d, J = 8.8 Hz, 2H), 6.58 (d, J = 15.8 Hz, 1H), 6.48 (d,
J = 8.8 Hz, 2H), 6.18 (ddd, J = 15.8, 6.8, 5.9 Hz, 1H, E-CH=CH), 5.73 (ddd, J = 12.3, 7.1,
7.1 Hz, 1H, Z-CH=CH), 4.51 (dd, J = 7.1, 6.1 Hz, 1H), 4.09 (br s, 1H), 3.74 (s, 3H), 2.83—
2.78 (m, 1H), 2.71-2.65 (m, 1H) ppm.

C NMR (125 MHz, CDCls): & = 152.3, 148.0, 141.0, 136.8, 133.8, 129.3 (q, J = 32.3 Hz),
128.6 (2C), 127.6, 126.7 (2C), 126.2 (2C), 125.6 (q, J = 3.7 Hz, 2C), 125.3, 123.9 (q, J =
272.6 Hz), 114.8 (4C), 58.1, 55.7, 42.4 ppm.

F NMR (470 MHz, CDCl,): & = —62.3 (s, 3F) ppm.
IR (neat): v = 3391, 3026, 2932, 2833, 1510, 1323, 1236, 1109, 1065, 818, 737, 692 cm *.
HRMS (EI): calculated for C,,Hy,FsNO™ = [M*]: m/z = 397.1648, found: m/z = 397.1646.

(E)-N-[1-(4-Fluorophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57f)

o
H HN
0

F
Compound 57f was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56f (45.9 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 40 °C for 18 h. 57f was purified
by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 68.8 mg (99%; E:Z = 49:1).

'"H NMR (400 MHz, CDCly): & = 7.41-7.24 (m, 6H), 7.24-7.16 (m, 1H), 7.00 (dd, J = 8.7,
8.7 Hz, 2H), 6.67 (d, J = 8.9 Hz, 2H), 6.49 (d, J = 15.8 Hz, 1H), 6.43 (d, J = 8.9 Hz, 2H),
6.11 (ddd, J = 15.8, 7.2, 7.2 Hz, 1H, E-CH=CH), 5.66 (ddd, J = 11.7, 7.0, 7.0 Hz, 1H, Z-
CH=CH), 4.37 (dd, J = 7.6, 5.3 Hz, 1H), 3.94 (br s, 1H), 3.67 (s, 3H), 2.75-2.65 (m, 1H),
2.65-2.54 (m, 1H) ppm.

C NMR (125 MHz, CDCly): 8 = 161.8 (d, J = 244.7 Hz), 152.1, 141.3, 139.4 (d, J = 2.9
Hz), 137.0, 133.5, 128.6 (2C), 127.8 (d, J = 7.9 Hz, 2C), 127.5, 126.2 (2C), 125.8, 115.4 (d,
J=21.3 Hz, 2C), 114.8 (2C), 114.7 (2C), 57.8, 55.7, 42.6 ppm.

F NMR (376 MHz, CDCl,):  =-115.9 (s) ppm.
IR (neat): v = 3385, 3026, 2930, 2832, 1506, 1234, 1219, 818, 735, 692 cm .
HRMS (EI): calculated for C,3H,,FNO™ = [M™]: m/z = 347.1680, found: m/z = 347.1683.
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(E)-N-[1-(4-Chlorophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57¢)

o
H HN
0

Cl
Compound 57g was prepared according to GP-IV from allylbenzene (36; 29.2 L,
0.22 mmol, 1.10 equiv) and imine 56g (49.1 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 579 was
purified by PTLC on silica gel (Et,O/PE = 1:9, eluted once).

Yellow liquid.
Yield: 58.2 mg (80%; E:Z = 49:1).

'H NMR (500 MHz, CDCly): § = 7.38-7.26 (m, 8H), 7.25-7.15 (m, 1H), 6.67 (d, J = 8.9 Hz,
2H), 6.50 (d, J = 15.8 Hz, 1H), 6.41 (d, J = 8.9 Hz, 2H), 6.10 (ddd, 15.8, 7.8, 7.3 Hz, 1H, E-
CH=CH), 5.65 (ddd, J = 11.8, 7.0, 7.0 Hz, 1H, Z-CH=CH), 4.36 (dd, J = 5.7, 5.7 Hz, 1H),
3.93 (br's, 1H), 3.67 (s, 3H), 2.76-2.65 (m, 1H), 2.65-2.52 (m, 1H).

BC NMR (125 MHz, CDCly): & = 152.2, 142.4, 141.2, 137.0, 133.6, 132.6, 128.8 (2C),
128.7 (2C), 127.8 (2C), 127.6, 126.3 (2C), 125.7, 114.8 (2C), 114.8 (2C), 57.9, 55.8, 42.5

ppm.
IR (neat): v = 3402, 3024, 2930, 2832, 1510, 1238, 818, 744, 694 cm .

HRMS (EI): calculated for C,3H»,> CINO* = [M*]: m/z = 363.1384, found: m/z = 363.1391.

(E)-N-[1-(4-Bromophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57h)

o
H HN
0

Br
Compound 57h was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56h (58.0 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 uL) at 25 °C for 18 h. 57h was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 69.4 mg (85%; E:Z = 99:1).
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'H NMR (500 MHz, CDCl,): & = 7.44 (d, J = 8.4 Hz, 2H), 7.34-7.18 (m, 7H), 6.66 (d, J =
8.9 Hz, 2H), 6.49 (d, J = 15.8 Hz, 1H), 6.41 (d, J = 8.9 Hz, 2H), 6.09 (ddd, J =15.8,7.2, 7.2
Hz, 1H, E-CH=CH), 5.64 (ddd, J = 11.8, 7.1, 7.1 Hz, 1H, Z-CH=CH), 4.34 (ddd, J = 8.7,
4.8, 4.1 Hz 1H), 3.93 (d, J = 4.1 Hz, 1H), 3.66 (s, 3H), 2.75-2.64 (m, 1H), 2.63-2.51 (m,
1H) ppm.

3C NMR (125 MHz, CDCl,): & = 152.2, 142.9, 141.1, 136.9, 133.6, 131.7 (2C), 128.6 (2C),
128.2 (2C), 127.5, 126.2 (2C), 125.6, 120.7, 114.8 (2C), 114.7 (2C), 57.8, 55.7, 42.4 ppm.

IR (neat): v=3401, 3026, 2926, 2832, 1510, 1236, 818, 741, 694 cm
HRMS (EI): calculated for C,3H,,"°BrNO* = [M']: m/z = 407.0879, found: m/z = 407.0884.

(E)-N-[1-(3-Bromophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57i)

o
H HN
0

Br

Compound 57i was prepared according to GP-IV from allylbenzene (36; 30.5 pL,
0.23 mmol, 1.15 equiv) and imine 56i (58.0 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 uL) at 25 °C for 18 h. 57i was purified
by PTLC on silica gel (EtOAc/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 78.4 mg (96%; E:Z = 49:1).

'H NMR (400 MHz, CDCl;): & = 7.55 (dd, J = 1.8, 1.8 Hz, 1H), 7.39-7.26 (m, 6H), 7.24—
7.13 (m, 2H), 6.69 (d, J = 9.0 Hz, 2H), 6.50 (d, J = 15.8 Hz, 1H), 6.43 (d, J = 9.0 Hz, 2H),
6.10 (ddd, J = 15.8, 7.8, 6.6 Hz, 1H, E-CH=CH), 5.65 (ddd, J = 11.7, 7.1, 7.1 Hz, 1H, Z-
CH=CH), 4.34 (dd, J = 8.0, 5.0, 1H), 4.00 (br s, 1H), 3.67 (s, 3H), 2.76-2.66 (m, 1H), 2.65—
2.53 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): § = 152.3, 146.4, 141.1, 136.9, 133.7, 130.2, 130.2, 129.5,
128.6 (2C), 127.5, 126.2 (2C), 125.6, 125.1, 122.9, 114.8 (2C), 114.8 (2C), 58.1, 55.7, 42.5

ppm.
IR (neat): v = 3395, 3024, 2930, 2830, 1508, 1234, 818, 739, 692 cm ™.

HRMS (EI): calculated for C,sH,,°BrNO* = [M*]: m/z = 407.0879, found: m/z = 407.0879.
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(E)-N-[1-(2-Bromophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57j)

o
H HN
)
Br

Compound 57j was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56j (58.0 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57 was purified
by PTLC on silica gel (EtOAc/PE = 1:9; eluted once).

Yellow liquid.
Yield: 73.5 mg (90%; E:Z = 49:1).

'H NMR (500 MHz, CDCly): & = 7.58 (dd, J = 7.8, 1.1 Hz, 1H), 7.45 (dd, J = 7.8, 1.7 Hz,
1H), 7.35 (dd, J = 7.8, 1.1 Hz, 2H), 7.30 (dd, J = 7.6, 7.6 Hz, 2H), 7.24 (dd, J = 7.6, 7.6 Hz
2H), 7.10 (ddd, J = 7.6, 7.6, 1.7 Hz, 1H), 6.67 (d, J = 9.0 Hz, 2H), 6.54 (d, J = 15.8 Hz, 1H),
6.38 (d, J = 9.0 Hz, 2H), 6.19 (ddd, J = 15.7, 7.8, 6.7 Hz, 1H, E-CH=CH), 5.74 (ddd, J =
11.8, 8.1, 5.9 Hz, 1H, Z-CH=CH), 4.81 (dd, J = 8.3, 4.2 Hz, 1H), 4.05 (br s, 1H), 3.67 (s,
3H), 2.85-2.80 (m, 1H), 2.57-2.50 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): & = 152.1, 141.9, 141.0, 137.0, 133.5, 133.1, 128.6 (2C),
128.6, 127.9, 127.9, 127.5, 126.3 (2C), 125.9, 123.0, 114.8 (2C), 114.6 (2C), 57.0, 55.7, 40.2

ppm.
IR (neat): v = 3402, 3024, 2930, 2830, 1508, 1236, 1020, 818, 743, 692 cm .

HRMS (EI): calculated for Cy3Hy, " BrNO" = [M™*]: m/z = 407.0879, found: m/z = 407.0880.

(E)-N-[1-(1-Naphthyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57k)

o
H HN
e

Compound 57k was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56k (52.3 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 57k was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 74.4 mg (98%; E:Z = 24:1).
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'H NMR (500 MHz, CDCly): & = 8.21 (d, J = 8.5 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.75 (d,
J=8.2Hz, 1H), 7.66 (d, J = 7.2, 1H), 7.56 (dd, J = 7.6, 7.4 Hz, 1H), 7.51 (dd, J = 7.6, 7.4
Hz, 1H), 7.41 (dd, J = 7.7, 7.7 Hz, 1H), 7.33-7.26 (m, 4H), 7.22-7.19 (m, 1H), 6.61 (d, J =
8.9 Hz, 2H), 6.55 (d, J = 15.8 Hz, 1H), 6.40 (d, J = 8.9 Hz, 2H), 6.22 (ddd, J = 15.4, 7.1, 7.1
Hz, 1H, E-CH=CH), 5.80 (ddd, J = 11.7, 7.2, 7.2 Hz, 1H, Z-CH=CH), 5.23 (dd, J = 7.7, 3.9
Hz, 1H), 4.17 (br s, 1H), 3.62 (s, 3H), 2.98-2.93 (m, 1H), 2.72-2.66 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): & = 151.9, 141.4, 138.3, 137.0, 134.2, 133.2, 130.7, 129.2,
128.6 (2C), 127.5, 127.4, 126.4, 126.2 (2C), 126.1, 125.82, 125.4, 123.3, 122.4, 114.7 (2C),
114.5 (2C), 55.7, 54.0, 41.0 ppm.

IR (neat): v = 3404, 3026, 2932, 2830, 1508, 1236, 1036, 818, 779, 734, 692 cm
HRMS (EI): calculated for C,;H,sNO™ = [M*]: m/z = 379.1931, found: m/z = 379.1922.

(E)-N-[1-(2-Naphthyl)-4-phenylbut-3-enyl]-4-methoxyaniline (571)

o
H HN
ahe®

Compound 571 was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 561 (52.3 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 uL) at 25 °C for 20 h. 571 was purified
by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 66.0 mg (87%; E:Z = 24:1).

'H NMR (500 MHz, CDCly): § = 7.83-7.78 (m, 4H), 7.51 (d, J = 8.6 Hz, 1H), 7.46-4.40 (m,
2H), 7.32-7.25 (m, 4H), 7.22-7.18 (m, 1H), 6.64 (d, J = 7.9 Hz, 2H), 6.52 (d, J = 15.9 Hz,
1H, E-CH=CH), 6.48 (d, J = 7.9 Hz, 2H), 6.15 (ddd, J = 15.9, 8.1, 6.7 Hz, 1H), 5.71 (ddd, J
= 12.7,7.2, 7.2 Hz, 1H, Z-CH=CH), 4.54 (dd, J = 7.9, 5.1 Hz, 1H), 4.04 (br s, 1H), 3.63 (s,
3H), 2.83-2.78 (m, 1H), 2.72-2.66 (m, 1H) ppm.

¥C NMR (125 MHz, CDCls): & = 152.1, 141.5, 141.3, 137.0, 133.6, 133.3, 132.8, 128.6
(2C), 128.4, 127.9, 127.7, 127.4, 126.2 (2C), 126.1, 126.0, 125.5, 125.0, 124.7, 114.8 (2C),
114.7 (2C), 58.6, 55.7, 42.5 ppm.

IR (neat): v = 3402, 3024, 2930, 2830, 1508, 1236, 1036, 818, 746, 692 cm ™.
HRMS (EI): calculated for C,;H,sNO™ = [M*]: m/z = 379.1931, found: m/z = 379.1929.
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(E)-N-[1-(4-Methoxyphenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57m)

o
H HN
0

OMe
Compound 57m was prepared according to GP-V from allylbenzene (36; 47.7 L,
0.36 mmol, 1.80 equiv) and imine 56m (48.3 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57m was
purified by PTLC on silica gel (EtOAC/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 52.5 mg (73%; E:Z =99:1).

'H NMR (600 MHz, CDCls): § = 7.33-7.28 (m, 6H), 7.24-7.20 (m, 1H), 6.87 (d, J = 8.9 Hz,
2H), 6.67 (d, J = 8.9 Hz, 2H), 6.50 (d, J = 15.8 Hz, 1H), 6.46 (d, J = 8.9 Hz, 2H), 6.14 (ddd,
J=15.8,7.6,6.9 Hz, 1H, E-CH=CH), 5.68 (ddd, J =11.8, 7.7, 6.3 Hz, 1H, Z-CH=CH), 4.35
(dd, J = 7.4, 5.6 Hz, 1H), 3.92 (br s, 1H), 3.79 (s, 3H), 3.68 (s, 3H), 2.74-2.69 (m, 1H),
2.66-2.61 (m, 1H) ppm.

C NMR (125 MHz, CDCly): § = 158.6, 152.0, 141.6, 137.1, 135.7, 133.1, 128.6 (2C),
127.4 (2C), 127.4, 126.3, 126.2 (2C), 114.8 (2C), 114.7 (2C), 114.0 (2C), 57.8, 55.7, 55.3,
42.7 ppm.

IR (neat): v=3399, 3024, 2932, 2832, 1508, 1238, 1034, 820, 742, 694 cm ™,
HRMS (EI): calculated for C,4H,sNO," = [M*]: m/z = 359.1880, found: m/z = 359.1884.

