Regioselective Allylic Alkene Amination by Photo-Aerobic

Selenium-n-Acid Multicatalysis

,,? r T : %
n: =
& 5

Dissertation
zur Erlangung des Doktorgrades der Naturwissenschaften (Dr. rer.
der Fakultit fiir Chemie und Pharmazie
der Universitit Regensburg

vorgelegt von
THERESA APPLESON

aus Miinchen

im Jahr 2025

. nat.)



Promotionsgesuch eingereicht am: 09.12.2025

Die Arbeit wurde angeleitet von: Prof Dr. Alexander Breder

Promotionsausschuss:

Vorsitzender: Prof. Dr. Patrick Niirnberger
1. Gutachter: Prof. Dr. Alexander Breder
2. Gutachterin: Prof. Dr. Julia Rehbein

3. Priifer: Prof. Dr. Frank-Michael Matysik



Contents

Acknowledgements
List of Abbreviations

1 Theoretical Background

1.1  Strategies for the Oxidative N-Allylation of Amines . . . . . . ... ... ... ..

1.1.1 o-Bond Activation

1.1.2 m-bond activation .

1.2 Photoredox Se-t Acid Dual Catalysis . . . . . ... ... .............

2 Objectives

3 Results And Discussion

3.1 Intramolecular Allylic Amination with Sulfonamides . . . ... ... ... ...

3.1.1  Susbtrate Synthesis

3.1.2 Cyclisation Reactions . . . . . . . . .. ... .. ... ..........

3.1.3 Mechanistic Investigation . . . . . .. ... ... ... ... ...

3.1.4 Enantioselective Variant . . . . . . . . . . . . ...

3.2 Racemic Intermolecular Allylic Amination with Sulfonamides . . . .. ... ..

3.2.1 Preliminary Investigation . . . . . . .. ... ... ... ... ...,

3.2.2 Reaction Optimisation and Mechanistic Investigation . . . . . . ... ..

3.3 Racemic Intermolecular Allylic Amination with Azoles . . . . . ... ... ...

3.3.1 Preliminary Investigation . . . . . . . ... ... ... ... ...,

3.3.2 Kinetic Investigation and Reaction Optimisation . . . .. ... ... ..

3.3.3  Synthesis of B,y-unsaturated esters . . . . . ... ... ... ... ...

3.3.4 Intermolecular Allylic Amination . . .. ... ... ...........

3.4 Enantioselective Intermolecular Allylic Amination with Azoles . . . . . . .. ..

3.4.1 Preliminary Investigation . . . . . . . . . ... ... ... ........

3.4.2 Reaction Optimisation . . . . .. . ... ... ... ..........

3.4.3 Asymmetric Intermolecular Allylic Amination . . . ... ... .....

3.4.4 Chiral Counter Ions

4 Summary And Outook

O B~ D =

24

29

31
31
32
34
36
38
40
40
43
53
54
59
64
67
79
80
82
87
88

93



5 Experimental Section 95

5.1 General Remarks . . . ... ... . ... 95
5.1.1 Preparative Methods . . . . . ... ... ... ... ... ... 95

5.1.2 Solventsand Reagents . . . . ... . ... ... ... .. ........ 95

5.1.3 Chromaographic Methods . . . . . .. ... ... ............ 95
5.1.4 Instrumental Analysis . . . . ... ... .. ... ... ... ... ... 96

5.2 Experimental Procedures . . . . . . ... ... L L oo 98
5.3 Synthesis of Arylselenides and Photosensitiser . . . . . . ... ... ....... 98
5.4 Racemic Intramolecular Allylic Amination with Sulfonamides . . . . ... . .. 100
5.4.1 Optimisation of Reaction Conditions . . . . . . . ... ... ....... 100

5.4.2 Fluorescence Quenching Experiments (STERN-VOLMER) . . . . . . . . . 100

5.4.3 Substrate Synthesis . . . . . . ... ... 101
5.4.4 Synthesis of Intermediates . . . . . . ... ... L 0oL 105

5.5 Enantioselective Intramolecular Allylic Amination with Sulfonamides . . . . . . 108
5.5.1 Substrate Synthesis . . . . . . ... .. L. Lo 108

5.6 Racemic Intermolecular Allylic Amination with Sulfonamides . . .. ... ... 112
5.6.1 Optimisation of Reaction Conditions . . . . . . . . ... ... ...... 112

5.6.2 Kinetic Investigations . . . . . . . . ... ... 123

5.6.3 Substrate Synthesis . . . . . . ... ... 127
5.6.4 Synthesis of Allylic Sulfonamides . . . . .. ... ... ... ...... 128

5.7 Racemic Intermolecular Allylic Amination with Azoles . . . . . ... ... ... 129
5.7.1 Optimisation of Reaction Conditions . . . . . . . .. ... ... ..... 129

5.7.2 Kinetic Investigations . . . . . . . . . .. ... ... 137

5.7.3 Substrate Synthesis . . . . . .. ... Lo o 137

5.7.4 Synthesis of Allylic Azoles and Azines . . . . . ... ... ....... 141

5.8 Enantioselective Intermolecular Allylic Amination with Azoles . . . . . . . . .. 163
5.8.1 Optimisation of the Amination of Ethyl (E)-hex-3-enoate 150a . . . . . . 163

5.8.2  Optimisation of the Amination of Diethyl (E)-hex-3-enedioate (150j) . . 166

5.8.3 Enantioselective Synthesis of Allylic Azoles and Azines . . .. .. ... 172

5.9 Asymmetric Counderanion Directed Catalysis (ACDC) . . . .. ... ... ... 174
5.9.1 Synthesis of Photosensitiser with Chiral Counterions . . . . . ... ... 174

5.9.2  Application onto Intermolecular Allylic Amination with Azoles . . . . . 178

6 Spectra 181
7 References 283

Declaration 301



Acknowledgements

First, I would like to express my sincere gratitude to my doctoral advisor, Prof. Dr. Alexander
Breder. Thank you for providing the funding and the opportunity to pursue this work in your
group. I am very grateful for the valuable discussions, your guidance, and that I had the chance to
learn from you over the years.

Next, I would like to thank my examination committee — Prof. Dr. Julia Rehbein, Prof. Dr.
Frank-Michael Matysik, and Prof. Dr. Patrick Niirnberger — for their time, their expertise, and
the opportunity to defend my work in front of them.

My heartfelt thanks go to Anja for her reliable work in the Breder group’s administration. Thank
you for handling every request with such care and trustworthiness.

I am very grateful to Michaela for the wonderful time we shared in the laboratory. Your dedication
and meticulous work keep the group running, and I truly appreciate everything I learned from you.
I would also like to thank my students Jana, Ludwig, and Ben for their committed support in my
projects.

My sincere thanks go to all my colleagues in the Breder group — Caro, Anna, Christopher,
Ludwig, Poorva, Berni, Markus, Edu, Dani, Kilian, Sebi, Tao, Georg, Sooyoung and Lisa, the
secret Breder group member. Thank you for welcoming me so quickly into the group, especially
as someone new to the University of Regensburg. I am grateful for the after-work evenings, the
chaotic and fun carnival tuesdays, the many cooking nights, and the wonderful company during
our trips to Brazil and Japan. Thank you for your constant willingness to listen, for your friendship,
and for all the moments that made these years so memorable. Without you, this journey would not
have been half as enjoyable.

A special thank-you goes to Tao and Sebi for the excellent collaboration on our joint projects.
Tao, I am particularly grateful for everything I was able to learn from you and for the thoughtful
discussions and exchange of ideas.

My deepest thanks also go to my lab companions — Poorva, Berni, and Markus. I will always
remember our time together, from the absurd Spotify Weekly playlists to the late-afternoon Finch
sessions that helped us push through the day.

I would also like to thank Poorva and Christopher for carefully proofreading this thesis. Your time,

attention to detail, and support are truly appreciated.



I would like to thank Lisa, Chris, Julia, Tobi, Nico, Marcel and Lea for the inter-group
communication that made getting to know the university and the other research groups so much
easier, and that enriched everyday academic life in countless ways.

My friends in Munich deserve special thanks for offering distraction, support, and a welcome
escape from the daily routine of laboratory work. Thank you, Tuan, for the many cooking nights,
and thank you, Ben, for the long phone calls — whether to exchange ideas, talk about projects, or
simply to vent.

My heartfelt thanks go to my family, my parents and my brother, who have supported me
unconditionally throughout my life, my studies, and this PhD journey. I would not be where I am
today without you.

Finally, I want to express my deepest gratitude to my best friend and partner, Michi. Thank you for
always being there for me, for believing in me unfailingly, and for supporting me in every possible

way.

I



List of Abbreviations

Ac

APCI
Boc

BQ

Bu

Bn

Bz
COSY
(R)-CSA

(S)-CSA

Cy
DCC
DCE
DCM
DCN
DEAD
DIPEA
DMA
DMAP
DMB
DMP
DMSO
EDAC
ee

EI

equiv.

acetyl

aryl

atmospheric pressure chemical ionisation
tert-butyloxycarbonyl

benzoquinone

butyl

benzyl

benzoyl

correlation spectroscopy
((1R,4S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic
acid
((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic
acid

cyclohexyl

N,N’-dicyclohexylcarbodiimide
1,2-dichloroethane

1,2-dichloromethane

1,4-dicyanonaphtalene

diethyl (E)-diazene-1,2-dicarboxylate
N,N-diisopropylethylamine
N,N-dimethylacetamide
4-(N,N-dimethylamino)pyridin
1,4-dimethoxybenzene

DEss-MARTIN periodinane

dimethyl sulfoxide
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid
enantiomeric excess

electron ionisation

equivalent(s)

redox potential

I



ESI

Et
Et,O
EtOAc
EtOH
EWG
Fc

HAT
HFIP
HMBC
HRMS
HSQC

IR
ISC

LG

m.p.

MA

MeOH
Mes
min

MS
NHE
NMR
NOESY
NaBArF
NTf;

o

p

PC

PE

Ph

v

electrospray ionisation

ethyl

diethyl ether

ethyl acetate

ethanol

electron withdrawing group

ferrocene

hour(s)

H-atom transfer
1,1,1,3,3,3-Hexafluoropropan-2-ol
heteronuclear multiple bond correlation
high resolution mass spectrometry
heteronuclear single quantum coherence
hertz [1/s]

infrared

intersystem crossing

coupling constant (NMR)

leaving group

melting point

molarity (mol - L™1)

maleic anhydride

methyl

methanol

mesitylene, 1,3,5-trimethylbenzene
minute(s)

mass spectrometry or molecular sieves
normal hydrogen electrode

nuclear magnetic resonance

nuclear overhauser effect spectroscopy
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
bis(trifluoromethanesulfonyl)azanide
ortho

para

photocatalyst

petroleum ether

phenyl



PhBQ
PhCI

ppm
gNMR
Ry

r.t.

L.I.

rpm
SET
SCE
TAP
TAPT
TBS
tBu
TEMPO
Tf
TFA
THF
THP
TLC
TMB
TMBE
TMOF
TMSCI
TPPT
TCE
(R)-TRIP

(S)-TRIP

Ts
uv

2-phenyl-p-benzoquinone

chlorobenzene

quantum yield

parts per million

quantitative nuclear magnetic resonance
retardation factor

room temperature

regioselective ratio

revolutions per minute

single electron transfer

saturated calomel electrode
trisanisylpyrylium

trisanisylpyrylium tetrafluoroborate
tert-butyldimethylsilyl

tert-butyl
2,2,6,6-Tetramethylpiperidinyloxyl

triflyl, trifluoromethanesulfonyl
trifluoroacetic acid

tetrahydrofuran

tetrahydropyran

thin layer chromatography
1,3,5-trimethoxybenzene

tert-butyl methyl ether

trimethyl orthoformate

trimethylsilyl chloride
2,4,6-triphenylpyrylium tetrafluoroborate
trichloroethylene
(2r,4R,11cS)-4-hydroxy-2,6-bis(2,4,6-triisopropylphenyl)dinaphtho([2,1-
d:1’,2’-f][1,3,2]dioxaphosphepine 4-oxide
(2s,4R,11bS)-4-hydroxy-2,6-bis(2,4,6-triisopropylphenyl)dinaphtho[2,1-
d:1°,2’-f][1,3,2]dioxaphosphepine 4-oxide
tosyl, p-toluenesulfonyl

ultraviolet






1 Theoretical Background

For chemists, amines are among the most prominent structural motifs that are encountered on
a daily basis. Already during the general studies at university, amines are introduced as multi-
functional reagents in chemical transformations, mainly utilised as bases, nucleophiles, ligands,
and catalysts.['] As substrates, amines are indispensable for incorporating amine functionalities
and C-N bonds during the synthesis of desired structures. This is of high value, as the amine
motif is found in the molecular architecture of a majority of natural products, bioactive com-
pounds, approved drugs, and drug candidates.!'®! In 2022 and 2023, over 87% of the top 200
small molecule drugs ranked by retail sales were structures comprising amine moieties, such as
free amines (-NH>) and N-heterocycles.!>:*! Hence, the availability of a grand library of chemical
reactions for the formation of C-N bonds — so-called aminations — can be a valuable toolkit for
the synthesis of medicinally and industrially crucial materials.[”! In this context, allylic amines are
of special interest since their double bond is an effective handle for further reduction, oxidation,
or functionalisation.!®! Possible functionalities derived from allylic amines include o- and [-amino
acids,®~1?! alkaloids, 314 and carbohydrate derivatives.!'>! As a result, research into finding new
ways to synthesise allylic amines is of high interest, with the goal of simpler and accessible strate-
gies, as well as extending the scope of accessible structural motifs. There are several ways to form
allylic amines (1). 1,2-, 1,3-dienes and alkynes for example can be elegantly transformed to allylic
amines in a hydroamination reaction.!'®!71 Another straightforward strategy is the direct coupling
of an amine with an alkene possessing an isolated double bond. For this, several methods have
been developed, allowing the use of various amine precursors and/or the chemical groups attached
to or near the double bond. They can be divided into three groups: i) reductive amination from
substrates such as aldehydes or ketones (2), ii) redox-neutral amination from functionalised alkenes
(3), and iii) oxidative amination from simple alkenes (4) (Scheme 1.1).

Reductive aminations, in general, involve the reaction of a carbonyl compound and ammonia, a
primary or a secondary amine. A suitable hydride donor reduces the formed imine or iminium
ion intermediate to afford the desired amine product.!® 1°! When o,3-unsaturated carbonyls 2 are
subjected to reductive amination conditions, the respective allylic amine (1) is formed.[?*-23! The
choice of a highly chemoselective hydrogenating system is of high importance in this transfor-
mation, as the C=C double bond — besides the imine/iminium ion C=N — can also be subjected
to reduction.!”*>31 Redox-neutral aminating processes can be realised via the allylic substitution
of functionalised alkenes 3. Their potential was manifested in the extensive development of

methodologies for the transformation of (allylic) alcohols, such as the OVERMAN rearrangement
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Scheme 1.1: Methods for the direct formation of N-allylic amine 1 by coupling of alkenes 2-4 with an
amine source [N]H. LG = leaving group.

and MrTsunNoBU reaction or (allylic) halides, as in the GABRIEL synthesis, to give their respective
allylic amines in perfect regioselectivity.[®] Expanding the possibilities, Tsuji and Trost discovered
that allyl-Pd"" complexes — derived from an allylic functionalised alkene 3 and a Pd’-species —
are highly reactive towards nucleophiles.®:132627 This development enabled for the redox-neutral
reaction of functionalised alkenes 3 such as acetates, 328! carbonates,®-13] phosphates!>®! or chlo-
rides!?®-3 towards allylic amines 1. The further development of the Tsuji-Trost reaction towards
an asymmetric protocol by employing various engineered chiral ligands enabled the reliable forma-
tion of enantioenriched allylic functionalised alkenes.!>2”-31-33] Since then, a variety of transition
metals besides Pd®!328:35-37] have been reported to catalyse the allylic substitution reaction with
amine-nucleophiles, such as Ir, (29.38-42] R [43] and Mo.[*+*] The transition metal-mediated redox-
neutral allylic aminations showed promising results for styrenes as well as terminal and symmetrical
internal alkenes, but the regiocontrol in asymmetrically substituted, internal alkenes remains chal-
lenging.[29-4]

In addition to reductive elimination and allylic substitution reactions, allylic amines 1 can also
be obtained via oxidative processes. The application of oxidants facilitates the coupling of non-
functionalised alkenes 4 with amines to form allylic amines 1 through an oxidative process. This
hugely broadens the substrate availability for the direct allylic amination with amines and alkenes
and provides alternative pathway with high atom economy to the reductive and redox-neutral
amination described above. The availability of various oxidants gives this reaction a further ad-
vantage, with oxygen from the air being a cheap, readily available and ecological friendly example.
The named features led to the development of an assortment of pathways for the oxidative allylic

amination, which will be discussed further in the following chapters.

1.1 Strategies for the Oxidative N-Allylation of Amines

The direct oxidative N-allylation of amines has been subject to numerous methodological inves-

tigations and is still of high interest for further development. In this reaction class, the desired



1.1 Strategies for the Oxidative N-Allylation of Amines

allylic amine (1) is accessed from simple alkenes by intra- or intermolecular coupling with an
amine source ([N]H) facilitated by an oxidant. Depending on the reaction conditions and applied
substrates, 1 is formed either by (formal) N-insertion into the C-H o-bond of the alkene, keeping
the double bond fixed in 1,2-position (Scheme 1.2, path a) or by a n-bond forming process which
leads to transposition of the double bond from 2,3-position to 1,2-position (Scheme 1.2, path b).
Hence, in theory, the same allylic amine 1 can be accessed from different alkenes by varying
reaction mechanisms and modes of activation, which will be disclosed in further chapters. And
vice versa, one may access different allylic amines 1 from the same alkene starting material. The
regioselective outcome can be influenced by finetuning the reaction conditions, the applied addi-
tives and catalysts, and/or the constitution of the applied substrates. As an example, in the case
of olefins bearing a remote amine group as the internal amine source, the regioselectivity of the
intramolecular allylic amination is, among others, influenced by the size of the ring that can be
possibly formed in the product. This offers a first point of control of the regioselective outcome in

an intramolecular process.

H INIH N H [NTH
h C(sp?)-H insertion ' Tbond formation !
1\ 3 L L» M,,' -~ 1 /3 S
2 path a 2 path b 2

Scheme 1.2: Oxidative allylic introduction of N-moieties into alkenes. [N]JH = amine source.

To overcome the activation barrier of the oxidative transformation, both the amine and alkene can
undergo in-situ activation. N-activation in the synthesis of (allylic) amines via the in-situ formation
of N-centred radicals™”*8] or (metal-)nitrenes**->"! is an own topic out of the scope of this thesis
and is covered by the cited literature.!>!! In this introduction, a special focus is set on strategies to
activate the C-fragment, leading to the formation of allylic amines. Both possible strategies will be
discussed, one focusing on the method activating the allylic C-H o-bond and the other one focusing
on activating the olefinic n-bond to facilitate the oxidative coupling of simple non-functionalised
alkenes with amines to give allylic amines (Figure 1.1).

o-bond activation o
1-bond activation

Figure 1.1: Strategies to activate the olefinic substrates for the allylic amination.

To-date achievements will be displayed in addition to substrate specifications and individual and
sometimes intrinsic regioselective challenges, as both strategies can lead to formal C-H insertion

or t-bond formation.



1 Theoretical Background

1.1.1 --Bond Activation

Regarding the current literature, o-Bond activation for the oxidative allylic amination of non-
functionalised alkenes is mainly facilitated by transition metal catalysis, with Pd being the most
important metal.’>) Mechanistically, the transformation involves the coordination of a Pd!-species
to alkene substrate 5, giving 6 (Scheme 1.3).343334 The Pd""-species functions as an electrophilic
promoter of a heterolytic, allylic C-H cleavage event, which omits the need for preactivated alkenes
required in Pd” substitution reactions.l>>! The coordination activates the allylic C-H bond towards
abstraction, leading to the formation of ng—complex 7. Nucleophilic substitution and reductive
elimination releases Pd” and affords the final product 9. The reoxidation of the released Pd’-
species to Pd"! requires at least stoichiometric amounts of the oxidant to utilise catalytic amounts
of Pd. The oxidant must also be selective enough to oxidise only a Pd’-species without affecting
the olefin or amine present. Enantiomeric induction could be achieved by the usage of chiral

ligands.[34]

B N

N

< IN] '
\ .)\/3 * 1 /3
. = 5
2 N
[Pd° 9

/Y

INIH  [pr) [Pd)
./1\/I/3 1oxidant
7 Pl

o\ INJH H % NIH 4
-H " .)\/3 !

1 /\\ ‘~.)1\/3
2

2 N I
6 [Pd 5

Scheme 1.3: Proposed mechanism of the Pd"-mediated intramolecular oxidative allylic C-H amination of
alkenes. L = ligand.[3*254

When internal olefins 10 are applied in the Pd"-mediated oxidative allylic amination, two protons
can be subject in the C-H abstraction event, affording two different 13-complexes (Scheme 1.4).
The following nucleophilic substitution with an N-nucleophile can proceed on either end of the

allyl-complex (positions 2/4 or 1/3), resulting in the theoretical formation of four regioisomers.
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Scheme 1.4: Possible products from the allylic amination via metal-catalysed o-bond activation of internal
double bonds. [N]H = amine source.

Especially for the depicted internal olefins 10, regioselective control poses significant challenges
and is even fortified by Pd"! suffering from inefficient coordination to internal alkenes.!>®! Addition-
ally, the formed intermediates in the reaction are inclined to isomerisation of the double bond to
an often more stabilised terminal or conjugated position by 3-H elimination and Pd-chain walking,
resulting in a product mixture.>’=°1 Another challenge is posed with the experience that aliphatic
and basic amines show extremely tight coordination to Pd" and, therefore, inhibit coordination to
the alkene, limiting the scope of the applicable amines in the reaction.[>-601

Regarding this background, several strategies were developed, addressing the named regioselective
issues of introducing the amine moiety during Pd-catalysed oxidative allylic aminations. The
majority of developed methods, both intra- and intermolecular, involve the allylic amination of
terminal olefins, while the conversion of internal alkenes leads to poor yields and a mixture of
products.5>61-641 Employing a terminal olefin excludes a second allylic H to be abstracted, leaving
only two regioisomers as the possible outcome compared to four with internal olefins.

As shown in 2009 by Liu and coworkers, the formed product ring size in the Pd"-mediated
intramolecular oxidative allylic C-H amination of alkenes 11 can be influenced by adjustment of
the reaction conditions (Equation 1.1).[0¥1 The formation of five-membered lactam 12 was achieved
with 10 mol% Pd(OAc), and 10 mol% of a Cr'll co-catalyst in V,N-dimethylacetamide (DMA) and
O, as the oxidant. A proportion of less than 3% of the seven-membered lactam isomer 13 was

detected in the crude reaction mixture via GC analysis.
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o Pd(OACc); (10 mol%)
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Interestingly, the group found that 1 equiv. of the BRgNsTED-base NaOBz could shift the reaction

(1.1)

outcome towards the formation of seven-membered lactam 13 and a 18% proportion of five-
membered isomer 12 in the crude product mixture. The addition of 40% maleic anhydride (MA),
acting as a n-acid ligand and proposed to aid nucleophilic substitution at the ng—complex and 4 A
molecular sieves (MS) further improved the product yield of 13 and the regioselective ratio.

The regioselective outcome is proposed to result from an equilibrium between intermediates 14 and
15. A nucleophilic intramolecular attack in 14 in exo-fashion leads to the predominant formation of
five-membered lactam 12. Liu and coworkers argue that BRgNsTED-base NaOBz is able to promote

the Pd-N bond formation, which has been shown in previous reports,[64-66]

shifting the equilibrium
towards intermediate 15. This promotes the nucleophilic attack in endo-fashion, resulting in the
formation of seven-membered lactame 13. The example shows how simple, easily accessible
additives can influence the regioselectivity of the Pd-catalysed intramolecular oxidative allylic
amination.

The intramolecular allylic amination has made huge advances, with the ring size that is formed in the
product generally being the driving force for regioselectivity.":**1 In comparison, intermolecular
variants are less studied and pose more challenges in regioselective control.>?!

Seminal Pd"-catalysed intermolecular oxidative allylic amination reactions were reported indepen-
dently by the groups of WriTe!®? and Liu!%*! in 2008, who further developed their intramolecular
protocols towards intermolecular ones. WHITE and coworkers found that a bis-sulfoxide/Pd(OAc),
catalyst, which was previously reported to successfully catalyse the intramolecular allylic C-H ami-

nation,'®!! and the intermolecular allylic oxidation,[®”-%%] in combination with a Cr'!

-catalyst finally
facilitates the intermolecular allylic C-H amination of terminal olefins 16 with an excess of N-tosyl
carbamate nucleophiles (Equation 1.2). The in-situ formed n3-Pd! intermediate is proposed to
be activated towards nucleophilic attack by the m-acidic ligand benzoquinone (BQ) and the Cr'!!
Lewis-acid cocatalyst, affording complex 18.136%1 This enables the final nucleophilic attack of the

N-nucleophile at the lesser hindered terminal carbon, leading to linear products 17.
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While several methods for the Pd"-catalysed allylic amination were developed for transforming
terminal olefins, employing internal olefins remains challenging. The reason for this is not only
due to the higher degree of possible functionalisation sites in comparison to terminal olefins
but also due to lower coordination of the Pd'-species to the sterically more demanding internal
alkene.®®! In addition, internal alkenes are also reported to undergo undesired isomerisation,
which lowers the regioselective control even further.[6->75]

In to-date reports, the transition metal-catalysed intermolecular oxidative allylic amination of
internal olefins is realised by sustaining or forming a conjugated double bond (Scheme 1.5, b).
Here, the driving force for the (re-)formation of a conjugated m-system leads to a regioselective

11T

outcome of one major product and has been reported with Rh-[7071 and Ir'"_catalysts!”!7?) and

follows the same mechanism as Pd"-species.

2
LAY L 3 Ar  [N]JH LA Ar
M - .\/l\\/ LA L 3
H M] [N]
2
Ara X Ar<u 3 NJH Ar G
- . \/l\\/. ANH :
H M] [N]

Scheme 1.5: Substrates and product scope of the metal-catalysed allylic amination via o-bond activation,
involving conjugated internal alkenes. [N]JH = amine source.

Allylic Amination via Photoinduced C-H Abstraction.

Traditional methods suffered from low coordination of the Pd-species to internal double bonds,
making their transformation hard to accomplish. Only recently, the challenge of transforming
internal non-conjugated double bonds towards allylic amines via oxidative allylic amination was
overcome by exploiting the energy of light in contrast to traditional thermal pathways.®! GEvor-
GYaN and coworkers reported an innovative method for the Pd-catalysed allylic amination of
internal olefins 19, enabled by photoinduced C-H abstraction.’® This was made possible through
a light-induced Pd(0/I/IT) evolution during the reaction, which, in contrast to the common Pd(I1/0)
transformation, enables the application of basic aliphatic amines and internal (non-) conjugated
olefins (Equation 1.3).
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Pd(PPhgz), (7 mol%) )
Xantphos (8 mol%) via
ArBr (0.9 equiv.)

W . TBAB (1.5 equiv.) W W (1.3)
[N]
2

H base (2 equiv.) pd"
solvent, r.t., 15 h, blue LED
19 20

1
1

Key to the reaction is the light-induced electron transfer from Pd° (here Pd(PPhs),) onto an aryl-
bromide (ArBr)-species, functioning as the oxidant.[”3] The resulting Ar-radical can abstract an
allylic H of the alkene compound 19, facilitating a second oxidation via H-atom transfer (HAT). The
so-formed allyl-radical 22 coordinates to the previously formed Pd!-species, presenting the third
involved oxidation step and leading to the formation of reactive ng—Pd“—compleX 21 (Scheme 1.6).
Nucleophilic substitution follows, affording the desired N-allylic amines 20 under the reformation

of Pd in its original redox state, closing the catalytic cycle.!>®!

X
0 | 2
NI H 19 Y _pd .\1//|\3(. INH_ Y'Y
ArBr Ar- —— I
blue LED Y Pd Y N

ArH 22 21 PO 20

Scheme 1.6: Proposed mechanism of the Pd-catalysed allylic amination of non-conjugated, internal olefins,
reported by GEVorGyaN and coworkers. > [N]H = aliphatic amine.

In contrast to the previously reported Pd"-catalysed allylic aminations, here, the H-abstraction
is not facilitated by the Pd-catalyst but by an in-situ formed aryl radical, which enables the
utilisation of Pd"-species. This itself results in the ability to apply basic amines as substrates, which
were incompatible with Pd"-catalysts as they would strongly bind and, with this, deactivate their
catalytic ability.l>®! The high regioselectivity is driven by electronic effects via the (re)formation
of a conjugated double bond or, in the case of simple aliphatic alkenes, by sterical effects via
the substitution at the least hindered position (Figure 1.2). Compounds 20a and 20b both show
preferential amination at the lesser hindered terminal carbon over the tertiary or secondary position.
In the case of the only reported 1,2-disubstituted aliphatic alkene 20c¢, regioselective control is

achieved by the sterically demanding, remote ‘Bu-group, blocking one site for nucleophilic attack.
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N N >N Ag, N
20a 20b 20c
51% R =H, 59% 42%

R = Me, 44%

Figure 1.2: Regioselective outcome of the allylic amination of aliphatic internal olefins by GEVORGYAN and
coworkers.’% [N] = amine.

In Summary, o-bond activation has shown to be a valuable tool for the allylic amine-
functionalisation of alkenes. Predominantly terminal alkenes and internal, conjugated alkenes
showed high regioselectivity in their product-forming reactions. Internal, non-functionalised
alkenes were shown to be difficult substrates, as their coordination to the transition metal-catalyst
is sterically more hindered, which leads to a slower reaction and allows undesired side reactions.
Additionally, the regioselective outcome depends only on the alkene-substituents, making the dif-
ferentiation very difficult. Only a few examples have been reported where remote directing groups
were able to influence this outcome. This shows that further development is required to improve
the regioselective outcome in the allylic amination of simple non-functionalised internal alkenes,

especially 1,2-difunctionalised alkenes.

1.1.2 n-bond activation

Another way to activate an alkene moiety 23 for the oxidative allylic amination is via m-bond
activation, giving access to two possible allylic isomers 24 and 25 by nucleophilic attack on either

olefinic carbon (Scheme 2.5).

PN o N
N~ path a ~Y vath b XYV
24 23 25

Scheme 1.7: Regioselective outcome of the allylic amination of internal olefins via t-bond activation. [NJH
= amine source.

In the intramolecular variant, the selectivity is, among others, influenced by the size of the ring
formed in the product. This leads to the build-up of allylic amines, accompanied by a n-bond shift,
affording an endogenous double bond included in the formed ring system (24) or an exogenous
double bond forming outside of the ring system (25). Steric and electronic properties of the alkene
substrate can further influence the selectivity in intramolecular as well as intermolecular allylic
amination reactions. This is especially noteworthy if asymmetrically substituted alkenes, such as
mono-, 1,1-di- and trisubstituted alkenes, are employed and a differentiation in MARKOVNIKOV (24)

vs. anti-MARKOVNIKOV selectiviy (25) can be observed. Comparable to methods involving o-bond
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activation, 1,2-disubstituted (aliphatic) alkenes also present a challenging class of substrates for
the regioselective formation of allylic amines enabled by n-bond activation. In this case, this is due
to the difficulty in distinguishing the chemical, steric, and electronic surroundings of the olefinic
carbons.

Over the last decades, several successful strategies involving n-bond activation of olefins for the
allylic functionalisation with amines were established, which will be discussed in the following

sections.

Pd-Catalysed aza-WAckEeR Reaction

As discussed in Subsection 1.1.1, transition metal catalysts are known to enable the transforma-
tion of alkenes and amines towards allylic amines through a C-H activation—reductive elimination
sequence (cf. Scheme 1.3). A further reported pathway for Pd-catalysed allylic aminations is pre-
sented by a WACKER-type amination reaction following a t-bond activation pathway (Scheme 1.8).
Here, the coordination of Pd" to the double bond is followed by an aminopalladation pathway,
affording intermediate 28. Subsequent 3-hydride elimination affords either the allylic or vinylic

amine product 29 accompanied by the release of Pd’. Oxidation reintroduces Pd" into the catalytic

cycle.
oxidant H['\‘I]
T e =z
[PdO] ./\1/
26
N-,
./\/2- ’
1 B-H elimination HIN]
o N-, :
1 N- | [Pd”]
29 I 27
28 [Pd"|

Scheme 1.8: Mechanism for the Pd" catalysed aza-WAckER reaction.[!

Utilising the same substrate, the outcome of this m-bond activation method may be different from
the o-bond activation method discussed above as the different reactive intermediates derived from
the alkene substrate are of varied nature and offer distinct sites of attack for the nucleophile, which
can be specific to the mode of activation. This broadens the variety of products that may be formed
depending on the reaction conditions, but distinguishing the two mechanisms is not always easy or
even possible.[7>-7]

An example of a good differentiation was given by BRoGGIint and coworkers in 2004, reporting on
a base-dependent divergent cyclisation of N-allyl-anthranilamides 30 with 10 mol% of Pd"(OAc),

(Scheme 1.9).77]

10
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Ts Ts
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Scheme 1.9: Proposed mechanism for the Pd! catalysed regiodivergent cyclisation of N-allyl-
anthranilamides 30 according to BRoGGIn1L!"7! Path A: C-H abstraction-reductive elimination
sequence (o-bond activation). Path B: aza-WACKER reaction involving a nucleopalladation—3-
H elimination sequence (n-Bond activation).

Two major products were formed depending on the reaction conditions, reportedly following two
condition-dependent mechanisms. When NaOAc was applied in a polar solvent, six-membered
heterocycles 2-vinyl-quinazolin-4-ones 31 were isolated as the major products (Scheme 1.9, Path
A). The strongly basic conditions are proposed to support the direct allylic C-H cleavage, forming
ng—allyI—Pd complex 33 via o-bond activation. Intramolecular nucleophilic substitution by the to-
sylamide at C1 of the allyl-complex afforded allylic amine 31. On the other hand, seven-membered
heterocycles 2-methylene-1,4-benzodiazepin-5-ones 32 were formed when pyridine in a non-polar
solvent was employed in the reaction (Scheme 1.9, Path B). This transformation is proposed to
proceed through 7t-bond activation by the Pd!! species (35), facilitating nucleophilic attack at C2,
which is inaccessible from allyl-complex 33. With this step, aminopalladation intermediate 36 is
formed. Subsequent (3-hydride elimination classifies this conversion as an aza-WACKER reaction,
forming vinylic amine 32. The highly selective outcome is proposed to result from the preferen-
tial formation of the lesser strained seven-membered vinylic amine heterocycle in MARKOVNIKOV
selectivity, compared to its eight-membered allylic isomer formed from nucleophilic attack at C3.
During both pathways, the formed Pd® is reoxidised to its catalytically active Pd-species by oxygen
from the air.!”’]

Several entities such as the formed ring size in the product,’’1 additives,!””! and ligand size,®! can
influence the regioselectivity in the intramolecular aza-WAcCKER cyclisation, and several methods
for the regiocontrolled transformation towards allylic amines have been reported.!”-84! Intermolec-
ular variants mainly cover terminal olefins!®-86] and alkenols,3:84] affording the corresponding
amino-aldehydes. MarkovNikov products are mostly favoured in intermolecular nucleopallada-
tion reactions of terminal alkenes, adding the nucleophile to the more substituted carbon of the

olefin due to favourable electrostatic and orbital interactions between the nucleophile and the more

11
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substituted sp>-carbon.33-86-90]

Despite further studies on the intermolecular aza-WACKER reaction, the regioselective transfor-
mation of internal alkenes proved challenging, and the first reports included symmetric, cyclic
examples, where regioselectivity was not addressed.®!°? In a seminal report, Sasar, TAKENAKA,
and their coworkers showed that internal alkenes 40 afforded allylic amines 41 when applying a

Pd/spiro bis(isoxazoline) (SPRIX) catalytic system (Equation 1.4).%%]

[Pd(Feacac),] (10 mol%) via———
(rac)-Pr-SPRIX (15 mol%)
Ar\k/. + [N]JH - AN Ar {2
1 K»S,0g (3 equiv.) 2 i
DCE, Ny, 90 °C, 20-96 h [N] IN]
42

40 41 (1.4)
. H ., wH
fPerPr
Pr” g-N N-g" 'Pr

(rac)-Pr-SPRIX

Through the low o-donating ability of SPRIX compared to other, frequently used ligands, such as
OAc, the intrinsic LEwis acidity of the Pd is preserved and found effective for activating internal
C-C double bonds.¥>**! Employing both symmetrically and asymmetrically substituted internal
alkenes, the reaction is proposed to follow an aminopalladation—{3-hydride elimination sequence
with K»S,0g as the terminal oxidant to regenerate the Pd"! species. A high regioselective outcome
is driven by the build-up of conjugated allylic amines 41, preferred over their vinylic isomers,
from homoallylaromats 40. When an aliphatic cyclohexane derivative was applied, no reaction
was observed, highlighting the necessity of an aromatic substituent in the homoallylic position
for this transformation, which could be crucial for the formation as well as for stabilising the
aminopalladation intermediate 42. This indicates that the coordination of Pd and the nucleophilic
attack are both reversible, and the 3-H elimination represents the rate-limiting step. Without adding
base, the 3-H in the aminopalladated intermediate must be labile enough for successful elimination.
Trisubstituted alkenes follow an anti-MarkovNikov pathway, which overrides the driving force
towards a conjugation to the aromatic system and leads to the successful formation of one non-
conjugated allylic amine 41b, albeit in lower yields compared to the conjugated regioisomer 41a
(Scheme 1.10).
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Scheme 1.10: Regioselective outcome in the intermolecular allylic amination of trisubstituted alkenes re-
ported by Sasar.[*?!

In summary, the aza-WACKER reaction has shown to be a valuable tool for the build-up of allylic
amines and offers a pathway towards a different regioselective outcome compared to the o-bond
activation pathway. Both intra- and intermolecular variants show a preferred restoration of the
double bond in a terminal position or in conjugation to a pre-existing n-system, demanding further
investigations to broaden the substrate scope and accessible allylic amines. Especially alkenes with
longer carbon chains are subject to metal shifts/Pd-chain walking mechanisms through the carbon
chains, reducing regioselective control and applicability.[34-86-931

In the so-called aza-WackER-reaction, the ring size outcome again may influence the regioselec-
tivity in intramolecular variants, and steric’8! and electronic effects can play a role in the selective
outcome in both intra- and intermolecular reactions. Additionally, the stability of the formed

aminopalladation-intermediate plays a role in the product formation.[®3!

Photocatalysis

Besides thermal energy, the absorption of energy from light can promote chemical reactions. This
is made possible, for example, by a catalyst, which is able to absorb the photon’s energy to access an
electronically excited state. Activation of non-absorbing substrates and reformation of the catalyst’s
ground state renders this mode photocatalytic. In the case of photoredox catalysis, the excited state
photocatalyst can accelerate chemical processes via single electron transfer (SET) events, either
acting as an oxidant or reductant.[®>! Even under mild conditions, such as low-energy light for
excitation and ambient temperature, a low amount of highly reactive radical species could be
generated.” =71 In contrast, common radical generation strategies often require hazardous radical
initiators, toxic reagents, high temperatures, and/or ultraviolet (UV)-light irradiation to generate
high amounts of radicals.[®>! To meet specific needs, the redox properties of a photoredox catalyst
may be tuned by altering the central metal of the catalyst (Ru, Ir, W, etc.) or tailoring the substitution
patterns on the ligands and the organic framework. This led to the development of a wide array of
novel synthetic methodologies, including reports on the formation of allylic amines.[®>!

Photoredox catalysts show high potential as reactants in the allylic functionalisation of olefins

due to their ability to activate m-bonds towards radical ions. 1,2,2-trisubstituted olefins could

13
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almost not be transformed to allylic amines by traditional thermal Pd catalysis due to low coordi-
nation of the transition metal to the internal double bond combined with a missing driving force
for the [3-hydride elimination.’%-23] In contrast, Yoo~ and coworkers were able to transform 1,2,2-
trisubstituted olefinic tosylamides 43 in high to perfect anti-M ARKOVNIKOV regioselectivity towards
non-conjugated, terminal allylic amines 44 via a photocatalytic protocol (Equation 1.5).1°8! The in-
tramolecular photocatalytic transformation is enabled by 2.5 mol% of acridinium salt photocatalyst
45 and 2 equiv. of Cull 2-ethylhexanoate (Cu(EH);), serving as the oxidant.

S0,@ (MesAcrPh)BF,
NH 45 (2.5 mol%) :SOZ.M Mes
L e CUu(EH), (2 equiv.) N Me N
2
N TFA (1 equiv.), blue LED ' @ (1.5)
Me DCE, N, r.t., 8-96 h N °
43 44 45 Ph BF,
14 examples

38-90% yield

Regarding the mechanism, the group proposes that blue light irradiation (hv) is absorbed by
photocatalyst 45 and the so-formed excited state 45* can undergo a single electron transfer
(SET)-event with the applied olefinic tosylamides 43, affording radical cation 51 (Scheme 1.11).
Subsequent intramolecular nucleophilic attack affords radical 52, which, upon oxidation with Cu'l,
produces the desired allylic amine 44. The reduced Cu' then reoxidises radical photocatalyst 46,
closing the catalytic cycle. This interesting Cu'//Cu'/Cu-sequence enables the dual functionality
of the Cu-species to both serve as the oxidant in the final oxidative elimination step towards the

product and the terminal oxidant to regenerate photocatalyst 45.

[S]
(N] Nl BF, IN]
1 ® .
N2 :>E/\( ; .j/\éz_<Me
(€] ®
43 Me 1 e BF, + H
I
SET Cu Oxidative
cu Elimination
45* MesAcrPh’

\ 46 o N
hv S%— Cu'+ BF, M
45 cu® 44

Scheme 1.11: Mechanistic proposal for the photocatalytic intermolecular allylic amination of 1,1,2-
trisubstituted alkenes 43 according to Yoon and coworkers. 8!

Key to the high regioselective control is the in-situ formation of radical-cation species 51

(Scheme 1.11), in which the radical is more stabilised at the higher substituted carbon. Subse-
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quent nucleophilic attack consequently follows at the lesser substituted carbon, leading to anti-
MarkovnNikov products 44, enabling a high regioselective control in 1,2,2-triubstituted alkenes.
14 examples were reported, showing flexibility towards various sulfonamide nucleophiles and
tethers. Additionally, two examples of alkene modifications were shown: The application of a
1,1,2-trisubstituted alkene led to a six-membered heterocycle formation and a regioisomeric prod-
uct mixture with an exocyclic and endocyclic double bond in a 4:1 ratio (47). Endocyclic product
formation was observed when a tetrahydropyran was employed. Due to its symmetry, elimina-
tion into either direction of the ring leads to the desired product (Scheme 1.12, Substance 48).
1,1-disubstituted styrenes 49 were formed in perfect regioselectivity. Even sterically demanding
tetrasubstituted alkenes can react under photocatalytic conditions (Scheme 1.12, substance 50),
which was challenging with traditional Pd"! catalytic systems. Even though the reported method-
ology shows high abilities in some substrate classes compared to the Pd"-catalysed oxidative
amination variants, the transformation of terminal and 1,2-disubstituted olefins was no subject in

this publication.

S0,® $0.®
G S0,@ S0,@ N Me
N2 Me N ) N , Ph 1‘ 2_Me
Me
Co
47 48 49 50
93% (4:1r1.r.) 56% 68% 60%

Scheme 1.12: Substrate variation in the photocatalytic allylic amination by Yoon et al.["!

The extension of the photocatalytic oxidative allylic amination protocol to an intermolecular variant
with a broad range of linear alkenes was accomplished in 2023 by Car, Lr, and their coworkers.[*°!

Applying a Co'!

-species together with acridinium salt photocatalyst 55 enables the transformation
of cyclic and multiple linear alkenes 53 via their radical cation with azoles [N]JH towards their

respective allylic azoles 54 (Scheme 1.13).

’ \' 4 \‘. N \
NS . —_— 1' 2
53 57 58 [NIH

I
SET Co Oxidative

Co'-H Elimination
55 * MesAcr ﬂ? +H
59

hv\ s)g;( co't .J\|<.
55 1] !
co 54 [N

Scheme 1.13: Mechanistic proposal for the photocatalytic intermolecular allylic amination of 53 according
to Car, Ler and their coworkers.!
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Similar to the mechanism reported by Yoon (cf. Scheme 1.11), Co'" is proposed to engage in two

1T

oxidation events. In this case, Co"" is proposed to serve as the oxidant to regenerate photocatalyst

55 and, in a second step, serve as the reductant in a radical-polar crossover event via H-atom

transfer (HAT), facilitating the final product formation. This Co™/Co!/Co''-H sequence enables

1T 11

the regeneration and, with this, the catalytic usage of Co™ from Co"-H with available protons,

releasing H; in a hydrogen-evolution mechanism.

MesAcr*
[N]H Mes
Ho,- "~ (MesAcr)CIO4 (4 mol%) RN
" Co(dmgH),pyCl (4 mol%) E | XN
1\2 1 2 = @ ~
445 nm, MeCN l}l
Ny, r.t., 16 h (N] 55 Me
53 54
Regioselective Differentiation R
| Me OH
Me” TN Me Mew)J\Z N MeJJ\i/\)v 1 PRt
[N] Me [N] [N] (N] (N] (N]
54a 54b 54c 54d 54e 54f
41% 64% 22% 36% 21-34% 87%

Scheme 1.14: Photocatalytic intermolecular allylic amination of alkenes 53 with azoles [N]H reported by
LE1, Car and co workers.” Isolated yields given.

In nonsymmetrically substituted alkenes, the reported method shows high regioselectivity towards
anti-MArRkovNIKOV products. 1,1-disubstituted (53b, 53c) and trisubstituted alkenes (53a,
53d-53f) afforded either internal cyclic (54c¢, 54f) or terminal (54a, 54b, 54d, 54e) allylic amines.

The reported photocatalytic methods show great ability to transform asymmetrically substituted
linear (1,1-disubstitituted, trisubstituted) and cyclic alkenes to their corresponding allylic amines
in high regioselectivity. The outcome is driven by the stabilisation of the in-situ formed radical
cations and sterical hindrance in allylic radicals. Even though this method is highly successful in
the named substrates, the regioselectivity in 1,2-disubstituted linear alkenes remains challenging
to accomplish, as the sterical and electronic differentiation is limited due to a similar surrounding
at the olefinic carbons. This may be the reason why no 1,2-disubstituted substrates were reported
in the photocatalytic transformation towards allylic amines.

The thermal synthetic methods presented so far proceed via closed-shell, sometimes ionic interme-
diates. Meaning that the orbitals are either fully filled or empty. Photocatalytic methods proceed
via a different mode of activation, forming reactive radical species that present open-shell interme-
diates during a transformation. This difference promotes different reaction pathways and might

lead to different regioselectivity.
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Selenium-r-Acid Catalysis

The regioselective challenges encountered by transition metal-catalysed allylic amination reactions,
such as poor coordination to internal alkenes of the catalysts or a few examples of 1,2-disubstituted
alkenes as substrates, may be overcome by LEwis-acidic selenium species. Chalcogenium (Ch =
S, Se) ions exhibit an exceptional reactivity towards m-bonds, which is proposed to result from a
donation—back-donation manifold, very similar to the transition metal activation of alkenes (60)
(Scheme 1.15). The interaction is suggested to establish between the olefinic n-orbital and the
o*-orbital of the chalcogen catalyst as well as a back-donation from the chalcogen lone pairs to the
olefinic ©* orbital (Scheme 1.15, left).[190-101] Subsequently, these interactions result in the forma-
tion of the corresponding iranium ion 61, representing a covalent activation of the double bond,
in contrast to the non-covalent transition-metal-induced activation. These orbital considerations
account for the high carbophilicity and high chemoselectivity in a following nucleophilic attack

facilitated by partially positive charges at the former olefinic carbons.
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Scheme 1.15: Comparison of t-bond activation principles via chalocogen n-acids (left) to transition metal
m-acids (right).[100-1021

The initially formed seleniranium ion intermediate 61 can be rapidly opened in the presence of a
nucleophile to afford two different regioisomers, 64a or 64b. In asymmetrically substituted alkenes
such as primary, 1,1-disubstituted, or 1,1,2-trisubstituted alkenes, the ring-opening step usually
follows the thermodynamically favored MarkovNikov regioselectivity. The method shows simi-
larity to the formation of nucleopalladation intermediate by Pd-catalysed (aza-)WACKER reaction
(cf. Subsection 1.1.2) albeit in complementary regioselectivity to the metal-base method, which

prefers the anti-MARKOVNIKOV isomer.
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Scheme 1.16: Typical reaction mechanism and possible regioselective outcome of the nuclephilic function-
alisation of alkenes via selenium-n-acid catalysis. Nu = nucleophile or X 1103.104]

Oxidation of the selenofunctionalised intermediates 64 to 65 gives way to three deselenylation path-
ways, which lead to the corresponding vinylic (66), allylic (67), or disubstituted (68) compound.1%4]
The properties of the oxidant used, as well as the resulting endogenous nucleophiles, a nucleophlic
species derived from the oxidant or chalcogen electrophile, play a crucial role in determining the
range of carbon-heteroatom bonds (with heteroatoms being nitrogen, oxygen, or halogen) that can
be created through selenium-pi-acid catalysis.['%! The last elimination step is typically irreversible
and is often identified as the rate-limiting step. Controlling the position of nucleophilic attack and
the following deprotonation and, with this, the overall regioselective outcome proved challenging
in seminal works by SHARPLEss, who afforded unselective chlorination mixtures.[!%4-191 Qver
the last decades, several strategies have been developed to control regioselectivity in this highly
potential reaction, which has been successfully applied in the vinylic-,107-112] a]lylic-[104.113-121]
and difunctionalisation!'?>=126] of olefins such as halogenations, esterifications, and etherifications.
Conventional approaches for the alkene halofunctionalisations primarily utilise N-haloimides and
-amides as both the terminal oxidants and sources of halogen. These reagents are effective in trans-
forming diaryldiselanes into the corresponding arylselenyl halides (Scheme 1.16, structure 63, X =
halide, black sphere = aryl). The halide anion functions as an endogenous nucleophile, aiding the
conversion of the seleniranium intermediate 61 into adduct 64 (Nu = X ™). Meanwhile, the imide or
amide counterion Y serves as an inherent base, which, upon the reaction of intermediate 64 with the
halogenating agent, triggers the dehydrodeselenenylation of intermediate 65. Consequently, this
series of reactions produces allylic 66 and vinylic 67 halides.['%! Compared to previous transition
metal-catalysed allylic aminations, selenium does not undergo reversible 3-hydride elimination and,
consequently, product isomerisation. As a result, selenium-n-acids 63 were recently introduced as
mechanistically complementary catalysts for aza-WACKER reactions (Scheme 1.16, Nu = Nitrogen-
source) in a range of selective inter- and intramolecular allylic and vinylic alkene aminations, some

of which were partially not suitable for Pd or Cu catalysis.[100-107.110,112,120,127-132]
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1.1 Strategies for the Oxidative N-Allylation of Amines

The Se-n-acid catalysed allylic functionalisation with N-nucleophiles was first reported by BREDER
and coworkers in 2013 with the intermolecular coupling of unactivated alkenes 69 (Scheme 1.17).
Key to the successful transformation was the determination of N-fluorobenzenesulfonimide (NFSI)
as the suitable oxidant, functioning as both the terminal oxidant and the endogenous nucleophile,
a nucleophilic species derived from the oxidant or chalcogen electrophile.'>’! The design of a
selenium-r-acid catalysed allylic amination was based on a mechanistic approach to alter the
reactivity profile of N-heteroatomic imides. In this setup, the nitrogen group functions as the
endogenous nucleophile (Scheme 1.16, X~ /Nu = NR»), while the N-heteroatomic group (Y) acts
as the intrinsic base. Following this design framework, BREDER and coworkers discovered that

NFSI met all the necessary mechanistic requirements.[!%0]
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Scheme 1.17: Se-nt-acid catalysed allylic amination of alkenes 69 to allylic amines 70 reported by BREDER
and co workers.['?! Isolated yields given. NFSI = N-fluorobenzenesulfonimide, EWG = elec-
tron withdrawing group.

The strategic implementation of electron-withdrawing groups (EWG) enhances the acidity of
adjacent protons and, with this, facilitates their deprotonation accompanied by the driving force
of the formation of a conjugated system with the EWG in the product.'® This virtue enables
the transformation of 1,2-disubstituted alkenes, which were previously hardly convertible with
metal-catalysed methods, while demonstrating excellent tolerance for a range of functional groups,
including esters, nitriles, imides, ketones, sulfones, and phosphonates, and showing remarkable
selectivity for the allylic C-N bond motif (Scheme 1.17).[1%]

A similar strategy to control regioselectivity via neighboring group effect was developed later by
WanG in 2022 and coworkers by the employment of olefins with an N-methyliminodiacetic acid
(MIDA) boronate substituent 73, which was known to exploit a directing effect in metal-catalysed

functionalisation of alkenes (Scheme 1.18).['%4 As the key to the regioselective control, they name
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the neighboring stabilisation of adjacent negative charges by the boron-moiety through accept-
ing electron density, facilitating deprotonation in the a-position and directing the regioselective

formation of the respective a,(3-unsaturated boronates 70.

via
l\|/|e ] N stabilisation
N (F“,Eg')(ﬂi;““%)) N(SO,Ph), (N] : 0
N 1 e)2 (10 mol% L~ .)1\2(\[8] ; N
./\2/\13\\00)% 0 4 AMS, DCE, Ar .)\Z/\[B] SePh ! C\g
73 9] 35°C,12h 74 75 ' 0

EtO,C
BocN
vex  Ph\x o BZOygw \©\9&{ Clngx e PN
b 74c 74d 74e

74a 74 74h 749
56% 30% 70% 66% 52% 58% 56%

Scheme 1.18: Se-nt-acid catalysed allylic amination of alkenes 73 to allylic amines 74 reported by WaNG
and co workers.!'% solated yields given. NFSI = N-fluorobenzenesulfonimide, Boc = tert-
butyloxycarbonyl, NPhth = phtalimide.

Both intermolecular methods resulted in the creation of a diverse range of multifunctional building
blocks with remarkable regioselectivity, while maintaining the olefin (and boron) functionalities
as essential tools for additional chemical modifications.!'%*12% Despite these successes, the ability
to employ exogenous nucleophiles not derived from the oxidant or selenium electrophile was
still desired. This was met first by independent reports of BREDER!!'?”! and Znao!!'®! in 2015,
who developed an intramolecular vinylic amination towards indoles. Here, the intramolecular
nucleophile could outcompete the endogenous nucleophile derived from oxidant NFSI, now serving
only as the terminal oxidant.

In a further development, Znao and coworkers were able to substitute NFSI as the terminal oxidant
in an intramolecular transformation towards five-, six- and seven-membered N-heterocycles, firstly
accessing allylic amines with exogenous nucleophiles (Equation 1.6).11?%) Common oxidants used
in selenium-catalysed alkene reactions, like PhI(OAc),, PhI(OCOCFj3),, and (NH4),S,0g, did
not work at all in the related intramolecular allylic cycloetherification. However, N-fluorinated
oxidants were effective for both cycloetherification and the related allylic amination reactions.
The best results came from using N-fluoropyridinium triflate (FP-OTf) as the oxidant, a well-
compatiable agent in selenium catalysed transformations as shown by DENMARK and coworkers in

their work on dichlorinations.l22!
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79 80 81 a.
by rearrangement
of 80 (n=1)

45-96% yield

The mechanism is proposed to proceed analogous to the generalised scheme discussed above
(Scheme 1.16).11%1 Oxidative activation of (PhSe), forms n-acidic species 82, which enables the
building of seleniraniumion 83 with olefinic sulfonamide 79 (Scheme 1.19). The subsequent
intramolecular nucleophilic attack follows MarkovNIKOV-selectivity, complementary to the pho-
tocatalytic variant, affording intermediate 84 with high regioselectivity. The second oxidation by
Pf-OTf enables the release of the desired product 80 and brings back 82 into the catalytic cycle.
Using base NaF as an absorbent of the formed HF drives the reaction to high yields. Due to the free
rotation of intermediate 84, the application of E/Z mixtures 79 selectively affords E-products. Five
and six-membered exocyclic products 80 are formed in excellent regioselectivity in this formal 5-
and 6-exo-trig cyclisation reaction. Seven-membered endocyclic azepine derivatives 81 resulted
from subsequent rearrangement of the respective five-membered heterocycles 80 (n = 1) when

using 0.5 equiv. instead of 1.0 equiv. of NaF, facilitated by HF remaining in this case.

(PhSe),
FFP-OTf
-~ Ts
pyridine I
-I(IS ) NH -
I PhSeX l
n X=F, OTf n
80 n=1or2 82 79
Ph.® _F 1
‘Se
NTs ®
SePh
e)
n
8 83

pyridine Ts SePh
FP-OTf [‘N){\/. « base
— salt
84

Scheme 1.19: Proposed mechanism of the selenium-n-acid catalysed intramolecular allylic amination of
olefinic sulfonamides 79 reported by Znao and coworkers. 12"

Remarkably, the transformation of a 1,2-disubstituted alkene without a directing group was reported,
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1 Theoretical Background

affording six-membered 80 (n = 2) without detecting the corresponding seven-membered isomer.
This high regioselectivity probably results from a preferential 6-exo-tet reaction forming six-
membered exo-product 80 over a 7-endo-tet reaction forming the seven-membered endo-isomer
81 according to BALbWIN’s rules (Scheme 1.20).[133-1351 This marks the ring-forming process as

the regioselective driving force.

'Irs
NTs
path a path b N
YA -~ [ L
81 80

not observed

Scheme 1.20: Regioselectivity in the cyclisation reaction of 83.

The previous reports laid the basis for an unprecedented selenium-r-acid promoted construction
of allylic bridged N-heterocycles, which are prevalent in nature but generally challenging to
synthesise due to their ring strain.['*¢] Yao, LN, and coworkers reported the synthesis of bicyclic
2-azabicyclo[2.2.1]heptenes 77 from cyclopentenes 76 in 58-96% yields, facilitated by 1.2 equiv.
NFSTI as the terminal oxidant and 1.0 equiv. NaHCO3 as the BRgNsTED-base additive (Equation 1.7).
Larger ring sizes, such as cyclohexenes and cycloheptenes, were also successfully transformed in

this protocol.

via
NFSI (1.2 equiv.)
% /7—’\'“. (PhSe), (10 mol%)
NaHCOj3 (1.0 equiv.) N
THF, 35 °C, 18 h N@ Phse” S @ (1.7)
1 2 1/2
78
76 77
® = Ar, Alk 58-96%

@ = SO,Ar, SO,Me

As shown, selenium in the form of a m-acid exhibits high potential towards the inter- and in-
tramolecular allylic and vinylic functionalisation of alkenes as it is extremely carbophilic towards
the C-C double bond and does not interact with other additives such as bases and LeEwis-acids.
Notable aspects of these syntheses include excellent regiocontrol, typically mild reaction condi-
tions, ease of operation in selenium-catalysed alkene oxidations, and an impressive tolerance for
various functional groups.['%! The reported examples of the Se-r-acid catalysis so far were able
to readily transform internal alkenes, which were previously challenging to access with traditional
Pd-catalysis due to steric hindrance leading to insufficient catalyst coordination and isomerisa-
tion issues. In addition, first attempts showed great results in the challenging functionalisation

of 1,2-disubstituted alkenes, even though the olefinic carbons are hard to distinguish from one
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another. For this, a remote directing group or a preferential cyclisation process enabled for a high
regioselective control. In summary, several strategies were developed to control the regioselective
outcome of the selenium-rn-acid catalysed allylic amination of internal olefins. Many methods that
use intermolecular reactions rely on the terminal oxidant to perform two main tasks: accepting
electrons indirectly derived from the alkene and providing the nucleophile that will be added to
the carbon structure of the olefin. Because of this, in order to expand the scope to incorporate
external nucleophiles, finding suitable oxidants that do not form strong endogenous nucleophiles

is crucial [100]
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1.2 Photoredox Se-r Acid Dual Catalysis

Resulting from their ongoing investigations and interest in the functionalisation of alkenes, BREDER
and coworkers identified a photocatalyst/O, from air oxidation system to be able to perform
selenium-r-acid catalysed allylic introductions of exogenous nucleophiles under mild reaction con-
ditions and high functional group tolerance. The developed concept relayed on seminal reports
by PanDpEY and coworkers, who disclosed the ability of photocatalyst 1,4-dicyanonaphthalene
(DCN) to mediate the oxidative cleavage of diphenyl diselenide (Se-Se).l'3"13%! In the following
years, further photocatalyst were reported for the successful cleavage of the Se-Se bond,[130,140-144]
and even sole irradiation by 455 nm blue light'*3] was reported to promote the cleavage. In
these reports, the so-formed active cationic Se-species could then add to alkenes, forming the
desired selenofunctionalisation products with exogenous nucleophiles. In a separate approach, the
successful photoinduced cleavage of selenides (C-Se) was reported in the 1990s by PANDEY and
coworkers! 461491 and led to substitution products. The high potential of an elimination mechanism
after photoinduced cleavage of the C-Se bond towards functionalised alkenes still remained open.
Based on these results, BREDER and coworkers argued that a cooperative system consisting of a
photocatalyst with a redox potential higher than that of a diaryldiselenide and a potential selenofunc-
tionalised intermediate might be able to facilitate selenium-n-acid mediated allylic functionalisation
of alkenes.['3%] Following intensive investigations, it was proposed that a cooperative dual catalytic
mechanism performs allylic functionalisation with oxygen from the air as the cheap terminal
oxidant and photocatalyst 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate 86 as the mild
oxidant to catalytically cleave the Se-Se and Se-C bond. Extensive mechanistic investigations were
performed to propose the following underlying photoredox/Se-m-acid dual catalytic mechanism
in the intramolecular allylic lactonisation (Scheme 1.21).['281511 Dyring their investigations, they
found that the redox potential of the excited state of 86 (E* = +1.74 V vs. SCE in MeCN)[150:152,153]
is sufficiently high and suitable to oxidise (PhSe); (E = +1.35 V vs. SCE in MeCN)!'?8154] and the
formed selenofunctionalised intermediate (e.g. lactonisation: E = +1.55 V vs. SCEU28]) without
the oxidation of the present olefin or nucleophile, enabling the selenium-n-acid catalysed allylic

and vinylic functionalisation of alkenes.
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Scheme 1.21: Mechanistic proposal of the intramolecular allylic lactonisation via a photoredox/Se-r-acid
dual catalytic system.['>!]

An arylselenide species (PhSe), undergoes a SET event with the excited state photocatalyst 86* to
afford a radical cation, which readily oligomerises to its cationic species 93. Other arylselenium
oligomeric species were detected during chemical and electrochemical analytical investigations,
which are proposed to engage in minor reaction pathways and partially lead to the desired product
formation. The selenocationic species then reacts with olefin 87 towards selenofunctionalised
intermediate 89 via intramolecular cyclisation of the previously formed seleniraniumion 88. The
redoxpotential of the applied photocatalyst allows for the second photoinitiated oxidation process
(SET), which is followed by a dimerisation of the so-formed radical cation 90 to 91, which facilitates
the release of the desired product 92 and the reformation of arylselenium, closing the catalytic
cycle. The reduced photocatalyst 86" is oxidised by O,, affording pyrylium ion 86 to reenter the
catalytic regime and superoxide O, ~, which transforms to H,O as the final byproduct.[!>!]

The milder oxidative conditions finally enable the application of various exogenous nucleophiles
and the method has successfully been applied to the allylic functionalisation of alkenes, includ-
ing inter-1°% and intramolecular esterification,">!! inter- and intramolecular etherification,!'>!
phosphatation,['3®] and the synthesis of cyclic carbonates!!>’! (Scheme 1.22). These reactions
show remarkable functional group tolerance due to the high carbophilicity of the selenium (cf.
Subsection 1.1.2),[10%-1011 a]lowing for the supportive usage of additives such as LEwis-acids and/or
BronsTED-bases.! 1237157 Besides the successful transformation of terminal and symmetric internal
alkenes, asymmetrically 1,2-disubstituted alkenes were readily transformed in high regioselectivity,
which has been proven hard to accomplish with established methods. The high carbophilicity of
the selenium-mn-acid enables a high transformation of internal alkenes compared to the Pd-variants.

The regioselectivity in the reported examples is driven by the preferential formation of a heterocy-
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cle or remote EWG leading to an acidic bias of the adjacent protons for preferential elimination
towards a conjugated n-system. Because of the high affinity of the selenium-n-acid due to the above-
mentioned orbital interaction (cf. Subsection 1.1.2) that is not possible with other LEwis-basic
groups such as carbonyls, amines, halogens, and alcohol, the method is especially exceptionally of

functional groups (Scheme 1.22).
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Scheme 1.22: Product scope of the photoredox/Se-r-acid dual catalytic allylic functionalisation reported by
BREDER.[P*151155-157] golated yields given. PC = photocatalyst, Nu = nucleophile.

In 2023, Liu and coworkers applied a photocatalyst—selenium-n-acid dual catalytic system to
transform alkynes 100 (Scheme 1.23).1144 Enabled by MesActMeBF4 102 (E*.q > +2.0 V vs. SCE
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in MeCN)!138-1601 and (PhSe),, N-propargylamines 101 were readily formed through a proposed
selenofunctionalisation—elimination process, enabled by oxygen-incorporation from in-situ formed

singlet-oxygen (10,) by quenching of the triplet state photocatalyst by triplet oxygen.

(PhSe); (2 mol%)

O
o
MesAcrMeBF,4 (2 mol%) OHC

DCM, 465 nm, air,
52-83%

l l '0, [—PhSeOH
o) HO-
PhSeﬁb/. ( Q o
ofr~—N Phse” 3/.

Scheme 1.23: Synthesis of N-propargylamines 101 reported by Liu and coworkers.!'44]

The reported methods show the high applicability of the photoredox—selenium r-acid dual catalytic
system for the oxidative incorporation of oxygen-nucleophiles into alkenes and alkynes. While
these are undoubtedly valuable transformations, expanding the scope to N-nucleophiles to form
allylic amines would be highly desirable and useful for the broad synthetic community. Such a
method would represent a new, complementary transformation towards allylic amines possibly
overcoming the regioselectivity issues known for traditional catalytic systems, as described before,
by utilising the inherent regioselective control of Se-m-acid catalysis in the intermolecular allylic

amination of alkenes with exogenous nucleophiles.

Overall, several methods for the regioselective oxidative allylic amination of alkenes have been
developed. Hereby, intermolecular variants have been shown to be more challenging, e.g., due to
lower regioselective control and/or competing reactions, and are less reported than intramolecular
transformations. Traditional Pd-catalysed methods mainly cover terminal alkenes and non-basic
amines. 1,2-disubstituted alkenes could be transformed by Se-macid catalysis, but a suitable
oxidative system for the intermolecular amination with external nucleophiles, not derived from the
oxidant or catalyst, is still to be developed. Photocatalysts proved to be enabling oxidants in the
Se-m-acid catalysed allylic functionalisation and will be investigated towards amines in the course
of this thesis.
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The focus during this thesis was laid on the development of highly regioselective controlled inter-
and intramolecular allylic amination reactions. As disclosed in Chapter 1 the oxidative allylic
amination proved to be a valuable tool for the transformation of alkenes with amines with a
high atom economy being one of the advantages. Even though several synthetic methods were
developed, with metal-based protocols being the most prominent, they are often in need of specific
substrates or suffer from isomerisation resulting in a reduced regioselective outcome,[32-37-3%-61-64]
As a metal-free example, selenium-rn-acid catalysis showed high ability to control regioselectivity
in allylic functionalisations and nitrogen nucleophiles were readily introduced into the allylic
position, albeit the reported intermolecular protocols are still limited to the usage of endogenous
nucleophiles, such as N-fluorobenzenesulfonimide (NFSI), which acts both as the oxidant and the
nucleophile.[100-107.110,112,120,128-132] T thig context, it is argued that the selenium/photoredox dual
catalytic system developed by BREDER and coworkers offers a highly promising system for the
regioselective intra- and intermolecular allylic amination including exogenous nucleophiles.
Reports by BREDER et al., following the selenium/photoredox dual catalytic functionalisation of
alkenes, included oxygen nucleophiles such as carbonic acids, %1311 alcohols,! >3 phosphates! 3!
and carbonates.!'>”] As a result, it was discussed whether nitrogen compounds could also function
as nucleophiles in this dual catalytic method and with this could finally include exogenous N-
nucleophiles that are not derived from the oxidant in the selenium-n-acid transformation. Both intra-
and intermolecular transformations were to be investigatiedin in this work with a diarlydiselenide
(ArSe); in combination with a suitable photocatalyst (PC) and in some cases a beneficial additive
(Equation 2.1).

rvia—
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The regioselective outcome of the transformation is to be investigated. Several regioisomers are
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possible to form: The ring formation may occur, affording an internal (108 and 109) or external
double bond (105 and 106). Previous reports on the selenium-rn-acid allylic amination showed
that the ring formation follows BALDWIN’s rules.[!?%-133-135] Further, the synthesis may lead to
Markovnikov products 108 and 109 or anti-MarkovNikov products 105 and 106, which is to
investigated for the selenium/photoredox dual catalytic system. Elimination in the final step may
afford the vinylic regioisomers 106 and 109 in competition with the respective allylic isomer,
which was observed for cyclic substrates in the intermolecular se-rn-acid catalysed amniation with
NFSL[12] Also, the E or Z product may be formed due to a fully sp? hybridised intermediate (107
and 110). Previous similar reports predominantly reported the E-isomer to be the only isolated
product, even when a Z-configured alkene was employed as the substrate.[130:131,155-157]

Eventually, the development of an enantioselective variant by employing a chiral selenium cat-
alyst or a photocatalyst with a chiral counter anion shall be investigated both for the intra- and

intermolecular variant.
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3 Results And Discussion

3.1 Intramolecular Allylic Amination with Sulfonamides

Parts of the following investigatory results were published in 2024 in ChemSusChem
(€202301518).1171

The successful application of the developed Se-m-acid/photoredox dual catalytic system towards
the allylic functionalisation of olefins for the build-up of new C-O bonds with a variety of nucle-
ophiles!!0-131:155.156] Jed to speculations whether N-nucleophiles could serve under these reaction
conditions as well as the approved O-nucleophiles, and whether a regioselective outcome can be
achieved.

During his experimental work in the BREDER group, Dr. S. GRrRAF investigated suitable reaction
conditions for the intramolecular Se-mn-acid/photoredox dual catalytic allylic amination of olefinic
tosylamides 111 (Equation 3.1). Optimisation screening identified 5 mol% of photocatalyst (PC)
2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate (86) and 10 mol% of diselenide (PhSe); as
the most productive catalyst loading.['>”! 10 mol% of (4-CIPhS), co-catalyst was added to some

substrates. The exact role played by the disulfide in the reaction will be discussed in a later section.

(PhSe), (10 mol%)

H s PC 86 (5 mol%)
o X (4-CIPhS), (0 0. 10 mol%) @,
N

.\N 5
> o-xylene (0.2 M) » (3.1
11 465 nm, air, r.t.
®:=S0An, SO e 112,n=1 113,n=0

Variation in solvent, ranging from nonpolar to polar, showed that more polar solvents consis-
tently led to lower product yields, with DMSO and MeCN as the reaction media without any
product formation. This observation is in stark contrast to previous investigations in the BREDER
group.[130-131.1551 A5 86 exhibits low solubility in nonpolar solvents, resulting in a very low concen-
tration of the excited state photoredox catalyst present under reaction conditions, this previously
led to significantly diminished product yields in less polar solvents compared to solvents with a
higher polarity. In contrast, o-xylene (0.1 m) gave the best reaction outcome in the present transfor-
mation. The application of basic additives such as Na,HPO, and KF, which positively influenced

previously reported similar transformations,!!3>+136] did not show an increase in product yield in
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3 Results And Discussion

this intramolecular allylic amination, which could result from a low solubility in the used solvent.
The subsequent control experiments highlighted the required presence of both catalysts, air, and
irradiation at 465 nm for a successful product formation.