(E)-N-[1-(4-N,N-Dimethylaminophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (57n)

o
H HN
0

NMez
Compound 57n was prepared according to GP-V from allylbenzene (36; 66.4 pL,
0.50 mmol, 2.50 equiv) and imine 56n (50.9 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57n was
purified by PTLC on silica gel (EtOAc/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 67.1 mg (90%; E:Z = 49:1).
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'H NMR (601 MHz, CDCl): § = 7.34-7.32 (m, 2H), 7.28 (dd, J = 7.7, 7.3 Hz, 2H), 7.24 (d,
J=8.7 Hz, 2H), 7.20 (dd, J = 7.3, 7.3 Hz, 1H), 6.72 (d, J = 8.7 Hz, 2H), 6.67 (d, J = 8.9 Hz,
2H), 6.50 (d, J = 15.5 Hz, 1H), 6.47 (d, J = 8.9 Hz, 2H), 6.16 (ddd, J = 15.5, 7.6, 6.8 Hz, 1H,
E-CH=CH), 5.69 (ddd, J = 11.8, 7.7, 6.3 Hz, 1H, Z-CH=CH), 4.32 (dd, J = 7.5, 5.5 Hz, 1H),
4.02 (br s, 1H), 3.68 (s, 3H), 2.93 (s, 6H), 2.73-2.69 (m, 1H), 2.66-2.61 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): & = 151.9, 149.7, 141.9, 137.3, 132.8, 131.5, 128.5 (2C),
127.3, 127.1 (2C), 126.8, 126.2 (2C), 114.8 (2C), 114.7 (2C), 112.8 (2C), 57.8, 55.8, 42.6,
40.7 (2C) ppm.

IR (neat): v = 3395, 3024, 2916, 2830, 1508, 1234, 1036, 818, 733, 692 cm ™.
HRMS (EI): calculated for C,5HysN,O" = [M*]: m/z = 372.2196, found: m/z = 372.2188.

(E)-N-[1-(4-cyanophenyl)-4-phenylbut-3-enyl]-4-methoxyaniline (570)

o
H HN
0

CN
Compound 570 was prepared according to GP-IV from allylbenzene (36; 79.5 pL,
0.60 mmol, 3.00 equiv) and imine 560 (47.3 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 570 was
purified by PTLC on silica gel (EtOAc/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 35.4 mg (50%; E:Z = >99:1).

'H NMR (500 MHz, CDCly): § = 7.66 (d, J = 8.3 Hz, 2H), 7.54 (d, J = 8.3 Hz, 2H), 7.37—
7.31 (m, 4H), 7.28-7.25 (m, 1H), 6.70 (d, J = 9.0 Hz, 2H), 6.54 (d, J = 15.8 Hz, 1H), 6.41 (d,
J=9.0 Hz, 2H), 6.11 (ddd, J = 15.8, 7.8, 6.7 Hz, 1H), 4.47 (dd, J = 7.9, 5.1 Hz, 1H), 4.01 (br
s, 1H), 3.71 (s, 3H), 2.80-2.73 (m, 1H), 2.68-2.61 (m, 1H) ppm.

The Z-isomer could not be detected.

¥C NMR (125 MHz, CDCly): § = 152.5, 149.6, 140.7, 136.7, 134.1, 132.6 (2C), 128.7 (2C),
127.7,127.2 (2C), 126.2 (2C), 124.9, 118.9, 114.8 (4C), 111.0, 58.2, 55.7, 42.2 ppm.

IR (neat): v =3390, 3026, 2926, 2225, 1510, 1238, 1035, 820, 748, 694 cm .
HRMS (EI): calculated for C,,H,,N,O" = [M*]: m/z = 354.1727, found: m/z = 354.1716.
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(E)-N-[1-(Thiophen-2-y)-4-phenylbut-3-enyl]-4-methoxyaniline (57v)

o
H HN

= =
s/
Compound 57v was prepared according to GP-IV from allylbenzene (36; 39.8 pL,

0.30 mmol, 1.50 equiv) and imine 56v (43.5 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 60 °C for 72 h. 57v was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 60.4 mg (90%; E:Z = 99:1).

'H NMR (500 MHz, CDCly): § = 7.33-7.28 (m, 4H), 7.24-7.17 (m, 2H), 6.99 (d, J = 3.4 Hz,
1H), 6.95 (dd, J = 4.9, 3.4 Hz, 1H), 6.72 (d, J = 8.9 Hz, 2H), 6.57 (d, J = 8.9 Hz, 2H), 6.52
(d, J = 15.8 Hz, 1H), 6.19 (ddd, J = 15.8, 7.3, 7.3 Hz, 1H, E-CH=CH), 5.72 (ddd, J = 11.8,
6.9, 6.9 Hz, 1H, Z-CH=CH), 4.72 (dd, J = 6.3, 6.3 Hz, 1H), 3.94 (br s, 1H), 3.71 (s, 3H),
2.83-2.79 (m, 2H) ppm.

BC NMR (125 MHz, CDCly): & = 152.5, 149.0, 141.1, 137.1, 133.6, 128.6 (2C), 127.5,
126.8, 126.2 (2C), 125.6, 123.8, 123.5, 115.2 (2C), 114.8 (2C), 55.7, 54.8, 42.4 ppm.

IR (neat): v = 3387, 3026, 2928, 2832, 1508, 1234, 818, 735, 692 cm ™.
HRMS (EI): calculated for CyH, NO*S" = [M*]: m/z = 335.1338, found: m/z = 335.1342.

(E)-N-[1-(1-Methyl-1H-indol-3-yl)-4-phenylbut-3-enyl]-4-methoxyaniline (57w)

Compound 57w was prepared according to GP-V from allylbenzene (36; 53.0 pL,
0.40 mmol, 2.00 equiv) and imine 56w (52.9 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 57w was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted three times).

Yellow liquid.
Yield: 61.2 mg (80%; E:Z = 99:1).
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'H NMR (500 MHz, CDCly): 8 =7.71 (d, J = 7.9 Hz, 1H), 7.33-7.26 (m, 5H), 7.25-7.22 (m,
1H), 7.22-7.18 (m, 1H), 7.13 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.97 (s, 1H), 6.70 (d, J = 9.0
Hz, 2H), 6.57 (d, J = 9.0 Hz, 2H), 6.53 (d, J = 15.8 Hz, 1H), 6.24 (ddd, J = 15.8, 7.2, 7.2 Hz,
1H, E-CH=CH), 5.78 (ddd, J = 11.6, 7.1, 7.1 Hz, 1H, Z-CH=CH), 4.78 (dd, J = 6.2, 6.2 Hz,
1H), 3.91 (br s, 1H), 3.73 (s, 3H), 3.70 (s, 3H), 2.97-2.91 (m, 1H), 2.86-2.81 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): § = 151.9, 142.0, 137.5, 137.3, 132.7, 128.5 (2C), 127.2,
127.0, 126.6, 126.3, 126.1 (2C), 121.6, 119.3, 118.9, 116.7, 114.8 (2C), 114.7 (2C), 109.4,
55.7, 51.7, 40.5, 32.7 ppm.

IR (neat): v = 3435, 3358, 3022, 3022, 2831, 1510, 1238, 824, 738, 692 cm .
HRMS (ESI): calculated for CysH,;N,O" = [M+H]": m/z = 383.2118, found: m/z = 383.2140.

(E)-N-[1-(1-Methyl-1H-pyrrol-2-yl)-4-phenylbut-3-enyl]-4-methoxyaniline (57x)

o
H HN

=
/
Me/N

Compound 57x was prepared according to GP-IV from allylbenzene (36; 29.2 pL,
0.22 mmol, 1.10 equiv) and imine 56x (42.9 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 57x was
purified by PTLC on silica gel (EtOAc/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 53.2 mg (80%; E:Z = >99:1).

'H NMR (500 MHz, CDCly): & = 7.31-7.24 (m, 4H), 7.21-7.18 (m, 1H), 6.76 (d, J = 8.9 Hz,
2H), 6.62-6.52 (m, 3H), 6.48 (d, J = 15.9 Hz, 1H), 6.22 (ddd, J = 15.9, 7.3, 7.3 Hz, 1H), 6.18
(dd, J = 3.4, 1.5 Hz, 1H), 6.08 (dd, J = 3.4, 2.8 Hz, 1H), 4.47 (dd, J = 7.3, 5.8 Hz, 1H), 3.73
(s, 3H), 3.57 (s, 3H), 3.56 (br s, 1H), 2.89-2.84 (m, 1H), 2.82-2.76 (m, 1H) ppm.

The Z-isomer could not be detected.

BC NMR (125 MHz, CDCly): & = 152.2, 141.3, 137.3, 133.4, 132.6, 128.5 (2C), 127.2,
126.8, 126.1 (2C), 122.5, 115.0 (2C), 114.8 (2C), 106.7, 106.5, 55.8, 51.5, 38.3, 34.0 ppm.

IR (neat): v= 3379, 3024, 2916, 2832, 1508, 1236, 1034, 818, 735, 712, 692 cm ™,
HRMS (EI): calculated for C,,H,,N,O" = [M*]: m/z = 332.1883, found: m/z = 332.1887.

254



(E)-N-(2,2-Dimethyl-6-phenylhex-5-en-3-yl)-4-methoxyaniline (570)

o
H HN

7 Me
Me
Me

Compound 570 was prepared according to GP-V from allylbenzene (36; 53.0 pL,
0.40 mmol, 2.00 equiv) and imine 56U (38.3 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 18 h. 570 was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 53.8 mg (87%; E:Z = 49:1).

'H NMR (600 MHz, CDCy): 5 = 7.21-7.18 (m, 2H), 7.15-7.10 (m, 3H), 6.72 (d, J = 8.5 Hz,
2H), 6.55 (d, J = 8.5 Hz, 2H), 6.38 (d, J = 15.8 Hz, 1H), 6.16 (ddd, J = 15.8, 8.1, 8.1 Hz, 1H,
E-CH=CH), 5.69 (ddd, J = 11.5, 6.9, 6.9 Hz, 1H, Z-CH=CH), 3.72 (s, 3H), 3.24 (br s, 1H),
3.12 (dd, J = 9.4, 3.5 Hz, 1H), 2.61-2.57 (m, 1H), 2.22-2.17 (m, 1H), 1.00 (s, 9H) ppm.

¥C NMR (150 MHz, CDCy): & = 151.4, 143.9, 137.7, 131.2, 129.3, 128.4 (2C), 126.8,
126.0 (2C), 115.0 (2C), 114.4 (2C), 63.9, 55.9, 35.9, 35.9, 27.1 (3C) ppm.

IR (neat): v = 3404, 3024, 2951, 2832, 1508, 1232, 816, 739, 692 cm .
HRMS (EI): calculated for C,;H,;NO* = [M*]: m/z = 309.2087, found: m/z = 309.2091.
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4.2.8 Homoallylic Amines: Pro-nucleophile-Scope

(E)-N-[4-(4-Fluorophenyl)-1-phenylbut-3-enyl]-4-methoxyaniline (152b)

OMe
: o
H HN
O

Compound 152b was prepared according to GP-IV from the substituted allylbenzene 146
(29.7 pL, 0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol), using NaHMDS

(3.7 mg, 0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 152b
was purified by PTLC on silica gel (EtOAC/PE = 1:9; eluted once).

Yellow liquid.
Yield: 68.8 mg (99%; E:Z = 49:1).

'H NMR (500 MHz, CDCls): & = 7.37 (d, J = 7.3 Hz, 2H), 7.32 (dd, J = 7.6, 7.6 Hz, 2H),
7.29-7.21 (m, 3H), 6.96 (dd, J = 8.7, 8.7 Hz, 2H), 6.66 (d, J = 9.0 Hz, 2H), 6.49-6.40 (m,
3H), 6.04 (ddd, J = 15.8, 7.2, 7.2 Hz, 1H, E-CH=CH), 5.67 (ddd, J = 11.7, 7.1, 7.1 Hz, 1H,
Z-CH=CH), 4.38 (dd, J = 7.8, 5.3 Hz, 1H), 3.94 (br s, 1H), 3.65 (s, 3H), 2.74-2.66 (m, 1H),
2.65-2.56 (m, 1H) ppm.

C NMR (125 MHz, CDCly): § = 162.2 (d, J = 246.6 Hz), 152.1, 143.7, 141.5, 133.2 (d, J =
3.3 Hz), 132.0, 128.6 (2C), 127.6 (d, J = 7.9, 2C), 127.0, 126.4, 126.0 (d, J = 2.1, 2C), 115.5,
115.3, 114.7 (2C), 114.6 (2C), 58.4, 55.7, 42.4 ppm.

1F NMR (376 MHz, CDCly): = 114.6 (ddd, J = 13.2, 6.7, 3.9 Hz) ppm.
IR (neat): v = 3402, 3026, 2931, 2832, 1506, 1229, 818, 737, 700 cm
HRMS (EI): calculated for C,3H,,FNO™ = [M™]: m/z = 347.1680, found: m/z = 347.1687.

(E)-N-[4-(4-Methylphenyl)-1-phenylbut-3-enyl]-4-methoxyaniline (153b)

OMe
. o
© H HN
0

Compound 153b was prepared according to GP-IV from the substituted allylbenzene 147
(33.7 pL, 0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol), using NaHMDS
(3.7 mg, 0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 153b
was purified by PTLC on silica gel (EtOAC/PE = 1:9; eluted once).

Yellow liquid.
Yield: 68.0 mg (99%; E:Z = 99:1).
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'H NMR (500 MHz, CDCly): 8 =7.38 (d, J = 7.2 Hz, 2H), 7.36-7.30 (m, 3H), 7.26-7.21 (m,
1H), 7.13 (d, J = 3.1 Hz, 3H), 6.76-6.64 (m, 3H), 6.46 (d, J = 9.0 Hz, 2H), 6.01 (ddd, J =
15.6, 7.8, 6.7 Hz, 1H, E-CH=CH), 5.73 (ddd, J = 11.4, 7.3, 7.3 Hz, 1H, Z-CH=CH), 4.40
(ddd, J = 7.6, 5.0, 4.4 Hz, 1H), 3.98 (d, J = 4.4 Hz, 1H), 3.67 (s, 3H), 2.79-2.72 (m, 1H),
2.70-2.63 (m, 1H), 2.31 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 152.0, 143.8, 141.6, 137.2, 134.3, 133.1, 129.2 (2C),
128.6 (2C), 127.0, 126.4 (2C), 126.1 (2C), 125.1, 114.7 (2C), 114.7 (2C), 58.4, 55.7, 42.6,
21.2 ppm.

IR (neat): v =13397, 3024, 2930, 2830, 1510, 1236, 818, 746, 700 cm
HRMS (EI): calculated for C,,H,sNO™ = [M*]: m/z = 343.1931, found: m/z = 343.1945.

(E)-N-[4-(2-Methylphenyl)-1-phenylbut-3-enyl]-4-methoxyaniline (154b)

o
H HN
Z

Me O

Compound 154b was prepared according to GP-IV from the substituted allylbenzene 148
(33.7 pL, 0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol), using NaHMDS
(3.7 mg, 0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 154b
was purified by PTLC on silica gel (EtOAC/PE = 1:9; eluted once).