Under these reaction conditions, the transformation exhibited substrate-specific regioselectivity
with the formation of five-membered heterocycles (112, 113) (Equation 3.1). The formal 5-exo-
trig products (112) were formed from 5,6-unsaturated tosylamides (n = 1), and the cyclisation
of 4,5-unsaturated tosylamides (n = 0) afforded formal 5-endo-trig products 3-pyrrolines (113).
Notably, according to rules established by BaLpwin, 1331611 5_¢ndo-trig reactions are disfavoured
compared to the competing 4-exo-trig pathways, which would afford 4-membered heterocycles
with an exogenous double bond. The application of selenium-r-acid catalysis enables the hy-
bridisation change of the former sp?-olefin to an sp® hybridised seleniranium ion. The following
intramolecular nucleophilic attack in d-position actually follows a favourable 5-exo-tet pathway,
comparable to an epoxide-opening, leading to the formal 5-endo-trig product after subsequent
reformation of the double bond.['33] This offers an unprecedented pathway towards the formation
of 3-pyrrolines from olefinic sulfonamides. The applicability of the developed method with high
functional group tolerance was demonstrated on various olefinic sulfonamides with isolated yields
of up to 95% and an average yield of 50% (median = 55%) and 60% (median = 55%) for 112 and
113, respectively.

3.1.1 Susbtrate Synthesis

The scope of the intramolecular allylic amination with olefinic sulfonamides was further investi-
gated in relation to the formation of piperidines and azepanes. For this, the corresponding olefinic
sulfonamides were synthesised.

In earlier studies, the WiTTIG reaction proved to be an attractive pathway for the fast and easy
build-up of a variety of internal olefins!">!-153] and was therefore proposed in the course of this
study for the construction of 6,7-unsaturated sulfonamides 120. In order to obtain WirTiG-salt
117, 5-aminopentan-1-ol 114 was brominated via nucleophilic substitution (Sx?2) under acidic
conditions by addition into aq. HBr (Scheme 3.1, a).['62 The so-formed substitution product 115
was then tosylated by deprotonation with NEt; and the addition of 1 equiv. of TsCl, affording
116 in 58% yield over two steps. During the second step, adding sufficient quantities of NEt; was
crucial, as it was neutralised by residual amounts of HBr. Finally, subsequent substitution with
PPhj afforded WriTTIiG-salt 117 in 68% yield, accumulating an overall yield of 39% over three steps.
In order to raise the step economy of the WrtTiG salt formation, an alternative pathway was pro-
posed. Referring to reports on the formation of WirTiG salts with a tosylate counterion!!63-164]
instead of a bromide, a two-step route was conducted. 5-aminopentan-1-ol was directly tosylated
with 2 equiv. of TsCl, protecting both the amine and alcohol moieties, which afforded 118 in
66% yield. The unchanged procedure for the substitution with PPh3 led to the desired product 119
in 59% yield. In summary, this two-step pathway resulted in the same overall yield from 114 to
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WirTic-salt 119 of 39%, as the three-step synthesis to 117, but in one step less and under avoidance

of the time-consuming removal of excess HBr after the bromination reaction.

b H c H @ o
HN A AAB —— _ N ~_~_Br —= _ N _~_-~_PPh; Br
CHBr Ts Ts
115 116 117
58% over two steps 68%
a
d H c H @ o
HN O —— N~ ~OTs —= N~ ~_PPh; OTs
Ts Ts
114 118 119
66% 59%

Scheme 3.1: Synthetic pathway towards the construction of wittig salts 117 and 119 from 114. Reaction
conditions: a) HBr (aq.), reflux, 3h. b) NEtz, TsCl (1 equiv.), DCM, 0 °C to r.t., 19 h. ¢) PPh;3,
MeCN, reflux. d) NEts, TsCl (2 equiv.), DCM, 0 °C to r.t., 47 h.

With the suitable WrtTIG-salts in hand, the following WiTTIG reactions afforded the desired olefinic
tosylamides 120 by addition of the respective aldehyde 121 to WrtTiG salt 117 or 119 in dry THF
with KO'Bu as the base (Table 3.1).

Table 3.1: WitTiG Reaction Towards the Synthesis of Olefinic Tosylamides 120.[127]

H 121
H ® o /)\. ¢
TS/N\/\/\/PPha X ) » KOBu /HM'
THF (dry), 0 °C to r.t. Ts 6
117 X=8Br 120
119, Xx=0Ts

t

O Me__Me _Bu
- = - = - P

Ts Ts Ts

120a 120b 120c
35% 62% 48%
E/Z=1:10
_Ph
H\/\/\ﬁ + H 7\ Ph H =
Ts” Z1 Ts” \/\/\/\B/ e

Fiz=161 120d 120e

90% 68%
ASTINT8 =33:1 E/Z=1:1.4

Reaction conditions: 117 or 119 (2.0 equiv.), aldehyde 121 (2.00-5.00 mmol, 1.0 equiv.),
KO'Bu (4.0 equiv.), stirred until full conversion was confirmed via TLC. Grayed Substrates were

Synthesised by Dr. S. GRAF.
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Branched products 120a and 120b were synthesised by Dr. S. GrRAF and isolated in their Z-
configuration, the expected major isomer resulting from an unstabilised ylide intermediate.'”]
This stereoselectivity is also confirmed with bulky zerz-butyl substituent in compound 120¢, which
was afforded with an E/Z ratio of 1:10. NMR analysis shows two singlet signals below 1 ppm
for the rert-butyl moiety, indicating the presence of two stereoisomers. Due to signal overlap, a
coupling constant could not be distinguished for either compound. Regarding previous results
and the reaction mechanism proceeding via an unstabilised ylide, the Z-isomer is proposed to be
the primary compound present in the product mixture. When employing 2-phenylacetaldehyde
(121d), two constitutional isomers were formed. The desired 6,7-unsaturated sulfonamide was built
as the major isomer with an E/Z ratio of 1:6.1, which could be distinguished by 'H- and NOESY
NMR analysis (Figure 3.1). Here, signal proton a would only show a coupling with proton b in
the Z-configured product, which is the case for the signal with higher intensity. Additionally, a
significant amount of the conjugated styrylic isomer was formed in pure E-configuration, which

could be formed in situ by double bond isomerisation.

CH,_Ph H Hy™ 7 0 i

H . = 2 &
“\/\/ng Ts i " ST s
Ts 6 H, (@( ! :
z E s
2

120d '
azE @ it

§ 36

37 36 35 34 33 32 31 30 29 26 25 24 23 22 21 20 19

8 2
2 (ppm)

Figure 3.1: NOESY-Coupling expected for product 120d and NOESY NMR experiment of 120d.

Finally, the desired styrylic sulfonamide 120e was also readily formed during the reaction conditions
with benzaldehyde. Here, the E/Z ratio was more balanced than in the previous substrates.
3.1.2 Cyclisation Reactions

The olefinic sulfonamides 120 were then subjected to the Se-w-acid/photoredox dual catalytic
conditions previously optimised by Dr. S. Grar, which successfully afforded piperidines 122
(Table 3.2).

34



3.1 Intramolecular Allylic Amination with Sulfonamides

Table 3.2: Substrate Scope of the Se-n-acid/Photoredox Dual Catalytic Intramolecular Allylic Amination
of Olefinic Tosylamides 120 towards Piperidines 122 conducted by Dr. S. GraF.[!?7]

(PhSe), (10 mol%)
H , PC 86 (5 mol%) o
(4-CIPhS), (0 0. 10 mol%)
TN \/\/\W s
120 o-xylene (0.2 M) TsN
465 nm, air, r.t.
122
'Bu Ph Me
z = = Z
TsN TsN TsN TsN
122a 122b 122¢ 122d 122f
46% (38%)2 79% (42%)2:0.C 58% (48%)2 17% (13%)2:0d 79% (64%)
A%7IAT8=1:1.8 E/Z=15:1

Reactions were performed with 0.5 mmol of 120 for 4-96 h. “Addition of (4-CIPhS); (10 mol%).
® Addition of 2-nitrobenzaldehyde (25 mol%). “Second addition of (PhSe), (10 mol%) after 11 h.
44120d (372 pmol). NMR yields were determined with 1,3,5-trimethoxybenzene (TMB) as the

internal standard. Isolated yields in parentheses.

Both predominantly Z-configured aliphatic and aromatic olefinic tosylamides afforded the desired
products 122 preferentially in the thermodynamically favoured E-configuration, made possible
by the sp> hybridised selenofunctionalised intermediate 123 in the underlying mechanism.!'27-151]
Notably, the formation of six-membered heterocyclic piperidines (formal 6-exo-trig) was always
preferred over the competing formation of seven-membered azepanes (formal 7-endo-trig). To
investigate this tendency further, substrate 120e, which only offers the possibility of allylic azepane
formation and no allylic piperidine formation, was applied to cyclisation conditions by Dr. S. GRAF
(Equation 3.2).[1%] Interestingly, the formation of allylic azepane 125 was not observed. Instead,
a mixture of vinylic azepane 124 and pyrrolidine 112a could be isolated, which was confirmed via

NMR and MS analysis.

(PhSe), (10 mol%) Ph _ ph ; Ph
H P PC 86 (5 mol%) TN, L Ten” Y
Ts™ TN o-xylene (0.2 M) TsN ; 3.2)
120e 465 nm, air, r.t. :
124 112a ' 125
8% 4% not observed
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3 Results And Discussion

The mechanistic proposal was disclosed by Dr. S. GrRAF, who argued that both observed products
are formed via seleniranium intermediate 126 (Scheme 3.2).[191 7-Endo-tet cyclisation!!33-133]
followed by oxidation (Scheme 3.2, path A) enables the elimination of the selenoaryl species
preferentially with the benzylic proton (see 127), leading to the formation of vinylic azepane 124.
112a was proposed to be obtained by a 5-exo-trig cyclisation of a previously formed allylselane
128, undergoing an S y2’-reaction (Scheme 3.2, path B). The latter reaction pathway was already

discussed by the BREDER group in previous similar investigations.[!6>-166]

H
T NS gy
120e
l'[SePh]e'
Ph H ® ®
[SePh] H ®
ron” T NN\ Ho N 5N
H - 715 Ph ——=—» ,N\/\/\X
[ox] U [ox] Ts A Ph
127 path A 126 path B 128
-HQj-'[SEPh]G' -H® | -[sePnj®"
Ph Ph
TsN™
SOH TsN
124 112a

Scheme 3.2: Mechanistic proposal for the formation of 124 and 112a from 120e./16!

3.1.3 Mechanistic Investigation

During the photoaerobic selenium-n-acid catalysed intramolecular amination, various substrates
showed a significant increase in product yield when co-catalyst (4-CIPhS), was added to the reaction
mixture. In the following section, the role of disulfide (4-CIPhS), in the reaction mechanism is
investigated.

To elucidate the underlying mechanism, quenching experiments of photocatalyst 86 were conducted
(Figure 3.2). The quenching properties of catalysts (PhSe), and (4-CIPhS),, and intermediate 129a
were investigated in a STERN-VOLMER Analysis. For this, the emission of 86 (/) combined with
varying concentrations of the respective quencher (c,) was measured. Including the resulting values
I and the value for the emission of sole 86 () into the STERN-VoLMER-equation (Equation 3.3)
afforded STERN-VOLMER-constants K gy of the quenchers. These were obtained from the slopes
of plotting I—IO — 1 against ¢, and are detailed in Table 3.3. For the experimental procedure, see
Subsection 5.4.2.
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3.1 Intramolecular Allylic Amination with Sulfonamides

D 1=Ksy-¢ (3.3)

0.4-

0.3
< 0.2
=)

0.1-

= (PhSe),
| = (4-CIPhS),
0.0 = Se-Intermediate 129a

0 1 2 3 4 5
¢ (quencher) / mM™

Figure 3.2: STERN-VOLMER quenching of photocatalyst 86 with quenchers (PhSe),, 4-CIPhS), and 129a.

The results show that out of the three tested quenchers, (PhSe), exhibits the highest quenching
ability of the excited state photocatalyst 86 with Kgy = 200+26.5 M~!. (4-CIPhS), and 129a
both showed lower quenching ability with Kgy = 1104+23.1 M~! and Kgy = 56.6£17.1 M~1,
respectively (Table 3.3).

Table 3.3: Stern-VoLMER Constants K gy for 86/Quencher Combinations.

Ts.
N
©/ Se)2 /©/S)2 Ph/Q
Se
cl
(PhSe), (4-CIPhS), ©/ 129a

(PhSe), (4-CIPhS), 129a

Ksy 2004£265M~1  1104£23.1 M~ ! 56.6+17.1 M~}

The outcome suggests that when the three compounds are present in the reaction mixture with 86,
(PhSe), will get oxidised first by the excited state photocatalyst. This results in a delay in the product-

forming process, as 129a will only be able to get oxidised and initiate the final release of the desired
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3 Results And Discussion

product when a sufficiently low concentration of (PhSe), is reached. This observation confirms
previous reports on the inhibitory effect of (PhSe), in the photoredox/Se-n-acid dual-catalytic
lactonisation.!'>!] Theoretically, (4-CIPhS), might also show inhibition of product formation, as it
exhibits a higher ability to quench the photocatalyst than 129a. But experimental investigations
showed a significant increase in product yield and reaction rate when 10 mol% of (4-CIPhS), was
added, marking its influence to be worth investigating further.

Electrochemical investigations performed by H. PEscH revealed that (4-CIPhS), possesses a higher
redox potential (E = 1.64 V vs. SCE in MeCN) than intermediate 129a (£ = 1.51 V vs. SCE in
MeCN), which stands in reversed correlation to the quenching results and hints at a more complex
role of (4-CIPhS), under photocatalytic conditions. Initial-rate experiments by Dr. S. GRAF were
conducted to investigate the influence of (4-CIPhS); on the product-forming process. The results
support the initial argument that the dehydrodeselenylation is the rate-limiting step and (4-CIPhS),
enhances its rate.[127:167]

By evaluating further electrochemical and synthetic experiments, it was proposed that the disulfide
(4-CIPhS), serves as an electron-hole shuttle during the reaction, acting itself as an oxidant upon
oxidation by the photoexcited catalyst 86.1271 A long lifetime of in-situ formed (4-CIPhS),* of
30 s is proposed to be the reason and enables the faster formation of oxidised intermediate 129a'*.
Additionally, supportive electrochemical investigations indicated a chemical follow-up reaction be-
tween 129a ™ and (4-CIPhS), *. The so-formed interchalcogen species is proposed to accelerate
the rate-limiting elimination step during the reaction, resulting in a faster product formation and,
with this, an increased yield.

In conclusion, both electrochemical and synthetic investigations propose that the sulfur species
(4-CIPhS); acts in a dual reaction-enhancing role during the Se-n-acid/photoredox intramolec-
ular allylic amination, serving as an electron-hole shuttle and enabling the acceleration of the
product-releasing step by interchalcogen formation, thus resulting in substantially improved prod-

uct yields.!1?7]

3.1.4 Enantioselective Variant

Parts of the following investigation led to results published in 2024 in ACS Catalysis.!'%")

To further extend the scope, Dr. T. Ler developed a series of chiral selenium compounds
with a spiro-backbone that can act as Se-n-acid catalysts and induce chirality in the photoaerobic
allylic esterification of alkenes.['®” Their application in the intramolecular allylic amination by
Dr. S. GraF proved successful after optimisation studies, extending the racemic scope to the
first enantioselective variant involving amines. In the course of the study, several substrates were
screened for optimal conditions, which were synthesised as a part of this dissertation.[1%] The
substrates were prepared comparably to the methods used for the equivalent racemic investigation.

WirTiG-salt 130 was prepared from 5-aminopentan-1-ol 114 for six-membered rings according to
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3.1 Intramolecular Allylic Amination with Sulfonamides

the procedure described above (cf. Scheme 3.1).

1. HBr, reflux OyN
2. NsCl, NEt3 DCM OH ® e}
HZN\/\/\/OH > \©\",N\/\/\/Pph3 Br
3. PPhz MECN § (3 4)
114 (o) 130

15% over three steps

In addition, substrates with varying sulfonamides and vinylic substituents were synthesised from

Wirtig-salt 131.

Table 3.4: Synthesis of Varying Sulfonamides 134 from 131.

Q132
® o 1H , KO'Bu, THF oH
HaN -~ PPh3 Br 5 .\S'N\/\/\‘
131 v 133 o 134
2. O’ICS‘CI, NEts, DCM
@ = p-nitrobenzene ~------- oo oooooiooooooooooooos
OH OH OoH
@i N P @ N = @ N ¥
AAACHE Ea SN A >
° me © cl ° O
134a 134b 134c
21% over two steps not successful 19% over two steps
E/z=1:2.4 E/Zz=1:5.3
-+ @ = 2,4,6-trimethylbenzene - -------------ooooe oo
Me
OoH Me Me
.\ I N =
5 .\(..) H =
° cl 4
(0]
134d 134e
68% over two steps 30% over two steps
E/iz=1:21 Z

With these results, a first asymmetric variant of the photoredox/Se-n-acid dual catalytic approach
towards allylic amines was developed. Asymmetrically substituted lactones and cyclic amines
were readily synthesised with optimised reaction conditions, affording the desired products in

good yields and enantioselectivity.[!?7-165]

In further studies, the expansion of this method towards an intermolecular variant was undertaken,

accessing compounds with great pharmaceutical value, which is reported in the next chapters.
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3 Results And Discussion

3.2 Racemic Intermolecular Allylic Amination with
Sulfonamides

Parts of the following investigatory results were published in 2024 in ACS Catalysis.!''®8!

3.2.1 Preliminary Investigation

Following the intramolecular photoredox/Se-n-acid dual catalytic allylic amination of sulfonamides,
the question arose whether the method could also be applied to an intermolecular approach, as
Se-r-acid catalysed oxidative intermolecular allylic aminations with exogenous nucleophiles were
not reported in the literature as yet. A preliminary reaction involved the exposure of N-methyl-p-
toluene sulfonamide 137 and equimolar amounts of simple alkene (E)-dec-5-ene 138 with diphenyl
diselenide (PhSe), and photocatalyst (PC) 86 to blue light irradiation in o-xylene (Equation 3.5).
The reaction conditions were chosen similar to the optimised conditions of the intramolecular
allylic amination of sulfonamides discussed in Section 3.1. In this initial reaction, 20% conversion
of 137 and 7% yield of the desired product were determined by quantitative NMR analysis with
internal standard 1,3,5-trimethoxybenzene (TMB) after 22 h. Following purification via column

chromatography afforded 6 mg of product 139, corresponding to a 2% yield.

0.0
S. .Me
0. ,0 (SePh), (2.5 mol%) /@/ N
'S, .M PS 5 mol%
N € + Me/\/\M Me 86 ( %) Me |
H o-xylene (0.2 M), 465 nm
Me r.t., 22 h, air balloon
137 138 139 Me e
1.0 mmol 1.0 equiv. 7% (2%)
3.5)

The constitution and configuration of 139 could be determined via 'H NMR and 2D NMR analysis,
including COSY, HSQC, and HMBC experiments (Table 3.5). Aromatic signals a in the region
of 7.38-7.11 ppm were assigned to the two phenylic protons closest to the electron-withdrawing
sulfonamide substituent, which deshields the adjacent protons and therefore results in a downfield
shift. Three single proton signals were identified at 5.53-5.28, 5.08 and 4.34 ppm, which were
proposed to belong to the two olefinic protons and the proton of the carbon bearing the N-bond.
COSY analysis shows a signal coupling of peak d at 5.08 ppm to both the other protons ¢ at
5.53-5.28 and e at 4.34 ppm. This resulted in the assignment of signal d to the olefinic proton
closer to the C-N bond adjacent to both other signals.
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3.2 Racemic Intermolecular Allylic Amination with Sulfonamides

Table 3.5: Assignment of 'H NMR Signals of 139 and COSY-Couplings.

f

T T T T T
9.0 8.5 8.0 7.5 7.0

c d e h+i h+i
@ M Jh N,
T A
g 3 8 5 38 S 8 2 g
= 3 2 J & < SR M
. . . . . . . . . . . .
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

proton

coupling partner

a (7.76-17.55)

b (7.38-7.11 ppm)
¢ (5.53-5.28 ppm)
d (5.08 ppm)

e (4.34 ppm)

f (2.65 ppm)

g (2.41 ppm)

h (1.95--1.72 ppm)
i(1.51-1.37 ppm)
j (1.36-1.07 ppm)
k (0.97-0.67 ppm)

b (7.38-7.11 ppm)

a (7.76-17.55), g (2.41 ppm)“

d (5.08 ppm), h (1.95-—1.72 ppm)

¢ (5.53-5.28 ppm), e (4.34 ppm)

d (5.08 ppm), i (1.51-1.37 ppm)

b (7.26 ppm)“

¢ (5.53-5.28 ppm), j (1.36-1.07 ppm)

e (4.34 ppm), j (1.36-1.07 ppm)

h (1.95--1.72 ppm), i (1.51-1.37 ppm), k (0.97-0.67 ppm)
j (1.36-1.07 ppm)

“Small coupling signal.

HSQC analysis matched carbon signals at 134.2 and 58.7 ppm with signals ¢ and e, respectively

(Figure 3.3, left). This revealed proton ¢ at 5.39 ppm to be attached to a sp? hybridised carbon,

which holds for the second olefinic proton. Signal e at 4.34 ppm could be assigned to the proton

of the amine-binding carbon. Furthermore, the coupling constant of the double bond signal at
5.08 ppm (dddt, J = 15.4, 7.0, 4.2, 1.4 Hz) indicates an (E)-configuration of 139. HMBC-analysis
enabled the allocation of the two methyl peaks f and g. Protons g at 2.41 ppm show interaction with

aromatic carbons in the 125-144 ppm region, whereas protons f at 2.65 ppm do not interact with

the aromatic region (Figure 3.3, right). As a result, signal g was assigned to the toluene-methyl

and signal f at 2.65 ppm to the isolated N-substituent. Aliphatic signals h—k could be subsequently

assigned to the alkyl chain according to their COSY-couplings (Table 3.5).
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Figure 3.3: Excerpt of HSQC NMR- (left) and HMBC NMR- (right) experiment of 139

Interestingly, '3C NMR and HSQC analysis revealed that all carbons show a doubled peak-set.
Several product conditions can result in such a doubling, one being a potential E£/Z isomeric mixture.
In the present case, 'H NMR does not indicate an E/Z-mixture, as only coupling constants for the
E-isomer are observed, and no second set of signals is identified for a potential Z-isomer. '3C NMR
analysis indicates an almost 1:1 ratio of the isomers, which is unlikely to be observed for an E/Z-
mixture, as the E-conformer usually represents the thermodynamically more stable form. Another
possibility for a signal doubling by diastereoselectivity is given when two stereocentres are available.
This is not the case for product 139, which possesses a stereocentre in position e but no second
stereocentre, and is therefore unable to form diastereomers. A further explanation for the presented
13C NMR-spectrum would be a hindrance in molecular rotation in product 139 and, with this, the
presence of two rotamers. This has been observed in amide compounds on multiple occasions,
where the OC —N bond exhibits a high double bond character, fixating its conformation into place
and affording two rotamers visible in NMR analysis (Scheme 3.3, top).[!%16%1701 Additional steric
influence between large amine-substituents (grey circles) and the carbonyl O-atom might further
restrict the rotational ability (Scheme 3.3, bottom). Rotamers are also occasionally observed in
sulfonamides!7"-172! but are not as thoroughly researched. Due to structural parallels to amides, a
similar tendency towards the buildup of rotamers is thinkable in sulfonamides and would explain
the doubling of signals for 139. Another possibility would be a rotational hindrance in the CO-N
rotation, which has previously been observed for sulfonamides.[!”?]

0 o
0)§N’. = .){NH
z E
o} o)

Scheme 3.3: Possible rotational conformers in amides.
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3.2 Racemic Intermolecular Allylic Amination with Sulfonamides

High-temperature NMR experiments were performed in CDCl3z and DMSO with temperatures of
up to 120 °C to further investigate the presence of rotamers in the product mixture. Interestingly,
the reduction in signal splitting which is usually detected with rotamers under these conditions
was not observed, which could either be interpreted as the presence of two very highly trapped

rotamers, or a different cause leading to the carbon signal doubling.

3.2.2 Reaction Optimisation and Mechanistic Investigation

With a promising first attempt towards the formation of 139, the goal was then to ascertain the
most advantageous reaction conditions for the photoredox/Se-n-acid dual catalytic transformation
of 137 with 138 (Equation 3.6).

S, . .Me
0, 0 Se-catalyst /©/
S\N' Me + M AN~ Me _ph_»otosensmser Me | (3.6)
H € conditions .
Me
137 138 139 Me

Me

A temperature-controlled metal block and 40 mL reaction vials were used as the standardised
setup to improve reproducibility. Variation in stoichiometry showed that the best result could
be achieved with 5 equiv. of 137 in a 0.50 mmol scale of 138 in o-xylene (for detailed results,
see Section 5.6, Table 5.3). Subsequent screening of solvents demonstrated a non-linear yield
dependency on the solvent’s relative polarity!!’3! (Table 3.6). Unlike in previous studies, where
polar solvents such as MeCNIO1SL155 1571 (relative polarity: 0.460) and 1,2-dichloroethane!!>¢!
(DCE, relative polarity: 0.327) were chosen to achieve high yields, in this case, solvents with
a lower relative polarity ranging from 0.164 (1,4-dioxane) to 0.228 (EtOAc) achieved the most
promising results. Solvents with low polarity, such as toluene and o-xylene, afforded low yields.
This can be explained by the low solubility of photocatalyst 86 in nonpolar solvents, effecting
a low concentration of the excited state photocatalyst available for the desired transformation.
Interestingly, in contrast to these observations, o-xylene gave the best results in the very similar
intramolecular variant discussed in Section 3.1.['>7] Furthermore, solvents with polarity ranging
from 0.259 (CHCI3) to 0.355 (acetone) gave moderate yields, albeit with high conversion of 137
compared to previous results, except for DCE. This suggests the presence of side reactions, such as
the ScHENCK-ene reaction.[!33:174] Solvents with polarity of 0.444 (DMSO) and above led to low

and up to no detectable product formation with highly varying conversion.
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Table 3.6: Variation of Solvent in the Racemic Intermolecular Allylic Amination with Sulfonamides.*

0.0
S. .Me
0.0 (SePh), (10 mol%) D/ N
S\N,Me b o~~~ Me PC 86 (5 mol%) Me
H Me solvent (0.1 M), 440-460 nm |
Me 5 equiv. 19 °C, 16 h, air balloon
137 138 139 w™me

Me

Entry Solvent Relative polarity[m] Conversion of 137%¢ [%]  Yield® [%]

1 o-Xylene (0.074%) 22 3
2 Toluene 0.099 19 7
3 1,4-Dioxane 0.164 24 18
4¢ PhCl 0.188 17 19
5¢ THF 0.207 25 17
6° EtOAc 0.228 29 21
CHCl; 0.259 61 13

DCM 0.309 69 14

DCE 0.327 38 15

10 Acetone 0.355 67 15
11 DMSO 0.444 3 0
12 MeCN 0.460 14 6
13 EtOH 0.654 0 0
14 MeOH 0.762 5 0
15 HFIP 0.969 7

20.50 mmol of 138. ®Conversion of 0.50 mmol of 137. °NMR vyields and conversions were determined

with TCE as the internal standard. %p-Xylene. ©Average of two reactions.

In summary, both the intra- and intermolecular variants of the photoredox/selenium-n-acid dual
catalytic allylic amination with sulfonamides require less polar solvents than previously reported
variants,130-15L155.157] Eyrther variation in concentration, carried out with the most promising
solvents PhCl, THF and EtOAc, and for comparison toluene, proved 0.1 M to be the leading
condition for each solvent regarding yield and conversion (Table 5.5). PhClI, albeit exhibiting
slightly lower yields than EtOAc, was chosen as the solvent for further optimisation studies due to
a more auspicious conversion-to-yield ratio.

Proceeding from here, different selenium catalysts and photocatalysts, varying in their redox
potentials, were investigated for a possibly improved interaction between one another and with the
reaction intermediates, accompanied by a higher product yield. Various combinations, depicted in

Table 3.7, were applied to the intermolecular allylic amination reaction for 8 h.
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3.2 Racemic Intermolecular Allylic Amination with Sulfonamides

Table 3.7: Photophysical Properties and Results of Catalyst Variation in the Intermolecular Allylic Amina-

tion.
0,.0
<. -Me
O“S"O " Se-catalyst (10 mol%) /©/ N
\H, e . P~ Me PC (5 mol%) Me |
_ € PhCI (0.1 M), 440-460 nm
Me 5 equiv. 0.50 mmol 19 °C, 8 h, air balloon
M
137 138 139 € Me
Se-catalysts : Photocatalysts (PC)
s ) OMe :
sulival ool
OMe OMe E
(PhSe), 140 141 5
Eap=+135V2  Enp=+122VP  Egp=+1.04 V&
with 86 21% 9% 13% ;
with143 0% 0% 4% ;
| N Se : :
P4
MeO '
142 :
E=n.d. :
with 86 21% 5
with143 0%
Hybrid-catalyst MeO
o 1
AN N !
| _ ; MeO OMe
©/\Se OMe 143
144 H E’calclg, = +1.65 V©
E=n.d. ,
0% :

All potentials are given in V vs. SCE (saturated calomel electrode) in MeCN. E¢q;c14. = calculated redox potential,
FE,;, = redox potential measured at the first anodic peak, E* = redox potential of the excited state catalyst. “Kunar
et al."">¥ ®Converted to V vs. SCE by adding 0.42 V to the reported value relative to Fct/0 1281601751 ecopverted
to V vs. SCE by subtracting 0.039 V from the reported value relative to Ag/AgC1.!1331601761 dConyerted to V
vs. SCE by subtracting 0.141 V from the reported value relative to NHE,[150:132:153.160 177
20 mol% of Se-/hybrid-catalyst used.

! ¢Josui-Panau et al.l

Acridinium salts have previously been reported to enable C-N bond formation between sulfon-
amides and alkenes under photocatalytic conditions, albeit underlying a different mechanism than
the title reaction enabled by the high potential of the salt (E* = 2.18).[158.160.178] Here, the pho-

toexcited acridinium salt directly activates a double bond towards a radical cationic species, which
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in a later step recombines with the sulfonamide and affords the desired coupled product. 143 was
chosen as a photocatalyst in the title reaction due to its lower redox potential with the goal to
prevent interaction with the double bond and instead enable SET with the selenium catalyst present.
But when applied under reaction conditions, acridinium salt 143 did not qualify as a productive
photocatalyst in combination with the selenides, as low to no product formation was observed.
This possibly results from a lower redox potential E than photocatalyst 86. 86 on the other hand
afforded the desired product with all of the investigated selenium catalysts. Lowering the redox
potential of the diselenide with the goal to facilitate the electron transfer from the excited state
photocatalyst did not result in higher yields, and no trend was detected. When applying 20 mol%
of monoselenide 142, a different approach was enforced, exploiting a homolytically breakable
Se — benzyl bond as an alternative to the Se-Se bond.!!7%-1891 Both catalysts gave the best results
with 21% yield, which was achieved with 5 mol% of 86 in combination with either 10 mol% of
diselenide (PhSe), or 20 mol% of monoselenide 142. A hybrid catalyst, theoretically both acting
as a photocatalyst and a Se-n-acid, was also applied in the title reaction. The bifunctional catalyst
was synthesised by Dr. K. MULLER in the BREDER group. Unfortunately, irradiation with blue light
did not yield any product, even when prolonging the reaction time to 24 h.

To further elucidate the mechanistic properties of the reaction, the two most promising Se-catalysts

(PhSe); and 142 were subjected to a kinetic study.

Kinetic Observation

The kinetic investigation was performed on the transformation of 137 and 138 with photocatalyst
86 in PhCI (Figure 3.4). Reaction with 10 mol% of (PhSe), shows that product formation was first
detected only at 3 h, and the initiation phase proceeded until 5 h, after which a rapid rise in product
formation was observed. An initiation phase was also seen in the intramolecular variant!'?”! and is
associated with a higher quenching ability of the diselenide-catalyst compared to the in situ formed

intermediate, which releases the desired product upon oxidation.
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o0
< -Me
0.0 Sseg:atalysi /©/ N
S\M,Me . Me/\/\/\/\/Me PC (5 mol%) . Me |
PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, t, air balloon
137 138 139 We

Me

254

20

-
o
1

yield [%]

=N
o
1

T
0 2 4 6 8 10 12 14 16 18
time [h]

Figure 3.4: Yields of 139 in the reaction with (PhSe), (10 mol%) or monoselenide 142 (20 mol%). Dotted
lines show the rate of the reaction; after an initiation phase in case of (PhSe),.

With this in mind, it was considered that the application of a monoselenide-catalyst with a
breakable Se-C bond could compete less with the intermediate and might reduce the initiation
phase of the reaction. In fact, when applying 20 mol% of monoselenide 142 instead of (PhSe),,
product formation was already observed at 2 h with a constant rise over the term of an additional
6 h. After 8 h of reaction time, product formation comes to a halt, and the yields even decrease
with increased time. This indicates that product decomposition is present under reaction
conditions and exceeds product formation at 8 h with 142 and somewhere between 8—16 h with
(PhSe),. Comparing the kinetic product formation of the title reaction to the previously discussed
intramolecular variant, it stands out that the intermolecular version is slower, reaching a yield
of 21% only at 8 h, whereas yield in the intramolecular pathway exceeds 20% already before
2 h, even before 1 h when disulfide (4-CIPhS), was added. Previous studies in the BREDER-
and other groups showed that final dehydrodeselenylation and, with this, the release of product
presents the rate-limiting step in the mechanism of similar transformations.[1%4-127:128] Competing
side reactions, such as the ScHENck-ene reaction, might affect the product-forming process if

elimination is too slow, as indicated in this intermolecular pathway.!!>%-174]

To verify the theory of a product decay under reaction conditions, a stability test of 139 was
performed. No 138 was observed after reaction performance, which is why none was applied
during the stability investigation. Mimicking the reaction conditions after approx. 8 h of reaction

time, an excess amount of 137 was applied, as well as 50.0 pmol of (PhSe), and 25.0 pmol of
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3 Results And Discussion

photocatalyst 86 to 53 pmol of 139 in 5 mL PhCl. Three reactions were run under irradiation,
stopping at 16, 40, and 112 h, respectively, to measure the residual amount of 139 via quantitative
'H NMR analysis and with internal standard trichloroethylene (TCE) (Figure 3.5).
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Figure 3.5: Residual amount of 139 after varying time under reaction conditions compared to applied
amount, and interpolation.

The results show that 139 is unstable under reaction conditions, as indicated during the earlier
kinetic investigation. Based on these observations, two strategies can be used to increase the
yield. One strategy focuses on the increased lifetime and stability of the formed product. This
could be reached by altering the applied reaction conditions, additives and starting materials.
Another strategy involves the enhancement of the reaction rate. A successful elevation would
already be observed after 8 h of reaction time, which is why this timespan was mainly used

in the further validation of varying reaction parameters during the following optimisation procedure.