Yellow liquid.
Yield: 58.4 mg (85%; E:Z = 49:1).

'"H NMR (500 MHz, CDCls): § = 7.37 (d, J = 7.3 Hz, 2H), 7.31 (dd, J = 7.5, 7.3 Hz, 2H),
7.24-7.21 (m, 3H), 7.09 (d, J = 7.5 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H), 6.48-6.43 (m, 3H),
6.08 (ddd, J = 14.7, 7.2, 7.2 Hz, 1H, E-CH=CH), 5.64 (ddd, J = 11.5, 7.2, 6.4 Hz, 1H, Z-
CH=CH) 4.37 (dd, J = 6.4, 6.4 Hz, 1H), 3.95 (br s, 1H), 3.65 (s, 3H), 2.73-2.69 (m, 1H),
2.63-6.57 (m, 1H), 2.31 (s, 3H) ppm.

C NMR (125 MHz, CDCly): & = 152.1, 143.8, 141.6, 136.3, 135.1, 131.3, 130.3, 128.6
(2C), 127.6, 127.4, 127.0, 126.5 (2C), 126.1, 125.7, 114.8 (2C), 114.8 (2C), 58.4, 55.8, 42.8,
19.9 ppm.

IR (neat): v = 13399, 3024, 2924, 2830, 1508, 1234, 816, 750, 700 cm .
HRMS (EI): calculated for C,,H,sNO™ = [M*]: m/z = 343.1931, found: m/z = 343.1922.
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(E)-N-[4-(4-Methoxyphenyl)-1-phenylbut-3-enyl]-4-methoxyaniline (155b)

OMe
o oy
© H HN
0

Compound 155b was prepared according to GP-IV from the substituted allylbenzene 149
(33.8 pL, 0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol), using NaHMDS

(3.7 mg, 0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 40 °C for 20 h. 155b
was purified by PTLC on silica gel (EtOAC/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 55.4 mg (77%; E:Z = 24:1).

'H NMR (500 MHz, CDCly): & = 7.38-7.37 (m, 2H), 7.32-7.30 (m, 2H), 7.26-7.21 (m, 3H),
6.83 (d, J = 8.7 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 6.46-6.43 (m, 3H), 5.99 (ddd, J = 15.6,
7.2, 7.2 Hz, 1H, E-CH=CH), 5.59 (ddd, J = 12.0, 7.0, 7.0 Hz, 1H, Z-CH=CH), 4.37 (dd, J =
5.7, 5.7 Hz, 1H), 3.97 (br s, 1H), 3.78 (s, 3H), 3.66 (s, 3H), 2.73-2.68 (m, 1H), 2.62-2.56
(m, 1H) ppm.

BC NMR (125 MHz, CDCly): & = 159.1, 152.0, 143.9, 141.6, 132.6, 129.0, 128.6 (2C),
127.3 (2C), 126.9, 126.4 (2C), 123.9, 114.7 (4C), 114.0 (2C), 58.4, 55.7, 55.3, 42.6 ppm

IR (neat): v=3397, 3026, 2932, 2832, 1508, 1236, 1032, 818, 752, 700 cm
HRMS (EI): calculated for C,,H,sNO," = [M*]: m/z = 359.1880, found: m/z = 359.1878.

(E)-N-[4-(Pyridin-3-yI)-1-(pyridin-4-yl)but-3-enyl]-4-methoxyaniline (1592)

Compound 159z was prepared according to GP-IV from 3-allyl pyridine (158; 35.8 mg,
0.30 mmol, 1.50 equiv) and imine 56z (42.4 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 159z was
purified by PTLC on silica gel (NEts/Et,O/PE = 1:2:17; eluted twice).

Yellow liquid.
Yield: 49.7 mg (75%; E:Z = 32:1).
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'H NMR (500 MHz, CDCl;): § = 8.57 (d, J = 6.0 Hz, 2H), 8.55 (d, J = 1.8 Hz, 1H), 8.47 (d,
J=4.7Hz, 1H), 7.63 (dt, J =7.9, 1.8 Hz, 1H), 7.32 (d, J = 6.0 Hz, 2H), 7.23 (dd, J = 7.9, 4.7
Hz, 1H), 6.69 (d, J = 8.9 Hz, 2H), 6.49 (d, J = 15.9 Hz, 1H), 6.42 (d, J = 8.9 Hz, 2H), 6.19
(ddd, J = 15.9, 7.5, 7.5 Hz, 1H, E-CH=CH), 5.81 (ddd, J = 11.7, 7.1, 7.1 Hz, 1H, Z-
CH=CH), 4.42 (dd, J = 7.5, 5.2 Hz, 1H), 3.98 (br s, 1H), 3.69 (s, 3H), 2.80-2.75 (m, 1H),
2.70-2.64 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): § = 152.7, 152.5, 150.2 (2C), 148.8, 148.2, 140.6, 132.6,
132.3, 130.4, 127.5, 123.5, 121.7 (2C), 114.9 (2C), 114.8 (2C), 57.5, 55.7, 41.8 ppm

IR (neat): v =13287, 3028, 2930, 2832, 1597, 1508, 1236, 1034, 818, 731, 706 cm .
HRMS (EI): calculated for C,;H,;NsO* = [M*]: m/z = 331.1679, found: m/z = 331.1695.

(E)-N-[4-(pyridin-3-yl)-1-(thiophen-2-yl)phenylbut-3-enyl]-4-methoxyaniline (159v)

Compound 159v was prepared according to GP-IV from allyl pyridine (158; 35.8 mg,
0.30 mmol, 1.50 equiv) and aldimine 56v (43.5 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 159v was
purified by PTLC (NEts:Et,O:PE = 1:2:17, eluted twice).

Yellow liquid.
Yield: 38.4 mg (57%, E:Z = 32:1).

'H NMR (500 MHz, CDCly): & = 8.55 (d, J = 1.7 Hz, 1H), 8.45 (dd, J = 4.6, 1.2 Hz, 1H),
7.63 (dt, J = 7.9, 1.7 Hz, 1H), 7.23-7.18 (m, 2H), 6.99-6.95 (m, 2H), 6.73 (d, J = 8.9 Hz,
2H), 6.58 (d, J = 8.9 Hz, 2H), 6.49 (d, J = 16.0 Hz, 1H), 6.27 (ddd, J = 16.0, 7.2, 7.2 Hz, 1H,
E-CH=CH), 5.87 (ddd, J = 11.6, 7.2, 7.2 Hz, 1H, Z-CH=CH), 4.74 (dd, J = 6.4, 6.4 Hz, 1H),
3.90 (br s, 1H), 3.71 (s, 3H), 2.85-2.82 (m, 2H) ppm.

C NMR (125 MHz, CDCls): & = 152.6, 148.6, 148.5, 148.2, 141.0, 132.6, 132.6, 129.9,
128.2,126.9, 124.0, 123.6, 123.4, 115.2 (2C), 114.8 (2C), 55.7, 54.7, 42.3 ppm.

IR (neat): v = 3379, 3287, 3028, 2926, 2832, 1508, 1234, 1036, 818, 702 cm .

HRMS (EI): calculated for C,0H,0N,OS™ = [M*]: m/z =336.1291, found: m/z = 336.1300.
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(E)-N-[4-(pyridin-3-yl)-1-(furan-2-yl)phenylbut-3-enyl]-4-methoxyaniline (1594)

0/

Compound 159¢ was prepared according to GP-IV from allyl pyridine (158; 35.8 mg,
0.30 mmol, 1.50 equiv) and aldimine 56g (40.2 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 yL) at 25 °C for 20 h. 159¢ was
purified by PTLC (NEts:Et,O:PE = 1:2:17, eluted twice).

Yellow liquid.
Yield: 26.3 mg (41%, E:Z = 32:1).

'H NMR (500 MHz, CDCl,): & = 8.53 (d, J = 2.0 Hz, 1H), 8.44 (dd, J = 4.8, 1.6 Hz, 1H),
7.61 (dt, J = 8.0, 2.0 Hz, 1H), 7.36 (s, 1H), 7.20 (dd, J = 8.0, 4.8 Hz, 1H), 6.74 (d, J = 8.9
Hz, 2H), 6.59 (d, J = 8.9 Hz, 2H), 6.45 (d, J = 15.8 Hz, 1H), 6.29 (dd, J = 3.3, 1.9 Hz, 1H),
6.22 (ddd, J = 15.8, 7.2, 7.2 Hz, 1H, E-CH=CH), 6.17 (d, J = 7.2 Hz, 1H), 5.85 (ddd, J =
12.3,7.4, 7.4 Hz, 1H, Z-CH=CH), 4.57 (t, J = 6.4 Hz, 1H), 3.78 (br s, 1H), 3.72 (s, 3H),
2.84-2.82 (m, 2H) ppm.

3C NMR (125 MHz, CDCls): & = 155.6, 152.6, 148.4, 148.2, 141.6, 140.9, 132.7, 132.6,
129.6, 128.3, 123.4, 115.3 (2C), 114.8 (2C), 110.2, 106.3, 55.7, 52.7, 38.6 ppm

IR (neat): v = 3366, 3275, 3028, 2932, 2832, 1508, 1234, 1034, 818, 733, 706 cm .

HRMS (EI): calculated for C,0HN,O," = [M*]: m/z = 320.1519, found: m/z = 320.1510.

(E)-N-[4-(Pyridin-3-yl)-1-phenylbut-3-enyl]-aniline (159a)

. I®
Z H HN

AN =

Compound 159a was prepared according to GP-IV from 3-allyl pyridine (158; 35.8 mg,
0.30 mmol, 1.50 equiv) and imine 56a (36.2 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 159a was
purified by PTLC on silica gel (NEts/Et,O/PE = 1:2:17; eluted twice).

Yellow liquid.
Yield: 39.7 mg (66%; E:Z = 99:1).
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'H NMR (500 MHz, CDCls): & =8.54 (d, J = 1.8 Hz, 1H), 8.44 (dd, J = 4.7, 1.4 Hz, 1H),
7.61(ddd, J=7.9, 1.8, 1.8 Hz, 1H), 7.39-7.32 (m, 4H), 7.26-7.23 (m, 1H), 7.20 (dd, J = 7.9,
4.7 Hz, 1H), 7.09-7.06 (m, 2H), 6.64 (dd, J = 7.3, 7.3 Hz, 1H), 6.51 (d, J = 8.4 Hz, 2H), 6.47
(d, J = 15.9 Hz, 1H), 6.21 (ddd, J = 15.9, 7.2, 7.2 Hz, 1H, E-CH=CH), 5.84 (ddd, J = 11.7,
7.2, 7.2 Hz, 1H, Z-CH=CH), 4.51-4.49 (m, 1H), 4.19 (br s, 1H), 2.80-2.74 (m, 1H), 2.73—
2.67 (m, 1H) ppm.

C NMR (125 MHz, CDCly): § = 148.5, 148.2, 147.1, 143.2, 132.6, 132.6, 129.6, 129.1
(2C), 128.7 (2C), 128.7, 127.2, 126.3 (2C), 123.4, 117.6, 113.5 (2C), 57.5, 42.4 ppm

IR (neat): v = 3406, 3287, 3026, 2922, 2851, 1601, 1501, 1317, 964, 748, 692 cm ™
HRMS (EI): calculated for C,;Hy0N," = [M*]: m/z = 300.1621, found: m/z = 300.1621.

(E)-N-[4-(Pyridin-3-yl)-1-(pyridin-4-yl)but-3-enyl]-aniline (159¢)

. j®
H HN

N

\

Compound 1598 was prepared according to GP-IV from 3-allyl pyridine (158; 35.8 mg,
0.30 mmol, 1.50 equiv) and aldimine 56& (36.4 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 159 was
purified by PTLC on silica gel (NEt;:Et,O:PE = 1:2:17; eluted twice).

Yellow liquid.
Yield: 49.4 mg (82%; E:Z =99:1).

'H NMR (500 MHz, CDCl5): § = 8.57 (d, J = 5.4 Hz, 2H), 8.55 (s, 1H), 8.47 (d, J = 4.8 Hz,
1H), 7.63 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 5.4 Hz, 2H), 7.23 (dd, J = 7.9, 4.8 Hz, 1H), 7.13—
7.06 (M, 3H), 6.69 (t, J = 7.4 Hz, 1H), 6.50 (d, J = 15.9, 1H), 6.46 (d, J = 7.8 Hz, 2H), 6.18
(ddd, J = 15.9, 7.4, 6.9 Hz, 1H, E-CH=CH), 5.81 (ddd, J = 11.6, 7.0, 4.8 1H, Z-CH=CH),
4.49 (d, J =5.9, 5.0 Hz, 2H), 4.18 (br s, 1H), 2.84-2.75 (m, 1H), 2.74-2.64 (m, 1H) ppm.

¥C NMR (125 MHz, CDCly): § = 152.4, 150.3 (2C), 148.8, 148.2, 146.5, 132.6, 132.2,
130.5, 129.3 (2C), 127.4, 123.5, 121.6 (2C), 118.2, 113.5 (2C), 56.7, 41.7 ppm

IR (neat): v = 3285, 3026, 2931, 2852, 1599, 1507, 1238, 965, 731, 699 cm .

HRMS (EI): calculated for C,0H1oN3" = [M*]: m/z = 301.1573, found: m/z = 301.1572.
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(E)-N-[4-(Pyridin-3-yl)-1-(thiophen-2-yl)but-3-enyl]-aniline (159p)

=
S/
Compound 159p was prepared according to GP-IV from 3-allyl pyridine (158; 47.7 mg,
0.40 mmol, 2.00 equiv) and imine 56p (37.5 mg, 0.20 mmol), using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 uL) at 25 °C for 20 h. 159p was
purified by PTLC on silica gel (NEts/Et,O/PE = 1:2:17; eluted twice).

Yellow liquid.

Yield: 44.7 mg (73%; E:Z = 32:1).

'H NMR (500 MHz, CDCly): & = 8.54 (d, J = 1.8 Hz, 1H), 8.45 (dd, J = 4.8, 1.8 Hz, 1H),
7.62 (d, J = 7.9 Hz, 1H), 7.23-7.17 (m, 2H), 7.13 (dd, J = 8.6, 7.4 Hz, 2H), 7.02-6.99 (m,
1H), 6.96 (dd, J = 5.0, 3.5 Hz, 1H), 6.71 (dd, J = 7.6, 7.1 Hz, 1H), 6.62 (d, J = 7.6 Hz, 2H),
6.49 (d, J = 15.9 Hz, 1H), 6.26 (ddd, J = 15.9, 7.2, 7.2 Hz, 1H, E-CH=CH), 5.87 (ddd, J =
11.7, 7.1, 7.1 Hz, 1H, Z-CH=CH), 4.87-4.79 (m, 1H), 4.13 (br s, 1H), 2.89-2.80 (m, 2H)
ppm.

BC NMR (125 MHz, CDCly): § = 148.6, 1482, 148.1, 146.8, 132.6, 132.6, 130.0, 129.2
(2C), 128.1, 126.9, 124.0, 123.7, 123.4, 118.2, 113.7 (2C), 53.7, 42.2 ppm.

IR (neat): v = 3408, 3273, 3028, 2924, 1600, 1501, 1412, 1313, 1263, 966, 732, 692 cm
HRMS (EI): calculated for C1oH1gN,S*™ = [M*]: m/z = 306.1208, found: m/z = 306.1185.

(E)-N-[4-(Pyridin-3-yl)-1-(furan-2-yl)but-3-enyl]-aniline (1598)

O
H HN

=
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Compound 1598 was prepared according to GP-IV from 3-allyl pyridine (158; 35.8 mg,

0.30 mmol, 1.50 equiv) and imine 560 (34.2 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 1598 was
purified by PTLC on Al,O; (EtOAC/PE = 1:9; eluted twice).

Yellow liquid.
Yield: 46.6 mg (80%; E:Z = 19:1).

262



'H NMR (500 MHz, CDCls): § = 8.56 (d, J = 2.1 Hz, 1H), 8.47 (dd, J = 4.8, 1.8 Hz, 1H),
7.65 (ddd, J=7.9, 2.1, 1.7 Hz, 1H), 7.40 (dd, J = 1.7, 0.8 Hz, 1H), 7.23 (dd, J = 7.9, 4.8 Hz,
1H), 7.16 (d, J = 8.6, 7.6 Hz, 2H), 6.74 (dd, J = 8.6, 0.8 Hz, 1H), 6.66 (d, J = 7.6 Hz, 2H),
6.49 (d, J = 15.9 Hz, 1H), 6.33 (dd, J = 3.2, 1.8 Hz, 1H), 6.26 (ddd, J = 15.9, 7.2, 7.2 Hz, 1H,
E-CH=CH), 6.22 (d, J = 3.2 Hz, 1H), 5.85 (ddd, J = 11.7, 7.2, 7.2 Hz, 1H, Z-CH=CH), 4.69
(dd, J=6.3, 6.3 Hz, 1H), 4.03 (br s, 1H), 2.89-2.84 (m, 2H) ppm.

BC NMR (125 MHz, CDCly): & = 155.3, 148.5, 148.2, 146.8, 141.7, 132.7, 132.6, 129.7,
129.2 (2C), 128.1, 123.4, 118.1, 113.6 (2C), 110.2, 106.4, 51.7, 38.5 ppm.

IR (neat): v =13410, 3288, 3028, 2926, 1597, 1498, 1413, 1313, 1265, 968, 732, 692 cm
HRMS (EI): calculated for C1oH1gN3O* = [M™]: m/z = 290.1474, found: m/z = 290.1473.

(E/Z)-N-(1-phenylhexa-3,5-dienyl)-4-methoxyaniline (163b)

PG

Compound 163b was prepared according to GP-IV from 1,4-pentadiene (160; 15.0 mg,
0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 uL) at 25 °C for 20 h. 163b was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 53.1 mg (95%; E:Z = 3:1).

'H NMR (500 MHz, CDCly): § = 7.41-7.27 (m, 4H), 7.24-7.17 (m, 1H), 6.67 (d, J = 8.8 Hz,
2H), 6.64-6.55 (m, Z-CH=CH,, 1H), 6.44 (d, J = 8.8 Hz, 2H), 6.29 (ddd, J = 17.0, 10.3, 10.1
Hz, E-CH=CH,, 1H), 6.17 (dd, J = 15.0, 10.3 Hz, 1H), 5.62 (ddd, J = 15.0, 7.3, 7.3 Hz, E-
CH=CH, 1H), 5.49-5.37 (m, Z-CH=CH, 1H), 5.25 (d, J = 16.9 Hz, Z-CH=CH,, 1H), 5.16 (d,
J=9.4 Hz, Z-CH=CH,, 1H), 5.15 (d, J = 17.0 Hz, E-CH=CH,, 1H), 5.03 (d, J = 10.1 Hz, E-
CH=CH,, 1H), 4.31 (dd, J = 7.9, 5.2 Hz, 1H), 3.87 (br s, 1H), 3.67 (s, 3H), 2.72-2.56 (m,
1H), 2.55-2.44 (m, 1H) ppm.

BC NMR (125 MHz, CDCly): 8 = 152.0, 143.7 (E), 143.6 (2), 141.6 (Z), 1415 (E), 136.6
(E), 134.2 (E), 132.3 (2), 131.7 (2), 130.4 (E), 128.6 (2C), 127.8 (2), 127.0, 126.3 (2C),
118.6 (2), 116.3 (E), 114.7 (2C), 114.7 (2C), 58.6 (2), 58.3 (E), 55.7, 42.1 (E), 37.0 (Z) ppm.
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(E/Z)-N-(1-tienyl-3,5-dienyl)-4-methoxyaniline (163v)

o
H H HN

H// =

H H S %

Compound 163v was prepared according to GP-IV from 1,4-pentadiene (160; 20.5 mg,
0.30 mmol, 1.50 equiv) and imine 56v (43.5 mg, 0.20 mmol), using NaHMDS (3.7 mg,

0.02 mmol, 10 mol%) as the catalyst, in dioxane (300 pL) at 25 °C for 20 h. 163v was
purified by PTLC on silica gel (Et,O/PE = 1:9; eluted once).

Yellow liquid.
Yield: 51.4 mg (90%; E:Z = 4:1).

'H NMR (500 MHz, CDCl): & = 7.21 (dd, J = 4.8, 1.3 Hz, 1H), 7.05-6.93 (m, 2H), 6.77 (d,
J = 8.8 Hz, 2H), 6.70-6.63 (m, Z-CH=CH,, 1H), 6.61 (d, J = 8.8 Hz, 2H), 6.35 (ddd, J =
17.0, 10.4, 10.2 Hz, E-CH=CH,, 1H), 6.23 (dd, J = 15.0, 10.4 Hz, 1H), 5.72 (ddd, J = 15.0,
7.3, 7.3 Hz, E-CH=CH, 1H), 5.58-5.46 (m, Z-CH=CH 1H), 5.31 (d, J = 16.5 Hz, Z-
CH=CH,, 1H), 5.22 (d, J = 10.9 Hz, Z-CH=CH,, 1H), 5.21 (d, J = 17.0 Hz, E-CH=CH,, 1H),
5.09 (d, J = 10.2 Hz, E-CH=CH,, 1H), 4.68 (dd, J = 6.4, 6.4 Hz, 1H), 3.90 (br s, 1H), 3.76 (s,
3H), 2.88-2.79 (M, Z-CH-CH,, 2H), 2.78-2.65 (m, E-CH-CH, 2H) ppm.

¥C NMR (125 MHz, CDCly): & = 152.5, 148.9 (E), 148.8 (Z), 141.1, 136.7 (E), 134.6 (E),
132.5 (2), 131.8 (2), 129.7 (E), 127.2 (Z), 126.8, 123.9 (), 123.8 (E), 123.6 (2), 123.5 (E),
118.7 (2), 116.5 (E), 115.2 (2C), 114.8 (2C), 55.7, 55.0 (Z), 54.7 (E), 42.0 (E), 36.9 (Z) ppm.
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4.2.9 Styrenes and 1,3-Dienes

(E)-1-phenyl-1-propene (58)"

N Me
H
58 was prepared according to GP-VIII from allylbenzene (36; 26.5 pL, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg,
0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. 58 was purified by

PTLC on silica gel (petrol ether) and spectral data fitted the literature reported data
accurately.

Colourless liquid, 92% NMR vyield, E:Z =>99:1.

'H NMR (500 MHz, CDCly): & = 7.41-7.29 (m, 4H), 7.22 (dd, J = 7.2, 7.2 Hz, 1H), 6.44
(dg, J = 15.7, 1.5 Hz, 1H), 6.28 (dg, J = 15.7, 6.6 Hz, 1H, E-CH=CH), 5.83 (dg, J = 11.7, 7.2
Hz, 1H, Z-CH=CH), 1.92 (dd, J = 6.6, 1.5 Hz, 3H) ppm.

¥C NMR (125 MHz, CDCly): § = 138.0, 131.1, 128.5 (2C), 126.7, 125.8 (2C), 125.7, 18.5
ppm.

(E/Z)-1-(4-methylphenyl)-1-propene (191)1'"™

/©/\/Me m
Me
Me Me

191 was prepared according to GP-VIII from 4-allyltoluene (148; 30.6 L, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg,
0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. 191 was purified by
PTLC on silica gel (petrol ether) and spectral data fitted the literature reported data
accurately.

Colourless liquid, 87% NMR vyield, E:Z =>49:1.
E-isomer

'H NMR (500 MHz, CDCly): & = 7.22 (d, J = 7.9 Hz, 2H), 7.09 (d, J = 7.9 Hz, 2H), 6.36
(dg, J=15.8, 1.4 Hz, 1H), 6.17 (dg, J = 15.5, 6.6 Hz, 1H), 2.32 (s, 3H), 1.86 (dd, J = 6.6, 1.4
Hz, 3H) ppm.

BC NMR (125 MHz, CDCly): & = 136.4, 135.2, 130.9, 129.2 (2C), 125.7 (2C), 124.6, 21.1,
18.4 ppm.
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Z-isomer

'H NMR (500 MHz, CDCl,): & = 7.20 (d, J = 7.8 Hz, 2H), 7.14 (d, J = 7.8 Hz, 2H), 6.39
(dg,J=12.1,1.3 Hz, 1H), 5.74 (dq, J = 12.1, 7.2 Hz, 2H), 2.34 (s, 3H), 1.89 (dd, J = 7.2, 1.3
Hz, 3H) ppm.

(E/Z)-1-(2-methylphenyl)-1-propene (192)"

192 was prepared according to GP-VIII from 2-allyltoluene (147; 29.5 pL, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg,
0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. 192 was purified by
PTLC on silica gel (petrol ether) and spectral data fitted the literature reported data
accurately.

Colourless liquid, 91% NMR vyield, E:Z = >19:1.
E-isomer

'H NMR (500 MHz, CDCl): 6 =7.38 (d, J = 7.4 Hz, 1H), 7.18-7.07 (m, 3H), 6.59 (dq, J =
15.6, 1.7 Hz, 1H), 6.10 (dg, J = 15.6, 6.6 Hz, 1H), 2.32 (s, 3H), 1.90 (dd, J = 6.6, 1.7 Hz,
3H) ppm.

BC NMR (125 MHz, CDCly): & = 137.1, 134.8, 130.1, 128.9, 127.0, 126.7, 126.0, 125.4,
19.8, 18.8 ppm.

Z-isomer

'H NMR (500 MHz, CDCly): & = 7.18-7.07 (m, 4H), 6.45 (dg, J = 12.5, 1.8 Hz, 1H), 5.82
(dg, J = 12.5, 7.0 Hz, 1H), 2.25 (s, 3H), 1.73 (dd, J = 7.0, 1.8, 3H) ppm.

(E/2)-1-(4-methoxyphenyl)-1-propene (193)1""d

/@/\/Me m
M
MeO MeO ©

193 was prepared according to GP-VIII from 4-allylanisole (149; 30.7 pL, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg,
0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. 193 was purified by
PTLC on silica gel (petrol ether) and spectral data fitted the literature reported data
accurately.
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Colourless liquid, 95% NMR vyield, E:Z = >49:1.
E-isomer

'H NMR (500 MHz, CDCly): 8 = 7.25 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 6.34
(dq, J=15.7, 1.7 Hz, 1H), 6.08 (dq, J = 15.7, 6.6 Hz, 1H), 3.78 (s, 3H), 1.85 (dd, J = 6.6, 1.7
Hz, 3H) ppm.

C NMR (125 MHz, CDCly): § = 158.6, 130.8, 130.4, 126.9 (2C), 123.5, 113.9 (2C), 55.3,
18.4 ppm.

Z-isomer

'H NMR (500 MHz, CDCl,): & = 7.26 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 6.38
(dg, J=11.3,1.9 Hz, 1H), 5.69 (dq, J = 11.3, 7.2 Hz, 1H), 3.80 (s, 3H), 1.88 (dd, J = 7.2, 1.9
Hz, 3H) ppm.

(E/Z)-1-(4-fluorophenyl)-1-propene (194)7

H H
@*Y " Q)\Y !

M

£ H E e
194 was prepared according to GP-VIII from 4-fluoro-allylbenzene (146; 27.0 pL,
0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6
(2.6 mg, 0.01 mmol, 5 mol%) as the catalyst, in THF (200 uL) at 25 °C for 2 h. Due to
polymerisation, the isolation of this compound was unsuccessful. Analysis of *H NMR

spectroscopic data of a reaction aliquot using the listed signals allowed for identification
and quantification of the title compound. Spectral data fitted the literature reported data.

68% NMR vyield, E:Z = >99:1.
E-isomer

'H NMR (500 MHz, CDCl3): 6 = 6.36 (dg, J = 15.7, 1.7 Hz, 1H), 6.14 (dq, J = 15.7, 6.6 Hz,
1H) ppm.

Z-isomer

'H NMR (500 MHz, CDCls): & = 5.54 (qd, J = 6.7, 0.8 Hz, 1H) ppm.
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(E/2)-1-(4-trifluoromethylphenyl)-1-propene (195)"%

/@/\/Me m
Me
FsC F4C

195 was prepared according to GP-VIII from 4-(trifluoromethyl)-allylbenzene (151,
33.5puL, 0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and
[18]crown-6 (2.6 mg, 0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for
24 h. 195 was purified by PTLC on silica gel (petrol ether) and spectral data fitted the
literature reported data accurately.

3

Colourless liquid, 60% NMR vyield, E:Z = >99:1.
E-isomer

'H NMR (500 MHz, CDCls): & = 7.53 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 6.43 (d,
J=15.8 Hz, 1H), 6.34 (dg, J = 15.8 Hz, 6.3 Hz, 1H), 1.91 (d, J = 6.3 Hz, 3H) ppm.

BC NMR (125 MHz, CDCly): 5 = 141.4, 129.9, 128.7, 128.6 (q, J = 32.1 Hz), 125.9 (2C),
125.4 (g, J = 3.8 Hz, 2C), 124.3 (q, J = 271.7 Hz), 18.6 ppm.

F NMR (471 MHz, CDCl,): 8 = -62.4 (s) ppm.
Z-isomer

'H NMR (500 MHz, CDCly): 5 = 7.58 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 6.45
(dg, J = 11.6, 1.7 Hz, 1H), 5.90 (dg, J = 11.6, 7.2 Hz, 1H), 1.90 (dd, J = 7.2, 1.7 Hz, 3H)

ppm.

(E/2)-1-(pentafluorophenyl)-1-propene (196)"*"!

F

196 was prepared according to GP-VIII from pentafluoro-allylbenzene (150; 27.0 pL, 0.20
mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg,
0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 24 h. Due to
polymerisation, the isolation of this compound was unsuccessful. Analysis of ‘H NMR
spectroscopic data of a reaction aliquot using the listed signals allowed for identification
and quantification of the title compound. Spectral data fitted the literature reported data.
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6% NMR vyield, E:Z =nd

'H NMR (500 MHz, CDCl5): & = 6.57 (dg, J = 16.9, 6.8 Hz, 1H), 6.29 (dqg, J = 16.1, 1.8 Hz,
1H) ppm.

(E/Z)-1-(3-pyridyl)-1-propene (197)l'"d

H

\\Me
wa

N

197 was prepared according to GP-VIII from 3-allylpyridine (158; 23.8 mg, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg, 0.01
mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. Due to polymerisation, the
isolation of this compound was unsuccessful. Analysis of *H NMR spectroscopic data of a
reaction aliquot using the listed signals allowed for identification and quantification of the
title compound. Spectral data fitted the literature reported data.