Further Optimisation Studies

In order to increase the reaction rate, it was aimed to address a possible insufficient single electron
transfer between the excited state photocatalyst 86 (E*¢yeiq. = +1.74 V vs. SCE in MeCN)!13%:152,153]
and the (PhSe), (Eyp = +1.35 V vs. SCE in MeCN)!!28:1541 and/or the selenofunctionalised

intermediate under reaction conditions. An increased single-electron uptake, for example, could
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3.2 Racemic Intermolecular Allylic Amination with Sulfonamides

increase the rate of product release from the selenofunctionalised intermediate. Previous studies
on similar systems revealed that the redox potential of the selenofunctionalised intermediate is
slightly higher than that of the corresponding diselenide, which is also proposed for our present
conditions.!'?8] The presence of competitive side reactivity that interferes with the transfer is
unlikely in PhCl, as the conversion matches the product yield (cf. Table 3.6, entry 4). Previous
studies showed that the formation of unstable or short-lived radical intermediates might lead to
the occurrence of a back-electron transfer (BET) from the radical species to the photocatalyst or
another present species able to accept electrons. In this context, using so-called electron mediators
can facilitate the kinetically slow redox processes by serving as electron shuttles and possessing
stable and persistent radical ionic states”.[>>!8!] For a successful transfer between the PC and the
diselenide, the electron mediator was proposed to require a marginally higher oxidation potential
than the diselenide. As polyarenes proved successful in serving as electron mediators between 86
and a styrene-derivative (E*, /5 = +1.33 V vs. SCE in MeCN)!153:160.1811 with almost the same
redox potential as (PhSe),, biphenyl 145, naphthalene 146, and phenanthrene 147 were applied
into the reaction with 86 and 10 mol% of (PhSe), or (0 —anisylSe), 140 (Table 3.8).
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3 Results And Discussion

Table 3.8: Variation of Redoxmediators in the Racemic Intermolecular Allylic Amination with
Sulfonamides.®

0. ,0
Redoxmediator (1 equiv.) S, .Me
0.,0 Se-catalyst (10 mol%) /©/ N
'S. .Me PC 86(5 mol%
N + M e/\/\M Me 86 ‘) Me |
H PhCI (0.1 m), 440-460 nm
Me 5 equiv. 19 °C, 8 h, air balloon
137 138 139 Me
Me
Redoxmediator None O‘O
145 146 147
E1/2 =+1.95 Vb E1/2 =+1.54 V¢ E1/2 =+1.50 V¢
Se-catalyst
- Se, 21% 24% 17% 7% Yield
| P 19% 26% 19% 10% Conversion
(PhSe),
Eap = +1.35 V¢
se), 9% 2% 19% 12% Yield
9% 1% 23% 24% Conversion
OMe
140
Eap = +1.22 V®

#0.50 mmol of 138. Conversion of 0.50 mmol of 137. NMR yields were determined with TCE as the internal

standard. Photosensitiser 86 (E*cycia. = +1.74 V vs. SCE in MeCN).!1%1521331 § — redox potential measured at

182 183 154

the first anodic peak. E, - = half-wave potential. *Guirapo et al.!"® “Pysn et al."*¥ “Kunar et al.l">* ©Converted

to V vs. SCE by adding 0.42 V to the reported value relative to Fct/0 [128.160.175)

The redox potentials of electron mediators 146 and 147 lie between those of 86 and diselenides
and are proposed to aid with their electron transfer. And in fact, when diselenide 140 was used
in the reaction, both mediators showed a definite increase in product formation. Unfortunately,
the system could not exceed the previously afforded highest yield. In contrast, with (PhSe),, the
application of the two mediators resulted in a decrease in yield, possibly due to a very narrow gap
between the redox potentials of the photoactive species involved. Interestingly, when applying 145
as the redox mediator, which actually exhibits a redox potential even higher than the photocatalyst,
a slight increase of 3%-points in yield was achieved with (PhSe),. Overall, the application of
redox mediators did not increase the achievable yield to such an extent that it would justify the
application of stoichiometric amounts of additive, significantly lowering the atom economy and

raising the waste generated.
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3.2 Racemic Intermolecular Allylic Amination with Sulfonamides

The previous kinetic investigation showed that the reaction seemed to slow down after 8 h. A
theory is that either or both Se- and photocatalysts decompose during the reaction under the
current conditions. In fact, the bright orange colour of the initial reaction mixture is decoloured
at the end of the reaction. Therefore, a second addition of either or both photocatalyst 86
and monoselenide 142 after 6 h was investigated (for detailed results, see Subsection 5.6.1,
Table 5.9). Only the addition of another 5 % of 86 led to a slight increase in yield after 12 h,
but also a significantly higher conversion, indicating that i) more product was formed, but at
the same time a similar amount decomposed, or ii) a higher amount of side reactions took
place. The addition of an extra 20 mol% of monoselenide catalyst did not increase the yield or
conversion. The addition of both catalysts increased conversion but lowered the yield, which
indicates a faster product decomposition and/or a promotion of side reactions. In summary,

a sufficiently higher yield in the reaction, justifying a second catalyst addition, could not be reached.

Previous reports on the intra- and intermolecular photo-aerobic/selenium-n-acid multi-catalytic
allylic functionalisation of alkenes have shown that the application of a suitable base improved
the reaction outcome.>31561 This might result from deprotonation of the nucleophile - f.e. in

the case of phosphatel!¢]

- or the capture of occurring side products that might interfere with the
product formation, as seen in the similar transformation.!'>! The application of base-additives in
the current intermolecular allylic amination was proposed to enhance the reaction rate, but only
CaF, gave a slightly increased yield of 21 % after 6 h of irradiation, albeit with an increase in
conversion, compared to the reaction without base, which afforded 18 % of the desired product
(for detailed results, see Subsection 5.6.1, Table 5.10). All other bases, including carbonates and
phosphates, resulted in very low or no product formation with low or no conversion, proposing an
interference of the base with the desired product formation or even a quenching of the photocatalyst,
which would explain the absent substrate conversion.

Following further optimisation investigations, the catalyst loading was evaluated. Several
(PhSe),/86 ratios were examined at different timescales, ranging from 10:5 to 50:25 (Figure 3.6.
For detailed results, see Subsection 5.6.1, Table 5.12 ff.). The best result was achieved with

20 mol% of (PhSe), and 10 mol% of photocatalyst 86, yielding 28% after an 8 h reaction time.

51



3 Results And Discussion

N

S.,,-Me
Qo 0 (SePh)z (x mol%) /©/ N
S\N’NIe + M AN~ Me PC 86(y mol%) » Me |
H e PhCI (0.1 M), 440-460 nm
Me ; 19 °C, t, air balloon
5 : t,
137 oW 138 139 e e
10:5
301 —0—20:5
| < o O —A—505
25 —v—10:10
—0—20:10
20 —b>—50:25
< o
S
o 15
(o)
=
10
o)
5 -
A
0 A >

: : ——
4 6 8 10 12 14 16 18 20 22 24 26
t[h]

Figure 3.6: Screening of catalyst loading ((PhSe),/86) with varying reaction times in the intermolecular
allylic amination with sulfonamides.

With the hitherto optimised reaction conditions, two further additives were tested to enhance
product formation (for detailed results, see Subsection 5.6.1, Table 5.11). The addition of disulfide
(4-CIPhS),, which previously showed a rate-enhancing effect,!'?”] did not improve the present
reaction. An increased substrate conversion suggests an indeed accelerated product formation,
but accompanied by a higher product decay, overall leading to a lower yield of 20 % compared
to 28 % without the addition of disulfide. Another possibility of the observed lower yield is
the initiation of side reactions upon the addition of (4-CIPhS),. By adding o-nitrobenzaldehyde
to the reaction, the extension of the photocatalyst’s lifespan was striven for. The aldehyde
has previously been shown to suppress the generation of singlet oxygen, which might lead to
the degradation of 86 and also to side reactions with the alkene starting material, such as the
ScHeNck-ene reaction.['8% This and adding both additives simultaneously did not achieve the
desired reaction enhancement, also with prolonged reaction times. Hints for degradation of the
photocatalyst were observed in some reactions by the presence of an aldehyde-derived carbon
signal in the '3C-NMR spectra, which could present a degradation fraction of the pyrylium
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3.3 Racemic Intermolecular Allylic Amination with Azoles

catalyst. Also the discoulouring of the reaction mixture after some reaction time supports the
observed degradation. Further alterations in reaction conditions, such as raising the temperature
and a pure oxygen atmosphere, did not increase the yield (for detailed results, see Subsection 5.6.1,
Table 5.14). Lastly, control experiments proved that (PhSe),, photocatalyst 86, air, and blue
light irradiation (448 nm) are crucial for the reaction. Leaving out irradiation but heating to
55 °C did not lead to any product formation or conversion of the substrate, which proves that

the transformation is photocatalytic in nature (for detailed results, see Subsection 5.6.1, Table 5.15).

In summary, the first Se-n-acid catalysed intermolecular allylic amination involving an exogenous
nucleophile was successfully performed with the conversion of simple decene 138 and N,4-dimethyl
benzenesulfonamide 137 with the aid of photocatalyst 86, acting as the oxidising species. Oxygen as
the terminal oxidant renders the reaction ecologically friendly, as water is generated as the only by-
product. Much effort was put into the optimisation of the intermolecular allylic amination of decene
with sulfonamides. Kinetic studies showed that the reaction is productive until approximately 8 h,
after which decomposition of the product under reaction conditions outperforms new formation.
Efforts to enhance the reaction rate, for example, by increasing the electron transfer between the
involved catalysts and onto substrates, were unsuccessful. Also, the enhancement of the rate-
limiting step by the addition of (4-CIPhS),, which proved productive in previous studies, did not
result in the desired outcome. Further enhancement of the reaction rate or lifetime of reaction
compounds was attempted by including various additives, which did not show a significant increase
in product yield.

Under optimised reaction conditions, the transformation afforded the desired allylic amine 139 in
28% (24% isolated) yield in a 0.50 mmol scale and irradiation at 19 °C for 8 h with 20 mol% of
(PhSe); and 10 mol% of photocatalyst 86.1%81 Lastly, other alkene substrates were tested with these
optimised reaction conditions in hand. {3,y-Unsaturated esters 148, which previously proved to be
suitable substrates in allylic functionalisation reactions, did not result in any product formation
(for details see Chapter 5, Subsection 5.6.4). A different system might be successful in further

enhancing the yield in the intermolecular allylic amination reaction.

3.3 Racemic Intermolecular Allylic Amination with Azoles

Parts of the following investigatory results were published in 2024 in ACS Catalysis.['%8!

N-Heterocycles are common structural motifs in biologically active compounds. Within this class,
N-allylic azoles show high potential as highly valued building blocks and starting materials for
established pharmaceuticals, drug leads, and agrochemicals.!'68:185-1901 Against this background,
it is to no surprise that method-based investigations into new synthetic protocols for the direct
N-allylation of azoles, such as allylic substitutions!'?!-19?! and hydroaminations,!*31%1 have been

made in recent decades. Among them, the direct oxidative coupling of olefins (C-H) with azoles (N-
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H) provides a straightforward, highly atom-economic road towards new azole compounds but has so
far been scarcely investigated.[56-9%197-1991 T ooking at this field in its current state, most protocols
exhibit high specificity towards styrenes, terminal and/or symmetrically substituted olefins in order
to reach high regioselectivity. With that background, it was discussed whether the developed
method for the intermolecular photoredox/Se-rn-acid allylic amination by the BREDER lab could be
applied to the regioselective formation of allylic azoles. Although significant advancements have
been made in azole allylations, effective protocols for 1,2-disubstituted alkenes that demonstrate
strong electronic selectivity, as well as for 1,1,2-trisubstituted alkenes exhibiting MARKOVNIKOV

regioselectivity, had yet to be developed.[!%?]

3.3.1 Preliminary Investigation

In regards to the previous results, Dr. T. Ler conducted preliminary investigations into the inter-
molecular allylic amination of alkene ethyl (£)-hex-3-enoate (150a) with 4-chloro-1H-pyrazole
(151a) under photoaerobic/Se-n-acid dual catalytic conditions (Figure 3.7). 151a was chosen as
the model nucleophile in order to avoid possible electrophilic selenation of the heteroarene, which
has been reported for 1H-pyrazole.l?°0-202] Standard conditions using 10 mol% of (PhSe), and
5 mol% of photocatalyst 86, irradiating in dichloroethane (DCE) for 21 h, afforded the desired
allylic amine 152a in 68% NMR yield. The result was reproduced in the course of this thesis, and
further investigation revealed one major side product, namely, vinylic enamine isomer 153a with
15% NMR yield. Proceeding from here, the mechanism is proposed to follow a route analogous
to the reported photo-aerobic/selenium-n-acid dual catalytic lactonisation!!>!'! via photoinduced
activation of the double bond, forming a seleniranium ion, which opens up under nucleophilic
attack (see Section 1.2, Scheme 1.21). A second oxidation facilitated by the excited photocatalyst
enables the release of the desired allylic amine by dehydrodeselenylation under reformation of
the double bond. None of the further possible isomers that result from a different binding site
and/or the elimination of a different proton in the final step depicted at the bottom of Figure 3.7
were observed during analysis. The utilisation of 3, y-unsaturated ester 150a enabled a preferential
elimination site due to acidity bias and led to the formation of a conjugated double bond. This
renders the reaction selective towards its allylic product 152a with a ratio of 5:1 compared to the

vinylic isomer 153a.
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Figure 3.7: Regioselective outcome in the photo-aerobic/selenium-r-acid dual catalytic intermolecular al-
lyic amination of 150a with 151a. NMR yields were determined with 1,4-dimethoxybenzene
(DMB) as the internal standard.

Regarding the chemo- and regioselectivity, two more side products formed during the reaction were
identified within the proceeding investigations and optimisation studies (Figure 3.8). Resulting
from side reactions of the alkene starting material 150a, both lactone 5-ethylfuran-2(5H)-one
158 and allylic hydroxide ethyl (£)-4-hydroxyhex-2-enoate 159 were identified by comparison to

reported spectra and structural elucidation of the isolated material, respectively.

_ (0]
Me \/EO/\ZO MEWJ\OB
OH
158 159

Figure 3.8: Detected side products in the intermolecular allylic amination with azoles.

The formation of lactone 158 is proposed to result from in situ hydrolysis of substrate 150a towards
its carboxylic acid, followed by a photo-aerobic/selenium-n-acid dual catalytic intramolecular

cyclisation, which has been reported previously by the BREDER group (Figure 3.9).[151]

0 0 ® 0
PPN A, — SN
Me OEt — > Me OH —> Me OH
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Figure 3.9: Mechanistic proposal for the formation of lactone-side product 158.
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Signals in the 'H NMR analysis of the crude product mixture match the reported signals of the
proposed lactone side product 158.1'>11 A TH NMR comparison of the crude product mixture with

isolated allylic product 152a and hydroxy side product 159 is given in Figure 3.10.
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Figure 3.10: Excerpt of the crude 'H NMR after the reaction of 150a and 151a (3), of the isolated allylic
product 152a (2) and the hydroxy side product 159 (1). The full spectra can be found in
Chapter 6.

Two possible pathways towards the formation of the allylic hydroxide side product 159 are dis-
closed: i) Nucleophilic attack of H,O at the in situ formed seleniraniumion intermediate, followed
by equivalent oxidation-elimination steps catalysed by the present photocatalyst (Figure 3.11,
path a). H,O is formed in situ during the reformation of photocatalyst 86 in ground state with
30,, affording superoxide-anion O, ", which in further steps generates H,O with H-atoms upon
others abstracted from the amination reaction. Another possible introduction of H,O into the
reaction mixture could result from the used solvent or even the air, which would make the usage of
molecular sieves during the reaction an interesting additive to investigate as it intercepts H,O prior
to interaction and has previously been proven to positively influence the reaction outcome in a
similar transformation.['3¢1 ii) A second possible pathway towards 159 might be the SCHENCK-ene
reaction with singlet oxygen (10O2) (Figure 3.11, path b). Triplet-state excited photocatalyst
3STAPT* is quenched by triplet oxygen 305 from the air, affording 'O, which then can interact
in a subsequent ene-reaction with isolated double bonds.['”#293] Upon further interaction with
the reaction medium, the so-formed peroxide may afford the reduced hydroxy side product 159
However, the transition to >TAPT* from singlet-state excited photocatalyst ! TAPT* is very low,

with a quantum yield of the respective intersystem crossing (¢ rsc) of only 3%.[160:204]
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Figure 3.11: Mechanistic rationalisation of the formation of allylic hydroxide-side product 159.

Regarding the findings of these side products, an excess of olefin is needed in the reaction to avoid
aloss in yield. Moreover, during the investigation of the stoichiometry, a slight decrease in product
formation was observed when applying 150a as the limiting compound, but not as significant as
expected (Table 3.9, entry 3). Interestingly, the allylic vs. vinylic product ratio was positively
affected compared to the reaction with 3.0 equiv. of the alkene 150a (Table 3.9, entry 1). The
result indicates that side reactions of 150a do not influence the reaction outcome significantly when
used as the limiting compound. This may result from a reduced alkene concentration and, with this,
a lower interaction with low-concentrated oxygen compounds, which are themselves outperformed
by the N-nucleophile. This theory is also supported by the observation that both product yield and

product ratio were lowered with equimolar amounts of the coupling partners (Table 3.9, entry 2).

Table 3.9: Stoichiometric Variation of Starting Materials in the Racemic Intermolecular Allylic Amination

with Azoles.
Q |
(SePh), (10 mol%) ~ c
PC 86 (5 mol%) Me OEt 7\—\
N. +

N
O N / \
Me/\NI\OEt i ;—’\ , DCE (0.075 m), 448 nm (N N o
cl 19°C, 8 h, air S_// Me/\MOEt
150a 151a € 152a 153a
Yield [%]
Entry 150a 151a 152a/153a
152a 153a Total
1 3.0equiv. 0.30 mmol 65 11 76 6:1
2 0.30 mmol 1.0 equiv. 51 10 60 5:1
3 0.30 mmol 3.0 equiv. 62 9 71 7:1

NMR yields were determined with DMB as the internal standard. The average value of

two reactions is given. All reactions showed 100% conversion of 1.0 equiv. of 151a.

For further optimisation studies, 150a was used as the excess compound to investigate the im-

provement of yield and product-to-side product ratio. With that goal in mind, it was argued
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that a different electrochemical potential of the Se-catalyst might lead to an improved interaction
with the excited state photocatalyst 86*, which has a reported potential of +1.74 V vs. SEC in
MeCN.H30152.153.1601 A investigated by M. WILKEN et al., the formed selenofunctionalised inter-
mediates, which upon oxidation by excited state photocatalyst 86* release the desired product in a
rate-limiting step, possess a higher redox potential than the respective Se-catalysts.!'?®] Due to the
broad similarity to our system, it was argued that this trend is also likely to hold true for the in situ
formed selenoaminated intermediates in this reaction. In this manner, a lower redox potential of
the Se-catalyst used in the desired allylic amination reaction might lead to a lower redox potential
of the selenoaminated intermediate, which could then be oxidised more easily by the excited state
photocatalyst 86*, leading to a facilitated release of the desired product and, with this, an increase
in product yield. With this background in mind, selenium-catalysts with varying redox potentials

E were applied to reaction conditions (Table 3.10).

Table 3.10: Variation of Se-Catalysts and the Influence of (4-CIPhS), in the Racemic Intermolecular Allylic
Amination with Azoles.

O
Cl
H Se-catalyst (10 mol%) /\NJ\
. PC 86 (5 mol%) Me OFt N
N + N
. N~ O
=

N
(0] . N
W]\ I/
Me OEt DCE (0.075 m) E\ /N /\)\/U\
cl Me OEt

448 nm, 19 °C, 21 h, air

150a 151a € 152a 153a
MeO Se) @
2
oo ot Y o
Z>0OMe  MeO OMe OMe  MeO
140 162 163 142
Eap = +1.35-+1.22 V3P  E,=+1.22 VP  Epu=+1.02VP  Egp=+1.33 VP E=nd

@ = H: (PhSe), 68%, 5:1

=Me: 160  65%, 5:1 64%, 3:1 62%, 6:1 62%, 5:1 51%, 9:1°¢

=0OMe: 161 67%, 5:1
= With 5 MOoI% (4-CIPhS)p === === mmmm s e e e e e e e e e e oo e e e e e e e e e
@ -H: (PhSe), 69%, 13:1

=Me: 160  70%, 7:1 66%, 7:1 62%, 11:1 65%, 8:1 -

=0Me: 161 67%, 10:1

0.30 mmol (1.0 equiv.) of 151a, 3.0 equiv. of 150a. NMR yield of 152a and ratio of the two isomers
(152a:153a) were determined with DMB as the internal standard. Grayed entries were carried out by Dr. T.
LEr. All potentials are given in V vs. SCE (saturated calomel electrode) in MeCN. E,, = Potential measured at
the first anodic peak. “Kunai et al.!'"** ®*Converted to V vs. SCE by adding 0.42 V to the reported value relative
to Fc /0 1281601 e mol %o of Se-catalyst used.

1,2-bis(2,4-dimethoxyphenyl)diselane (162), possessing the lowest reported redox potential, and
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monoselenide 142 led to an increased selectivity towards the allylic product, even though accom-
panied by a reduced yield. Also, the other Se-catalysts with varying redox potentials did not result
in the desired rise in yield either. Interestingly, when 5 mol% of disulfide additive (4-CIPhS), was
added, all reactions showed both an increase in selectivity and yield towards the desired allylic
amine 152a, with the best result achieved by (PhSe), as the selenium compound. The enhancing
influence of (4-CIPhS), on the reaction outcome has been previously investigated and reported
during the intramolecular allylic amination (see Section 3.1) and seems to have a positive influence

on the present system.12”]

3.3.2 Kinetic Investigation and Reaction Optimisation

With these promising results in hand, further investigations towards a mechanistic understanding

and an enhancement of the product yield and selectivity were conducted.

Kinetic Observation

A kinetic investigation revealed that complete conversion of the limiting reactant 151a was achieved
after 4 h, indicating a fast transformation of the starting materials. Afterwards, a slowing down of
reaction rate is observed and a gain in total product yield of 18 percentage points over a further
17 h, possibly released from 20 mol% selenoaminated intermediate. This is supported by previous
findings, which show that dehydrodeselenylation and release of the product are the rate-limiting
step. After 18 h, only an increase in side product is observed, reducing the allylic-to-vinylic ratio.
Approximately 17% of pyrazole was not successfully incorporated into either product and could

not be accounted for, indicating side reactions or some form of decay.
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Table 3.11: Kinetic Investigation of the Racemic Intermolecular Allylic Amination with Azoles.”

o}
H (SePh), (10 mol%) N cl
0 Ny PC86 (5 mol%) Me OFEt 7\—\/ 0
A~~~ T N. + Vo
Me OEt DCE (0.075 M) (N /\)\/U\
Cl 448 nm, 19 °C, t, air ;_/ Ve — OFt

150a 151a Cl 152a 153a

- Yield® [%]
Entry t[h] Conversion’ [%] 152a/153a

152a 153a Total

1 2 38 25 4 29 6:1
2 4 100 57 8 65 7:1
3 6 100 63 11 74 6:1
4 8 100 65 11 76 6:1
5 18 100 68 11 79 6:1
6 21 100 68 15 83 5:1

“0.30 mmol (1.0 equiv.) of 151a, 3.0 equiv. of 150a. Average value of two reac-
tions given. ®NMR yields and conversions were determined with DMB as the inter-

nal standard.

A 152a
80 A—"_ |9 153a
J——
//A —A— total
N
60

yield [%]
3

20

t[h]
The reaction seems to stop after approximately 8 h and further investigations to elucidate the reason

will be made. As a result, proceeding optimisation studies were mainly performed for 8 h, as at

this point, an enhanced reaction rate, stability of nucleophile, and selectivity would be detectable
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3.3 Racemic Intermolecular Allylic Amination with Azoles

in the outcome.

Optimisation

With a better understanding of the underlying transformation, further variations in reaction con-
ditions were performed. Changing the solvent from 1,2-dichloroethane to other, both polar and
apolar media, resulted in a drop in yield and/or a reduced selectivity towards the desired al-
lylic product 152a (for detailed results, see Subsection 5.7.1, Table 5.19). Further variation in
catalyst loading and concentration did not affect the reaction outcome significantly (for detailed
results, see Subsection 5.7.1, Table 5.20), with the best conditions being 10 mol% of (PhSe),
and 5 mol% of photocatalyst 86 in DCE (0.075 m). Raising the temperature from 19 to 55°C
resulted in a drop in product yield (for detailed results, see Subsection 5.7.1, Table 5.21), indicat-
ing the acceleration of side reactions or decay of products. Additionally, further photocatalysts
besides 86 were tested (Table 3.12) but significantly decreased the yield. Pyrylium salt 166 with
bis(trifluoromethanesulfonyl)azanide (NTf;) as the counter ion was tested with different solvents,
as it shows solubility in less polar solvents compared to 86. However, the reaction outcome also

produced a significantly lower yield.

Table 3.12: Variation of Se-Catalysts and the Influence of (4-CIPhS), in the Racemic Intermolecular Allylic
Amination with Azoles.

o)
cl
H (Phse), (10 moloe) /\Nf\
0 Ny PC (5 mol%) Me OEt Z/ N
N + .N
. N O
=

+
Me/\/\)J\oa §—l/ solvent (0.075 m) S\ N

Cl 448 nm, 19 °C, 8 h, air o Me/\MOEt
150a 151a 152a 153a
OMe
in DCE:
= : 9 .
® = OMe: 86 65%, 6:1 166
E*calcid, = +1.74 V2 E"=n.d.

— . . (©]
® = Me: 164 34%, 35:1 NTf,  in THF: 10%, 5:1°

E*=n.d. in TMOF: 14%, 3:1¢
@® -H: 16511%, 6:1
E*caIcIdA =+2.55 Vb MeO OMe

0.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a. NMR yields of 152a and the ratio of the two isomers
(152a:153a) are given. These were determined with DMB as the internal standard. All potentials are given
in V vs. SCE (saturated calomel electrode) and were recorded in MeCN. E,;.;4. = calculated potential of the
excited state catalyst. “Converted to V vs. SCE by subtracting 0.141 V from the reported value relative to

NHE. 1501521531601 eRopERo et al. €21 h reaction time. TMOF = trimethyl orthoformate.

Further investigations involved the inspection of the influence of several additives on the reaction
outcome (Table 3.13, further details: Subsection 5.7.1, Table 5.23 and Table 5.24). The addition
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of molecular sieves (MS) was tested to improve the product yield by in situ abstraction of the
generated H,O. The idea was to prevent the previously discussed side reaction towards the allylic
hydroxy byproduct; instead, this resulted in a lower yield. So, the reaction with water does not
compete under the present reaction conditions. Varying the base, which previously showed a
better reaction outcome in similar transformations and was proposed to raise nucleophilicity by

deprotonation of the amine,!'3%136! did not lead to an improved reaction outcome.

Table 3.13: Kinetic Investigation of the Racemic Intermolecular Allylic Amination with Azoles.”

Additive

0
H (SePh), (10 mol%) ~ c
o) N, PC86 (5 mol%) Me OEt 7 \
N. +

+ N / \N
/\NI\ \ / ‘
Me OEt DCE (0.075 m) S\ i /\)N\/(ljl\
Cl 448 nm, 19 °C, t, air o Me P~ OEt
150a 151a 152a 153a
MS 3 A TEMPO (4-CIPhS), MegSis NaF Li,CO3

6h, 63%, 6:1 gh, 530%, 13:1° 21 h, 0%, --€ 8h, 69%, 13:19 21 h, 19%, 2:1%( 6 h, 48%, 4:1° 6 h, 45%, 4:1°

281hri 6652:& 65:-11 21 h, 10%, 1:0°9

KFgP CaF Nay,HPO, TfOH TFA Sc(OTf)5
6 h, 46%, 5:1° 6 h, 64%, 6:1° 6 h, 24%, 4:1° 8h, 0%, - 8h, 32%, 6:1° 8 h, 67%, 6:1' 21 h, 69%, 7:1'
6 h, 64%, 5:1" 8 h, 60%, 60:1 21 h, 60%, 1:0i

21 h, 66%, 1:01K
Zn(OTf), AlCl 3 Yb(OTf)3
8h, 63%, 6:1 8h,30%, 5:1 8h, 68%, 6:1!

== With 5 mol% (4-CIPhS)y ==--=-==---mmmmmio oo

2-Nitrobenzaldehyde Sc(OTf) 3 Yb(OTf)3 NaBArF CaSO0,
8 h, 69%, 13:1 8 h, 63%, 7:1' 8 h, 58%, 1:0bM 21 h,71%, 6:1' 21 h, 64%, 8:1" 21 h, 66%, 8:1°
21 h, 68%, 7:1'; 21 h, 63%, 6:1)

AcOH HFIP MeOH
21h,68%, 11:1° 21 h, 68%, 10:1' 21 h, 62%, 13:1°

“0.30 mmol of 1514, 3.0 equiv. of 150a. NMR yields of 152a and ratios of the two isomers (152a:153a)
were determined with DMB as the internal standard. Grayed entries were performed by Dr. T. Ler. *9.14 mg of
additive. ©20 mol% of additive. %5 mol% of additive. 1.0 equiv. of additive. ¥1.0 mmol of 1514, 3.0 equiv. of
150a. 91.0 mmol of 150a, 3.0 equiv. of 151a. "4.0 equiv. of additive. *2.5 mol% of additive. 710 mol% of
additive. ¥9.00 mg of MS (4 A) added. 25 mol% of additive. ™10 mol% of (4-CIPhS), used. "4 mol% of additive.
?1.22 equiv. of additive. MS = molecular sieves. TEMPO = 2,2,6,6-Tetramethylpiperidinyloxyl. NaBArF = Sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

Silane, which in a previous study by the BREDER group showed a benefit probably due to hindrance
of degradation of the Se-catalyst, resulted in a significant decrease in yield during this transfor-
mation.['67-295] Remarkably, the usage of 10 mol% of Lewis-acid Sc(OTf)3 led to a significantly

improved allyl-to-vinyl ratio. This may result from an increased decay or reactivity of enamine
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3.3 Racemic Intermolecular Allylic Amination with Azoles

153a by the Lewis-acid explaining the lack of improved yield of the desired allylic amine albeit
unchanged full conversion compared to the reaction without additive.2°6-2981 Another explanation
could be the coordination of the LEwis-acid to the carbonyl O-atom, enhancing the acidity of the
a-protons and with this favouring the formation of allylic product 152a over vinylic 153a.

After extensive research into the influence of altered reaction conditions, reactants, and the incor-
poration of additives, further efforts were directed towards broadening the scope of the reaction.
Increasing the scale from 0.3 mmol to 1.0 mmol was intended to obtain more representative re-
sults in the following substrate scope (Table 3.14). Raising the amount of reaction mixture in the
previously used 40 mL vials with varying concentrations (Table 3.14, entries 2-4) led to decreased
yields compared to the 0.3 mmol scale (Table 3.14, entry 1). The reason for this might be the
decreased light input into the larger reaction volume, as the surface area of the mixture exposed to

irradiation remained unchanged.

Table 3.14: Scale-up of the Intermolecular Allylic Amination with Azoles.

o)
H (SePh), (10 mol%) ~ cl
PC 86 (5 mol%) Me OEt Z/ \\N
+ .

o} N,
N
/\/\)I\ R\ N
Me OEt DCE, 448 nm N
Cl \ /\/\/”\
Me OEt

19 °C, 21 h, air
150a 151a C' 152a 153a

. Yield® [%]
Entry 150a 151a Concentration [M] 152a/153a

152a 153a Total

1° 3.0 equiv. 0.30 mmol 0.075 68 15 83 5:1
2b 3.0equiv. 1.0 mmol 0.075 16 0 16 1:0
3b 3.0 equiv. 1.0 mmol 0.2 31 3 34 10:1
4° 3.0 equiv. 0.50 mmol 0.1 60 9 69 7:1
5¢ 3.0 equiv. 0.50 mmol 0.075 67 15 82 4:1
6° 3.0 equiv. 1.0 mmol 0.075 62 10 72 6:1
7¢ 3.0 equiv. 1.0 mmol 0.2 68 (68) 15(13) 83 (81) 5:1
ged 3.0 equiv. 1.0 mmol 0.2 72 6 78 13:1
9¢ 1.0 mmol 3.0 equiv. 0.2 68(68) 53 73(71) 14:1
1054 1.0 mmol 3.0 equiv. 0.2 63 2.5 66 25:1

“NMR yields were determined with DMB as the internal standard. Isolated yields are given in parentheses. 40 mL
reaction vial used. ©100 mL round bottom flask used. ¢(4-CIPhS), (5 mol%) added.

To address this issue, a 100 mL round bottom flask was chosen as the reaction vessel in the
following scale-up tests, increasing the light input surface. And indeed, when the same reaction

conditions were applied to a 1.0 mmol scale, with 3.0 equiv. of the alkene compound 150a and
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a reaction concentration of 0.075 M, the results affording 62% of 152a were very similar to the
0.3 mmol-scale reaction in the 40 mL vial (Table 3.14, entry 6). Reducing the amount of solvent
and, with this, increasing the concentration to 0.2 m resulted in a further increase in yield to
68% of 152a and an allyl/vinyl ratio of 5:1, comparable to the yield of the previously conducted
smaller-scale reaction (Table 3.14, entry 7). When adding 5 mol% of additive (4-CIPhS); to the
reaction, the yield of 152a was further increased to 72% with an excellent allyl-to-vinyl ratio of 13:1
(Table 3.14, entry 8). This supports the previous observation that disulfide (4-CIPhS), positively
influences the intermolecular allylic amination reaction towards higher yields of the desired allylic
amine and increased selectivity. By reversing the stoichiometry and applying 1.0 mmol of 150a as
the limiting compound, the allylic compound was obtained with a 68% yield, and an even better
ratio of 14:1 (Table 3.14, entry 9). Adding 5 mol% of (4-CIPhS), to these reaction conditions
resulted again in a further increase of product ratio to 25:1 but a decreased yield of the desired
allylic amine 152a to 63% (Table 3.14, entry 10).

3.3.3 Synthesis of g,y-unsaturated esters

With the optimised reaction conditions in hand, the synthesis of suitable alkene coupling partners
was performed to expand the scope of the reaction. To observe the influence of substituents and
functional groups on the outcome of the reaction, a variety of 3,y-unsaturated esters with different
electron-withdrawing groups were synthesised. Esterification of (£)-hex-3-enoic acid (167) and
(E)-hex-3-enedioic acid (168) with benzyl alcohol, assisted by acidic catalysis with p-TsOH-H;O,
afforded the desired esters benzyl (E)-hex-3-enoate (150b) and dibenzyl (E)-hex-3-enedioate (150c¢)
(Table 3.15).1130]

Table 3.15: Synthesis of 150b and 150c.

e} BnOH le)
/\/\)]\ p-TSORM.0 /\/\)]\
= Z
HO2C/Me OH toluene, reflux BnO,C/Me OBn
167 / 168 150
O (0]
B
MeWI\OBn noj(\/\)kom
150b° O  150c”
quant. 29%

“(E)-hex-3-enoic acid 167 (24.9 mmol, 1.00 equiv.), p-
TsOH-H,0 (4 mol%), BnOH (1.61 equiv.), 16 h. °(E)-hex-
3-enedioic acid 168 (10.0 mmol, 1.00 equiv.), p-TsOH-H,O
(22 mol%), BnOH (2.00 equiv.), 24.5 h.

An alternative route towards diester 150c was performed by Dr. T. Ler (Equation 3.7).1'%8) In situ

formation of an active ester with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid (EDAC), catalysed
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3.3 Racemic Intermolecular Allylic Amination with Azoles

by 4-(N,N-dimethylamino)pyridine (DMAP), afforded the desired product in 83% yield.

BnOH (2.2 equiv.)
o EDAC (3 equiv.)
DMAP (10 mol%)

HO = BnO =

OH  pem,o°Ctort,ah OBn (3.7

o 168 O 150c
83%

In the following, substrates with varying electron-withdrawing groups (EWG) were synthesised.
The introduction of a cyanide functional group was achieved by the transformation of (£)-hex-2-en-
1-ol 169 (Equation 3.8). The hydroxy group (-OH) of 169 is transferred into a good leaving group
by dropwise addition to a solution of Nal and trimethylsilyl chloride (TMSCI) in MeCN. The
reaction is proposed to be facilitated by the in situ formed complex [MeCN-SiMe3] ™1™, affording
the respective allylic iodide.[?**2!11 The intermediate then undergoes nucleophilic substitution
with KCN, affording the desired product 150d.

Nal (1.20 equiv.)
TMSCI (1.20 equiv.)
KCN (3 equiv.)

Me -~ A~ OH Me. . CN
169 MeCN, r.t., 17 h 150d (3.8)
51%
E/z = 87:13

Additionally, two substrates with a sulfonylbenzene group as the electron-withdrawing group in
B-position to the alkene were synthesised. The respective [3-bromoalkene 170 is converted to
its sulfonylbenzene 150e (R = Me) and 150f (R = Ph) by nucleophilic substitution with sodium
benzenesulfinate (Table 3.16). When crotyl bromide 170a was applied in the reaction, which
consists of 85% trans- and 15% cis-alkene, a similar E/Z ratio of 91:9 in the product 150e was
afforded. The use of isomerically pure cinnamyl bromide 170b resulted in the formation of 150f

exclusively in the E configuration.
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3 Results And Discussion

Table 3.16: Synthesis of Sulfonylbenzenes But-2-en-1-ylsulfonyl benzene 150e and Cinnamylsulfonyl ben-

zene 150f.

@, Br

NaSO,Ph (1.5 equiv.)