50% NMR vyield, E:Z=nd

'H NMR (500 MHz, CDCl5): & = 6.38 (dg, J = 16.0, 1.2, 1H), 6.31 (dg, J = 16.0, 6.2, 1H)
ppm.

(E/Z)-1-phenyl-1-butene (203)!

H
WMe mH
H
Me
203 was prepared according to GP-VIII from alkene 200 (26.4 mg, 0.20 mmol, 1.00 equiv)
using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg, 0.01 mmol, 5 mol%)
as the catalyst, in THF (200 uL) at 25 °C for 48 h. Due to polymerisation, the isolation of
this compound was unsuccessful. Analysis of *H NMR spectroscopic data of a reaction

aliquot using the listed signals allowed for identification and quantification of the title
compound. Spectral data fitted the literature reported data.

87% NMR yield, E:Z = >12:1.

E-isomer: '"H NMR (500 MHz, CDCl;): & = 6.38 (dt, J = 15.9, 1.5 Hz, 1H), 6.27 (dt, J =
15.9, 6.4 Hz, 1H) ppm.

Z-isomer: "H NMR (500 MHz, CDCl,): 5 = 5.86 (dt, J = 6.6, 1.3 Hz, 1H) ppm.
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(E)-3-methyl-1-phenyl-1-butene (204)8

H
N Me
H
204 was prepared according to GP-VIII from alkene 201 (29.2 mg, 0.20 mmol, 1.00 equiv)
using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg, 0.01 mmol, 5 mol%)
as the catalyst, in THF (200 pL) at 25 °C for 24 h. Due to polymerisation, the isolation of
this compound was unsuccessful. Analysis of *H NMR spectroscopic data of a reaction

aliquot using the listed signals allowed for identification and quantification of the title
compound. Spectral data fitted the literature reported data.

67% NMR yield, E:Z = >99:1.

'H NMR (500 MHz, CDCls): & = 6.36 (d, J = 15.8 Hz, 1H), 6.22 (dd, J = 16.0, 6.9 Hz, 1H),
2.49 (dhept, J =6.9, 6.7, 1H), 1.11 (d, J = 6.7 Hz, 6H) ppm.

(E/Z)-1,3-diphenyl-1-butene (205)8

205 was prepared according to GP-VIII from alkene 202 (41.7 mg, 0.20 mmol, 1.00 equiv)
using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg, 0.01 mmol, 5 mol%)
as the catalyst, in THF (200 uL) at 25 °C for 7 h. Due to polymerisation, the isolation of this
compound was unsuccessful. Analysis of 'H NMR spectroscopic data of a reaction aliquot
using the listed signals allowed for identification and quantification of the title compound.
Spectral data fitted the literature reported data.

33% NMR yield, E:Z = >99:1.

'"H NMR (500 MHz, CDCls): & = 6.41-6.39 (m, 2H), 3.64 (dg, J = 7.0, 5.4 Hz, 1H), 1.47 (d,
J =7.0 Hz, 3H) ppm.
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(E/Z)-1,3-pentadiene (207)"

H H

H H H Me

207 was prepared according to GP-VIII from 1,4-pentadiene 160 (13.6 mg, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg, 0.01
mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. Compound 207 is
commercially available (CAS: 2004-70-8, 1574-41-0) and was not isolated due to volatility.
Analysis of "H NMR spectroscopic data of a reaction aliquot using the listed signals allowed
for identification and quantification of the title compound. Spectral data fitted the literature
reported data.

99% NMR vyield, E:Z = >2:1.

E-isomer: '"H NMR (500 MHz, CDCls): § = 6.33 (ddd, J = 17.0, 10.5, 10.1 Hz, 1H), 6.13—
6.01 (m, 1H), 5.82-5.68 (m, 1H), 5.09 (d, J = 17.0 Hz, 1H), 4.96 (d, J = 10.1, 1H), 1.78 (d, J
=5.2, 3H) ppm.

Z-isomer: *H NMR (500 MHz, CDCls): § = 6.69 (ddd, J = 16.9, 11.2, 10.1, 1H), 6.13-6.01
(m, 1H), 5.59-5.51 (m, 1H), 5.20 (d, J = 16.9 Hz, 1H), 5.11 (d, J = 10.1 Hz, 1H), 1.79 (d, J =
8.9 Hz, 3H) ppm.

(E/Z)-3-methyl-1,3-pentadiene (208)!**4

Me Me
H H H Me

208 was prepared according to GP-VIII from 3-methyl-1,4-pentadiene 161 (16.4 mg,
0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6
(2.6 mg, 0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 1 h. Compound
208 is commercially available (CAS: 2787-43-1, 2787-45-3) and was not isolated due to
volatility. Analysis of '"H NMR spectroscopic data of a reaction aliquot using the listed
signals allowed for identification and quantification of the title compound. Spectral data
fitted the literature reported data.

99% NMR vyield, E:Z = >8:1.

E-isomer: '"H NMR (500 MHz, CDCl,): & = 6.39 (dd, J = 17.4, 10.6 Hz, 1H), 5.59 (g, J =
7.5 Hz, 1H), 5.09 (d, J = 17.4 Hz, 1H), 4.93 (d, J = 10.6 Hz, 1H), 1.76 (s, 3H) ppm.

Z-isomer: *H NMR (500 MHz, CDCly): & = 5.89-5.79 (m, 1H), 5.52-5.45 (m, 1H), 5.12—
5.10 (m, 1H), 5.06-4.97 (m, 1H), 1.75 (s, 3H) ppm.
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1,3-Cyclohexadiene (209)"**

H

H
H

209 was prepared according to GP-VIII from 1,4-cyclohexadiene 206 (16.0 mg, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6 (2.6 mg,
0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 1 h. Compound 209 is
commercially available (CAS: 592-57-4) and was not isolated due to volatility. Analysis of
'"H NMR spectroscopic data of a reaction aliquot using the listed signals allowed for
identification and quantification of the title compound. Spectral data fitted the literature
reported data.

55% NMR vyield.

'H NMR (500 MHz, CDCl,): § = 5.96-5.85 (m, 2H), 5.82-5.76 (m, 2H), 2.74-2.63 (m, 4H)
ppm.
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4.2.10 Functional Isomerisation

(E/Z)-1-trimethylsilyl-1-propene (216a)"®"

H

H
Me3Si H
€3 |\%\/ Messi\%iH

H
H

216a was prepared according to GP-VIX from trimethyl allylsilane 136a (22.8 mg,
0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) as the catalyst, in THF
(200 pL) at 30 °C for 20 h. 216a was not isolated. Analysis of ‘H NMR spectroscopic data of
a reaction aliquot using the listed signals allowed for identification and guantification of the
title compound. Spectral data fitted the literature reported data.

66% NMR yield, E:Z = >24:1.

E-isomer: 'H NMR (500 MHz, CDCls): & = 6.05 (dg, J = 18.4, 6.2 Hz, 1H), 5.66 (dg, J =
18.4, 1.7 Hz, 1H) 1.81 (dd, J = 6.2, 1.7 Hz, 3H) ppm.

Z-isomer: "H NMR (500 MHz, CDCl): & = 6.39 (dg, J = 14.0, 6.9 Hz, 1H), 5.50 (dg, J =
14.0, 1.5 Hz, 1H), 1.84 (d, J = 6.9, 1.5 Hz, 3H) ppm.

(E/Z)-1-trimethoxysilyl-1-propene (216b)™!

H

H

H
H

216b was prepared according to GP-VIX from trimethyl siloxane 136b (32.4 mg,
0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6
(2.6 mg, 0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. 216b was
not isolated. Analysis of "H NMR spectroscopic data of a reaction aliquot using the listed
signals allowed for identification and quantification of the title compound. Spectral data
fitted the literature reported data.

64% NMR yield, E:Z = >9:1.

E-isomer: *H NMR (500 MHz, CDCly): § = 6.46 (dg, J = 18.8, 6.3 Hz, 1H), 5.42 (dg, J =
18.7, 1.7 Hz, 1H), 1.87 (dd, J = 6.3, 1.7, 3H) ppm.

Z-isomer: '"H NMR (500 MHz, CDCl5): & = 6.66 (dd, J = 14.2, 6.9 Hz, 1H), 5.31 (dd, J =
14.2, 1.5 Hz, 1H), 1.91 (dd, J = 6.9, 1.5 Hz, 3H) ppm.

273



(E/Z)-1-pinacolatoborane-1-propene (217)2 2

Me Me Me Me
Me%i { H 'V'e>2L o L
Me - / |

O \’-IH\/ Me O/B P H

H

217 was prepared according to GP-VIX from allyl boronic acid pinacol ester 15a (33.6 mg,
0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) as the catalyst in THF
(200 pL) at 30 °C for 20 h. 217 was not isolated. Analysis of *H NMR spectroscopic data of
a reaction aliquot using the listed signals allowed for identification and quantification of the
title compound. Spectral data fitted the literature reported data.

75% NMR vyield, E:Z = nd.

'H NMR (500 MHz, CDCls): 5 = 6.65 (dg, J = 17.8, 6.5 Hz, 1H), 5.46 (dg, J = 17.8, 1.7 Hz,
1H), 1.72 (dd, J = 6.5, 1.7 Hz, 3H) ppm.

(E/Z)-1-methylthio-1-propene (225a)%

H H

MeS H
e \%\/ Mes\%iH

H
H

225a was prepared according to GP-VIX from allyl methyl thioether 219a (17.6 mg,
0.20 mmol, 1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) and [18]crown-6
(2.6 mg, 0.01 mmol, 5 mol%) as the catalyst, in THF (200 pL) at 25 °C for 2 h. 225a was not
isolated. Analysis of "H NMR spectroscopic data of a reaction aliquot using the listed signals
allowed for identification and quantification of the title compound. Spectral data fitted the
literature reported data.

99% NMR yield, E:Z = 1:1.

E-isomer: 'H NMR (500 MHz, CDCl,): § = 5.97 (dg, J = 14.9, 1.6 Hz, 1H), 5.48 (dg, J =
14.9, 6.6 Hz, 1H), 1.76 (dd, J = 6.6, 1.6 Hz, 3H) ppm.

Z-isomer: '"H NMR (500 MHz, CDCl;): & = 5.89 (dg, J = 9.3, 1.5 Hz, 1H), 5.59 (dg, J =
9.3, 6.8 Hz, 1H), 1.71 (dd, J = 6.8, 1.5 Hz, 3H) ppm.
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(E/Z)-1-phenylthio-1-propene (225b)"*

H H
PhS\H\/H
= Ph
L
H

H

225b was prepared according to GP-VIX from allyl phenyl thioether 219b (30.0 mg,
0.20 mmol, 1.00 equiv) using KHMDS (3.2 mg, 0.016 mmol, 8 mol%) and SIPr (7.8 mg,
0.02 mmol, 10 mol%) as the catalyst system in m-xylene (200 uL) at 25 °C for 1 h. 225b was
not isolated. Analysis of *H NMR spectroscopic data of a reaction aliquot using the listed
signals allowed for identification and quantification of the title compound. Spectral data
fitted the literature reported data.

99% NMR vyield, E:Z = 1:6.

Minor E-isomer: 'H NMR (500 MHz, CDCls): & = 6.14 (dg, J = 14.8, 1.5 Hz, 1H) 5.99 (dg,
J=148,6.7 Hz, 1H), 1.84 (dd, J = 6.7, 1.5, 3H) ppm.

Major Z-isomer: *H NMR (500 MHz, CDCly): & = 6.21 (dg, J = 9.2, 1.6 Hz, 1H) 5.88 (dg,
J=9.2,6.8 Hz, 1H), 1.83 (dd, J = 6.8, 1.6 Hz, 3H) ppm.

(E/Z)-1-diphenylphosphino-1-propene (226a) %

H H

Ph,P H
2 \%\/ pth\%iH

H
H

226a was prepared according to GP-VIX from diphenyl allylphosphine 220 (45.2 mg,
0.20 mmol, 1.00 equiv) using KHMDS (4.0 mg, 0.02 mmol, 10 mol%) as the catalyst in THF
(200 pL) at 25 °C for 4 h. 226a was not isolated. Analysis of "H NMR spectroscopic data of
a reaction aliquot using the listed signals allowed for identification and quantification of the
title compound. Spectral data fitted the literature reported data.

83% NMR yield, E:Z = >19:1.

E-isomer: '"H NMR (500 MHz, CDCl5): & = 6.34-6.18 (m, 2H), 1.91 (d, J = 5.3 Hz, 3H)
ppm.

Z-isomer: *H NMR (500 MHz, CDCly): § = 6.57-6.46 (m, 2H), 1.98 (d, J = 6.9 Hz, 3H)
ppm.
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(E/Z)-1-dimethylamino-1-propene (228a)""

H H

MesN H
2 \%\/ MezN \%i”

H
H

228a was prepared according to GP-VIX from dimethyl allylamine 222a (17.0 mg,
0.20 mmol, 1.00 equiv) using LTMP (2.9 mg, 0.02 mmol, 10 mol%) as the catalyst in THF
(200 pL) at 60 °C for 20 h. 228a was not isolated. Analysis of ‘H NMR spectroscopic data of
a reaction aliquot using the listed signals allowed for identification and quantification of the
title compound. Spectral data fitted the literature reported data.

68% NMR yield, E:Z = 1:1.

Minor E-isomer: *H NMR (500 MHz, CDCls): & = 5.89 (d, J = 13.7 Hz, 1H), 4.20 (dq, J =
13.7, 7.1 Hz, 1H), 1.70 (d, J = 7.1, 3H) ppm.

Major Z-isomer: *H NMR (500 MHz, CDCls): & = 5.55 (d, J = 9.0 Hz, 1H), 4.32 (dq, J =
9.0, 6.4 Hz, 1H) 1.63 (d, J = 6.4 Hz, 3H) ppm.

(E/Z)-1-diphenylamino-1-propene (228b)"**!

H H

PhyN H
2 \%\/ PhZN\%iH

H
H

228b was prepared according to GP-VIX from diphenyl allylamine 222b (41.8 mg,
0.20 mmol, 1.00 equiv) using KHMDS (2.9 mg, 0.02 mmol, 10 mol%) as the catalyst and
[18]crown-6 (5.2 mg, 0.02 mmol, 10 mol%) as the ligand in THF (200 uL) at 25 °C for 2 h.
228b was not isolated. Analysis of *H NMR spectroscopic data of a reaction aliquot using
the listed signals allowed for identification and quantification of the title compound. Spectral
data fitted the literature reported data.

99% NMR yield, E:Z = 1:>10,

Minor E-isomer: ‘*H NMR (500 MHz, CDCl,): & = 6.58 (dq, J = 13.7, 1.4 Hz, 1H), 4.68
(dg, J = 13.5, 6.7 Hz, 1H), 1.69 (dd, J = 6.7, 1.4 Hz, 3H) ppm.

Major Z-isomer: *H NMR (500 MHz, CDCly): § = 6.12 (dg, J = 8.2, 1.6 Hz, 1H), 5.00 (dg,
J=8.2,7.1Hz, 1H), 1.25 (dd, J = 7.1, 1.6 Hz, 3H) ppm.
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(Z)-1-methoxy-1-propene (227a)""

H

H
M H
eO\%\/ Meo\%iH

H
H

227a was prepared according to GP-VIX from allyl methyl ether 221a (14.4 mg, 0.20 mmol,
1.00 equiv) using LTMP (2.9 mg, 0.02 mmol, 10 mol%) as the catalyst in THF (200 pL) at
25 °C for 2 h. 227a was not isolated. Analysis of *"H NMR spectroscopic data of a reaction
aliquot using the listed signals allowed for identification and quantification of the title
compound. Spectral data fitted the literature reported data.

99% NMR conversion, E:Z = 1:>99,

'H NMR (500 MHz, CDCly): & = 5.88 (dqg, J = 6.2, 1.7 Hz, 1H), 4.38 (dg, J = 6.9, 6.2 Hz,
1H), 1.57 (dd, J = 6.9, 1.7 Hz, 3H) ppm.

(E/Z)-1-phenoxy-1-propene (227b)"

H H
PhO H
H
H

H

227b was prepared according to GP-VIX from allyl phenyl ether 221b (26.8 mg, 0.20 mmol,
1.00 equiv) using KHMDS (2.0 mg, 0.01 mmol, 5 mol%) as the catalyst and [18]crown-6
(2.6 mg, 0.01 mmol, 5 mol%) as the ligand in THF (200 pL) at 25 °C for 4 h. 227b was not
isolated. Analysis of "H NMR spectroscopic data of a reaction aliquot using the listed signals
allowed for identification and quantification of the title compound. Spectral data fitted the
literature reported data.

99% NMR yield, E:Z = 1:>24.

Minor E-isomer: 'H NMR (500 MHz, CDCly): § = 6.42 (dg, J = 12.1, 1.7 Hz, 1H), 5.37
(dg, J = 12.1, 6.9 Hz, 1H), 1.67 (dd, J = 6.9, 1.7 Hz, 3H) ppm.

Major Z-isomer: *H NMR (500 MHz, CDCl5): & = 6.40 (dq, J = 6.1, 1.7 Hz, 1H), 4.90 (dq,
J=6.9, 6.1 Hz, 1H), 1.74 (dd, J = 6.9, 1.7 Hz, 3H) ppm.
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4.2.11 Functionalised Allylation

(E)-N-(1-phenyl-4-trimethylsilyl-3-butenyl)-4-methoxyaniline (236a)

_PMP
HN

Me;Si
€3 I\/%\Ph

H H

236a was prepared according to GP—X from trimethyl allylsilane 136a (25.1 mg, 0.22 mmol,
1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol) using KHMDS (4.0 mg, 0.02 mmol,
10 mol%) as the catalyst in dioxane (300 pL) at 25 °C for 20 h. Due to its instability to
PTLC conditions, 236a was not isolated. Analysis of '"H NMR spectroscopic data of a
reaction aliquot using the listed signals allowed for identification and quantification of the
title compound.

37% NMR yield.

'H NMR (500 MHz, CDCly): & = 2.6-2.5 (m, 2H) ppm.

(E)-N-(1-phenyl-4-trimethoxysilyl-3-butenyl)-4-methoxyaniline (236b)

_PMP
H HN

(MeO);Si _—
H HH

Ph

236b was prepared according to GP—X from trimethyl allylsilane 136b (48.6 mg, 0.30 mmol,
1.50 equiv) and imine 56b (42.2 mg, 0.20 mmol) using NaHMDS (3.7 mg, 0.02 mmol,
10 mol%) as the catalyst in dioxane (300 pL) at 25 °C for 20 h. Due to its instability to
PTLC conditions, 236b was not isolated. Analysis of "H NMR spectroscopic data of a
reaction aliquot using the listed signals allowed for identification and quantification of the
title compound.

96% NMR yield.

'H NMR (500 MHz, CDCl,): § = 6.39 (ddd, J = 18.8, 7.2, 6.1 Hz, 1H), 5.55 (d, J = 18.9 Hz,
1H), 4.39 (ddd, J = 8.1, 5.1, 5.1 Hz, 1H), 2.77-2.68 (m, 1H), 2.67-2.59 (m, 1H) ppm.
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(E)-N-(1-phenyl-4-pinacolatoborane-3-butenyl)-4-methoxyaniline (238a)

Me
Me
_PMP
O H HN
Me é H
Me® O~ = Ph

H HH

238a was prepared according to GP—X from allylboronic acid pinacol ester 15a (37.0 mg,
0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol) using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst in DMF (300 uL) at 25 °C for 20 h. Due to its
instability to PTLC conditions, 238a was not isolated. Analysis of *H NMR spectroscopic
data of a reaction aliquot using the listed signals allowed for identification and
guantification of the title compound.

72% NMR vyield.

'H NMR (500 MHz, CDCl): & = 6.63 (d, J = 17.8 Hz, 1H), 5.62 (dd, J = 17.8, 1.4 Hz, 1H),
4.74 (dt, J = 7.9, 3.7 Hz, 1H), 2.80-2.74 (m, 2H) ppm.

(E/Z)-N-(1-phenyl-4-phenylthio-3-butenyl)-4-methoxyaniline (247b)

_PMP
H HN

H
Ph
S\f¢L7<i<Ph

H H H

247b was prepared according to GP-X from allyl phenyl thioether 219b (33.0 mg,
0.22 mmol, 1.10 equiv) and imine 56b (42.2 mg, 0.20 mmol) using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst in dioxane (300 pL) at 25 °C for 20 h. Due to its
instability to PTLC conditions, 247b was not isolated. Analysis of *"H NMR spectroscopic
data of a reaction aliquot using the listed signals allowed for identification and
quantification of the title compound.

91% NMR yield; E:Z = 2:1.

E-isomer: "H NMR (500 MHz, CDCly): & = 6.25 (d, J = 14.9 Hz, 1H), 5.88 (dd, J = 14.9,
7.5 Hz, 1H), 4.40-4.35 (m, 1H), 2.72-2.60 (m, 2H) ppm.

Z-isomer: "H NMR (500 MHz, CDCls): & = 6.37 (d, J = 9.3 Hz, 1H), 5.83 (d, J = 9.3 Hz,
1H), 4.47-4.40 (m, 1H), 2.85-2.72 (m, 2H) ppm.
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(2)-N-(1-phenyl-4-phenoxy-3-butenyl)-4-methoxyaniline (249b)

H
H: i _OMe
H HN
H
H
= Ph

PhO H H

249b was prepared according to GP—X from allyl phenyl ether 221b (53.6 mg, 0.40 mmol,
2.00 equiv) and imine 56b (42.2 mg, 0.20 mmol) using NaHMDS (3.7 mg, 0.02 mmol,
10 mol%) as the catalyst and [18]crown-6 (5.6 mg, 0.02 mmol, 10 mol%) as the ligand in
dioxane (300 uL) at 60 °C for 20 h. Due to its instability to PTLC conditions, 249b was not
isolated. Analysis of "H NMR spectroscopic data of a reaction aliquot using the listed signals
allowed for identification and quantification of the title compound.

49% NMR yield.

'"H NMR (500 MHz, CDCls): § = 6.69 (d, J = 9.0 Hz, 2H), 6.53 (d, J = 6.1 Hz, 1H), 6.46 (d,
J=9.0 Hz, 2H), 4.85 (dd, J = 8.0, 6.1 Hz, 1H), 4.35 (dd, J = 8.0, 5.2 Hz, 1H), 2.84-2.74 (m,
1H), 2.70-2.62 (m, 1H) ppm.

(Z2)-N-[1-phenyl-4-(N,N-diphenlamino)-3-butenyl]-4-methoxyaniline (250b)
H

H: i _.OMe
H HN
H
H
= Ph

Ph,N H H

250b was prepared according to GP-X from allyl phenyl ether 221b (83.6 mg, 0.40 mmol,
2.00 equiv) and imine 56b (42.2 mg, 0.20 mmol) using NaHMDS (3.7 mg, 0.02 mmol,
10 mol%) as the catalyst and [18]crown-6 (5.6 mg, 0.02 mmol, 10 mol%) as the ligand in
dioxane (300 uL) at 60 °C for 20 h. Due to its instability to PTLC conditions, 250b was not
isolated. Analysis of "H NMR spectroscopic data of a reaction aliquot using the listed signals
allowed for identification and quantification of the title compound.

65% NMR yield.

'H NMR (500 MHz, CDCl): § = 6.67 (d, J = 8.9 Hz, 2H), 6.40 (d, J = 8.9 Hz, 2H), 6.25 (d,
J = 8.3 Hz, 1H), 4.95 (ddd, J = 8.3, 7.6, 7.6 Hz, 1H), 4.17 (dd, J = 6.7, 7.2 Hz, 1H), 2.19—
2.10 (m, 2H) ppm.
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(E)-N-[1-phenyl-4-(N,N-diphenylphosphino)-3-butenyl]-4-methoxyaniline (255b)

H: i _.OMe
H HN

H
Ph,P
NF Ph

H HH

255b was prepared according to GP-X from diphenyl allylphosphine 220 (67.8 mg,
0.30 mmol, 1.50 equiv) and imine 56b (42.2 mg, 0.20 mmol) using NaHMDS (3.7 mg,
0.02 mmol, 10 mol%) as the catalyst in dioxane (300 pL) at 25 °C for 20 h. Due to its
instability to PTLC conditions, 255b was not isolated. Analysis of *"H NMR spectroscopic
data of a reaction aliquot using the listed signals allowed for identification and
guantification of the title compound.

82% NMR yield.

'H NMR (500 MHz, CDCly): § = 6.67 (d, J = 9.0 Hz, 2H), 6.40 (d, J = 9.0 Hz, 2H), 6.31 (d,
J =165 Hz, 1H), 6.13 (dd, J = 16.5, 7.0 Hz, 1H), 4.41-4.32 (m, 1H), 2.80-2.61 (m, 2H)
ppm.
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4.3 Carbodiphosphoranes
4.3.1 General Methods

General Procedure for the carbone boron binding study (GP—XI)

Ph3P: R? ph.p R
Y+ R — ©)%8-R
PhsP R2 PhsP  R2

The carbone solution in toluene (0.02 mmol) was added to a vial containing the Lewis acid
(0.022 mmol) and C¢D¢ (0.4 mL) was added. The solution was mixed and transferred into an
NMR tube for direct 'B and *'P NMR spectroscopy.

General Procedure for the FLP catalysis (GP—XI1)

CDP (0.90 equiv) )OI\
0 BEt; (0.90 equiv) o~ o
Ph’ PhMe , rt-110 °C, 15 h PH

A Radleys vial was charged with hexaphenylcarbodiphosphorane 259 (96.6 mg, 0.18 mmol,
0.90 equiv), triethylborane (180 pL, 0.18 mmol, 0.90 equiv) and styrene oxide (23.2 pL,
0.20 mmol) and sealed under N, atmosphere. The vial was then evacuated and flushed with
CO, gas on a Schlenk line. Toluene (4.0 mL) was added and the suspension stirred for 15 h.
A colourless solid precipitated formed which indicated the presence of the CDP-CO, adduct.
Acetonitrile (3.0 mL) was added, which instantaneously dissolved the solution. Aliquot ‘H
NMR spectroscopy was used to monitor the reaction between 25-110 °C. No consumption
of the epoxide was observed. **P NMR spectroscopy revealed the decomposition of the
catalyst with new peaks at 25.9 and 25.3 ppm.
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General procedure for the CDP-Ga'"' catalysis (GP-XII1)

CDP-GaCl; (10 mol%)

R NaSbFg or AgOTf (20 mol%)

NV 2
\Rz CeH4BIF, , 1t-80 °C, 20 h RTTXR
SiMe3
/\/SiMeg,
(1.1 equiv)

In a vial CDP-GaCl; complex 344 (14.3 mg, 0.02 mmol, 10 mol%) was mixed with silver
triflate (10.3 mg, 0.04 mmol, 20 mol%) or sodium hexafluoroantimonate (10.3 mg,
0.04 mmol, 20 mol%) and 1,2-bromofluorobenzene (0.5 mL). After 5 min alkyne 303, 355
or 356 (0.20 mmol) was added, followed by the allylsilane 136a (35.1 pL, 0.22 mmol,
1.1 equiv). After 24 h the mixture was analysed using *"H NMR in CDCl;,

Catalytic Michael addition of alkylnitriles to Amides (GP-XIV)

0 , 9 NC._ _R!
NG H CDP (5-10 mol%) o
T+ RN ONRY,
R? N(R*),

R' R3 R'CH,CN , rt-80 °C, 20 h

R3
In a glove box, a dry 10 mL screw cap vial with a magnetic stirring bar was charged with
CDP 259 (5.2 mg, 0.01 mmol, 10 mol%) and alkylnitrile (100 pL). To this mixture the
acrylamide 118 (0.10 mmol) was added and rinsed with alkylnitrile (100 pL). This solution
was sealed and stirred in a 25 °C sand bath for 20 h. The internal standard DBE (0.25 M,
0.10 mL) was added prior to *H NMR analysis using aliquot NMR. The mixtures were
purified by PTLC on silica gel (Wako, Et,O:PE = 1:1) to isolate the pure amides 387 (R; ~

0.15) as a colourless liquid.

Catalytic Michael addition of benzylnitrile to Amides (GP—XV)

o}

, 0 NC.__Ph
NG H CDP (5-10 mol%) o
T+ R ONRS),
R’ N(R3),

Ph R2 R'CH,CN, rt-80 °C, 20 h

R2
In a glove box, a dry 10 mL screw cap vial with a magnetic stirring bar was charged with
CDP 259 (5.2 mg, 0.01 mmol, 10 mol%) and toluene (100 pL). To this mixture the
acrylamide 118 (0.10 mmol) and benzylnitrile (14.0 pL, 0.12 mmol, 1.2 equiv) were added
and rinsed with toluene (100 pL). This solution was sealed and stirred in a 25 °C sand bath
for 20 h. The internal standard DBE (0.25 M, 0.10 mL) was added prior to *H NMR analysis
using aliqguot NMR. The mixtures were purified by PTLC (Wacko silica gel, Et,O:PE = 1:1)
to isolate the pure amides 404 or 406 (R¢~ 0.15) as a colourless liquid.
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4.3.2 Synthesis

1-Chloro-methylenebis(triphenylphosphonium) chloride (265)"°*]

cl
PhyP=(
Cl_ +PPh3

To a solution of triphenylphosphine (26.23 g, 100.0 mmol, 1.5 equiv) in DCM (50 mL)
tetrachloromethane (6.43 mL, 66.7 mmol) was added dropwise at room temperature. The
mixture was stirred for 26 h upon which the solution changed colour from yellow to brown
and a colourless precipitate formed. To remove the precipitated by-product, 1,2-epoxybutane
(5.80 mL, 66.7 mmol, 1.0 equiv) was added while ensuring that the temperature did not rise
above 20 °C. The colourless precipitate dissolved and ether (50 mL) was added dropwise
until turpidity occurred upon addition. The product crystallised at 0 °C and was then filtered,
washed with DCM (2 x 2 mL) and Et,O (2 x 2 mL) and recrystallised from DCM (30 mL)
and Et,O (10 mL) to form the light yellow crystals of 265 13.3 g (66%).

'H NMR (C4Dp): & = 7.89-7.81 (m, 12H), 7.03-6.95 (m, 18H) ppm.

3P NMR (CgDp): & = 25.7 (s) ppm.