THF/H,0 (10:1)
r.t., over night

Me ., SO;Ph

Ph._~_-SOzPh

150e 150f
quant. 68%
E/Z =91:9 E

@ . _SO,Ph
150

170a (R = Me): 85% trans, 170b (R =Ph): only

trans.
In a similar transformation, crotyl bromide 170a (85% trans) afforded phosphonate 150g by

addition to diethyl phosphonate, which was previously treated with nBuLi (Equation 3.9).

P(O)H(OEY), (1.10 equiv.)
nBuLi (1.10 equiv.)

Me\/«\.\_‘/Br - . Me\/"“\m/ PO(OEY),
170a THF (dry), -10 °C, 30 min 1509 (3.9)
37%
E/Z = 80:20

The NMR analysis of 150g suggests two isomers present in the product mixture, proposed to be in
an E/Z ratio of 80:20, resulting from the starting material with a similar ratio. Through '"H NMR
analysis, the corresponding signals could not be assigned to either E/Z-isomer due to overlap. So
the proposed attribution was confirmed by 2D NMR analysis, with the minor isomer being the
Z-isomer. Nuclear Overhauser Effect Spectroscopy (NOESY) NMR showed a coupling between
H and H in the major signal, which is only expected for the E-isomer (Figure 3.12).

E+Z a E

. . N

b .

Ha H*g PO(OE), N

Me PO(OEt By

\%Tb o0 o LS . :
Ha HBH |
N~y He Bz = :

E 1509 z

595 590 585 5.80 575 570 5.65 560 555 550 5.45 540 535 530 5.25 520 5.15 5.0 505 500 495

Figure 3.12: NOESY-Coupling expected for product 150g and NOESY NMR experiment of 1509.

Synthesis of 150h was achieved by the formation of the active ester from (E)-hex-3-enoic acid
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3.3 Racemic Intermolecular Allylic Amination with Azoles

172a with N,N’-dicyclohexylcarbodiimide (DCC), and catalytic amounts of DMAP. Addition of
oxazolidin-2-one 171 afforded the addition-elimination product 150h.

o} /[23 DCC (1.32 equiv.) o o
DMAP (0.13 iv.
Me/\/\)J\OH "M e DCM (dry)(0°C tzqrutN)ZOh Iv'e/\/\)l\“J% (3.10)
172a 171 ; ' 150h

38%

Further esters were synthesised by Dr. T. LE1 or were bought from commercial vendors. %! With a
variety of starting materials in hand, their applicability in the previously optimised intermolecular

photoaerobic/selenium-n-acid dual catalytic allylic amination with azoles was explored.

3.3.4 Intermolecular Allylic Amination

With the set of optimised conditions and various starting materials in hand, the substrate generality
was examined. During the investigation of the substrate scope, it was found that for some substrates,
the addition of (4-CIPhS), and/or the alteration of the solvent to a mixture of DCE and 1,1,1,3,3,3,-
hexafluoropropanol (HFIP) led to a higher yield and/or selectivity. Also, some products performed
better with reversed stoichiometry due to solubility issues. First, the alkene coupling partner was
diversified by varying the ester moiety, incorporating several groups such as strained rings and
various m-bonds, as well as acid-sensitive groups such as epoxides (152b to 152h, Table 3.17).
Remarkably, a present alkyne moiety remained intact after the reaction (152f). Diene compounds
(152g and 152h) displayed chemoselective transformation of E-alkenes in competition with Z-
alkenes, forming o,3-unsaturated esters.[1%] Such types of chemoselectivity are thought to arise
from i) the —I effect exerted by the nearby oxygen (152g and 152h) and ii) the elevated s-character of
the carbon atoms in the alkyne. This characteristic likely makes the corresponding seleniranium ion
less stable than the alkene’s competing seleniranium ion.!'%®1 This specific form of chemoselectivity
(i.e., distinguishing between alkene and alkyne) has been noted in previous studies involving similar
selenium-r-acid-catalyzed reactions, highlighting the remarkable effectiveness of this methodology
in complex settings.[!'8! Conversely, the Z-isomer of alkene 150a was transformed successfully
and afforded 152a with a slightly lower yield than with the E-configured starting material and
an excellent regioselectivity. All reactions showed a preferential formation of the corresponding
allylic product 152 compared to the vinylic isomer 153 with a minimum ratio of 5:1. Among others,
152b was able to be isolated without any traces of 153b noticeable in the performed analytical

investigations. Instead, 8.20 mg (3%) of 153b were able to be separated and identified.
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Table 3.17: Variation of the Ester Moiety.

o}
H (SePh), (10 mol%) cl
o N, PC 86 (5 mol%) MeWo’ Z/—\\
Me/\/\)J\O/. + §_// + N
152

DCE (0.2 M), 448 nm \N~N Nighie)
Cl 19 °C, 21 h, air > i
150 Me/\/\/”\o/.
151a cl 153
o - Et _Ph _-Bn PN
K % k YNy
152a 152b 152¢ 152d
68% 62% 61%, r.r. = 20:1 75%, r.r.= 33:1
(68%, r.r. = 14:1)2 (58%, r.r. = 8:1)2 (55%, r.r.=14:1)2 (72%, r.r. = 7:1)P
51%

(47%, r.r. = 26:1)P

‘z?l/% z%/\/ - Laez/@: o %/Q

0

152e 152f 152¢g 152h
74%, r.r. = 6:1 55% 70% 40%
(73%, r.r. = 5:1)° (60%, r.r. = 20:1)P° (66%, r.r.= 7:1)° (43%, r.r.= 13:1)°

Yields of 152 and regioisomeric ratios (r.r. = 152/153) are given. The respective NMR val-
ues were determined with DMB as the internal standard and are given in parentheses. Grayed
substrates were synthesised by Dr. T. Ler.'% @ Alkene 150 (1.0 mmol, 1.0 equiv.), nucleophile
151a (3.0 equiv.). *Ethyl (Z)-hex-3-enoate used as the alkene starting material. °Alkene 150
(3.0 equiv.), nucleophile 151a (1.0 mmol, 1.0 equiv.). ¢(4-CIPhS), (5 mol%) added.

Prolonging the alkyl moiety of the ester, as well as the incorporation of a variety of polar groups,
readily led to the desired products with a yield ranging between 53 and 99%.[198] These results
demonstrate the tolerance of the system towards standard functional groups such as halide, cyanide,
arene, ether, and ester moieties. This is especially noteworthy, as previous reports on the oxidative
allylic amination of azoles mostly covered alkenes without any functional groups.[>6:9%:197-199]
The title reaction hereby enables a broader product scope and enhances the general value of the
oxidative allylic amination of alkenes.

Excellent yields of 81-99% were obtained for symmetrically substituted diesters with both aliphatic
and aromatic moieties without any vinylic isomer detected, indicating the preferential formation of
the HormaNN product over the corresponding ZayTsev product (Table 3.18).11%8] The symmetry
of the diester reduces the total number of potential isomers and enhances the yields of the desired

allylic products.
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Table 3.18: Variation of Diester Moiety.

H (SePh), (10 mol%)
N, PC 86 (5 mol%) Qozc/\(\/ =
® AF~CO0 + \ /N N
0C DCE (0.2 M), 448 nm N
cl 19 °C, 21 h, air S\ i
150 151a ¢’ 452
®- l7"7_/Et “‘{Bn
152j 152j

>99%  76% 81%  89%
(99%)?  (85%)P (85%)° (929)2

The NMR yields were determined with DMB as the in-
ternal standard and are given in parentheses. Grayed sub-
strates were synthesised by Dr. T. Ler. *Alkene 150
(3.0 mmol, 3.0 equiv.), nucleophile 151a (1.0 equiv.).
®Alkene 150 (1.0 mmol, 1.0 equiv.), nucleophile 151a
(3.0 equiv.).

Besides ester compounds, other electron-withdrawing groups such as malonyl, sulfate, cyanide,
and phosphonate were able to induce acidity bias on the allylic positions, providing N-allylation
products preferentially with good outcomes (Table 3.19). Other substitution patterns of olefins,
such as trisubstituted and terminal alkenes, were readily transformed into the products, significantly
expanding the scope of the applicable substrates, including substrates with different substitution
patterns. A pleasant finding was when 1,1,2-trisubstituted alkene provided allylic azole 152n in
MarkovNikov selectivity. For monosubstituted alkenes with electron withdrawing groups in the
allylic position (i.e. 152l, 1520, 152s 152v, 152w, and 152y), the C-N bond forming process
occurs at the terminal C-atom, which is less affected by the —I effect of the EWG. This definition
is in accordance with the IUPAC definition of the MARKOVNIKOV selectivity, which states that its
selectivity refers to the formation of the C—N bond at the carbon atom that electronically stabilises
the positive charge best in the preceding seleniranium ion intermediate.[>'?! This has also been
used in related contexts.?!3] For the reactions depicted in Table 3.19, neither a distinct signal for
the respective vinylic isomers 153 could be detected in the crude NMR analysis nor could any be

isolated, once more demonstrating the high selectivity of the reaction.
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Table 3.19: Variation of Substitution Pattern.

cl
(SePh), (10 mol%) %/ A
PC 86 (5 mol%) / N

H
N.
= + Q) N + N
DCE (0.2 m), 448 nm \ /N
cl 19°C, 21 h, air 2
150 151a Ccl 152 5
o)

3
0 0 0 e 0
Et Et Me | o ™
Noa r \)J\O"Bu \I/\) J\OEt \’/\)J\O”Bu O'Bu
v Me v

aw Et CO,Et A s
152k 1521 152m 152n 1520
67% 61% not isolated 68% 66%
(66%)2 (63%)2 (n.d.)b (65%)2 (62%)2

LA
Me X Me X _SO,Ph  Ph X SO,Ph X SO,Ph "Pr. xCN
N

™ Y A hd
152p 152q 152r 152s 152t

not isolated 42% not isolated 78% 26%
(27%)° (39%)° (n.d.)° (78%)32 (27%)24

Me X CN \/Me X CN Me X _ PO(OEY), X _POPh,

by oL o
152u 152v 152w 152x 152y
75% 51% 78% n.r. 64%
(80%)2© (53%)2 (78%)2f (62%)?2

Yields of 152 and regioisomeric ratios (r.r. = 152/153) are given. The respective NMR values were deter-
mined with DMB as the internal standard and are given in parentheses. Grayed substrates were synthesised by
Dr. T. Ler. %Alkene 150 (3.0 equiv.), nucleophile 151a (1.0 mmol, 1.0 equiv.). ®Alkene 150 (1.0 mmol,
1.0 equiv.), nucleophile 151a (6.5 equiv.). The di-aminated MicHaEL addition-product 174 was formed (see
Equation 3.11). “Alkene 150 (1.0 mmol, 1.0 equiv.), nucleophile 151a (3.0 equiv.). ?E/Z = 5:1 (3:1). 27.0 mg
(10%) of the selenoaminated intermediate could be isolated and elucidated (see Subsection 5.7.4). °E/Z = 6:1
(4:1). TE/Z = 1:1 (1:1). n.d. = not determined, n.r. = no reaction.

Interestingly, when employing 1,1-substituted diester 150i as the alkene compound, the in situ
formed o,3-unsaturated diester (152m) can serve as an active enough MICHAEL-acceptor to capture
another N-nucleophile in a consecutive reaction, affording di-aminated product 174, when 6.5 equiv.

of pyrazole 151a were used (Equation 3.11).[168]

70



3.3 Racemic Intermolecular Allylic Amination with Azoles

H
| N‘N 6.5 equiv.
~» 151a H Cl
Cl | N, Y
o (SePh), (10 mol%) 5 )/\//N N
e PC 86 (5 mol%) B S 151a N
OEt N. CO.Et = Et~_~_ COEt
DCE (0.2 m), 448 nm N 2 reaction \|/\r
0% ™ 0Et 19 °C, air S\ I conditions N. CO,Et
N
150i cl 152m S\_// 174
1.0 mmol Michael Acceptor Cl
67%
(69%)
3.11)

o,3-Unsaturated sulfonylbenzene 152r was not successfully isolated. Instead, styrene isomer 173a
was formed and isolated in 16% yield. This probably resulted from preferential elimination of
the more acidic benzylic proton in the product releasing step in comparison to the proton adjacent
to the sulfonyl group in intermediate 175 (Equation 3.12). The ability of styrenes to absorb light
or undergo SET with excited state photocatalysts'?!4215] indicates side reactions of the starting
material 150f and/or follow-up reactions of the formed 152r taking place, that may account for the

low yield despite complete conversion of the starting material.

via——————

Ph
H Ph X _SO,Ph  Ph z SO,Ph Ph\Tji(SOZPh
Ph_~SOzPh N.y _conditions N N
O e | + N N, H
\ \ N
150f Cl' 151a cl 152r cl 173a §_// 175
3 equiv. not isolated 16% Cl

(3.12)

The isomer was identified by NMR analysis. "H NMR of the isolated material shows a doublet
(2H) and triplet (1H) in the aliphatic region that couple with each other in a vicinal coupling
(Figure 3.13) indicating a tertiary carbon atom present. A substitution in the [3-position to the
sulfonyl group was excluded, as a central tertiary carbon would separate the other two protons
and would afford two singlet signals in the spectra. This led to the proposed structure of the
styrylic product 173a, which was presumably formed from 150f by nucleophilic attack of 151a in
v-position to the sulfonyl group. The following construction of a vinylic double bond might be
driven by the formation of a conjugated r-system with the adjacent benzyl ring via elimination of

the acidic benzylic proton, favoured over a conjugated system with the sulfonyl group.
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L |

T
55 50 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
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Figure 3.13: 'H NMR spectrum of 173a.

The configuration of 173a was identified via 2D NMR analysis (Figure 3.14). Spatial coupling of
the aliphatic protons of the Z-isomer 173a with the aromatic protons would produce two coupling
signals, whereas the E-isomer 173b would only show a coupling of H* with both aromatic rings
(Figure 3.14, 1.). The NOESY NMR experiment shows both H® and H® coupling to aromatic
protons, indicating the E-configuration being present (Figure 3.14, II. left). The analysis also
confirms that the aliphatic protons couple to different ring systems. COSY NMR experiment could
identify two aromatic ring systems, as their respective protons only couple with each other. The
downfield shifted sulfonylbenzene shows signals in the region of 7.4 to 7.78 ppm (Figure 3.14,
II. right: green box) and another aromatic system (styrylic benzene) ranges from 7.0 to 7.4 ppm
(Figure 3.14, 1L right: yellow box). As expected, H? shows coupling to protons of the styrylic

benzene (yellow), whereas H® couples with sulfonylbenzene (green).
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Figure 3.14: 1. NOESY-Coupling expected for E-configured product 173a and Z-configured product 173b.
II. Left: Excerpt of NOESY NMR experiment of 173. Right: Excerpt of COSY NMR
experiment of 173.
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3.3 Racemic Intermolecular Allylic Amination with Azoles

To further express the utility and versatility of the title approach, the scope was expanded to
simple alkenes (Table 3.20). Both 4-chloropyrazole 151a and benzotriazole 151b were applied to
trans-T7-tetradecene and cyclododecene (152z to 152ac). A mixture of allylic and vinylic isomers
was isolated in the case of the linear alkene. The desired allylic compounds were afforded in
excellent purity for the cyclic alkene. Further, non-functionalised 1,1,2-trisubstituted alkenes were
applied, affording 152ad and 152ae in MARKOVNIKOV-selectivity, complementing existing reports.
Previous methods on photoredox catalytic amination of nonpolar alkenes through radical ionic n-
bond activation typically exhibit anti-Markovnikov selectivity.[?8-9%168] This indicates the intrinsic
selective behaviour of the developed method towards the allylic compound over the vinylic one

even without the interference of electron-withdrawing groups (compare with 152n, Table 3.19).

Table 3.20: Simple Alkenes and MarKovNIKOV-Selectivity.

H (SePh); (10 mol%) /

N, PC 86 (5 mol%) \\

= o\ N Lo N

" X DCE (0.2 M), 448 nm \ ,!\‘

150 Y 19 °C, 21 h, air YK/
151ax=cC,y=cl
151bx=N,Y=C

”Hex\l‘/‘,\jpent ”Hex\NPent

N. N. N~N N
cl = cl

152z 152aa 152ab 152ac
50%, r.r = 4:1 51%, r.r=1:1 31% 41%
(49%, r.r = 4:1)a¢ (60%, r.r = 1:1)a¢ (33%)2 (45%)2
TBSO
Me i NS Me (s \/\j
TS
N, N.
o o
Cl Cl
152ad 152ae
41% 34%
(46%)P-C (46%)2:C

Yields of 152 and regioisomeric ratios (r.r. = 152/153) are given. The respective
NMR values were determined with DMB as the internal standard and are given in
parentheses. *Alkene 150 (1.0 mmol, 1.0 equiv.), nucleophile 151a (3.0 equiv.).
b Alkene 150 (3.0 equiv.), nucleophile 151a (1.0 mmol, 1.0 equiv.). n.r. = no reac-
tion. ©(4-CIPhS)» (5 mol%) added.
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3 Results And Discussion

Proceeding from these auspicious results, the scope of N-nucleophiles was regarded by coupling
a variety of different azoles with asymmetrically substituted monoester 150a (Table 3.21) and
symmetrically substituted diester 150j (Table 3.22). Functional groups such as halides, esters,

arenes, and aldehydes once again proved the overall compatibility of the developed method.!'68]

(SePh); (10 mol%)

Table 3.21: Nucleophile 151 Variation with Monoester 150a.

o)
O PC 86 (5 mol%) NHet O
+  NHet Et\NJ\ +
B\f”\)Loa DCE (0.2 M), 448 nm ! OFEt Bt~ OEt
150a 151 19°C, 21 h, air Het 152 153
| | | | |
Ny Ny Ny N2 Ph— Ny
S\ I \ S\ // \ q M
[ EtO,C OHC Ph Ph
152af 152ag 152ah 152ai 152aj
64% 60% 24% 51% 38%
(64%, r.r. = 21:1)2 (62%, r.r. = 5:1)2 (37%, r.r. = 5:1)2 (53%)2P (65%, r.r. =n.d.)?

vy

|
IN

N 2
S\ /(N
Br Me
152ak

57%
(58%)2P

152al
not isolated
(55%)2

152am
NL: 61% (62%, r.r. = 4:1)
N2: 3% (n.d.)

vy

lI )
ME\Q—I!\I
N3

152an
62%
(61%, r.r. = 3:1)2¢

s
Me{ N

N—-N

152a0
36%
(40%, r.r. = 10:1)2

N, N, N, N.
(N N N 7~ N 'N°
/ / \_y T o
=N
Me cl
152ap 152aq 152ar 152as 152at
not isolated not isolated not isolated not isolated not isolated
(4%)2b (27%)2 (12%)2 (17%)2 (16%)2

Yields of 152 and regioisomeric ratios (r.r. = 152/153) are given. The respective NMR values were deter-
mined with DMB as the internal standard and are given in parentheses. *Alkene 150 (1.0 mmol, 1.0 equiv.),

nucleophile 151a (3.0 equiv.). °N*/N? = 5:1. °N'/N*® = 1:1. n.d. = not determined. “Second addition of both
catalysts after 21 h. Overall reaction time of 41 h.

Several products arising from heteroarenes showed the formation of isomers with different N-

connectivities, which were isolated collectively in products 152ai, 152ak, and 152an. Missing

NOESY-coupling of the phenyl ring to the aliphatic protons in 152ai indicates the N '-isomer, as

depicted in Table 3.21, to be the major isomer. Contrarily, the aromatic proton of the major isomer
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3.3 Racemic Intermolecular Allylic Amination with Azoles

of 152ak does show a NOESY coupling to aliphatic protons, which also indicates the N '-isomer
as depicted in Table 3.21 to be the major isomer. The analytical details are depicted in Chapter 6.
On the other hand, the N'! and N2-isomers of compound 152am could be isolated separately, with
61% of the N'- and 3% of the N2-isomer (for characterisation see Subsection 5.7.4). A small
NOESY-coupling of the isolated methyl group with methylene (CH,) of the aliphatic ethyl group
suggests an N''-connectivity in tetrazole product 152a0 (Figure 3.15). Additionally, 5% (4% NMR

yield) of the corresponding vinylic isomer 153a0 was isolated and characterised.

I W

|l

Me (0]

‘/' H;_i' X OEt
1

N,
MM 152a0
N—N j

f1 (ppm)

32 31 30 29 28 27 26 25 24 23 22 21 20 1.9 18 17 16 1.5 14 13 12 11 1.0 09 08 07
f2 (ppm)

Figure 3.15: NOESY-Coupling of aromatic methyl group and excerpt of NOESY NMR experiment of
152a0.

Notably, after 21 h of reaction time, the reaction mixture of 152ap was clear, in contrast to the
mostly observed orange coloured suspension, and TLC showed still a lot of starting material
present. This was also noticed to be the case with other unsuccessful substrates (see Table 3.24).
As a consequence, catalysts were readded and the reaction was let run for a further 20 h, after which
an NMR yield of only 4% was determined and isolation was not attempted. These observations
and results indicate that the amine may quench the photocatalyst and promote its decay, prohibiting
product formation. In another reaction, amine 1H-[1,2,3]triazolo[4,5-b]pyridine in the reaction
mixture for 152as exhibited low solubility in the used solvent DCE, which is proposed to have
led to a low yield. As a result, in equal cases, a solvent mixture of DCE/HFIP = 3:2 was used to
enhance the solubility of the nucleophile (Table 3.22).

Excitingly, the reaction with 4-H pyrazole worked smoothly, contrary to the expected electrophilic
addition of (PhSe); to the heteroarene (Table 3.22, 152au).[2%0-202] Thjs inspired the further expan-
sion of the nucleophilic pattern towards imidazoles, triazoles, and tetrazoles, which were found
to give good results with perfect selectivity towards one N-isomer. NOESY analysis of tetrazoles
152ba-152bc does not show any coupling of the substituent on the heteroarene to the alkyl chain,
proposing a N 2-connectivity as depicted in Table 3.22 (for analytical details see Chapter 6).
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3 Results And Discussion

Table 3.22: Nucleophile 151 Variation with Diester 150j.

(SePh), (10 mol%)

PC 86 (5 molo) ~ A\ CO,Et NHet
E10,C” P COEL + Npjet E0,c N Y N _A__CO,Et
2 . DCE (0.2 M), 448 nm NHet EtO,C
150j 151 19 °C, 21 h, air 152 153
| | | T
N‘N N\N N‘N N
\ S\ Iy S\ // &K?
Me F3C MeO,C
152au 152av 152aw 152ax
86% 56% 77% 56%
(90%)3P (56%)2P (89%)2 (62%)%P¢
1 T ’"|"“ o e
1 1 2 2 2
N, N. °N. N N
o N NN NN NN
N N—/ N N )N
3
Me Ph p-Tol
152ay 152az 152ba 152bb 152bc
42%, H:Z = 17:1 55% 55% 64% 16%
(48%)20c (59%.)2b:C (58%)aP (71%)2P (19%)32P
T T T
1 1
N, 2 N _co,Me N. 2
N (e N
N N
COzMe
152bd 152be 152bf
87% 76% NL: 76%, (77%)
(93%)2:0-¢ (80%)2P-¢ NZ: 2% (n.d.)d

Yields of 152 and H:Z = Hormann:ZayTsev (152/153) elimination ratios are given. The respective
NMR values were determined with DMB as the internal standard and are given in parentheses. Grayed
substrates were synthesised and analysed by Dr. T. Ler.!"®! @ Alkene 150j (3.0 equiv.), nucleophile 151
(1.0 mmol, 1.0 equiv.). b(4-CIPhS); (5 mol%) added. “DCE/HFIP = 3:2 used as the solvent. “Alkene
150j (1.0 mmol, 1.0 equiv.), nucleophile 151 (3.0 equiv.).

In the next step, the method was tested in the course of late-stage derivatisation of known biolog-
ically active compounds that either performed as the designated nucleophile or alkene compound
(Table 3.23). Anester derivative of Testosterone gave good yields with both 4-choropyrzole (152bj)
and benzotriazole (152bk) in high regioselectivity. Derivatisation of commercially available phar-
maceutical compounds Stanozolol, Irbesartan, and Valsartan, all decorated with an azole moiety,
were also readily accepted in the transformation (152bg to 152bi). Notably, the nucleophilic
hydroxy moiety in compound 152bg and the carboxylic acid in compound 152bi remained intact

and did not interfere with the reaction.
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3.3 Racemic Intermolecular Allylic Amination with Azoles

Table 3.23: Late-Stage Functionalisation of Biologically Active Compounds.

(SePh); (10 mol%)

PC 86 (5 mol%) S .CO,® NHet
= COz. + N ./\(\/ 2
PN Het DCM (0.1 w), 448 nm - + ./\/\/coz.
150 151 19 °C, 21 h, air et 152 153
from Stanozolol from Irbesartan from Valsartan

X COLEt X _COLEt X _CO,Et
EtOZC/\|/\/ 2 EtOZCw 2 EtOzC/\(\/ 2
1
N

5 N, Me N
N\ I!\‘ N\ III\I
N AN N
O = 8
0 }OH
N <

~ %

Mé
152bg 152bh 152bi
48%, d.r. = 1:1 35% not isolated
(51%, 4:1)20cd (53%)2-0:c (37%)2P

from Testosterone

152bj 152bk
74%, r.r.= ll:l, dr.=1:1 58%, dr.=11
(76%)b‘e (62%)be

Yields of 152 and regioisomeric ratios (r.r. = 152/153) are given. The respective NMR values were determined
with DMB as the internal standard and are given in parentheses. Grayed substrates were synthesised by Dr. T. LEr.
@ Alkene 150 (3.0 equiv.), nucleophile 151 (1.0 mmol, 1.0 equiv.). ®(4-CIPhS), (5 mol%) added. °DCE/HFIP = 3:2
used as solvent. “N'/N? = 5:1. ®Alkene 150 (1.0 mmol, 1.0 equiv.), nucleophile 151 (3.0 equiv.).

During the substrate investigation, several N-nucleophiles did not lead to the desired product forma-
tion under the optimised reaction conditions (Table 3.24). For example, in the attempted coupling
of alkene 150a with N-heteroarenes bearing only one nitrogen atom, such as pyrrole (152bl) and
152bm, no product was identified in the crude reaction mixture via 'H NMR analysis. Some
electron-rich variants of imidazole and pyrazole (152bn to 152bp) did not produce any product in
contrast to electron-poor variants (see above), indicating that an electron-poor heterocycle is neces-
sary for the transformation. Primary amines proved to be unsuccessful, as well, when incorporated

next to a second nitrogen atom, such as in 152br. Succinimide and sulfonamides were unsuccessful
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3 Results And Discussion

as well. These results indicate the necessity of a heteroaromat acting as the nucleophile, which
shows better results when possessing a lower electron density compared to analogues with elecron
donating groups. When comparing the pK, values in DMSO of successful with unsuccessful
substrates, which may hint at the heteroarenes’ reactivity and nucleophilicity, no trend could be
detected.!?!! Even though it seems that a lower pK, value is beneficial for the reaction outcome,

pyrazole falls out of that spectrum as it possesses a relatively high pK, value.

Table 3.24: Unsuccessful Nucleophiles.

(SePh); (10 mol%) o
o PC 86 (5 mol%) NHet O
+ N Et\NJ\ +
Et\N]\oa et Toce (0.2 M), 448 nm T OFt Et\/\/”\OEt
150a 151 19 °C, 21 h, air Het 152 153
i i i i i
Me .
O @ 4 o "
N N
Me
152bl 152bm 152bn 152bo 152bp
pKa (DMSO)P 23.0 21.0 18.6 16.4 -

HN o
N1

L}
(@) (o) O

152bq 152br 152bs 152bt 152bu 152bv
30.6 - - 16.1¢ - 25.0

-~ comparison to succesful nucleophiles -------------mmmm i

e T T s
N\N N\N N\N (N~N
i i \
W QN L \
152a 152am 152al 152ar
pK, (DMSO)P 19.8 11.9 13.9 14.8
NMR yield 68% 62% 55% 12%

Alkene 150a (1.0 mmol, 1.0 equiv.), nucleophile 151 (3.0 equiv.). ®pK, values of the nucleophiles in DMSO.?!6-!7]
®pK, value of PhSO,NHs.

Some of the amines 151 that would result in the depicted products in Table 3.24 exhibit low redox
potentials, such as indole (E = +1.16 V vs. SCE in MeCN),'"3l imidazole (E = +1.15 V vs. SCE in
MeCN),['7>) and aniline (E = +0.95 V vs. SCE in MeCN)!!7>] compared to pyrazole (E = +2.21 V
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3.4 Enantioselective Intermolecular Allylic Amination with Azoles

vs. SCE in MeCN).'>! In consequence, these amines are more easily oxidised and could quench
the photoredoxcatalyst 86 (E = +1.74 V vs. SCE in MeCN)[!P%-152153] and, with this, inhibit the
formation of the respective products.

Due to the challenge of olefin activation in the presence of N-heteroarenes, followed by alterable
site selectivity in the coupling step, only a few contributions have been made previously. Early re-
ports employ stoichiometric amounts of strong oxidants (NBS, TBHP, DDQ) transforming alkenes
with N-nucleophiles, mainly focusing on non-heteroarenes.!'*’~1%1 In 2022, the group of Gevor-
gyan reported an elegant photoinduced Pd-catalysed coupling for the buildup of N-allylic amines
initiated by allylic C-H atom abstraction under the assistance of substoichiometric aryl halide, in-
cluding two cases for heteroaryl rings and showing high regioselectivities (see also Equation 1.3 in
Subsection 1.1.1). More recently, Lei, Cai, and coworkers reported a related N-allylation of azoles
via a radical-cationic intermediate to mainly provide terminal alkene products.[®”! Regiocontrol
in the 1,2 position was achieved for mono- and trisubstituted alkene substrates due to their ster-
ically and electronically easily differentiable environment. Yet, a protocol with 1,2-regiocontrol
in 1,2-disubstituted alkenes remained elusive and with this, a synthetically useful process for the
regioselective C-H, N-H coupling to afford N-allylic heteroarenes, with a broad alkene and azole
scope and high functional group tolerance, is still required.

During the course of this thesis, the first highly regioselective and widely applicable Se-n-acid
catalysed intermolecular allylic amination protocol with exogenous nucleophiles was developed.
The transformation is made possible by a dual catalytic interaction with photocatalyst 86 acting as
the oxidant. Various allylic azoles were synthesised from olefins via n-bond activation and in high
selectivity towards the allylic product compared to its vinylic isomer, exploiting acidity bias and
the formation of a conjugated system as the driving force. It is noteworthy that also simple olefinic
carbohydrates without any heteroatoms were readily transformed into the respective functionalised
products. Alkenes of various connectivity, such as terminal, 1,2-disubstituted and trisubstituted
olefins, were both applied and synthesised successfully in the title transformation. Incorporation of
the dual catalytic system enables the formation of MArRkovNIKOV products via photoredoxcatalysis,
which complements previous methods.[*®%1 All in all, the method proves to be of high synthetic
value with a wide variety of starting materials able to be transformed to their corresponding allylic
azoles, especially with the applicability in the late-stage functionalisation of biologically active

compounds.

3.4 Enantioselective Intermolecular Allylic Amination with
Azoles

Parts of the following investigatory results were published in 2024 in ACS Catalysis.!''%8!

Having established a robust protocol for the N-allylation of heteroarenes, initial efforts were made

towards an enantioselective variant. Chiral Se-r-acid catalysts have previously shown the ability
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to induce chirality in alkene functionalisation reactions.[>'8-2191 First investigations towards the
enantioselective photo-aerobic Se-m-acid catalysed intramolecular allylic lactonisation were made
with enantiomeric ratios (e.r.) of up to 83.5:16.5 by applying MARKUOKA’s catalyst.!! 182201 [n 2023,
new asymmetric catalysts exhibiting a rigid spiro-backbone were designed by the BREDER group and
successfully applied to the photo-aerobic Se-n-acid catalysed intramolecular allylic lactonisation
and amination.['%”] Their application to an intermolecular system was first investigated during the

course of this thesis.

3.4.1 Preliminary Investigation

The reaction of monoester 150a (3.0 equiv.) and chloropyrazole 151a (0.30 mmol, 1.0 equiv.)
was conducted with varying chiral Se-catalysts 136 (10-20 mol%) and photocatalyst 86 (5 mol%)
in DCM (0.075 m) under irradiation with blue light (A4, = 448 nm) (Table 3.25). All reactions
afforded allylic amine 150a with chiral information, marking this the first intermolecular example
for the enantioselective photoaerobic/Se-n-acid dual catalytic functionalisation.

Out of the various catalysts, the highest enantiomeric excess (ee) was achieved with 20 mol%
of Maruoka’s monoselenide (136d) (43%), with the second-highest yield (40%). The highest
yield was achieved with 10 mol% DEeENMARK’s diselenide catalyst (136e) (44%) but with an ee
of only 25%. BREDER’s spiro catalysts 136b—136a afforded overall lower ee’s with an average of
35% (median: 33%) and lower yields (average: 20, median: 22). The rise in catalyst loading of
photocatalyst 86 from 5 to 10 mol% did not influence the outcome. Only small amounts of isomer

153a (1-6%) were formed in the investigated reactions.
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Table 3.25: Variation of Chiral Se-Catalysts 136 in the Asymmetric Allylic Amination of 150a with 151a.

o)
H [Se]*136(10 mol%) . Cl
0 N. PC 86 (5 mol%) Me™ Y% OEt Y
/\/\)J\ * \ /N N + .N
Me & OEt DCE (0.075 m), 448 nm \ N N O
cl 19 °C, 21 h, air / Me/\MOEt
150a 151a ' 452a 153a
Me Me
O OMe OMe
Me Me O
Me Me
S
(R) Se> (R) SeR
Me € Ve SeR
Me O Me O
OMe OMe
Me Ve
136b 136a 136¢c

R =2,5-diOMeBn
13%, ee = 40%

20%, ee = 31%
22%, ee = 32%2

24%, ee = 33%*?

OMe
OMe
X OMe Se)z
| P Se}, ©)
SePMB ) O 0]
(S) (0]
Me (0]
L e 00
136d 136e 136f
(0]

40%, ee = 43%P 44%, ee = 25% 3%, ee = n.d.C

0.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a. Se-catalyst purity > 99%. NMR
yields are given and were determined with DMB as the internal standard. 10 mol% TAPT
used. ®20 mol% 136d used. ©5 mol% 136f and no 86 used. n.d. = not determined.

A kinetic investigation of the transformation with 136a and varying stoichiometry showed that the
reaction proceeded more slowly than its racemic equivalent (Figure 3.16, Table 5.29). Complete
conversion was reached after 27.5 h when 3.0 equiv. of either starting material is applied, albeit
reaching a yield of only 20-21%. A yield plateau was reached after 21 h, or even after 6 h for
the reaction with 5.0 equiv. of pyrazole 151a. The high conversion with a low yield outcome
indicates slow product formation accompanied by yield-diminishing side reactions, such as the
ScHENCK-ene oxidation (Section 3.3).1153:168.1741' A product decay is proposed to be unlikely due
to the long plateau phases. As a result, further investigations into advancing the reaction rate were

performed.
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H [Se]*136a (10 mol%) A
PC 86 (5 mol%) Me f OEt

0 N
+ N > N
WJ\ \ / N
Me OEt DCE (0.075 M), 448 nm
Cl

N
19 °C, t, air \W/
150a 151a cl 1592
3.0 equiv. alkene
»— 3.0 equiv. pyrazole
4+— 5.0 equiv. pyrazole
100 - .
U A
80 A
@} . ..................................................... ®
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Figure 3.16: Kinetic investigation of the enantioselective amination of 150a with 151a using chiral Se-
catalyst 136a. 0.30 mmol of limiting compound used. Conversions and NMR yields were
determined with DMB as the internal standard. Dotted lines show conversion of 1.0 equiv. of
151a, bold lines show yield of 152a.

3.4.2 Reaction Optimisation

In the following, many efforts towards enhancing the reaction yield and stereoselectivity were
undertaken. For this, variations in reaction conditions and additives were tested with 136a as
the chiral catalyst (Table 3.26). Sc(OTf)3; and Zn(OTf), were applied, to potentially aid in the
elimination step by coordination to the carbonyl O-tom and/or the Se. Whilst using 10 mol% of
photocatalyst 86, the addition of 2.5 mol% of either LEwis acid did not influence the outcome
(Table 3.26, entry 3 and 5). 10 mol% Sc(OTf); slightly raised the yield by 4%-points and the ee by
5 percentage points (Table 3.26, entry 4). The addition of (4-CIPhS),, which in previous cases had
enhanced the reaction outcome by raising the yield (see Section 3.1),[127:167] regioselectivity (see

Section 3.3)[1%8] and/or stereoselectivity.,!'®”] proved to be detrimental in this case. The addition
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of or 5 mol% of (4-CIPhS), even lowered the ee and did not influence the yield (Table 3.26, entry

6). Further alteration in reaction conditions, such as increasing the concentration, lowering the

reaction temperature, or reversing the stoichiometry of the two substrates, all led to a decrease in

yield and a similar or lower ee (Table 3.26, entries 7-9).

Table 3.26: Optimisation of the Enantioselective Intermolecular Allyic Amination of Ethyl (E)-hex-3-enoate

150a.¢

0
[Se]*136a(10 mol%) \ Cl
PC 86 (5 mol%) Me " OEt )\—\
N. +

N
/\/\)O]\ " §_;/N /NTI\I o)
M OE DCE (0.075 M), 448 nm N
© " 19 °C, 21 h, air §_f/ Me/\/\/u\oa
150a 151a € 152a 153a
Entry Comment Conv.l [%]  Yield® [%]  ee [%o]
of 150a 152a 153a
1 - 91 20 2 31
2¢ - 87 22 1 32
3¢ 2.5 mol% Sc(OTf);3 100 23 0 31
4¢ 10 mol% Sc(OTf); 100 26 0 37
5¢ 2.5 mol% Zn(OTf), 100 22 0 30
6 5 mol% (4-CIPhS), 100 22 2 26
0.2mM 100 18 0 30
Reaction at -3 °C. 100 15 1 22
. 1150
9 030 mmol 150a. 70 18 3 nd
3.00 equiv. 151a
10 Benz.yl (E)-hex-3-enoate 100 47 3 )5
instead of 150a
11 Acetone as Solvent 45 4 0 n.d.
12 MeCN as Solvent 67 15 2 n.d.
13 Toluene as Solvent 58 0 n.d.
14 o-Xylene as Solvent 86 6 0 n.d.

“0.30 mmol (1.0 equiv.) of 151a, 3.0 equiv. of 150a. Se-catalyst purity > 99%.
®Conversions and NMR yields were determined with DMB as the internal standard.
€10 mol% of 86 used. n.d. = not determined.

The application of benzyl (E)-hex-3-enoate (150b) as the alkene compound afforded the desired

product in an increased yield of 47% but a lower ee of 25%. Applying solvents with higher and

lower polarity than DCE did not show any trends, all affording lower yields without complete
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conversions after 21 h, seeming to slow down the reaction. The formation of vinylic side product
153a was very low overall, with a range from O to 3%, probably resulting from a generally lower
product formation. The value of the side product should be surveyed carefully, as a small signal-
to-noise ratio in 'H NMR analysis leads to a high uncertainty in detecting these low amounts.
Lewis-acid application suppresses the formation of the vinylic regioisomer, which was previously
hinted at in the equivalent racemic protocol (Section 3.3, Table 3.13). Other trends towards the
formation of vinylic side product 153a could not be detected.

During the investigation of the racemic intermolecular allylic amination, it was found that the usage
of symmetrically substituted diester 150j afforded significantly higher yields and very good regios-
electivity towards the desired allylic amine product in comparison to monoester 150a (Section 3.3).
With this in mind, the enantioselective variant by the usage of varying chiral Se-catalysts was also
performed with diester 150j in the reaction with 151a, using photocatalyst 86 in DCE (4 mL),
irradiating with blue light (A4, = 448 nm) for 21 h (Table 3.27 and Table 5.30).
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Table 3.27: Variation of Chiral Se-Catalysts 136 in the Asymmetric Allylic Amination of 150j with 151a.

[Sel* 136 (10 mol%)
PC 86 (5 mol%)

DCE (0.075 m), 448 nm
19 °C, 21 h, air

136b

42%, ee = 72%
35%, ee = 75%2
30%, ee = 84%*P

X OMe

=

(S)

Me
Me OTBDMS

Se)

2

136i
75%, ee = 35%¢

136a R=Bn
44%, ee = 67%
136¢c R =2,5-diOMeBn
29%, ee =78%

OMe

(@) | N
¥
136e
70%, ee = 32%

OMe

SeBn
[(R)

Me Me ‘OTBDMS
1369

64%, ee = -26%*P.

(0]
Me Me
aee

136j

66%, ee = 21%2

(R)
e ‘OTBDMS

136h
64%, ee = -52%2P

136k
71%, ee = -10%*?

0.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150j. Se-catalyst purity > 99%, unless otherwise noted.
NMR yields were determined with DMB as the internal standard. “Newly synthesised Se-catalyst 136b

used. 20 mol% 136 used. “136h purity = 80-90% ee. *136i purity = 98% ee.

To our delight, employment of 10 mol% of BREDER’s spiro-catalysts 136b—136c afforded ee’s of

67-78%. A freshly synthesised batch of 136b led to a slight decrease in yield and an increase

in ee compared to an older batch, proposing a slow catalyst degradation over time, increasing the

reaction rate accompanied by a lower enantioselective induction. When the loading of bridged

catalyst 136b was raised from 10 to 20 mol%, the ee could further increase from 75 to 84%. Albeit

overall good ee’s, the yield could not exceed 44% using spiro-catalysts. Contrary to these results,
catalytic structures based on Maruvoka’s!! ¥ (136g-136i) and DEnmark’sH?4 (136e—136k) cat-
alysts afforded higher yields ranging from 64—75%, but could not compete with the previously

achieved enantioselectivity. Interestingly, when DENMARK-type catalysts (136e—136k) were ap-

plied, the selectivity towards the other product-enantiomer increased with increasing bulkiness of
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the ester-moiety.

Kinetic investigations with catalysts 136b and 136¢ were performed to examine the product forma-
tion and the development of the ee over time (Figure 3.17 and Table 5.35). When visualising the
results, it was immediately seen that the ee decreases over time, which has also been observed in the
enantioselective lactonisation.!'®”! This might result from partial oxidation of the selenium,??!-222!
which affords an oxygenated species that still possesses some catalytic activity, albeit with low
or opposite enantioselectivity.[!®”] The product formation has a high rate during the first 8 h of
reaction time, after which it decreases. After 8 h, the conversion also did not improve significantly
when the reaction time was prolonged to 21 h. Product formation and conversion of the starting
material show a similar development over time, however, with a 30% difference. In conclusion,
consumption of the starting material, for example, by side reactions or decay, occurs preferentially

over allylic amine formation.

0
H [sel* 136 (10 mol%) EtO N
Q N, PC 86 (5 mol%) : OEt
Eto\”/\/\)\ et W N > O N
DCE (0.075 M), 448 nm { °N
o] cl 19 °C, t, air /
150j 151a Cl 152a
136b yield 136¢ yield
100 —aA— conversion 100 —aA— conversion
—+—ee —*—ee
80+ 80
—. 60+ . 60
40 40
20 20 4
0 T T T T 1 O T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
t[h] t[h]

Figure 3.17: Kinetic investigation of the enantioselective amination of 150j (3.0 equiv.) with 151a
(0.30 mmol, 1.0 equiv.) using chiral Se-catalyst 136b and 136c. 0.30 mmol of limiting
compound used. Conversions and NMR yields were determined with DMB as the internal
standard.

Proceeding from here, further investigations were conducted for 8 h, which was set as the favoured
compromise between a high ee and conversion. The improvement in yield was investigated with
spiro-catalyst 136b. For this, various solvents ranging from polar-protic (HFIP) to apolar-aprotic
(toluene) were applied to the reaction (for detailed results, see Section 5.8, Table 5.31). This
investigation showed consensus with the racemic variant of the reaction and confirmed DCE to
be the best-performing solvent (32% yield and 78% ee, which could be increased to 84% with
a newly synthesised catalyst 136b). MeCN also afforded product 152a with a high ee of 84%,
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3.4 Enantioselective Intermolecular Allylic Amination with Azoles

albeit a lowered yield of 14%. To further improve the yield, several additives were applied to the
reaction conditions (for detailed results, see Section 5.8, Table 5.32). Disulfide (4-CIPhS),, which
previously showed a positive influence in similar reactions, was added to the reaction conditions
with DCE and MeCN. Other disulfides were also tested, but no increase in yield and a similar
ee for all outcomes was observed. Further additives, such as LEwis acids and MegSi,, did not
positively influence the reaction outcome or even entirely prevent product formation. Further
variations, such as changing the concentration or reaction temperature, reversing the stoichiometry
of the starting materials, or reducing the O, concentration, either led to a decrease in ee, product
yield, or even both. A variation in catalyst loading with 5-20 mol% of 136b and 2.5-10 mol% of
86 in various combinations did not result in the desired improvement in yield (for detailed results,
see Section 5.8, Table 5.34). Neither the yield nor the enantioselective outcome was significantly
affected by the catalyst loading. Finally, the upscale to a 1.0 mmol protocol was conducted with
slightly adapted reaction conditions. The best outcome for the larger scale was found with a 0.2 m
reaction mixture instead of 0.075 m and a prolonged the reaction time from 8 to 21 h (for detailed
results, see Section 5.8, Table 5.33 and Subsection 5.8.3).

At this point of reaction optimisation, it was concluded that for the already invested effort, the best
result for the asymmetric variant of the intermolecular allylic amination of alkenes with azoles was
achieved. Further effort could preferably be invested in exploring the racemic substrate scope and

investigating the influence of chiral counter ions on enantioselectivity.

3.4.3 Asymmetric Intermolecular Allylic Amination

With the optimised reaction conditions in hand, 1H-benzo[d][1,2,3]triazole 151b was utilised as an
additional nucleophile substrate in order to investigate further applicability (Table 3.28). Compared
to the reaction with chloropyrazole as the nucleophile, a very similar result was achieved for the
0.3 mmol reaction, affording 31% yield and an ee of 80%. Scaling up the reaction to 1.0 mmol
yielded 17% after 8 h and a comparable yield (29%) and ee (84%) after 21 h. The same goes for
the scaled-up reaction with chloropyrazole 151a, giving 31% yield and an ee of 82%.
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Table 3.28: Asymmetric Intermolecular Allylic Amination®

[Se]*136 (10 mol%)
PC 86 (5 mol% X CO,Et
E10,c" P NACOEL N ( R E0,C7 Y Y7

DCE, 448 nm NHet
19 °C, t, air
150j 151a 152
X _CO,Et X _CO,Et
EtOZC/\F/\/ 2 EtOZC/\P/\/ 2
N. N.
\ N 152i N 152bf
’ N
ol
0.3 mmol: 30% (32%), ee = 84° 0.3 mmol: 27% (31%), ee = 80P
1.0 mmol: 29% (31%), ee = 82° 1.0 mmol: 24% (29%), ee = 84°

“All reactions were performed with 3.0 eugiv. of 151. NMR yields were
determined with DMB as the internal standard and are given in parenthe-
ses. "8 h, 0.075 M. “21 h, 0.2 m.

3.4.4 Chiral Counter lons

Further investigating a possible chiral induction during the Se-r-acid/photoredox dual catalytic
allylic amination process, another approach was proposed to proceed via a chiral counterion,

introduced to the reaction media by the photocatalyst Figure 3.18.

Induction through

. Induction through
chiral Se-catalyst f-\ chiral counter ion
e ,©
®se
./'l)z\/
1

one preferential
configuration

Figure 3.18: Influence of chiral induction onto the preferred configuration of the seleniranium ion interme-
diate.

Previous reports have already attributed anionic chiral counterions to have a stereoselective-
inducing effect in certain transformations. In 2014, JacoBsgeN and coworkers reported a Se-n-acid
catalysed enantioselective protocol, where a chiral anion, coordinated to the positively charged
seleniranium ion, was able to successfully influence the stereoselective nucleophilic attack, af-

fording the desired products with ee’s of up to 92% (Equation 3.13).1223] Differently accelerated
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3.4 Enantioselective Intermolecular Allylic Amination with Azoles

ring-opening of the seleniranium ion leads to the highly enantioselective outcome through dynamic

kinetic resolution[223:224]

FVig———————————
e Vo N
o ¥

b py 10mol% NN
2 ArSeY (1.3 equiv.) H H

x Z e HCI (5 mol%) Ar S

oy N se. ' 178

A~ on ¥z HMPA(S) (10 mol%) wION

toluene 2 Ar
176 -35°C, 48-72 h OH\/’
N up to 92% ee
Y = succinimide N

(3.13)

Ton-pairing catalysis has also been reported in light-induced transformations.?>! In this field,
Nicewicz reported using an oxopyrylium photoredox catalyst with a chiral counter ion in an asym-
metric radical cation DiELs-ALDER reaction.!*?®! With the application of chiral BINOL-derived
phosphoric acids, the group could obtain the desired products in enantiomeric ratios of up to 75:25,

laying the foundation of this system for further applications.

Catalyst Synthesis

With this background, an asymmetric counterion directed catalytic (ACDC) approach of the Se-r-
acid/photoredox dual catalytic allylic amination was attempted for the first time. For this purpose,
catalyst starting material (£)-1,3,5-tris(4-methoxyphenyl)pent-2-ene-1,5-dione (179) was prepared
by Dr. T. LEr, following a procedure by MorsE et al. (Equation 3.14).[??61 86 was subjected to
superstoichiometric amounts of basic Al,O3 and NaAc and stirred at 75°C for 23 h in a solvent
mixture of EtOH and H,O. Workup and precipitation afforded 179 in 88% yield.

basic Al,O3 (5 equiv.)
NaAc (6 equiv.)

EtOH/H20 2.7:1

75°C, 23 h (3.14)

Subsequently, converting 179 with an acidic compound such as a chiral phosphoric acid, afforded
pyrylium salts 180a-180d consisting of a 2,4,6-tris(4-methoxyphenyl)pyrylium-cation (TAP™)

with varying chiral counteranions.
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3 Results And Discussion

Table 3.29: Synthesis of photocatalysts 180a-180d with varying chiral counteranions.”

AcidH (1.0 equiv.)

EtOH
60°Ctort, 3-7h

MeO

(0]
073 O‘%
0] TAP O TAP
180a 180b 180c 180d
21% 19% 79% 74%

“Isolated yields given. Grayed catalysts were synthesised by Dr. T. L.

Application of ACDC Catalysts

Synthesised catalysts 180a—180d were then tested under the previously optimised conditions
of the racemic Se-m-acid/photoredox dual catalytic intermolecular allylic amination with azoles
(Table 3.30). Chiral photocatalyst 180a was applied in the reaction in combination with non-chiral
Se-catalyst (PhSe),. Additionally, photocatalysts 180a—180d were applied in the reaction in combi-
nation with ciral Se-catalyst 136c. Comparing the results with the racemic reaction (yield = 68%),
it shows that the achieved yield was substantially lower with one (average yield = 22%) or two
(average yield = 10%) chiral compounds. This might be due to a more sterically demanding
surrounding either by the chiral counterion, the chiral Se-catalyst, or both. This might lead to a hin-
dered intermolecular nucleophilic attack or a less efficient elimination step. As seen previously, the
application of chiral Se-catalysts with racemic photocatalyst 86 in the previous study achieved sig-
nificantly lower yields (20%, with an ee of 31%) compared to the application of racemic Se-catalyst
(PhSe); (68%) (Subsection 3.4.1). The application of photocatalyst with chiral counterion 180a
afforded a similar yield of 23%, albeit a lower ee of 4%. This result shows that chiral counterions

can induce chirality during intermolecular allylic amination, albeit in a very low amount.

90



3.4 Enantioselective Intermolecular Allylic Amination with Azoles

Table 3.30: Photosensitiser with Chiral Counter Anions Used in the Asymmetric Intermolecular Allylic
Amination of 150a with 151a.*

O

H (PhSe), or 136¢ (10 mol%) A
o) N. PC*86 or 180 (5-10 mol%) Me * OFEt
PO NRLY .
Me OEt DCE (0.075 m), 448 nm N
Cl

19 °C, 21 h, air \
150a 151a Cl 152a

with (PhSe),

86 180a
68%, ee = -P 23%, ee = 4%

with 136¢

86 180a 180b
20%, ee = 31%P 7%, ee = 11%" 7%, ee = 14%"
) (\)\ S o o (\)é R 0
0% o 073 o
TAP O TAP
180c 180d

13%, ee = 29%° 14%, ee = 33%°

NMR yields were determined with DMB as the internal standard. “150a (0.30 mmol, 1.0 equiv.), 151a
(3.0 equiv.). ®5 mol% of photocatalyst used. ©10 mol% of photocatalyst used.

A reason for this outcome could be an insufficient control of the seleniranium ion scrambling and/or
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alow selectivity towards one enantiomer by inefficient coordination of the counterion.??3-224] Con-
sequently, the question arose whether accumulating two chiral compounds would result in a positive
collaboration and an enhanced enantiomeric outcome. For this, several photocatalysts with chiral
counterions 180 were applied in combination with chiral Se-catalyst 136¢c. Photosensitisers 180a
and 180b, bearing a chiral phosphoric acid as the counterion, both resulted in a low yield of 7%
and an average ee of 13%. When photocatalysts 180c and 180d with a camphor sulfonic acid
(CSA) as the chiral counterion were used, the yield doubled to an average of 14%, and the ee rose
to 33% in the highest outcome. These results, though, did not exceed the reaction of 136¢ with
racemic photocatalyst 86, which indicates that the application of chiral counter anions suppresses
the chirality-inducing step rather than improves enantioselectivity during the reaction. Another
indication supporting this theory is that the smaller CSA anions have a minor effect compared to
the larger phosphoric acid.

After the course of these investigations, B. List published an elegant protocol for the enantioselec-
tive [2+2]-cyclo addition reaction, with stereoselective induction enabled by photocatalyst TAP™
with chiral counter ions, affording ee’s of up to 96%.!22”] The most successful chiral counter ion is
characteristic due to its space-consuming and rigid structure, indicating a space-demanding anion
needed for a successful transformation. Additionally, the aciditiy of the counter anion seems to

have an effect on the transformation and should be investigated.
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The aim of this thesis was the development of regioselective protocols for the inter- and intramolec-
ular oxidative allylic amination of simple alkenes with exogenous N-nucleophiles, not derived
from the oxidant. The transformation was proposed to be accomplished by a dual catalytic system
consisting of a photoredox catalyst and a selenium-r-acid, which previously proved to be highly ap-
plicable in the allylic functionalisation with O-nucleophiles by the group of BREDER.[!50:151:155-157]
The first project involved the intramolecular allylic amination of sulfonamides 111 and the suc-
cessful expansion of the scope from five-membered heterocycles 113 and 112 to six-membered
heterocycles 122 (Equation 4.1).[127]

(PhSe), (10 mol%)

H ) PC 86 (5 mol%)
o" . (4-CIPhS); (0 0. 10 mol%) .\N 2

2 1

o-xylene (0.2 M) Y, 4.1)
11 465 nm, air, r.t.
21-95%
@ = SO,Ar, SOLAIK 113,n=0 112,n=1 122, n=2

The role of the disulfide was elucidated by mechanistic investigations involving upon others quench-
ing experiments and electrochemical investigations. It was found that the disulfide exhibits a dual
function during the reaction, for once serving as an electron hole shuttle, promoting the formation
of the (PhSe), radical cation, which itself engages in the interaction with the double bond. Secondly,
(4-CIPhS); is proposed to form an interchalcogen species with the selenoaminated intermediate,
which enables a faster elimination step. Both functions are suggested to enhance the reaction rate
and increase the product yield. In a further study, the method could be expanded to an enantiose-
lective variant using newly developed chiral selenium spiro catalysts.[!?*]

The second project involved the intermolecular allylic amination of simple alkenes with sulfon-
amides (Equation 4.2).11%81 A Jot of effort was put into the optimisation of the reaction, which led
to the development of a stable protocol for the transformation of 138 with 137. First reported

method with the usage of exogenous nucleophiles with Se-n-acid catalysis.
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Oe '/O
S.. .Me
0. 0 (SePh), (10 mol%) /@/ N
's” PC 86 (10 mol%
NS Me e P Me 86 ( 0) Ve |
| J H € PhCI (0.1 M), 440-460 nm
Me 5 equiv. 0.50 mmol 19 °C, 8 h, air balloon
137 138 139 Me Me

30% (24%)

4.2)

Lastly, a highly regioselective intermolecular process for the allylic amination of alkenes with
azoles was developed (Equation 4.3).['%] The broad substrate scope proved high functional group
tolerance. The application of alkenes with different connectivity such as 1,2- 1,1,2- and terminal
olefins all lead to a highly selective outcome of the favoured allylic amines 152 versus the vinylic
regioisomer 153. Compared to classical thermal Pd-catalysed protocols, the developed method was
able to transform internal alkenes in high regioselectivity. Unsummetrically substituted olefins lead
to the formation of the respective MarRkovNIKOv products, which complements previous allylic
amination protocols via photocatalysis, which afforded the anti-MarkovNikov products. The
applicability of the developed protocol was demonstrated by successful late-stage functionalisation
of drug analogs and natural products derivatisation.

(SePh), (10 mol%) NHet
p PC 86 (5 mol%) ~
+  NHet + 7
DCE (0.2 m), 448 nm NHjet
19 °C, 21 h, air (4.3)
150 151a 152 153

major isomer
79 examples

Efforts towards the further development of an enantioselective variant were conducted. Simple
amines were successfully transformed with spiro selenium catalysts developed by the BREDER
group, with a high enantiomeric excess of up to 84% and an isolated yield of up to 30%. Further
investigations and optimisation may lead to a successful increase in yield. Additionally, the
influence of chiral counter anions of the photocatalysts was investigated and led to first promising
results, albeit low yields and enantiomeric excess, but room for improvement. The employment
of counter anions with a higher steric demand could lead to an improved outcome, as B. List and

coworkers showed in their enantioselective [2+2] cycloadditions.[?2”]
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5 Experimental Section

5.1 General Remarks

5.1.1 Preparative Methods
5.1.2 Solvents and Reagents

Unless otherwise noted, starting materials and solvents were obtained from commercial suppliers
and used without further purification. Starting material 131 was synthesised and provided by Dr.
S. Grar.1127:165] Hybrid catalyst 144 was synthesised and provided by Dr. K. MULLER. Chiral
Se-catalysts 136a—136¢ were synthesised and provided by Dr. T. Lei,['%” 136d, 136e, 136i—136k
were synthesised and provided by Dr. S. Park!??8! and 136g, 136h were synthesised and provide
by L. p’Heureusk.[!'81211 136f was synthesised and provided by C. NaGEL. Starting Material 179
and ACDC-catalysts 180c, 180d were synthesised and provided by Dr. T. Lei.

Solvents for thin layer chromatography and liquid chromatography were technical grade and dis-
tilled prior to use. Solvents used in reactions were pro analysi (p.A.) grade. The used H,O is
deionised and provided by the university of Regensburg. DCM and EtOH were dried by storing
over molecular sieves under Ny-atmosphere for several days. Anhydrous toluene and THF were
either obtained from distillation over sodium under N-atmosphere or from a MBraun MB-SPS-5
solvent purification system and then stored over molecular sieves under Nj-atmosphere. Other
dry solvents were obtained commercially and used without further purification. Percentages (%)

always refer to weight-% unless otherwise noted.

5.1.3 Chromaographic Methods

Thin layer chromatography (TLC): TLC was carried out on silica gel coated aluminium
plates from Macherey-Nagel (Alugram Sil G/UV254). Visualisation was enabled by exposure
to UV light (A = 254 nm) [UV] and by treatment with p-anisaldehyde stain [p-anisaldehyde]
(composition: 270 mL EtOH, 7.4 mL p-anisaldehyde, 10 mL H,SO,4 conc., 3 mL AcOH) or
permanganate stain [KMnOy] (composition: 3 g KMnQy, 20 g K,CO3, 5 mL aqueous NaOH (5%),
300 mL H>0) and subsequent heating with a heat gun. Reported are the Ry values (substance

level/solvent front level).

Column Chromatography: Column Chromatography was performed manually using forced
flow or via an automated flash column from Advion (puriFlash 5.050) on Silica 60 (0.035-0.075 mm,
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70-230 mesh ASTM) from Acros or from Biichi (Pure C185 Flash). Solvent mixtures are under-

stood as volume/volume.

5.1.4 Instrumental Analysis

Nuclear Magnetic Resonance (NMR) Spectroscopy: NMR spectra were recorded at
300 MHz (‘H) and 75 MHz (*3C) on a Bruker Avance 300 spectrometer or at 400 MHz (*H),
101 MHz (*3C), 376 MHz (°F), 162 MHz (*'P) and 76 MHz (""Se) on a Bruker Avance III HD
400 or at 151 MHz (}3C) on a Bruker Avance III 600 HD, if not otherwise specified. Chemical
shifts 6 are given in parts per million (ppm) and refer to the residual proton signal of the used
solvent (Table 5.1). Coupling constants (J) are given in Hertz (Hz). Spectral splitting patterns
(multiplicity) are designated as: s (singlet), bs (broad singlet), d (doublet), t (triplet), q (quartet),
quint. (quintet), hept. (heptet), m (multiplet). COSY, NOESY, HSQC and HMBC experiments

were carried out to identify the structure of some molecules.

Table 5.1: Deuterated Solvents and their Respective Solvent Residual Signals in 'H- and 3C NMR
Spectra.??’]

Solvent 'H-shift (multiplicity) ~ '3C-shift

CDCl; 7.26 (s) 77.2
MeCN-ds 1.94 (quint.) 1.32, 118.3
DMSO-dg 2.50 (quint.) 39.5

Quantitative NMR (qNMR): For the intermolecular allylic amination reactions with sulfon-
amides qNMR analysis was carried out by homogeniously diluting the crude reaction mixture in
CHCIls. A defined aliquot of an appropriate internal standard was added, the mixture was stirred
and a sample was added to a NMR tube containing CDCl3. For intramolecular allylic aminations
and allylic aminations with azoles and azines gqNMR analysis was carried out by firstly adding
a defined aliquot of an appropriate internal standard and then diluting the mixture with CDCl3.
By analysis of the 'H NMR the yield of the reaction could be determined by comparison of
the integral of the internal standard to the characteristic signals of the reaction compounds. As

internal standard the following were utilised:(>3%]

Trichloroethylene (TCE) 'H NMR (CDCl3): § 6.45 (s, 1H)
1,1,2,2-Tetrachloroethane 'H NMR (CDCl3): § 5.90 (s, 2H)
1,3,5-Trimethoxybenzene (TMB) 'H NMR (CDCls): § 6.08 (s, 3H), 3.75 (s, 9H)
1,4-Dimethoxybenzene (DMB) 'H NMR (CDCl5): § 6.83 (s, 4H), 3.76 (s, 6H)

Infrared Spectroscopy (IR): IR spectra were recorded on a Agilent Cary 630 FT-IR spec-

trometer with attenuated total reflexion (ATR) sampling module.
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High Resolution Mass Spectrometry (HRMS): Electronspray ionisation (ESI) and atmo-
spheric pressure chemical ionisation (APCI) HRMS spectra were measured on an Agilent Q-TOF
6540 UHD mass spectrometer. Electron ionisation (EI) HRMS spectra were measured on a Jeol
AccuTOF GCX.

Melting Points (m.p.): M.p. were measured on a melting point meter M5000 from A.KRUSS
Optronic.

High Performance Liquid Chromatography (HPLC): HPLC analyses were performed
on an Agilent 1260 Infinity. The signals were detected via a diode array detector (DAD). The
enantiomers were separated on a Chiralpak IA or Chiralcel OD column from Daicel. As solvent,

a mixture of isopropanol and n-hexane was used.

Optical Rotations: Optical rotations were measured on a P-2000 polarimeter from Jasco.
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5.2 Experimental Procedures

5.3 Synthesis of Arylselenides and Photosensitiser

2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate (TAPT) (86)[152]

To a solution of 1-(4-methoxyphenyl)ethan-1-one (30.0 g,
200 mmol, 2.00 equiv.) in 10 mL dry toluene under
N,-atmosphere, 4-methoxybenzaldehyde (13.6 g, 100 mmol,
1.00 equiv.) and BF3 - Et;O (29.6 mL, 34.0 g, 240 mmol,
2.40 equiv.) were added. The resulting dark red mixture was
heated to 100 °C and stirred for 2 h, upon which the solution
turns darker over time. After cooling to r.t., the formed Et,O was

removed under reduced pressure. The residue was then dissolved
in acetone (500 mL) and separated into three parts and 1-2 L of
Et,O was added each. The resulting precipitate was filtered and carefully washed with Et;O and
ice cold acetone, before it was dried on vacuum affording 86 (10.1 g, 20.7 mmol, 21%) as an
orange solid.

M.p. = 342 °C. IR [cm~!]: 3120, 3082, 2978, 2940, 2844, 2113, 1629, 1588, 1484, 1461, 1305,
1878, 1015, 925. 'H NMR (300 MHz, MeCN-d3): 5 8.35-8.08 (m, 8H), 7.29-6.95 (m, 6H),
3.99-3.93 (m, 9H).'*C NMR (101 MHz, MeCN-d3): 5 169.5, 166.8, 166.2, 163.6, 132.8, 131.5,
125.6,122.2,116.5,116.4,112.1, 56.9, 56.8. HRMS (ESI) calcd. for [Co6H2304]" (IM — BF,~1%),
m/z = 399.1591; found 399.159.

1,2-bis(2-methoxyphenyl)diselane (140)

To a solution of 1-bromo-2-methoxybenzene (2.52 mL, 3.79 g, 20.3 mmol,
OMe 1.00 equiv.) in dry THF under a Np-atmosphere, ‘BuLi (1.7 M in pentane,
Se\Se 25.0 mL, 42.5 mmol, 1.1 equiv.) was added dropwise at -78 °C. After

OMe  stirring for 15 min, the solution was allowed to warm to 0°C. Se-powder

140 (1.76 g, 22.3 mmol, 1.10 equiv.) was added and the resulting mixture was

stirred for 15 min at 0°C and 1 h at r.t.. the reaction was then quenched
with 1 M aqueous HCI (20 mL). H,O (100 mL) was added and the mixture was extracted with
Et;O (3 x 100 mL). The combined organic phases were washed with brine (100 mL), dried over
Na,SOy, filtered and the solvent was removed under reduced pressure. The residual orange oil
was redissolved in EtOH (50 mL), two pellets of NaOH were added and the resulting solution
was vigorously stirred open to air for 2 h. The solvent was removed under reduced pressure and
the residue was purified via column chromatography (n-pentane/EA, 90:10) affording 140 (2.14 g,
5.75 mmol, 57%) as a yellow solid.
TLC: Rf = 0.37 (PE/EtOAc, 90:10) [UV, p-anisaldehyde]. M.p. =83 °C. IR [em~1]: 3056, 3004,
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2963, 2837, 1572, 1465, 1431, 1234, 1182, 1122, 1051, 1017. 'H NMR (300 MHz, CDCl3): 3
7.55 (dd, J = 7.7, 1.6 Hz, 2H), 7.21 (ddd, J = 8.1, 7.4, 1.6 Hz, 2H), 6.87 (td, J = 7.5, 1.2 Hz,
2H), 6.82 (dd, J = 8.2, 1.2 Hz, 2H), 3.91 (s, 6H). 13C NMR (101 MHz, CDCl3): 5 156.9, 130.7,
128.2, 122.0, 118.8, 110.2, 56.0. 77Se NMR (76 MHz, CDCl3): 5 332.1. HRMS (EI) calcd. for
[C14H50,Sex] " (IM]' ), m/z = 373.9319; found 373.9316.

(4-methoxybenzyl)(phenyl)selane (142)

To a solution of (PhSe), (936 mg, 3.00 mmol, 1.00 equiv.) in dry
O THF (15 mL) and dry EtOH (15 mL) under a Nj-atmosphere, NaBHy
e

gs (340 mg, 9.00 mmol, 3.00 equiv.) was added at 0 °C. After warming to
MeO r.t., 1-(chloromethyl)-4-methoxybenzene (1.16 mL, 937 mg, 6.00 mmol,
142 2.00 equiv.) was added and the resulting mixture was stirred for 2 h,

before quenched by addition of H,O (20 mL). The resulting two phases
were separated and the aqueous phase was extracted with EtOAc (3 x 30 mL). The combined
organic phases were washed with brine, dried over Na;SO, and filtered. The solvent was removed
under reduced pressure and the residue was purified via column chromatography (pentane/EtOAc,
100:0 to 95:5) affording 142 (1.53 g 5.52 mmol, 92%) as a colourless solid.

To a solution of (PhSe), (4.68 g, 15.0 mmol, 1.00 equiv.) in dry THF (75 mL) and dry EtOH
(75 mL) under a N,-atmosphere, NaBH4 (1.70 g, 45.0 mmol, 3.00 equiv.) was added at 0 °C. After
warming to r.t., 1-(chloromethyl)-4-methoxybenzene (4.07 mL, 4.70 g, 30 mmol, 2.00 equiv.) was
added and the resulting mixture was stirred for 2 h, before quenched by addition of HO (20 mL).
The resulting two phases were separated and the aqueous phase was extracted with EtOAc (3 x
100 mL). The combined organic phases were washed with brine (100 mL), dried over Na;SOq4
and filtered. The solvent was removed under reduced pressure and the residue was purified via
column chromatography (PE/EtOAc, 100:0 to 20:1) affording 142 (7.30 g 26.3 mmol, 88%) as a
yellowish solid.

TLC: Ry =0.37 (PE/EtOAc, 99:1) [UV]. M.p. =73 °C. IR [em~1]: 3124, 3045, 3008, 2967, 2837,
2058, 1607, 1580, 1510, 1435, 1238, 1033. 'H NMR (400 MHz, CDCl3): § 7.55-7.39 (m, 2H),
7.32-7.21 (m, 3H), 7.19-7.07 (m, 2H), 6.83-6.54 (m, 2H), 4.09 (s, 2H), 3.79 (s, 3H). *C NMR
(101 MHz, CDCl3): & 158.7, 133.6, 130.8, 130.7, 130.1, 129.1, 127.3, 114.0, 55.4, 31.9. ""Se
NMR (76 MHz, CDCl3): § 372.5. HRMS (EI) calcd. for [C14H;40Se] * ([M] ¥), m/z =278.0212;
found 278.0204.
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5.4 Racemic Intramolecular Allylic Amination with
Sulfonamides

5.4.1 Optimisation of Reaction Conditions
5.4.2 Fluorescence Quenching Experiments (STERN-VOLMER)

Fluorescence quenching measurements were performed on a JoBinyvon Fluorolog by HoriBa in
quartz cuvettes (1 x 1 cm). For fluorescence quenching measurements, a 0.2 mm stock solution of
86, a 2.0 mm stock solution of (PhSe),, a 2.0 mm, and a 6.0 mm stock solution of (4 CIPhS), and a
6.0 mM stock solution of the intermediate 129a in MeCN were prepared. From these stock solutions,
samples were prepared with a final 86 concentration of 10 yuM and quencher concentrations in the
range of 0-5.7 mm (0-570 equiv.). Every sample was measured three to five times and an average
value of the fluorescence intensity was used for analysis. The obtained intensities ITO —1 were plotted
against the quencher concentration ¢4, where ( equals the fluorescence intensity of the unquenched
photocatalyst derived from the sample containing no quencher and I equals the intensity of the
quenched sample. The STERN-VOLMER constants K gy of the quenchers were obtained from the
slopes of these plots following the STERN-VOLMER equation.

%—1:ng-cq 5.1
Fluorescence quenching was conducted at an absorption g 455 = 443 nm and an emission gg,,, = 540

nm. The resulting STERN-VOLMER constants are summarised in Table 5.2.

0.4
0.3
< 0.2
0.1
= (PhSe),
001 = (4-CIPhS),

» Se-Intermediate129a

0 1 2 3 4 5
¢ (quencher) / mM"

Figure 5.1: STERN-VOLMER quenching experiments.
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Table 5.2: STeErRN-VoLMER Constants for 86/Quencher Combinations.