Hexaphenylcarbodiphosphorane (259)!2*

Benzene (6 mL) was added to a mixture of 265 (1.60 g, 2.64 mmol) and tris
(dimethylamino)phosphine (0.43 g, 2.64 mmol, 1.0 equiv) and the mixture was stirred at
room temperature. After 1 h a bright yellow solution had formed and after 3 h a colourless
solid precipitated. After 24 h the solution was heated to 100 °C and the precipitate was
separated from the hot solution which crystallised at room temperature and was filtered,
washed with Et,O (2 mL) to give the bright yellow powder of 259 (1.32g, 93%).

'H NMR (C4De): & = 7.89-7.85 (m, 12H), 7.08-6.95 (m, 18H) ppm.

3P NMR (CgD): & = -4.12 (s) ppm.
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Diphenyl pyridyl phosphine (333)%*?

@Pth
=N

THF (150 mL) was added to a dry flask containing triphenylphosphine (263; 13.11 g,
50 mmol) and Li metal (6.94 g, 120 mmol, 2.4 equiv) was added. The brown solution was
stirred at rt for 2.5 h and then cooled to 0 °C in an ice bath. Ethanol (2.33 mL, 40 mmol) was
then added upon which the solution turned black. At the same temperature, chloropyridine
332 (4.73 mL, 50 mmol) was added and the reaction was warmed up to rt. The THF was then
distilled off at atmospheric pressure until dryness. The mixture was then worked up by
extracting with DCM (50 mL) and washing with ammonium chloride solution (3 M, 50 mL)
and water (50 mL). The organic solution was then dried over MgSQy,, filtered and purified by
flash column chromatography (silica, 20% EtOAc in hexane, R¢= 0.27) to yield product 333
(4.06 g, 31%). Spectral information fitted the reported literature data.

'H NMR (CDCly): § = 8.72 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 7.56 (tt, J = 7.7, 1.9 Hz, 1H),
7.45-7.32 (m, 10H), 7.17 (ddt, 1H, J = 7.6, 4.8, 1.1 Hz, 1H), 7.08 (ddd, 1H, J=7.8, 2.1, 1.0
Hz, 1H) ppm.

3P NMR (CDCly): 6 = -4.0 (s) ppm.

Methylene 1,1-bromo-briphenylphosphonium bromide (262)*

Br—\eBr

PPh
® 3

To a solution of triphenylphosphine (263; 15.74 g, 60.0 mmol) in toluene (25 mL) was added
dibromomethane (5.61 mL, 80.0 mmol, 1.33 equiv) in one portion. The mixture was stirred
at 60 °C for 72 h and the resulting crystals were filtered and washed with toluene. The
remaining solution was stirred at 90 °C after the addition of an additional amount of
dibromomethane (2.50 mL, 35.6 mmol). The combined filtered and washed solids were
recrystallised from propan-2-ol to yield the bromide salt 262 (15.65 g, 60%). Spectral

information fitted the reported literature data.

'"H NMR (CDCls): & = 8.02-7.89 (m, 6H), 7.81 (t, J = 6.7 Hz, 3H), 7.74-7.66 (m, 6H), 5.90—
5.77 (m, 2H) ppm.

3P NMR (C4D): 6 = 23.6-23.1 (m) ppm.
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Methylene 1,1-triphenylphosphonium-diphenylpyridylphosphonium dibromide
(334)0#7]

)
PhyP— ©OBr
Opr 5Ph2py

Triphenylphosphate (22.61 g) was melted in a flask under vacuum at 60 °C for 3 h. Bromide
salt 262 (6.59 g, 15.1 mmol) and phosphine 333 (3.99 g, 15.2 mmol, 1.01 equiv) were then
added to the phosphate and heated to 120 °C over night. The brown solution was then
extracted by stirring vigorously in toluene (100 mL) for 3 h until a grey solid suspension
formed. The solid was filtered off, dissolved directly in methanol (30 mL) and recrystallised
using Et,0 (50 mL) to yield the pale brown crystals of 334 (2.02 g, 19%). Spectral
information fitted the reported literature data.

'H NMR (CDCls): 5 = 8.22-8.08 (m, 12H), 8.04-7.94 (m, 1H), 7.78 (t, J = 16.4 Hz, 2H),
7.64-7.54 (m, 5H), 7.48-7.40 (m, 11H) ppm.

IP NMR (CDCly): § =20.9-20.4 (m), 15.7-15.2 (m) ppm.

Pentaphenyl pyridyl carbodiphosphorane (270)1"

PhsP=\
PPhypy
Powdered sodium hydride (12.0 mg, 0.50 mmol, 3.33 equiv) was added in one portion to the
stirred solution of the precursor salt 334 (104.9 mg, 0.15 mmol) in acetonitrile (2 mL) After
stirring for 15 h, the yellow suspension was filtered and washed with acetonitrile. The solid
was then filtered and washed with toluene, which was removed in vacuo and dried to give
the carbone 270 (31.0 mg, 38%).

3'P NMR (C4Dg): 6 = -2.7 (d, J = 83.8 Hz), -6.1 (d, J = 87.6 Hz) ppm.
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4.3.3 Stoichiometric Reactions

Hexaphenylcarbodiphosphorane CO, adduct (297)*"!

90,
® C=0
PhsP
PPh,

A Radley’s vial was charged with hexaphenylcarbodiphosphorane 259 (268.3 mg,
0.50 mmol) and sealed under N, atmosphere. The vial was then flushed with CO, gas on a
Schlenk line. Toluene (5 mL) was added and the suspension stirred for 15 h. A colourless
solid precipitated, which was then filtered off, washed with toluene (2 mL) and dried to give
the complex 297 (258.0 mg, 89%).

1P NMR (CDCl3): 8 = 15.0 ppm.

Hexaphenylcarbodiphosphorane GaCl; complex (344)1¢

O
® GaCI3
Ph;P
PPh,

Hexaphenylcarbodiphosphorane 259 (268.3 mg, 0.50 mmol) was suspended in toluene
(2.0 mL) and GacCl; (88.0 mg, 0.50 mmol) was added and rinsed with toluene (3.0 mL). The
suspension was stirred over night at rt upon which a colourless precipitate formed. The solid
was filtered off, washed with toluene (2.0 mL) and dried to give the complex 344 (346.0 mg,
97%).

3'P NMR (CDCl5): & =23.4 ppm.
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Hexaphenylcarbodiphosphorane Fe(111)Cl; complex (347)

Fec

® rells

PhsP—(
PPh,

Hexaphenylcarbodiphosphorane 259 (134.2 mg, 0.25 mmol) was suspended in toluene
(1.0 mL) and FeCl; (40.6 mg, 0.25 mmol) was added and rinsed with toluene (1.0 mL). The
suspension was stirred for 7 d at rt and for 2 d at 40 °C until aliquot 3P NMR in C¢Ds
showed the absence of starting material. The dark purple precipitate was filtered off, washed
with toluene (2.0 mL) and dried to give the complex 347 (111.1 mg, 64%).

3'P NMR (CDCl3): 8 =22.2 ppm.

Hexaphenylcarbodiphosphorane Fe(I1)Cl, complex (346)

Fec

® rebh

PhsP—(
PPh,

Hexaphenylcarbodiphosphorane 259 (134.2 mg, 0.25 mmol) was suspended in toluene
(1.0 mL) and FeCl, (31.7 mg, 0.25 mmol) was added and rinsed with toluene (1.0 mL). The
suspension was stirred for 7 d at rt and for 2 d at 40 °C until aliquot P NMR in C¢Dg
showed the absence of starting material. The pale orange precipitate was filtered off, washed
with toluene (2.0 mL) and dried to give the complex 346 (100.4 mg, 73%).

3P NMR (CDCly): & =22.3 ppm.
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4.3.4 Nitrile BB Starting Materials

Acetonitrile (131)4
NC—-Me

131 is commercially available. The obtained spectral data fitted accurately with literature
reported data.

'H NMR (500 MHz, CDCly): & = 2.00 (s, 3H) ppm.

C NMR (125 MHz, CDCl5): 8 =116.9, 1.8 ppm.

Propionitrile (123a)1**4

NC—\
Me

123a is commercially available. The obtained spectral data fitted accurately with literature
reported data.

'H NMR (500 MHz, CDCly): § = 2.31 (q, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H) ppm.

¥C NMR (125 MHz, CDCls): § = 121.0, 10.9, 10.6 ppm.

1-phenyl acetonitrile (377)1%

NC—\
Ph

377 is commercially available. The obtained spectral data fitted accurately with literature
reported data.

'H NMR (500 MHz, CDCly): & = 7.39-7.36 (m, 2H), 7.34-7.31 (m, 3H), 3.74 (s, 2H) ppm.

BC NMR (125 MHz, CDCly): & = 129.9, 129.1 (2C), 128.1, 127.9 (2C), 117.9, 23.6 ppm.
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1-methyl-1-phenyl acetonitrile (405)*
Me

NC—(

Ph

405 is commercially available. The obtained spectral data fitted accurately with literature
reported data.

'"H NMR (500 MHz, CDCl3): § = 7.41-7.30 (m, 5H), 3.90 (g, J = 7.3 Hz, 1H), 1.64 (d, J =
7.3 Hz, 3H) ppm.

¥C NMR (125 MHz, CDCl): § = 137.1, 129.2 (2C), 128.1, 126.7 (2C), 121.6, 31.3, 21.5
ppm.

N-dimethyl-2-propenamide (118c)*'

o)
\)J\NMez

118c is commercially available. The obtained spectral data fitted accurately with literature
reported data.

'H NMR (500 MHz, CDCl5): § = 6.59 (dd, J = 16.8, 10.5 Hz, 1H), 6.30 (d, J = 16.8 Hz, 1H),
5.67 (d, J = 10.5 Hz, 1H), 3.09 (s, 3H), 3.02 (s, 3H) ppm.

8C NMR (125 MHz, CDCly): § = 166.6, 127.7, 127.5, 37.3, 35.6 ppm.
N-morpholino-2-propenamide (118d)%*®

\)H,/\O

118d is commercially available. The obtained spectral data fitted accurately with literature
reported data.

'H NMR (500 MHz, CDCl): & = 6.54 (dd, J = 16.8, 10.5 Hz, 1H), 6.32 (dd, J = 16.8, 1.9
Hz, 1H), 5.72 (dd, J = 10.5, 1.9 Hz, 1H), 3.72-3.64 (m, 6H), 3.61-3.50 (m, 2H) ppm.

C NMR (125 MHz, CDCly): 8 = 165.5, 128.3, 127.1, 66.8 (2C), 46.2, 42.3 ppm.
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N-methoxy-N-methyl-2-propenamide (118¢)#")

\)kN/O\M

|
Me

e

118e was prepared from acrolyl chloride (22 mmol, 1.1 equiv), N,O-dimethyl-
hydroxylamine hydrochloride (20 mmol) and pyridine (44 mmol, 2.2 equiv) in chloroform
(40 mL). After stirring this mixture for 20 h at room temperature, the reaction was worked
by acidification with HCI (2 M, 50 mL), extraction of organic impurities followed by
neutralisation with NaHCO; (sat. 100 mL) and extraction into chloroform (50 mL). The
organic solution was dried (MgSQ,), filtered and the solvent removed in vacuo. The crude
product was then subjected to silica gel flash chromatography (5% Et,O in petrol ether)
giving the title compound as a colourless liquid. The obtained spectral data fitted accurately

with literature reported data.

'H NMR (500 MHz, CDCly): & = 6.73 (dd, J = 17.1, 10.4 Hz, 1H), 6.42 (dd, J = 17.1, 2.0
Hz, 1H), 5.75 (dd, J = 10.4, 2.0 Hz, 1H), 3.71 (s, 3H), 3.26 (s, 3H) ppm.

BC NMR (125 MHz, CDCl): § = 166.5, 128.9, 126.0, 61.8, 32.3 ppm.

N,N-diphenyl-2-methyl-2-propenamide (118g)™**!

118g was prepared from methacrolyl chloride (15 mmol, 1.5 equiv), diphenylamine
(20 mmol) and K,CO; (15 mmol, 1.5 equiv) in toluene (15 mL). After stirring this mixture
for 20 h under reflux, the reaction was worked up by washing with water (2 x 10 mL) and
brine (10 mL). The organic solution was dried (MgSQ,), filtered and the solvent removed in
vacuo. The crude solid was then recrystallised from diethyl ether at -20 °C giving the title
compound as a light orange solid. The obtained spectral data fitted accurately with literature

reported data.
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'H NMR (500 MHz, CDCly): § = 7.35-7.30 (m, 4H), 7.24-7.19 (m, 2H), 7.19-7.14 (m, 4H),
5.23 (g, J = 1.0 Hz, 1H), 5.17 (g, J = 1.5 Hz, 1H), 1.84 (dd, J = 1.5, 1.0 Hz, 3H) ppm.

¥C NMR (125 MHz, CDCly): § = 171.8, 143.5 (2C), 141.2, 129.1 (4C), 127.2 (4C), 126.5
(2C), 120.9, 19.9 ppm.

N,N-dimethyl-3-phenyl-2-propenamide (118a)#*!

0]

118a was prepared from dimethyl acetamide (100 mL, >50 equiv), benzaldehyde (20 mmol)
and K,CO;3; (10 mmol, 1.0 equiv) in dimethylacetamide and diethylcarbonate (1:1, 200 mL).
After stirring this mixture for 100 h at 150 °C, the product was isolated by distillation of the
solvents, leaving behind a solid residue. The crude product was recrystallised from diethyl
ether at -20 °C giving the title compound as a light orange solid. The obtained spectral data

fitted accurately with literature reported data.

'H NMR (500 MHz, CDCls): & = 7.67 (d, J = 15.5 Hz, 1H), 7.55-7.49 (m, 2H), 7.39-7.33
(m, 3H), 6.89 (d, J = 15.5 Hz, 1H), 3.16 (s, 3H), 3.06 (s, 3H) ppm.

BC NMR (125 MHz, CDCly): § = 166.7, 142.3, 135.4, 129.5, 128.8 (2C), 127.8 (2C), 117.5,
37.4, 35.9 ppm.

3-phenyl-2-propenyl acyl chloride (414)1%*®

WC.

414 was prepared from cinnamic acid (20 mmol) and thionyl chloride (80 mmol, 4.0 equiv)
in DCM (30 mL). After stirring this mixture for 20 h under reflux, the reaction was cooled to
room temperature and the solvent was removed in vacuo. The crude liquid was used directly

in the next step. The obtained spectral data fitted accurately with literature reported data.

'H NMR (500 MHz, CDCly): 5 = 7.87 (d, J = 15.6 Hz, 1H), 7.63-7.59 (m, 2H), 7.54-7.44
(m, 3H), 6.68 (d, J = 15.6 Hz, 1H) ppm.
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N,N-diphenyl-3-phenyl-2-propenamide (118b)?*

118b was prepared from cinnamyl chloride 414 (10 mmol) and diphenylamine (10 mmol,
1.0 equiv) in DCM (15 mL). After stirring this mixture for 20 h under reflux, the mixture
was extracted in ethyl acetate (250 mL) and washed with aqueous NaHCO; (sat, 100 mL)
and brine (100 mL). The organic phase was dried (MgSQO,), filtered and the solvent was
removed in vacuo. The crude product was recrystallised from a mixture of isopropanol and
DCM (19:1) at -20 °C giving the title compound as a colourless solid. The obtained spectral
data fitted accurately with literature reported data.