(PhSe), (4-CIPhS), 129a

Constant 200+26.5M~1 1104+23.1 M1 56.6+17.1 M1

5.4.3 Substrate Synthesis
N-(5-Bromopentyl)-4-methylbenzenesulfonamide (116)1162:231]

Step 1: 5-Aminopentan-1-ol (10.5 mL, 10.0 g, 96.9 mmol, 1.00 equiv.) was

H Br added to 85 mL HBr (aqueous solution, 47%) and stirred under reflux for 3
Ts” ~N TN

116 h. After cooling to r.t., the solvent was removed on vacuum into a cooling

trap by slowly elevating the temperature to 70 °C. Removal of the solvent
gave 21.8 g of crude 5-bromopentan-1-amine hydrobromide, which was used without further
purification.
Step 2: NEt3 (8.32 mL, 6.07 g, 60.0 mmol, 2.73 equiv.) was added slowly to a solution of
4.94 g of the crude 5-bromopentan-1-amine hydrobromide (equals 22.0 mmol and 1.00 equiv. at
full conversion) in 80 mL DCM. The reaction mixture was cooled to 0 °C and TsCl (3.89 g,
20.0 mmol, 0.91 equiv.) was added. After stirring at r.t. for 3 h, another 8.32 mL NEt; (6.07 g,
60.0 mmol, 2.73 equiv.) were added and the solution was stirred at r.t. for further 16 h. After
confirmation of the consumption of TsClI via TLC, H,O (70 mL) was added, and the two formed
phases were separated. The aqueous phase was extracted with DCM (2 x 50 mL). The combined
organic phases were washed with 2 m aqueous HCI (50 mL), brine (50 mL), sat. aqueous NaHCOj3
solution (50 mL) and brine (50 mL), dried over Na,SOy4 and filtered, before the solvent was removed
under reduced pressure. Purification via column chromatography (PE/EtOAc, 80:20) afforded 116
(4.07 g, 12.7 mmol, 58% over two steps) as a colourless solid.
TLC: Ry = 0.23 (PE/EtOAc, 80:20) [UV, KMnO4]. M.p. =71 °C. IR [cm™']: 3273, 2948, 2859,
1595, 1420, 1319, 1293, 1256, 1156, 1088, 1062, 1021, 902, 816. 'H NMR (400 MHz, CDCl3): 5
7.75 (d, J = 8.3 Hz, 2H), 7.40-7.25 (m, 2H), 4.75 (t, J/ = 6.2 Hz, 1H), 3.33 (t, J/ = 6.7 Hz, 2H), 2.93
(q, J = 6.6 Hz, 2H), 2.43 (s, 3H), 1.86-1.70 (m, 2H), 1.56-1.31 (m, 4H). '*C NMR (101 MHz,
CDCl3): 6 143.6, 137.0, 129.9, 127.2, 43.0, 33.5, 32.2, 28.9, 25.2, 21.7. HRMS (ES]) calcd. for
[C12H19BrNO,S]* (IM+H]™), m/z = 320.0314; found 320.0310.

(5-((4-Methylphenyl)sulfonamido)pentyl)triphenylphosphonium bromide (117)[232]

To a solution of N-(5-bromopentyl)-4- methyl-benzenesulfonamide

H ® o . .
TS/N\/\/\/PPhs B 116 (1.28 g, 4.00 mmol, 1.00 equiv.) in 10 mL MeCN, PPh;

117 (1.26 g, 4.80 mmol, 1.20 equiv.) was added and the resulting mixture

was stirred under reflux for 16 h. After cooling to r.t., the solvent

was removed under reduced pressure. The residue was then again
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dissolved in iPrOH (100 mL). Et;O (175 mL) was added and a colourless precipitate formed,
which was filtered, washed with Et;O and dried on vacuum, affording 117 (1.15 g, 1.98 mmol,

49%) as a colourless solid.

To a solution of N-(5-bromopentyl)-4- methyl-benzenesulfonamide 116 (9.00 g, 28.1 mmol,
1.00 equiv.) in 35 mL MeCN, PPh; (8.85 g, 33.7 mmol, 1.20 equiv.) was added and the resulting
mixture was stirred under reflux for 18 h. During cooling to r.t., colourless precipitate formed.
The flask was put into the freezer for 13 days. After warming to r.t., the precipitated was fitlered
and washed with icecold EtOAc (300 mL). Drying under vacuum for one day afforded 117 (11.2 g,
19.2 mmol, 68%) as a colourless solid.

M.p. = 202 °C. IR [em~1]: 3019, 2930, 2833, 1588, 1431, 1327, 1162, 1107, 991. 'H NMR
(400 MHz, DMSO—dg): 5 7.96-7.85 (m, 3H), 7.85-7.70 (m, 12H), 7.68-7.59 (m, 2H), 7.49 (t,
J =59 Hz, 1H), 7.37 (d, J = 8.0 Hz, 2H), 3.61-3.47 (m, 2H), 2.64 (q, J = 6.3 Hz, 2H), 2.36 (s,
3H), 1.55-1.30 (m, 6H). 13C NMR (101 MHz, DMSO—dg): b 142.5, 137.5, 134.9, 134.8, 133.6,
133.5, 130.3, 130.1, 129.6, 126.5, 118.9, 118.1, 42.0, 28.0, 26.9, 26.8, 21.3, 21.3, 20.9, 20.4, 19.9.
3P NMR (162 MHz, DMSO—dg): 525.2. HRMS (ESI) caled. for [C30H33NO,PS]* (IM-Br~1*),
m/z = 502.1964; found 502.1960.

5-((4-Methylphenyl)sulfonamido)pentyl 4-methylbenzenesulfonate (118)

To a solution of 5-aminopentan-1-ol (2.06 g, 20.0 mmol, 1.00 equiv.) in
TS/H\/\/\/OTS DCM (80 ml), NEt3 (8.32 mL, 6.07 g, 60.0 mmol, 3.00 equiv.) was
118 added and the mixture was then cooled to 0 °C. TsCl (7.63 g, 40.0 mmol,
2.00 equiv.) was slowly added. The solution was then stirred at r.t. for
19 h, turning yellow at first and brown over time. An additional portion of NEt3 (8.32 mL, 6.07 g,
60.0 mmol, 3.00 equiv.) was added, resulting in white fog forming in the flask. 4 h later, further
NEt; (8.32 mL, 6.07 g, 60.0 mmol, 3.00 equiv.) was added, and 30 min later, NEt3 (8.32 mL,
6.07 g, 60.0 mmol, 3.00 equiv.) was added yet again. After another 23 h of stirring, the formed
colourless solid was filtered off and washed with DCM (50 ml). The brown filtrate was then washed
successively with 1 m aqueous HCI (3 x 40 ml), H,O (3 x 40 ml), sat. aqueous NaHCO3 solution
(40 ml) and brine (40 ml). The organic phase was dried over Na; SOy and filtered, before the solvent
was removed under reduced pressure. Purification via column chromatography (PE/EtOAc, 90:10
to 70:30) afforded 118 (5.41 g, 13.2 mmol, 66%) as a colourless oil.
TLC: Rf =0.18 (PE/EtOAc, 80:20) [UV]. IR [em™1]: 3291, 2926, 2866, 1599, 1454, 1424, 1353,
1159, 1096. 'H NMR (400 MHz, CDCl3): & 7.84-7.58 (m, 4H), 7.39-7.27 (m, 4H), 4.33 (s,
1H), 3.97 (t, J = 6.3 Hz, 2H), 2.89 (q, J = 6.1 Hz, 2H), 2.49-2.36 (m, 6H), 1.70-1.52 (m, 2H),
1.50-1.37 (m, 2H), 1.36-1.24 (m, 2H). '3C NMR (101 MHz, CDCl3): § 145.0, 143.6, 137.0,
133.2,130.0, 129.9, 128.0, 127.2, 70.2, 43.0, 29.1, 28.4, 22.6, 21.8, 21.7. HRMS (ESI) calcd. for
[C19H26NO5S,1* ((IM+H]"), m/z = 412.1247; found 412.1254.
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(5-((4-Methylphenyl)sulfonamido)pentyl)triphenylphosphonium
4-methylbenzenesulfonate (119)

To a solution of 5-((4-methylphenyl)sulfonamido)pentyl 4-

H ® e
N ~_~_PPhs OTs
Ts

119

methylbenzenesulfonate (118) (5.36 g, 13.0 mmol, 1.00 equiv.) in
MeCN (21 ml), PPhs (4.10 g, 15.6 mmol, 1.20 equiv.) was added
and the mixture was heated to 100 °C, resulting in a brown solution.
After 24 h, the temperature was increased to 120 °C and the solution was stirred for another 96 h,
before cooled to r.t.. The solvent was removed under reduced pressure and the brown residue was
dissolved in DCM and residual PPhs was precipitated by addition of Et; O (150 mL). The solvent of
the filtrate was removed under reduced pressure and the residue was dissolved again in 30-50 mL
MeCN and was extracted with hexane (2 x 70 mL and 4 x 100 mL) until almost no PPhs could be
detected in the polar phase via TLC. The solvent of the MeCN-phase was removed. Purification
via column chromatography (EA to EA/MeOH, 70:30) afforded (119) (5.16 g, 7.66 mmol, 59%)
as an off-white solid.

IR [cm~1]: 3425, 3146, 3064, 2926, 2870, 2233, 1599, 1439,1323, 1185, 1156, 1118, 1036, 913,
816, 723, 678. 'H NMR (400 MHz, CDCl3): 5 8.03-7.68 (m, 19H), 7.31 (d, J = 7.8 Hz, 2H),
7.18 (d, J = 7.7 Hz, 2H), 3.77-3.50 (m, 2H), 3.13-2.80 (m, 2H), 2.49 (s, 3H), 2.43 (s, 3H), 1.79
(s, 6H). 13C NMR (101 MHz, CDCls): & 144.0, 142.4, 138.9, 137.7, 135.0, 134.9, 133.7, 133.6,
130.6, 130.5, 129.5, 128.5, 127.3, 126.3, 119.0, 118.2,43.1, 27.6, 27.4, 22.0, 21.9, 21.6, 21.5, 21.4.
3P NMR (162 MHz, CDCl3): & 25.2. HRMS (ESI) calcd. for [C30H33NO,PS]" (IM—OTs 1),
m/z = 502.1964; found 502.1967.

N-(8,8-Dimethylnon-5-en-1-yl)-4-methylbenzenesulfonamide (120c)

To a suspension of (5-((4-methylphenyl)sulfonamido)pentyl)triphenyl

H\/\/\%‘H«_X phosphonium 4-methylbenzenesulfonate (119) (6.74 g, 10.0 mmol,
120¢ 2.00 equiv.) in dry THF (17 mL) under a Nj-atmosphere, KOtBu

(2.24 g, 20.0 mmol, 4.00 equiv.) was added at O °C. Upon addition,

the suspension turned viscous making stirring impossible, wherefore

Ts”

additional dry THF (30 mL) was added. After 30 min. of stirring at r.t., the mixture was again
cooled to 0 °C and a solution of 3,3-dimethylbutanal (628 pL, 501 mg, 5.00 mmol, 1.00 equiv.)
in dry THF (1.5 mL) was added dropwise. The reaction was stirred at r.t., until the consumption
of the aldehyde was confirmed via TLC after 23 h. The mixture was quenched with 1 M aqueous
HCI (50 mL) and extracted with Et;O (3 x 70 mL). The combined organic phases were washed
with H,O (2 x 70 mL) and brine, dried over Na,;SQy, filtered and the solvent was removed under
reduced pressure. Purification via column chromatography (PE/EtOAc, 90:10) afforded 120c
(770 mg, 2.38 mmol, 48%) as a slightly yellow oil and an E/Z-ratio of 1:10.

TLC: Ry = 0.44 (PE/EtOAc, 80:20) [UV, p-Anisaldehyde]. IR [em~1]: 3280, 3012, 2948, 2866,
1599, 1461, 1424, 1323, 1156, 1092, 813. 'H NMR (400 MHz, CDCl3): & 7.83-7.60 (m, 2H+2H,
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E+Z), 7.38-7.27 (m, 2H+2H, E+Z), 5.52-5.24 (m, 2H+2H, E+Z), 4.44 (t, J = 6.1 Hz, 1H+1H,
E+Z), 3.05-2.81 (m, 2H+2H, E+Z), 2.43 (s, 3H+3H, E+Z), 1.96 (qd, J = 7.3, 1.3 Hz, 2H+2H,
E+Z), 1.90-1.77 (m, 2H+2H, E+Z), 1.53-1.39 (m, 2H+2H, E+Z), 1.39-1.19 (m, 2H+2H, E+Z),
0.86 (s, 9H, Z), 0.84 (s, 9H, E). 13C NMR (101 MHz, CDCl3): & 143.5, 137.2, 130.4, 129.8, 127.5,
127.3, 43.3, 41.2, 31.3, 29.4, 29.3, 26.7, 26.7, 21.7. HRMS (ESI) calcd. for [C;sH30NO,S]*
(IM+H]*), m/z = 324.1992; found 324.1992.

4-Methyl-N-(7-phenylhept-5-en-1-yl)benzenesulfonamide (a) and
(E)-4-Methyl-N-(7-phenylhept-6-en-1-yl)benzenesulfonamide (b) (120d)

To a suspension of (5-((4-methylphenyl)sulfonamido)pentyl)triphenyl

H W‘Q phosphonium bromide 117 (2.33 g, 4.00 mmol, 2.00 equiv.) in dry
T & THF (8 mL) under a N,-atmosphere, KO‘Bu (898 mg, 8.00 mmol,
120d a 4.00 equiv.) was added at 0 °C. After 30 min. of stirring at

y Q r.t., the mixture was again cooled to 0 °C and a solution of

LN S 2-phenylacetaldehyde (233 pL, 240 mg, 2.00 mmol, 1.00 equiv.)

b in dry THF (2 mL) was added. The reaction was stirred at r.t.,

until the consumption of the aldehyde was confirmed via TLC after

19 h. The mixture was quenched with 1 m aqueous HCI (50 mL) and extracted with Et;O (3 x

50 mL). The combined organic phases were washed with H,O (2 x 50 mL) and brine (50 mL),

dried over Na,SQy, filtered and the solvent was removed under reduced pressure. Purification via

column chromatography (PE/EtOAc, 95:5 to 80:20) afforded 120d (621 mg, 1.81 mmol, 90%) as
a colourless oil and a mixture of regioisomers (A%7/A" = 3.3:1).

TLC: Ry =0.52 (PE/EtOAc, 70:30) [UV, p-Anisaldehyde]. IR [em™1]: 2945, 2859, 1595, 1454,
1334, 1163, 1092, 928, 723. 'H NMR (400 MHz, CDCls, mixture): 8 7.84-7.65 (m, 2H+2H,
a+b), 7.37-7.24 (m, SH+5H, a+b), 7.25-7.08 (m, 2H+2H, a+b), 6.35 (dt, J = 15.8, 1.5 Hz, 1H,
b), 6.24-6.01 (m, 1H, b), 5.62-5.47 (m, 1H, a), 5.48-5.34 (m, 1H, a), 4.80-4.53 (m, 1H+1H,
a+b), 3.41-3.25 (m, 2H, a), 3.01-2.82 (m, 2H+2H, a+b), 2.42 (s, 3H+3H, a+b), 2.21-2.02 (m,
2H+1H, a+b), 2.02-1.87 (m, 1H, b), 1.56-1.29 (m, 4H+6H, a+b). 13C NMR (101 MHz, CDCl;):
0 143.5, 141.1, 137.8, 137.1, 137.1, 131.1, 130.6, 130.2, 130.1, 129.8, 129.6, 128.8, 128.8, 128.6,
128.5, 128.5, 128.4, 127.2, 127.0, 126.0, 126.0, 43.3, 43.2, 39.1, 33.5, 32.9, 31.9, 29.6, 29.5,
29.2,29.1, 28.9, 26.7, 26.6, 26.4, 26.2, 21.6. HRMS (ESI) calcd. for [C0Hy6NO,S]* ((IM+H]"),
m/z = 344.1679; found 344.1679.

4-Methyl-N-(6-phenylhex-5-en-1-yl)benzenesulfonamide (120e)

To a solution of (5-((4-methylphenyl)sulfonamido)pentyl)triphenyl-
TS/H\/\/\ P phosphonium bromide 117 (4.66 g, 8.00 mmol, 2.00 equiv.) in dry
120 THF (16 mL) under a Nj-atmosphere, KO'Bu (1.80 g, 16.0 mmol,
e
4.00 equiv.) was added at O °C. After 30 min. of stirring at r.t., the
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mixture was again cooled to at 0 °C and a solution of benzaldehyde
(425 mg, 4.00 mmol, 1.00 equiv.) in dry THF (2 mL) was added. The reaction was stirred at
r.t., until the consumption of the aldehyde was confirmed via TLC after 19 h. The mixture was
quenched with 1 m aqueous HCI (50 mL) and extracted with Et,O (3 x 50 mL). The combined
organic phases were washed with H,O (2 x 50 mL) and brine (50 mL), dried over Na; SOy, filtered
and the solvent was removed under reduced pressure. Purification via column chromatography
(PE/EA = 80:20) afforded 120e (890 mg, 2.70 mmol, 68%) as a colourless oil and a E/Z-ratio of
1:1.4.
TLC: R; = 0.24 (PE/EtOAc, 80:20) [UV]. IR [cm~1]: 3276, 3027, 2930, 2863, 1599, 1495, 1446,
1320, 1156, 1092. 'H NMR (300 MHz, CDCl3): & 7.84-7.59 (m, 2H+2H, E+Z), 7.46-6.98 (m,
TH+7H, E+Z), 6.51-6.21 (m, 1H+1H, E+Z), 6.12 (dt, J = 15.9, 6.8 Hz, 1H, E), 5.55 (dt, J = 11.6,
7.2 Hz, 1H, Z), 4.71-4.44 (m, 1H+1H, E+Z), 3.03-2.72 (m, 2H+2H, E+Z), 2.47-2.37 (m, 3H+3H,
E+7),2.27 (qd, J=7.2, 1.8 Hz, IH+1H, E+Z),2.15 (qd, J = 7.0, 1.5 Hz, 1H+1H, E+Z), 1.63-1.32
(m, 4H+4H, E+Z). 13C NMR (101 MHz, CDCly): § 143.5, 137.7, 137.6, 137.1, 137.1, 132.1,
130.5, 130.1, 129.9, 129.9, 129.8, 129.5, 128.8, 128.6, 128.6, 128.6, 128.3, 128.2, 127.2, 127.1,
126.7, 126.1, 125.6, 77.4, 62.8, 58.6, 43.2, 43.2,43.1, 32.5, 31.7, 29.4, 29.3, 29.2, 28.0, 26.9, 26.3,
23.1, 21.7. HRMS (ESI) calcd. for [C19H24NO,S]1™ ((IM+H] ™), m/z = 330.1522; found 330.1525.

5.4.4 Synthesis of Intermediates
2-Phenyl-3-(phenylselanyl)-1-tosylpyrrolidine (129a)151]

To a solution of (E)-4-methyl-N-(4-phenylbut-3-en-1-yl)benzenesulfonamide
Tst (151 mg, 500 pmol, 1.00 equiv.) in dry DCM (2.5 mL), NEt; (69.3 uL, 50.6 mg,
Ph/Q 1292 500 pmol, 1.00 equiv.) and PhSeBr (130 mg, 550 p mol, 1.10 equiv.). After
Se confirmation of the consumption of the starting material via TLC, the reaction
@ mixture was washed with 1 m aqueous HCI (2 x 5 mL), sat. aqueous NaHCO3
(2 x 5mL) and brine (5 mL). The combined aqueous layers were then extracted
with DCM (5§ mL), before the combined organic layers were dried over Na;SQOy, filtered and the
solvent removed under reduced pressure. Purification via column chromatography (DCM) afforded
129a (135 mg, 296 nmol, 59%) as a lightly yellow oil.
TLC: Ry =0.51 (DCM) [UYV, p-anisaldehyde]. IR [em~1]: 3060, 3030, 2974, 2881, 2359, 1599,
1476, 1439, 1346, 1159, 1096, 1006, 816, 742, 697, 667. 'H NMR (300 MHz, CDCl3):
7.79-7.58 (m, 2H), 7.40-7.14 (m, 12H + CHCl3), 4.69 (d, J = 2.6 Hz, 1H), 3.78 (ddd, J = 9.4, 7.5,
3.1 Hz, 1H), 3.67-3.51 (m, 2H), 2.47 (s, 3H), 2.32 (dddd, J = 13.6, 9.7, 7.5, 5.9 Hz, 1H), 1.79 (ddt,
J =133, 6.5, 3.2 Hz, 1H). 13C NMR (101 MHz, CDCl3): 5 143.5, 142.0, 135.0, 134.5, 129.6,
129.3, 128.5, 128.3, 128.2, 127.8, 127.5, 126.1, 69.3, 49.7, 48.3, 30.1, 21.6. ""Se NMR (76 MHz,
CDCl3): 6 377.8. HRMS (ESI) calcd. for [Cp3H24NO,SSe]™ ([M+H]*), m/z = 458.0688; found
458.0695.

105



5 Experimental Section

3-((4-Methoxyphenyl)selanyl)-2-phenyl-1-tosylpyrrolidine (129b)[23]

To a solution of (E)-4-methyl-N-(4-phenylbut-3-en-1-

TS\N yDbenzenesulfonamide (603 mg, 2.00 mmol, 1.00 equiv.) and 1,2-

oh /Q 129b bis(4-methoxyphenyl)diselane (447 mg, 1.20 mmol, 0.60 equiv.) in DCM

Se (40 mL), DEAD (188 pL, 209 mg, 1.20 mmol, 0.60 equiv.) and TfOH

/O/ (8.85 pL, 15.0 mg, 100 p mol, 5 mol%). The reaction mixture was stirred
MeO for 19 h, before the solvent was concentrated under reduced pressure.

Purification via column chromatography (Pentane/EtOAc, 85:15) afforded
129b (424 mg, 872 pmol, 44%) as a lightly yellow oil.
TLC: Ry = 0.28 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. IR [cm~1]: 3034, 3027, 2930, 1737,
1588, 1491, 1450, 1346, 1286, 1245, 1156, 1096, 1025, 813, 753, 701, 667. 'H NMR (300 MHz,
CDCls): 6 7.77-7.62 (m, 2H), 7.38-7.13 (m, 9H + CHCl3), 6.87-6.72 (m, 2H), 4.65 (d, / =2.9 Hz,
1H), 3.82 (s, 3H), 3.79-3.69 (m, 1H), 3.60 (td, J = 9.3, 6.6 Hz, 1H), 3.45 (dt, J = 6.2, 3.3 Hz,
1H), 2.46 (s, 3H), 2.34-2.13 (m, 1H), 1.74 (ddt, J = 13.6, 6.9, 3.5 Hz, 1H). *C NMR (101 MHz,
CDCl3): 6 160.2, 143.6, 142.1, 137.6, 134.8, 129.7, 128.6, 128.0, 127.5, 126.2, 118.3, 115.1,
69.3, 55.5, 50.2, 48.4, 30.2, 21.8. ""Se NMR (76 MHz, CDCl3): 5 360.1. HRMS (ESI) calcd. for
[C23H26NO3SSe]* ([M+H]™), m/z = 488.0793; found 488.0805.

3-((4-Chlorophenyl)thio)-2-phenyl-1-tosylpyrrolidine (129¢)['511(233]

To a solution of 1,2-bis(4-chlorophenyl)disulfane (144 mg, 500 pmol,

TS\N 0.50 equiv.) in dry CCly (1 mL) under a Nj-atmosphere, Bry (25.7 pL,
PhQ 129¢ 79.9 mg, 500 pmol, 0.50 equiv.) in CCly (0.25 mL) was added at °C.. Resid-

S ual amounts of Br, were dissolved in additional CCly (0.25 mL) and added to

/@ the brown, clear solution. The mixture was stirred at °C for 30 min, before it
cl was allowed to warm to r.t. and continued to stir for 2 h. During this time, in

a second flask, (E)-4-methyl-N-(4-phenylbut-3-en-1-yl)benzenesulfonamide
(301 mg, 1.00 mmol, 1.00 equiv.) was dissolved in 6 mL dry DCM under a N,-atmosphere, before
NEt; (139 pL, 101 mg, 1.00 mmol, 1.00 equiv.) was added. After the 2 h, this was added to
the bromine-mixture and stirring was continued for another 5 h. Then, the reaction mixture was
washed with 1 m aqueous HCI (2 x 15 mL), sat. aqueous NaHCO;3 (1 x 15 mL) and brine. The
combined aqueous layers were extracted with DCM (20 mL) and the organic phase was dried over
Na; SOy, filtered and the solvent was removed under reduced pressure. NMR analysis of the crude
reaction mixture showed, that the desired product 129¢ was not formed during this reaction.
To a solution of (E)-4-methyl-N-(4-phenylbut-3-en-1-yl)benzenesulfonamide (151 mg, 500 pumol,
1.00 equiv.) and 1,2-bis(4-chlorophenyl)disulfane (86.2 mg, 300 pmol, 0.60 equiv.) in
DCM (10 mL), DEAD (47.1 uL, 52.2 mg, 300 pmol, 0.60 equiv.) and TfOH (2.21 pL,
3.75 mg, 25.0 p mol, 5 mol%) were added. The reaction mixture was stirred for 18 h,

before the solvent was concentrated under reduced pressure. Purification via column chromatog-
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5.4 Racemic Intramolecular Allylic Amination with Sulfonamides

raphy (Pentane/EtOAc, 90:10 to 85:15) afforded 129¢ (112 mg, 252 pmol, 50%) as a colourless oil.

To a solution of (E)-4-methyl-N-(4-phenylbut-3-en-1-yl)benzenesulfonamide (1.51 g, 5.00 mmol,
1.00 equiv.) and 1,2-bis(4-chlorophenyl)disulfane (862 mg, 3.00 mmol, 0.60 equiv.) in DCM
(100 mL), DEAD (471 pL, 522 mg, 3.00 mmol, 0.60 equiv.) and TfOH (22.1 pL, 37.5 mg,
250 11 mol, 5 mol%) were added. The reaction mixture was stirred for 40 h, before the solvent
was concentrated under reduced pressure. Two-time purification via column chromatography
(Pentane/EtOAc, 85:15) afforded 129¢ (899 mg, 2.02 mmol, 41%) as a colourless oil.

TLC: Ry = 0.40 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. IR [em~1]: 3064, 3030, 2922, 1737,
1599, 1476, 1450, 1390, 1346, 1156, 1092, 1010, 880, 812, 749, 701, 671. "H NMR (400 MHz,
CDCls): 6 7.76-7.58 (m, 2H), 7.30 (ddd, J = 8.5, 6.9, 1.5 Hz, 4H), 7.27-7.18 (m, 5SH), 7.14-6.99
(m, 2H), 4.61 (d, J = 2.3 Hz, 1H), 3.78 (ddd, J = 9.5, 7.7, 3.0 Hz, 1H), 3.62 (td, J = 9.6, 6.6 Hz,
1H), 3.55 (dt, J = 5.7, 2.7 Hz, 1H), 2.47 (s, 3H), 2.30 (dddd, J = 13.5, 9.7, 7.7, 5.9 Hz, 1H), 1.76
(ddt,J=13.1, 6.3, 3.0 Hz, 1H). 3C NMR (101 MHz, CDCl3): 5 143.6, 141.5, 134.7, 134.0, 133.7,
132.1, 129.6, 129.3, 128.6, 127.9, 127.7, 126.1, 68.7, 55.7, 47.9, 29.4, 21.7. HRMS (ESI) calcd.
for [C23H23CINO,S,]1* (IM+H]™), m/z = 444.0853; found 444.0860.
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5.5 Enantioselective Intramolecular Allylic Amination with
Sulfonamides

5.5.1 Substrate Synthesis
General Procedure 1

To a 0.6 m solution of the respective WitTiG-salt (2.00 equiv.) in dry THF under a N,-atmosphere,
KOrBu (4.00 equiv.) was added at O °C. The resulting suspension was stirred at r.t. for 30 min,
before it was again cooled to 0 °C. At this temperature, a 2 M solution of the aldehyde (1.00 equiv.)
in dry THF was added. The reaction mixture was then allowed to warm to r.t. and stirred for
the given time, before H;O (20 mL) was added. 1 m aqueous HCI was added, until a pH of 1
was reached. Then, Et;,O was added and the phases were separated. Na,CO3 was added to the
aqueous phase until a pH of 9 was reached and the phase was extracted with Et;O (3 x 100 mL).
Removal of the solvent of the combined organic phases afforded the crude intermediate, which
was again diluted in DCM to afford a 0.25 M solution. 4-Nitrobenzenesulfonyl chloride (NsCl) or
2,4,6-trimethylbenzenesulfonyl chloride (2-mesitylenesulfonyl chloride, MesSO,Cl) (1.20 equiv.)
was added and the mixture was cooled to 0 °C, when NEt3 (2.00 equiv.) was added. After allowing
the reaction to warm to r.t. and stir for the given time, the solvent was removed under reduced

pressure and the residue was purified via column chromatography, affording the target compound.

(5-((4-Nitrophenyl)sulfonamido)pentyl)triphenylphosphonium bromide
(130)[162L1231]

Step 1: 80 mL HBr (aqueous solution, 47%) was added to 5-

H © © i tan-1-ol (10.2 g, 98.7 1, 1.00 iv.) i tion th
NS/N\/\/\/PPhS g~ aminopentan-1-ol ( g, mmol, equiv.) in portion the

130 resulting solution was stirred under reflux for 4 h. After cooling to

r.t., the solvent was removed on vacuum into a cooling trap by slowly
elevating the temperature to 70 °C. Removal of the solvent gave 34.32 g of crude 5-bromopentan-
1-amine hydrobromide, which was used without further purification.

Step 2: NEt3 (27.7 mL, 20.2 g, 200 mmol, 5.00 equiv.) was added in portions to a solution of
9.88 g of the crude 5-bromopentan-1-amine hydrobromide (equals 40.0 mmol and 1.00 equiv. at
full conversion) in 150 mL DCM. Then, the reaction mixture was cooled with a water bath while
NsClI (8.86 g, 40.0 mmol, 1.00 equiv.) was added in portions. As no precipitate was formed,
another 27.7 mL of NEt;3 (20.2 g, 200 mmol, 5.00 equiv.) were added and a colourless precipi-
tate formed. After stirring at r.t. for 3 h, TLC still showed NsCI present in the reactio mixture
and further 27.7 mL NEt; (20.2 g, 200 mmol, 5.00 equiv.) were added and the suspension was
continued to stir at r.t. for 30 min. After confirmation of the consumption of NsCl via TLC, H,O
(100 mL) was added, and the two formed phases were separated. The aqueous phase was extracted
with DCM (2 x 70 mL). The combined organic phases were washed with 1 m aqueous HCI (2 x
100 mL) and 2 m aqueous HCI (2 x 60 mL) and brine (100 mL). The organic phase was dried over
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Na;SOy4 and filtered, before the solvent was removed under reduced pressure. Purification via col-
umn chromatography (PE/EtOAc, 50:50) afforded N-(5-bromopentyl)-4-nitrobenzenesulfonamide
(7.30 g, unpure) as an orange oil, which was used without further purification.

Step 3: To a solution of 7.30 g of crude N-(5-bromopentyl)-4-nitrobenzenesulfonamide (20.8 mmol
and 1.00 equiv. if used as pure compound) in 30 mL MeCN, PPhj (6.54 g, 24.9 mmol, 1.20 equiv)
was added and the resulting mixture was stirred under reflux for 20 h. After cooling to r.t., the
solvent was removed under reduced pressure. Purification via column chromatography afforded
130 (3.75 g, 6.11 mmol, 15.3% over three steps) as a beige solid.

IR [cm™!]: 3392, 2866, 3056, 2937, 2192, 1539, 1439, 1368, 1334, 1163, 1111, 917, 723, 690.
'H NMR (300 MHz, Methanol—d4): & 8.03-7.96 (m, 1H), 7.92-7.84 (m, 3H), 7.83-7.68 (m,
15H), 3.44-3.33 (m, 2H), 2.97 (t, J = 6.3 Hz, 2H), 1.79-1.45 (m, 6H). '*C NMR (101 MHz,
Methanol —d4):6 136.3, 136.3, 135.0, 134.8, 134.8, 134.7, 133.5, 131.6, 131.5, 131.4, 125.8, 120.3,
119.5, 43.5, 29.8, 28.3, 28.2, 23.0, 22.9, 22.9, 22.5. 3'P NMR (162 MHz, Methanol —dy): 5 23.7.
HRMS (ESI) caled. for [Co9H30N2O4PS]* ([M-Br~]%), m/z = 533.1658; found 533.1665.

4-Nitro-N-(4-(p-tolyl)but-3-en-1-yl)benzenesulfonamide (134a)[1551(231]

According to general procedure 1: (3-
NS/H P Aminopr'opyl)triphenylphosphonium bromide (4.00 g, 10.0 mmol,
mMe 2.00 equiv., prepared by Dr. S. GrRaF!!9]), KOrBu (2.24 g, 20.0 mmol,
4.00 equiv.), 4-methylbenzaldehyde (590 pL, 601 mg, 5.00 mmol,
1.00 equiv.), 19 h. Workup afforded crude 4-(p-tolyl)but-3-en-1-amine.
Then, NsCl (1.33 g, 6.00 mmol, 1.20 equiv.), NEt3 (1.39 mL, 1.01 g, 10.0 mmol, 2.00 equiv.),
over night. Purification (PE/EtOAc, 80:20), afforded 134a (367 mg, 1.06 mmol, 21% over two
steps) as an orange oil with a E/Z-ratio of 1:2.4.
TLC: Ry = 0.19 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. IR [em~1]: 3343, 3094, 3019, 2922,
2732, 1595, 1536, 1439, 1409, 1342, 1163, 1066, 969, 947, 854, 783, 731. 'H NMR (300 MHz,
CDCls): 6 8.20-8.02 (m, 1+1H, E+Z), 7.85-7.55 (m, 3+1H, E+Z), 7.18-6.97 (m, 4+4H, E+Z),
6.49 (dd, J = 11.7, 1.9 Hz, 1H, Z), 6.32 (d, J = 16.0 Hz, 1H, E), 592 (dt, J = 15.9, 7.1 Hz, 1H,
E),5.46 (dt, J = 11.6, 7.2 Hz, 1H, Z), 5.37 (t, J =5.9 Hz, NH, E+Z), 3.35-3.17 (m, 2+2H, E+Z),
2.53 (qd, J =7.0, 1.9 Hz, 2H, Z), 2.42 (qd, J = 6.8, 1.4 Hz, 2H, E), 2.36-2.30 (m, 3+3H, E+Z).
13C NMR (101 MHz, CDCl3): & 148.0, 137.5, 136.9, 134.0, 134.0, 133.9, 133.5, 133.5, 133.4,
132.9, 132.4, 131.0, 129.3, 129.1, 129.0, 128.7, 128.6, 126.4, 126.1, 125.5, 125.5, 124.2, 43.9,
43.6, 33.3, 28.8, 21.3, 21.3. HRMS (ESI) calcd. for [C;7H9N»04S]* ((IM+H]"), m/z = 347.1060;
found 347.1064.
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N-(4-(4-Chlorophenyl)but-3-en-1-yl)-4-nitrobenzenesulfonamide (134b)[15511231]

According to general procedure 1 (3-

NS/H P Aminoprlopyl)triphenylphosphonium 1bromide (4.80 g, 12.0 mmol,

mu 2.00 equiv., prepared by Dr. S. Grar!'®%))), KOrBu (2.69 g, 24.0 mmol,

4.00 equiv.), 4-chlorobenzaldehyde (843 mg, 6.00 mmol, 1.00 equiv.),

over night. Workup afforded crude 4-(4-chlorophenyl)but-3-en-1-

amine. Then, NsCI (1.60 g, 7.20 mmol, 1.20 equiv.) NEt;3 (1.66 mL, 1.21 g, 12.0 mmol,

2.00 equiv.), over night. Purification (PE/EtOAc, 80:20). This procedure did not afford the desired
product 134b.