'H NMR (500 MHz, CDCls): & = 7.77 (d, J = 15.5 Hz, 1H), 7.41-7.33 (m, 6H), 7.32-7.25
(m, 9H), 6.48 (d, J = 15.5 Hz, 1H) ppm.

3C NMR (125 MHz, CDCly): 5 = 166.2, 142.8 (2C), 142.6, 135.1, 129.7, 129.3 (4C), 128.7
(2C), 128.0 (2C), 126.9 (br, 6C), 119.8 ppm.
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4.3.5 Alkylnitrile Michael Additions
N,N-dimethyl-4-cyano-butanamide (387c)
0]

NC\/\)J\NMeZ

Compound 387c was prepared according to GP—XV from acetonitrile (xs reagent as solvent)
and acrylamide 118c (9.9 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol, 10 mol%) as the
catalyst, in acetonitrile (200 pL) at 25 °C for 20 h. 387c was purified by PTLC on silica gel
(EtOAC:PE = 1:1).

Colourless liquid.
Yield: 11.1 mg (79%).

'H NMR (500 MHz, CDCla): & = 3.02 (s, 3H), 2.96 (s, 3H), 2.52 (t, J = 7.0 Hz, 2H), 2.49 (t,
J=6.8 Hz, 2H), 2.00 (tt, J = 7.0, 6.8 Hz, 2H) ppm.

¥C NMR (125 MHz, CDCly): §=170.8, 119.6, 37.0, 35.4, 30.9, 20.8, 16.7 ppm.

IR (neat): v = 2936, 2245, 1634, 1400, 1142 cm ™.

HRMS (ESI): calculated for C;H;3N,O" = [MH*]: m/z = 141.1022, found: m/z = 141.1040;
calculated for C;H;,N,NaO" = [MNa']: m/z = 163.0842, found: m/z = 163.0847.

N,N-morpholino-4-cyano-butanamide (387d)

NCMN/\

o)

Compound 387d was prepared according to GP—XV from acetonitrile (xs reagent as solvent)
and acrylamide 118d (14.1 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol, 10 mol%) as
the catalyst, in acetonitrile (200 pL) at 25 °C for 20 h. 387d was purified by PTLC on silica
gel (EtOAC:PE = 1:1).

Colourless liquid.
Yield: 14.5 mg (80%).

'H NMR (500 MHz, CDCly): & = 3.71-3.66 (m, 4H), 3.64-3.60 (m, 2H), 3.49-3.46 (m, 2H),
2.52 (t, J = 6.7 Hz, 2H), 2.49 (t, J = 6.8 Hz, 2H), 2.02 (tt, J = 6.8, 6.7 Hz, 2H) ppm.

BC NMR (125 MHz, CDCl): § = 169.5, 119.5, 66.8, 66.5, 45.7, 42.0, 30.6, 20.7, 16.7 ppm.
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IR (neat): v = 2967, 2922, 2859, 2245, 1640, 1437, 1238, 1115 cm .

HRMS (ESI): calculated for C;H33N,O" = [MH']: m/z = 183.1128, found: m/z = 183.1138;
calculated for C;H;,N,NaO" = [MNa']: m/z = 205.0948, found: m/z = 205.0959.

N-methoxy-N-methyl-4-cyano-butanamide (387e)

O

NC\/\)J\N/O\Me

I
Me

Compound 387e was prepared according to GP-XV from acetonitrile (xs reagent as solvent)
and acrylamide 118e (11.5 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol, 10 mol%) as
the catalyst, in MeCN (200 uL) at 25 °C for 20 h. 387e was purified by PTLC on silica gel
(EtOAC:PE = 1:1).

Colourless liquid.
Yield: 11.3 mg (72%).

'H NMR (500 MHz, CDCly): & = 3.73 (s, 3H), 3.21 (s, 3H), 2.64 (t, J = 6.8 Hz, 2H), 2.51 (1,
J=7.0Hz, 2H), 2.01 (it, J = 7.0, 6.8 Hz, 2H) ppm.

C NMR (125 MHz, CDCls): 6 = 172.5, 119.4, 61.3, 32.2, 29.9, 20.2, 16.7 ppm.

IR (neat): v = 2941, 2247, 1653, 1420, 1389, 991, 731 cm ™.

HRMS (ESI): calculated for C;H13N,0," = [MH']: m/z = 157.0971, found: m/z = 157.0968;
calculated for CgH14N,NaO," = [MNa']: m/z = 179.0791, found: m/z = 179.0777.

N,N-dimethyl-4-cyano-3-phenyl-butanamide (387a)

NC
NMGZ

Compound 387a was prepared according to GP—XV from acetonitrile (xs reagent as solvent)
and acrylamide 118a (17.5 mg, 0.10 mmol), using CDP (2.6 mg, 0.005 mmol, 5 mol%) as
the catalyst, in acetonitrile (200 L) at 80 °C for 20 h. 387a was purified by PTLC on silica
gel (EtOAC:PE = 1:1).

Colourless liquid.

Yield: 16.7 mg (77%).
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'H NMR (500 MHz, CDCl,): &: = 7.42-7.21 (m, 5H), 3.61 (dddd, J = 9.5, 7.0, 4.9, 4.9 Hz,
1H), 2.97 (s, 3H), 2.94 (s, 3H), 2.92-2.76 (m, 3H), 2.71 (dd, J = 16.3, 4.9 Hz, 1H) ppm.

¥C NMR (125 MHz, CDCly): 8: = 170.0, 141.7, 129.0 (2C), 127.6, 127.2 (2C), 118.5, 37.7,
37.5,37.1, 35.5, 24.1 ppm.

IR (neat): v = 2930, 2243, 1636, 1495, 1398, 1144, 764, 700 cm "

HRMS (ESI): calculated for C;3H3;N,0" = [MH"]: m/z = 217.1335, found: m/z = 217.1343;
calculated for Cy3H3sN,;NaO* = [MNa']: m/z = 239.1155, found: m/z = 239.1162.

N,N-diphenyl-4-cyano-3-phenyl-butanamide (387b)

SeNe
)

Compound 387b was prepared according to GP—XV from acetonitrile (xs reagent as solvent)
and acrylamide 118b (29.9 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol, 10 mol%) as
the catalyst, in acetonitrile (200 pL) at 25 °C for 20 h. 387b was purified by PTLC on silica
gel (EtOAcC:PE = 1:1).

Colourless liquid.
Yield: 30.0 mg (88%).

'H NMR (500 MHz, CDCly): &: = 7.42-7.22 (m, 8H), 7.22-7.12 (m, 3H), 7.10 (d, J = 7.2
Hz, 4H) 3.65 (dddd, J = 7.6, 7.0, 6.8, 6.1 Hz, 1H), 2.83 (dd, J = 16.7, 7.0 Hz, 1H), 2.77 (dd,
J=15.7,7.6 Hz, 1H), 2.73 (dd, J = 16.7, 6.1 Hz, 1H), 2.68 (dd, J = 15.7, 6.8 Hz, 1H) ppm.

BC NMR (125 MHz, CDCly): §: = 170.2, 142.3 (2C), 141.0, 130.0 (2C), 128.9 (2C), 128.6
(4C), 127.7, 127.3 (2C), 126.4 (4C), 118.3, 39.7, 38.6, 23.9 ppm.

IR (neat): v = 3061, 3030, 2245, 1663, 1593, 1489, 1379, 1289, 698 cm .

HRMS (ESI): calculated for Cy3H,1N,O" = [MH"]: m/z = 341.1648, found: m/z = 341.1652;
calculated for C3H,0N,NaO" = [MNa']: m/z = 363.1468, found: m/z = 363.1461.
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N,N-diphenyl-4-cyano-2-methyl-butanamide (387¢)

2 )
NC\/\HJ\N
Compound 3879 was prepared according to GP—XV from acetonitrile (xs reagent as solvent)
and acrylamide 118g (23.7 mg, 0.10 mmol), using CDP (2.6 mg, 0.005 mmol, 5 mol%) as

the catalyst, in acetonitrile (200 pL) at 80 °C for 20 h. 387g was purified by PTLC on silica
gel (EtOAC:PE = 1:1).

Colourless liquid.
Yield: 20.2 mg (73%).

'H NMR (500 MHz, CDCly): & = 7.54-7.12 (m, 10H), 2.83 (dgd, J = 9.4, 6.8, 4.9 Hz, 1H),
2.50-2.35 (m, 2H), 2.14 (ddt, J = 13.5, 9.4, 6.3 Hz, 1H), 1.67 (dddd, J = 13.5, 8.4, 7.0, 4.9
Hz, 1H), 1.16 (d, J = 6.8 Hz, 3H) ppm.

BC NMR (125 MHz, CDCl): § = 175.0, 142.4 (2C), 130.1 (2C), 129.0 (2C), 128.8 (2C),
128.3, 126.4 (3C), 119.5, 36.3, 29.4, 18.1, 15.2 ppm.

IR (neat): v = 2972, 2934, 2243, 1665, 1591, 1491, 1387, 1267, 702 cm ™.

HRMS (ESI): calculated for CigH1sN,O" = [MH']: m/z = 279.1492, found: m/z = 279.1500;
calculated for C1gH:sN,NaO" = [MNa']: m/z = 301.1311, found: m/z = 301.1310.

N,N-morpholino-4-cyano-pentanamide (124d)

O

o~

Me O

Compound 124d was prepared according to GP-XV from propionitrile (xs reagent as
solvent) and acrylamide 118d (14.1 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol,
10 mol%) as the catalyst, in propionitrile (200 pL) at 25 °C for 20 h. 124d was purified by
PTLC onsilica gel (EtOAC:PE = 1:1).

Colourless liquid.
Yield: 17.6 mg (90%).

'H NMR (500 MHz, CDCly): & = 3.71-3.67 (m, 4H), 3.64-3.60 (m, 2H), 3.51-3.47 (m, 2H),
2.88-2.77 (m, 1H), 2.57-2.45 (m, 2H), 2.09-2.00 (m, 1H), 1.89-1.79 (m, 1H), 1.36 (d, J =
7.1 Hz, 3H) ppm.
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C NMR (125 MHz, CDCls): & = 169.7, 122.7, 66.8, 66.5, 45.8, 42.0, 29.9, 29.3, 25.1, 18.2
ppm.

IR (neat): v = 2967, 2922, 2859, 2237, 1641, 1437, 1231, 1115cm ™.

HRMS (ESI): calculated for C;H;3N,O" = [MH*]: m/z = 219.1104, found: m/z = 219.1106;
calculated for C;H3,N,NaO" = [MNa']: m/z = 197.1285, found: m/z = 197.1280.

N-methoxy-N-methyl-4-cyano-pentanamide (124e)

O

NC _O.
\(\)J\ITI Me

Me Me

Compound 124e was prepared according to GP-XV from propionitrile (xs reagent as
solvent) and acrylamide 118e (11.5 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol,
10 mol%) as the catalyst, in EtCN (200 pL) at 25 °C for 20 h. 124e was purified by PTLC on
silica gel (EtOAC:PE = 1:1).

Colourless liquid.
Yield: 10.4 mg (61%).

'H NMR (500 MHz, CDCls): & =3.74 (s, 3H), 3.21 (s, 3H), 2.82 (dqd, J = 9.5, 7.1, 5.0, 1H),
2.68 (t, J = 6.7, 2H), 2.00 (dtd, J = 13.2, 6.7, 5.0, 1H), 1.87 (ddt, J = 13.2, 9.5, 6.7 Hz, 1H),
1.38 (d, J = 7.1 Hz, 3H) ppm.

C NMR (125 MHz, CDCls): 6 = 168.4, 122.7, 61.3,29.7, 29.1, 28.8, 25.1, 18.1 ppm.

IR (neat): v = 2922, 2239, 1655, 1458, 14120, 1387, 993, 735 cm .

HRMS (ESI): calculated for CgH1sN,0," = [MH']: m/z = 171.1128, found: m/z = 171.1125;
calculated for CgH14N,NaO," = [MNa']: m/z = 193.0947, found: m/z = 193.0935.
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N,N-dimethyl-4-cyano-4-phenyl-butanamide (404c)

0O

NC
NMe2

Compound 404c was prepared according to GP—XV from benzylnitrile (14.0 pL, 0.12 mmol,
1.2 equiv) and acrylamide 118c (9.9 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol,
10 mol%) as the catalyst, in toluene (200 pL) at 25 °C for 20 h. 404c¢ was purified by PTLC
on silica gel (EtOAc:PE = 1:1).

Colourless liquid.
Yield: 17.1 mg (79%).

'H NMR (500 MHz, CDCLy): & = 7.38 (d, J = 4.2 Hz, 4H), 7.33 (d, J = 4.2 Hz, 1H), 4.13
(dd, J = 9.4, 5.7 Hz, 1H), 2.99 (s, 3H), 2.96 (s, 3H), 2.57 (dt, J = 16.6, 7.5 Hz, 1H), 2.44 (dt,
J=16.6,6.2 Hz, 1H), 2.34-2.25 (m, 1H), 2.21-2.11 (m, 1H) ppm.

BC NMR (125 MHz, CDCls): & = 170.9, 135.7, 129.1 (2C), 128.1, 127.3 (2C), 120.8, 37.0,
36.4, 35.5, 31.2, 29.8 ppm.

IR (neat): v = 2932, 2239, 1643, 1495, 1454, 1400, 1142, 700 cm ™.

HRMS (ESI): calculated for Cy3Hi7N,O" = [MH"]: m/z = 217.1335, found: m/z = 217.1357;
calculated for Cy3H3sN,NaO" = [MNa']: m/z = 239.1155, found: m/z = 239.1169.

N-methoxy-N-methyl-4-cyano-4-phenyl-butanamide (404e)

O
NC PON

l}l Me

Me

Compound 404e was prepared according to GP—XV from benzylnitrile (14.0 pL, 0.12 mmol,
1.2 equiv) and acrylamide 118e (11.5 mg, 0.10 mmol), using CDP (5.2 mg, 0.01 mmol,
10 mol%) as the catalyst, in toluene (200 pL) at 25 °C for 20 h. 404e was purified by PTLC
on silica gel (EtOAc:PE = 1:1).

Colourless liquid.

Yield: 20.5 mg (88%).
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'H NMR (500 MHz, CDCly): 8 = 7.39-7.36 (m, 4H), 7.35-7.30 (m, 1H), 4.06 (dd, J = 9.2,
6.1 Hz, 1H), 3.67 (s, 3H), 3.19 (s, 3H), 2.71 (dt, J = 16.9, 7.1 Hz, 1H), 2.58 (dt, J = 16.9, 6.1
Hz, 1H), 2.26 (ddt, J = 13.9, 7.1, 6.1, 1H), 2.18 (dddd, J = 13.9, 9.2, 6.1, 7.1 Hz, 1H) ppm.

C NMR (125 MHz, CDCls): & = 172.6, 135.5, 129.1 (2C), 128.2, 127.3 (2C), 120.6, 61.3,
36.5, 32.2, 30.5, 28.8 ppm.

IR (neat): v = 2938, 2237, 1655, 1649, 1420, 1389, 995, 700 cm *.

HRMS (ESI): calculated for Cy3H7N,O," = [MH™]: m/z = 233.1285, found: m/z = 233.1281;
calculated for C13H:6N,NaO," = [MNa']: m/z = 255.1104, found: m/z = 255.1102.
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