N-(4-(Naphthalen-1-yl)but-3-en-1-yl)-4-nitrobenzenesulfonamide (134c)['351(231]

According to general procedure 1 (3-
- P Aminopr?pyl)triphenylphosphonium bromide (4.80 g, 12.0 mmol,
134¢ O 2.00 equiv., prepared by Dr. S. Grar!!%l)), KOBu (2.69 g, 24.0 mmol,
O 4.00 equiv.), 1-naphthaldehyde (815 pL, 937 mg, 6.00 mmol, 1.00 equiv.),
over night. Workup afforded crude 4-(naphthalen-1-yl)but-3-en-1-amine.
Then, NsCl1 (1.60 g, 7.20 mmol, 1.20 equiv.), NEt3 (1.66 mL, 1.21 g, 12.0 mmol, 2.00 equiv.),
20 h. Purification (PE/EtOAc, 80:20), afforded 134c (444 mg, 1.16 mmol, 19% over two steps) as
yellow solid with a E/Z-ratio of 1:5.3.
TLC: Ry = 0.17 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. IR [em~1]: 3347, 3094, 3012, 3056,
2945, 2885, 2501, 2386, 2259, 1592, 1536, 1439, 1264, 1163, 1074, 969, 910, 779, 727. 'H
NMR (400 MHz, CDCl3): & 8.12 (dd, J = 7.8, 1.4 Hz, 1H, E), 8.02-7.96 (m, 1H, E), 7.95-7.89
(m, 1H, Z), 7.89-7.80 (m, 2+2H, E+Z), 7.79-7.68 (m, 1+1H, E+Z), 7.65-7.34 (m, 6+6H, E+Z),
7.19(dd,J=7.0, 1.1 Hz, 1H, Z),7.11 (d, J = 15.5 Hz, 1H, E), 7.00 (dd, J = 11.4, 1.8 Hz, 1H, Z),
5.99 (dt, J =15.5,7.1 Hz, 1H, E), 5.82 (dt, J = 11.4, 7.2 Hz, 1H, Z), 5.46 (t, J = 5.9 Hz, 1H, E),
5.35(t,J = 6.1 Hz, 1H, Z), 3.44-3.33 (m, 2H, E), 3.24 (q, J = 6.6 Hz, 2H, Z), 2.57 (qd, J = 6.8,
1.5 Hz, 2H, E), 2.34 (qd, J = 6.9, 1.7 Hz, 2H, Z). '3C NMR (101 MHz, CDCl3): & 147.8, 134.6,
134.1, 134.0, 133.7, 133.6, 133.3, 133.3, 132.8, 132.6, 131.7, 131.1, 130.9, 130.7, 130.6, 129.0,
128.8, 128.6, 128.5, 128.0, 127.7, 126.3, 126.3, 126.2, 126.1, 125.3, 125.2, 124.8, 123.8, 123.7,
43.9, 43.7, 33.8, 28.9. HRMS (ESI) calcd. for [CooH19N,04S1* ((IM+H]*), m/z = 383.1060;
found 383.1058.

ZT

N-(4-(4-Chlorophenyl)but-3-en-1-yl)-2,4,6-trimethylbenzenesulfonamide
(134d)[15511231]

To a solution of (3-aminopropyl)triphenylphosphonium bro-

Me Me mide (5.07 g, 12.7 mmol, 1.33 equiv., prepared by Dr. S.
OH

eN Z GrAF!91)) in dry THF (21 mL) under a N2-atmosphere,

Me O 134d al KOrBu (2.84 g, 25.3 mmol, 2.66 equiv.) was added at 0 °C.
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The resulting suspension was stirred at r.t. for 30 min, before
it was again cooled to 0 °C. At this temperature, a solution of 4-chlorobenzaldehyde (1.34 g,
9.50 mmol, 1.00 equiv.) in dry THF (5 mL) was added. The reaction mixture was then allowed to
warm to r.t. and stirred for 5.5 h, before H;O (20 mL) was added. The phases were separated and
the aqueous phase was extracted with Et;O (3 x 100 mL). Removal of the solvent of the combined
organic phases afforded crude 4-(4-chlorophenyl)but-3-en-1-amine, which was again diluted in
DCM (36 mL). MesSO,Cl (2.49 g, 11.4 mmol, 1.20 equiv.) was added and the mixture was cooled
to 0 °C, when NEt3 (2.63 mL, 1.92 g, 19.0 mmol, 2.00 equiv.) was added. After allowing the
reaction to warm to r.t. and stir over night, the solvent was removed under reduced pressure and
the residue was purified via column chromatography (PE/EtOAc, 80:20), affording 134d (2.34 g,
6.43 mmol, 68% over two steps) as slightly yellow oil with an E/Z-ratio of 1:2.1.
TLC: Ry =0.34 and 0.37 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. IR [cm™']: 3302, 2974, 2941,
2255, 1603, 1491, 1320, 1152, 1088, 906, 842, 727. 'H NMR (400 MHz, CDCl;): § 7.30-7.20
(m, 2+2H, E+Z),7.22-7.14 (m, 2H, E), 7.12-7.03 (m, 2H, Z), 6.93 (s, 2H, E), 6.90 (s, 2H, Z), 6.44
(dt, J = 11.6, 1.9 Hz, 1H, Z), 6.27 (dt, J = 15.8, 1.4 Hz, 1H, E), 5.94 (dt, J = 15.8, 7.1 Hz, 1H,
E),5.50 (dt, J = 11.6, 7.2 Hz, 1H, Z), 4.71 (dt, J = 20.6, 6.3 Hz, 1+1H, E+Z), 3.04 (dq, J = 15.6,
6.6 Hz, 2+2H, E+Z), 2.61 (s, 6H, E), 2.58 (s, 6H, Z), 2.41 (qd, J = 7.0, 1.9 Hz, 2H, Z), 2.34 (qd,
J=6.7,14Hz, 2H, E), 2.31-2.24 (m, ] = 1.8 Hz, 3+3H, E+Z). '3C NMR (101 MHz, CDCl3): 5
142.3, 142.3, 139.1, 139.1, 135.4, 135.2, 133.8, 133.8, 133.1, 132.8, 132.1, 132.0, 131.9, 130.9,
130.0, 128.7, 128.6, 128.5, 127.4, 126.7, 42.4, 42.0, 33.1, 28.7, 23.1, 23.0, 21.0. HRMS (ESI)
calcd. for [C19Hp3CINO,S]* ([M+H]™), m/z = 364.1133; found 364.1135.

(Z)-N-(5,5-Dimethylhex-3-en-1-yl)-2,4,6-trimethylbenzenesulfonamide (134e)[13%11231]

According to general procedure 1: (3-
Me Me Me VMeye Aminopropyl)triphenylphosphonium bromide (5.07 g, 12.7 mmol,
(,S?/H\/\J/ 1.33 equiv., prepared by Dr. S. Grar'®l)), KOBu (2.84 g,

Me O 134e 25.3 mmol, 2.66 equiv.), pivalaldehyde (1.87 mL, 1.48 g,
9.50 mmol, 1.00 equiv.), over night. Workup afforded crude
5,5-dimethylhex-3-en-1-amine. ~ Then, MesSO,Cl (2.49 g, 11.4 mmol, 1.20 equiv.), NEt3
(2.63 mL, 1.92 g, 19.0 mmol, 2.00 equiv.), over night. Purification (PE/EtOAc, 90:10), afforded
134e (890 mg, 2.88 mmol, 30% over two steps) as a slightly yellow solid.
TLC: Rf = 0.57 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. M.p. =68 °C. IR [em~1]: 3306, 2956,
2870, 1603, 1461, 1409, 164, 1323, 1189, 1156, 1074, 1036, 783, 731. 'H NMR (300 MHz,
CDCl3): 6 6.99-6.89 (m, 2H), 5.43 (dt, J = 12.0, 1.8 Hz, 1H), 4.93 (dt, J = 12.0, 7.4 Hz, 1H),
4.48 (bs, 1H), 2.91 (t, J = 6.9 Hz, 2H), 2.63 (s, 6H), 2.35 (qd, J = 7.0, 1.8 Hz, 2H), 2.30 (s, 3H),
1.05 (s, 9H). 13C NMR (75 MHz, CDCl3): § 143.6, 142.3, 139.2, 133.6, 132.1, 123.6, 42.8, 33.5,
31.2,28.4,23.1,21.1. HRMS (ESI) calcd. for [C17H2sNO,S]* (IM+H]*), m/z = 310.1835; found
310.1825.
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5.6 Racemic Intermolecular Allylic Amination with
Sulfonamides

5.6.1 Optimisation of Reaction Conditions
General Procedure 2

Into a 40 mL vial were added (E)-dec-5-ene (138, 70.1 mg, 0.50 mmol, 1.0 equiv.), N-methyl-
p-toluenesulfonamide 137 and solvent and the resulting mixture was stirred under reaction tem-
perature for 5-10 min. Then, (PhSe),, photocatalyst (PC) 2,4,6-tris(4-methoxyphenyl)pyrylium
tetrafluoroborate (86) and further additives, if stated, were added, the vial was sealed with a screw
cap including a septum and equipped with a balloon filled with air. The reaction was performed
in a temperature-controlled metal block by irradiation with blue light (A4, = 440-460 nm) with
a stirring speed of 550 rpm. When the reaction was stopped, the reaction mixture was transferred
into a round bottom flask using DCM and the solvent was removed under reduced pressure. To
the dried reaction mixture, 15-18 mg of the internal standard 1,3,5-trimethoxybenzene (TMB) or
25-50 pL of trichloroethylene (TCE) or 1,1,2,2-tetrachloroethane was added. CHCIl3 was added
until a homogenous solution was formed and approx. 0.25 mL were withdrawn and added into a
NMR tube containing 0.25 mL CDCl; for quantitative 'H NMR analysis.

Table 5.3: Optimisation of Stoichiometry in the Racemic Intermolecular Allylic Amination with
Sulfonamides.*

0. .0
S, .Me
0,0 (SePh), (5 mol%) /©/ N
/@/S‘N'Me b g~~~ Me PC 86 (10 mol) Me |
H o-xylene (0.1 M), 440-460 nm
Me 19 °C, 16 h, air balloon
137 138 139 Me

Me

Entry n (138) [mmol] 137 [equiv.] Conversion of 137%¢ [%]  Yield® [%]

14 1.0 1.0 20 7
0.50 2.0 n.d. 4
0.50 5.0 n.d. 6
4¢ 0.50 5.0 n.d. 2
5 0.50 10 n.d. 2

20.50 mmol of 138. Reactions were performed in a 40 mL reaction vial. *Conversion of 0.50 mmol
of 137. °NMR yields and conversions were determined with 1,1,2,2-tetrachloroethane as the inter-
nal standard. “Reaction in a 250 mL round bottom flask, 22 h, (PhSe) (2.5 mol%), 86 (5 mol%),
crisallisation dish covered with LED strips (Amae = 465 nm). The NMR yield was determined
with TMB as the internal standard. ©Air balloon instead of open vial. n.d. = not determined.
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Table 5.4: Variation of Solvent in the Racemic Intermolecular Allylic Amination with Sulfonamides.®

0.0
S., .Me
0.0 (SePh), (10 mol%) D/ N
S\N.Me b P~ Me PC 86 (5 mol%) Me
/©/ H Me solvent (0.1 M), 440-460 nm |
5 equiv. 19 °C, 16 h, air balloon
137 138 139 Me Me

Entry Solvent Conversion of 137¢ [%]  Yield® [%]
Toluene 19 7
0-Xylene 22 3
3 1,4-Dioxane 24 18
4¢ PhCl 17 19
5¢ THF 25 17
6° EtOAc 29 21
CHCl3 61 13
DCM 69 14
DCE 38 15
10 Acetone 67 15
11 DMSO 3 0
12 MeCN 14 6
13 EtOH 0 0
14 MeOH 5 0
15 HFIP 7
165/ PhCl 19 21
1779 DCE n.d. 9
18/ DCE/HFIP (3:2) n.d. 13

#0.50 mmol of 138. ®Conversion of 0.50 mmol of 137. °NMR yields and
conversions were determined with TCE as the internal standard. %p-Xylene.
¢ Average of two reactions. Y8 h. 910 mol% of (4-CIPhS), added.
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Table 5.5: Optimisation of Concentration in Different Solvents in the Racemic Intermolecular Allylic Ami-
nation with Sulfonamides.®

S.. .Me
0..,0 (SePh), (10 mol%) /@/
'S., .M o
N Me/\/\/\/\/Me PC 86 (5 mol%) Me |
H solvent (x M), 440-460 nm
Me 5 equiv. 19 °C, 16 h, air balloon
137 138 139 Me

Me

Entry Solvent c¢[xmol/L] Conversion of 137%¢ [%]  Yield® [%]

1 EtOAc 0.05 6 7
24 EtOAc 0.10 29 21
3 EtOAc 0.20 21 13
EtOAc 0.50 21 10
5¢ EtOAc 0.10 34 8
6 PhCl 0.025 11 10
74 PhCl 0.05 22 19
84 PhCl 0.10 17 19
9 PhCl 0.20 15 13
10 PhCl 0.50 9 3
11%¢  PhCl 0.10 34 37
124 PhCl 0.10 11 12
13 Toluene 0.05 n.d. 5
144 Toluene 0.10 19 7
15 Toluene 0.20 0 0
16 Toluene 0.50 0 0
17¢ Toluene 0.10 0 0
18 THF 0.05 15 14
194 THF 0.10 25 17
20 THF 0.20 15 12
21 THF 0.50 32 10

20.50 mmol of 138. *Conversion of 0.50 mmol of 137. °NMR yields and conversions
were determined with TCE as the internal standard. ®Average of two reactions. 137
(0.10 mmol, 1.0 equiv.), 138 (5.0 equiv.), (PhSe)> (50 mol%), 86 (25 mol%). F137
(0.50 mmol, 1.0 equiv.), 138 (5.0 equiv.).
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Table 5.6: Variation of Catalysts in the Racemic Intermolecular Allylic Amination with Sulfonamides.®

0,
S, .Me
O“S"O " Se-catalyst (10 mol%) D/ N
\H, e N Me/\/\/\/\/Me PC (5 mol%) Me |
PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, 8 h, air balloon
137 138 139 Me

Me

Entry t[h] Se-catalyst PC Conversion of 137%¢  Yield® [%)]

1 8 (PhSe), 86 19 21
2 8 (PhSe), 143 24 0
3 8 140 86 9 9
4 8 140 143 17 0
5 8 141 86 24 13
6 8 141 143 13 4
74 6 142 86 20 18
8¢ 8 142 86 25 21
9d 6 144 0 0
104 24 144 0 0

20.50 mmol of 138. ®Conversion of 0.50 mmol of 137. °NMR yields and conver-
sions were determined with TCE as the internal standard. PC = photocatalyst. %20

mol% of Se-catalyst/Hybrid-catalyst. Average of two reactions.

Se-catalysts ) OMe Photocatalysts (PC)
o OC o
Pz .
OMe = OMe E
(PhSe), 140 141 :
o= -
MeO
142
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Table 5.7: Variation of Redoxmediators in the Racemic Intermolecular Allylic Amination with
Sulfonamides.®

Redoxmediator (1 equiv.) ST Me
o, .0 Se-catalyst (10 mol%) /@/ N
N n
S\N,Me . Me/\/\MMe PC86 (5 mol%) Me |
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, 8 h, air balloon
137 138 139 Me

Me

Entry Se-catalyst Redoxmediator Conversion of 137¢  Yield® [%]

1 (PhSe), ; 19 21
2 140 - 9 9
3 (PhSe), 145 26 24
4 (PhSe), 146 19 17
5 (PhSe), 147 10 7
6 140 145 1

6 140 146 23 19
6 140 147 24 12

20.50 mmol of 138. ®Conversion of 0.50 mmol of 137. “NMR yields and conversions

were determined with TCE as the internal standard.
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5.6 Racemic Intermolecular Allylic Amination with Sulfonamides

Table 5.8: Change of Light Source in the Racemic Intermolecular Allylic Amination with Sulfonamides.®

o, .0

2

<. ..Me
0, ,0 (SePh), (10 mol%) D/ N
'S .Me 0
N TR N N Me PC 86 (5 mo%) Me |
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, t, air balloon

137 138 139 M™e Me

Entry t[h] Light Source Average Intensity Average Power Conversion Yield® [%]

[lux] [mW] of 1370¢
1 8 61-20 21703 393 18 22
d 8 124-20-1 44 098 463 20 20
3¢ 16 61-20 21703 393 17 19
4¢ 16 124-20-1 44 098 463 17 19

20.50 mmol of 138. Anax between 440 and 460 nm. *Conversion of 0.50 mmol of 137. °NMR yields and conver-
sions were determined with TCE as the internal standard. ¢Average of two reactions. ©Average of three reactions.

Table 5.9: Second Addition of Catalysts in the Racemic Intermolecular Allylic Amination with
Sulfonamides.®

0,0
S.. ..Me
0.,0 Monoselenide 142 (20 + x mol%) /©/ N
) '
S\N’Me * Me/\AMMe PC 86 (5 +y mol%) Me |
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, 12 h, air balloon
137 138 139 Me

Me

Entry t[h] x[mol%] y[mol%] Conversion of 137%¢  Yield® [%]

1 8 - - 25 21
2 10 - - 17 19
3 16 - - 14 9
4 12 20 - 16 6
5 12 - 5 39 24
6 12 20 5 33 14

20.50 mmol of 138, second addition of catalyst(s) after 6 h reaction time. Average value
of two reactions given. *Conversion of 0.50 mmol of 137. °NMR yields and conversions

were determined with TCE as the internal standard.
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Table 5.10: Variation of Base in the Racemic Intermolecular Allylic Amination with Sulfonamides.®

. o, 0
Base (x equiv.) 's” Me
0..,0 Monoselenide 142 (20 mol%) N
ST .Me PC 86 (5 mol%)
N + Me” NN Me Me I
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, 6 h, air balloon
137 138 139 Me

Me

Entry Base x [equiv.] Conversion of 137%¢  Yield® [%]

1 - - 20 18
2 Li,CO3 4 2 0
3 Na,CO3 4 3 0
4 K>,CO3 4 0 0
5 Cs,CO5 4 0 0
6 NaHCOs 4 6 0
7 Na,HPO4 4 4 0
8 KHCO;3 4 14 5
9 NaH,PO4 4 2 0
10 K>HPO4 4 0 0
11 CaF, 4 34 21
12 CsF 1.5 10 5

20.50 mmol of 138. Average value of two reactions given. “Conversion of
0.50 mmol of 137. “NMR yields and conversions were determined with TCE as
the internal standard.
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5.6 Racemic Intermolecular Allylic Amination with Sulfonamides

Table 5.11: Addition of 4,4’-Dichloro diphenyl disulfide (4-CIPhS), and/or o-Nitrobenzaldehyde 183 in
the Racemic Intermolecular Allylic Amination with Sulfonamides.®

(4-CIPhS),

o-Nitrobenzaldehyde 183 Q‘S’: Me
0.0 (SePh), (20 mol%) /@/ N
'S, -Me PC 86 (10 mol%)
N + Me/\/\/\/\/Me Me |
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, t, air balloon
137 138 139 Me

Me

Entry t[h] (4-CIPhS); [mol%] 183 [mol%] Conversion of 137%¢  Yield® [%o]

1 4 20 - 19 6
2 - - 30 28
3 q 20 25 21 20
4 - 25 n.d. 6
5 20 - 38 21
6 - - 23 21
7 20 25 22 23
16
8 20 25 40 25
9 20 - 52 19
10 - - 26 28
24
11 - 25 n.d. 22

20.50 mmol of 138. Average value of two reactions given. ’Conversion of 0.50 mmol of 137. °NMR
yields and conversions were determined with TCE as the internal standard. 4Second addition of (PhSe),
(20 mol%) and 86 (10 mol%) after 8 h.
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Table 5.12: Screening of Catalyst Loading with Varying Reaction Time in the Racemic Intermolecular

Me

120

137

Allylic Amination with Sulfonamides.”

0 .0 (SePh), (x mol%)
s 4 0
S\N'Me + NN Me PC86 (y mol%)

H Me

PhCI (0.1 M), 440-460 nm
19 °C, t, air balloon

®eau 138 139 e
Me

Entry t[h] x[mol%] y[mol%] Conversion of 137%¢  Yield® [%]
1 10 5 9 10

2 10 10 1 5

3 6 20 5 2 4

4 50 5 0 0

5 10 5 19 21

6 10 10 20 23

7 3 10 20 18 20

8 20 5 19 18

9 20 10 30 28
10 50 25 4 0
11 10 5 17 19
12 10 10 19 19
13 16 20 5 25 27
14 20 10 23 21
15 50 5 0 3
16 50 25 0

17 20 5 6 7
18 24 20 10 26 28

20.50 mmol of 138. Average value of two reactions given. Conversion of 0.50 mmol of

137. °NMR yields and conversions were determined with TCE as the internal standard.



5.6 Racemic Intermolecular Allylic Amination with Sulfonamides

Table 5.13: Screening of Temperature in the Racemic Intermolecular Allylic Amination with Sulfonamides.*

S.. .Me
(SePh), (x mol%) N
PC 86 (y mol%) O

S
N Me/\AMMe Me
H PhCI (0.1 M), 440-460 nm

Me

137

T, 8 h, atmosphere

138 139 Me

Me

Entry (PhSe),/86 x:y [mol%] T [°C] Conversion of 137%¢  Yield® [%]

1 19 20 23
10:10

2 30 0 0

3 19 30 28

4 20:10 30 25 26

5 50 15 17

20.50 mmol of 138. Average value of two reactions given. *Conversion of 0.50 mmol of 137.

°“NMR yields and conversions were determined with TCE as the internal standard.

Table 5.14: Reaction under Oxygen Atmosphere in the Racemic Intermolecular Allylic Amination with

Me

137

Sulfonamides.®

*'Mm NN Me
€ PhCI (0.1 M), 440-460 nm
19 °C, 8 h, atmosphere

138 139 Me

Entry Atmosphere Conversion of 137¢  Yield® [%]

1 air balloon 19 21
2 O, 0 0
“0.50 mmol of 138.  Average value of two reactions given.

®Conversion of 0.50 mmol of 137. “NMR yields and conversions were

determined with TCE as the internal standard.

(0]

(SR

S.. .Me
(SePh), (10 mol%) N
PC 86 (5 mol%) "
e

Me
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Table 5.15: Control Experiments in the Racemic Intermolecular Allylic Amination with Sulfonamides.®

0.0
S.,  .Me
o, .0 (SePh), (10 mol%) O N
ST M PC 86 (10 mol%
N Me™ SN~ Me ( ‘) Me |
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, 8 h, air balloon
137 138 139 Me

Me

Entry Deviation from Standard Conditions Conversion of 137¢  Yield® [%]

1 - 20 23
2 No (PhSe); (PhSe), 0 0
3 No PC 86 0 0
4 Nj-atmosphere 0 0
5 No irradiation 0 0
6 No irradiation, 55 °C 0 0

20.50 mmol of 138. Average value of two reactions given. °Conversion of 0.50 mmol of 137.

°“NMR yields and conversions were determined with TCE as the internal standard.
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5.6 Racemic Intermolecular Allylic Amination with Sulfonamides

5.6.2 Kinetic Investigations

Kinetic Measurement of the Racemic Intermolecular Allylic Amination with

Sulfonamides.

According to general procedure 2 with 5 equiv. of 137, 5 mol% of PC 86 and the given amount of

Se-catalyst in 5 mL PhCl. The reactions were run for the given time in Table 5.16.

Table 5.16: Kinetic Investigation of the Racemic Intermolecular Allylic Amination with Sulfonamides and

Two Different Se-catalystst.”

0.0
S.,  .Me
Me 5 equiv.
137 138

Se-catalyst
PC 86 (5 mol%)

PhCI (0.1 m), 440-460 nm

19 °C, t, air balloon

Me

(PhSe), (10 mol%)

Monoselenide 142 (20 mol%)

Entry t[h] Conversion of 137%¢ [%]

Yield® [%]

Conversion of 137%¢ [%o]

Yield® [%]

1 1 0
2 2 0
3 3 4
4 4 1
5 5 1
6 6 9
7 8 19
8 10 -
9 16 17

19

0

17
14

0
3
6
8
16
18
21
19
9

20.50 mmol of 138. Average value of two reactions given. *Conversion of 0.50 mmol of 137. °NMR yields and

conversions were determined with TCE as the internal standard..
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(PhSe), Monoselenide 142
O conversion O conversion
25+ o yield 251 ° ;
® yield
° °
20 20+ o
o (] °
°
o o
°
154 154 o

18

104 o 10 4
(o) [ ]
o
[ J
54 5 o
o
L )
e 0 o
o O
0 @ e 0 [ ]
T T T T T T T T T 1 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16
t [h] t[h]

Variation of Catalyst Loading

The reactions were conducted according to the general procedure 2 of the optimisation.
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5.6 Racemic Intermolecular Allylic Amination with Sulfonamides

Table 5.17: Kinetic Investigation of the Racemic Intermolecular Allylic Amination with Sulfonamides with
Varying Catalyst Loading.®

e

S,  .Me
o, ,0 (SePh), (x mol%) /@/ N
s 23 .
S\N'NIe + Me/\/\/\/\/Me PC 86 (y mo%) Me |
H PhCI (0.1 M), 440-460 nm
Me 5 equiv. 19 °C, t, air balloon
137 138 139 WMe

Me

Entry (PhSe),/86 x:y [mol%] t[h] Conversion of 137° ¢ [%] Yield® [%]

1 9 10
2 10:5 8 19 21
3 16 17 19
4 1 5
5 10:10 8 20 23
6 16 19 19
8 10:20 8 18 20
9 2 4
10 19 18
20:5
11 16 25 27
12 24 6 7
13 8 30 28 (24)
14 20:10 16 23 21
15 24 26 28
16 6 0 0
50:5
17 16 0 3
18 8 4 0
50:25
19 16 0 0

20.50 mmol of 138. Average value of two reactions given. ’Conversion of 0.50 mmol of 137.

“NMR yields and conversions were determined with TCE as the internal standard.
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Measurement of Product Decay

The reactions were conducted according to the general procedure 2 of the optimisation with the
conditions depicted in Table 5.18. The reaction conditions were chosen to mimick the conditions

after approx. 8 h of the formation of product 139.

Table 5.18: Kinetic Investigation of Decay of 139 under Reaction Conditions.

Qs /,O
Q‘s’:o,\I Me /©/ Siy-Me (SgPah%Z (94 mcl)(!%)
P 47 mol%
Me " - e | PhCI (0.011 fw), 440-4:30 nm Residue of 139
47 equiv. 19 °C, t, air balloon
137 139 e

Me

Entry n (139) [umol] t[h] Conversion of 137% [%] Residue of 139¢ [pmol] [%]

1 52.7 16 0 46.0 87
2 52.6 40 0 43.2 82
3 52.8 112 16 11.0 21

“Conversions/Residues were determined via 'H NMR analysis and TCE as the internal standard.

100 -
80 ©

60

Residue [%]

40

20 (o]

t[h]
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5.6 Racemic Intermolecular Allylic Amination with Sulfonamides

5.6.3 Substrate Synthesis
Methyl (E)-hex-3-enoate (148)

To a solution of methyl (E)-hex-3-enoate (148) (573 mg, 5.01 mmol,
o 1.00 equiv.) in MeOH (10 mL), H,SO4 (conc.) (1 mL) was added and

Me/\N]\OMe

148

stirred at r.t. for 21 h, until consumption of the starting material was con-
firmed via TLC. NaHCO3 (30 mL) was added and the solution was extracted
with DCM (3 x 20 mL). The combined organic phases were washed with
H,O and brine, dried over Na;SOy, filtered and the solvent was carefully removed under reduced
pressure, affording 148 (443 mg, 3.46 mmol, 69%) as a slightly yellow liquid.

TLC:R; =0.5 (PE/EtOAc, 2:1) [KMnOy4]. IR [em™1]: 2963, 2851, 1737, 1435, 1357, 1320, 1256,
1163, 1122, 1018, 969. 'HNMR (300 MHz, CDCl3): §5.71-5.37 (m, 2H), 3.66 (s, 3H), 3.10-2.91
(m, 2H), 2.20-1.87 (m, 2H), 0.96 (t, J = 7.5 Hz, 3H). '*C NMR (75 MHz, CDCl3): & 172.7, 136.5,
120.6, 51.8, 38.0, 25.6, 13.5. HRMS (EI) caled. for [C7H 20,1 * (IM] ), m/z = 128.08318; found
128.08332.
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5.6.4 Synthesis of Allylic Sulfonamides
(E)-N-(Dec-6-en-5-yl)-N,4-dimethylbenzenesulfonamide (139)

(E)-Dec-5-ene (138, 70.2 mg, 500 pmol, 1.00 equiv.), N,4-
Q\Sz,\o Me dimethylbenzenesulfonamide (137, 464 mg, 2.50 mmol, 5.00 equiv.),
/©/ N’ TAPT (86, 24.4 mg, 50.1 pmol, 10 mol%), (PhSe),, 31.2 mg, 100 nmol,
Me | 20 mol%) and PhCl (5 mL) were added into a 40 mL vial. The vial was
then equipped with a balloon filled with air and the resulting mixture was
Me  stirred under water cooling at 19 °C and irradiated for 8 h. Afterwards,
the reaction mixture was transferred into a round bottom flask using
DCM and the solvent was removed under reduced pressure. After purification (PE/EtOAc, 95:5 to
90:10), the product was isolated as a lightly yellow oil (39.0 mg, 121 imol, 24%). Crude 'H NMR
analysis: 30% yield.
TLC: R; = 0.39 (PE/EtOAc, 9:1) [UV, p-anisaldehyde]. IR [cm_l]: 2960, 2870, 1718, 1599,
1494, 1461, 1334, 1156, 1088, 969, 921, 813. 'H NMR (300 MHz, CDCl3): 5 7.76-7.55 (m, 2H),
7.38=7.11 (m, 2H + CHCl3), 5.53-5.28 (m, 1H), 5.08 (dddt, J = 15.4, 7.0, 4.2, 1.4 Hz, 1H), 4.34
(quint., J = 7.0 Hz, 1H), 2.65 (d, J = 1.2 Hz, 3H), 2.41 (s, 3H), 1.95-1.72 (m, 2H), 1.51-1.37 (m,
2H), 1.36-1.07 (m, 6H), 0.97-0.67 (m, 6H). *C NMR (101 MHz, CDCl3): 5 142.8, 142.7, 137.3,
137.3, 134.2, 134.0, 129.4, 127.4, 127.3, 126.9, 126.6, 58.7, 58.4, 34.4, 34.3, 32.0, 31.8, 31.2,
28.5, 28.5, 28.4,22.4,22.1, 22.1, 21.5, 21.5, 19.4, 14.0, 13.9, 13.8, 13.6. HRMS (ESI) calcd. for
[Ci1gH30NO,S]* ((IM+H]"), m/z = 324.1994; found 324.1992.

Methyl (E)-4-((N,4-Dimethylphenyl)sulfonamido)hex-2-enoate (149)

Methyl (E)-hex-3-enoate (148, 64.3 mg, 501 pmol, 1.00 equiv.),

Q~S,,\O Me N, 4-dimethylbenzenesulfonamide (137, 463 mg, 2.50 mmol, 4.99 equiv.),

O N TAPT (86, 24.4 mg, 50.1 pmol, 10 mol%), (PhSe), (31.2 mg, 100 nmol,
Me mo 20 mol%) and PhCI (5 mL) were added into a 40 mL vial. The vial
149 vie was then equipped with a balloon filled with air and the resulting
mixture was stirred under water cooling at 19 °C and irradiated for 8 h.

Afterwards, the reaction mixture was transferred into a round bottom

flask using DCM and the solvent was removed under reduced pressure. Purification via column

chormatography did not give the desired product.
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5.7 Racemic Intermolecular Allylic Amination with Azoles

5.7 Racemic Intermolecular Allylic Amination with Azoles

5.7.1 Optimisation of Reaction Conditions
General Procedure 3

Into a 40 mL vial were added ethyl (E)-hex-3-enoate (150a), 4-chloropyrazole (151a), (SePh),,
photocatalyst (86) and further additives, if stated. Solvent was added and the vial was sealed with
a screw cap including a septum and equipped with two cannulas, leaving the mixture open to air.
The reaction was performed in a temperature-controlled metal block by irradiation with blue light
(Mmaz = 448 nm) with a stirring speed of 400-550 rpm. When the reaction was stopped, the mixture
was transferred into a round bottom flask using DCM and the solvent was removed under reduced
pressure. To the dried reaction mixture, 10-25 mg of the internal standard 1,4-dimethoxybenzene
(DMB) were added and the mixture was dissolved in CDCl; (1-2 mL), homogenised in an ultrasonic

bath and then withdrawn for quantitative 'H NMR analysis.

Table 5.19: Optimisation of Stoichiometry and Solvent in the Racemic Intermolecular Allylic Amination
with Azoles.®

H (SePh), (10 mol%) /\A)Ok cl
o . Ny PC86 (5 mol%) Me OEt . ZWN
Me/\NI\OEt S\—l/ solvent (0.075 m) \N;N N~ O
S_/ Me/\NI\OEt

Cl 448 nm, 19 °C, 8 h, air
150a 151a Cl 152a 153a

Yield® [%]

Entry 150a 151a Solvent  Conversion®® [%]
152a 153a Total

1€ 0.30 mmol 3.0 equiv. DCE 100 62 9 71
2¢ 0.30 mmol 1.0 equiv. DCE 100 51 10 60
3¢ 3.0 equiv. 0.30 mmol DCE 100 65 11 76
4 3.0equiv. 0.30mmol MeCN 55 20 4 24
5 3.0equiv. 0.30mmol CHCI; 70 63 13 76
6 3.0equiv. 0.30 mmol Acetone 49 18 3 21
7 3.0equiv. 0.30 mmol Toluene 46 4 1 5

@Conversion of 1.0 equiv. of 151a@. ®Conversions and NMR yields were determined with DMB as the in-

ternal standard. Average value of two reactions.
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Table 5.20: Optimisation Catalyst Loading and Concentration in the Racemic Intermolecular Allylic Ami-
nation with Azoles.*

(0]
Cl

H (SePh); (x mol%) /\Nk
0o N~N PC 86 (y mol%) Me OEt Z/ \
/\NI\ + \ / R + N

Me OFEt DCE (z m), 448 nm \ /N
19°C. 8 h a S / A~ AN

Cl air Me = OEt

150a 151a C' 152a 153a

. Yield® [%]
Entry x[mol%] y[mol%] z[mol/L] Conversion®’ [%]

152a 153a Total

1 10 5 0.075 100 65 11 76
2 10 10 0.075 100 65 10 75
3 20 5 0.075 100 62 11 73
4 20 10 0.075 100 65 10 75
5 10 5 0.15 100 65 12 76
6 10 5 0.0375 100 59 10 69

“0.30 mmol (1.0 equiv.) of 151a, 3.0 equiv. of 150a. Average value of two reactions given.
®Conversions and NMR yields were determined with DMB as the internal standard.

Table 5.21: Optimisation of Temperature in the Racemic Intermolecular Allylic Amination with Azoles.*

H (SePh),(10 mol%) /Y\)Oj\ cl
o} . \N~N PC86 (5 molw) M€ T OFt . Zj\N
MEWOEt S—'/ DCE (0.075 m) §_;/N NI
Me/\N]\OEt

Cl 448 nm, T, t, air
150a 151a C 1523 153a

Yield® [%]

Entry t[h] TI[°C] Additive Conversion® [%]
152a 153a Total
6 19 - 100 63 11 74
55 - 100 59 8 67
6 55 9.12mg MS (4 A) 100 54 13 66
4¢ 21 55 9.02 mg MS (4 A) 100 54 5 58

20.30 mmol (1.0 equiv.) of 151a, 3.0 equiv. of 150a. Average value of two reactions given.
Conversions and NMR yields were determined with DMB as the internal standard. °Second addition of
(PhSe), (10 mol%) and 86 (5 mol%) after 8 h.
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Table 5.22: Variation of Catalysts in the Racemic Intermolecular Allylic Amination with Azoles.”

O
H Se-catalyst (10 mol%) W‘\ cl
@ Ny PC (5 mol%) Me OEt N
PP AW N, + o
Me OFEt solvent (0.075 m) S\ /N /\M
Cl 448 nm, 19 °C, t, air Me = OEt

150a 151a C 1522 153a

- Yield® [%]
Entry Se-catalyst PC t[h] Solvent Conversion’ [%]

152a 153a Total

1/ (PhSe), 86 21 DCE 100 68 15 83
2¢ (PhSe), 86 21  DCE 100 68 12 80
3¢d (PhSe), 86 21 DCE 100 69 5 74
4¢ 160 86 21 DCE 100 65 14 79
5¢d 160 86 21 DCE 100 70 10 80
6° 140 86 21 DCE 100 64 21 85
70 140 86 21 DCE 100 66 10 76
8¢ 161 86 21 DCE 100 67 12 79
gcd 161 86 21 DCE 100 67 7 74
10° 162 86 21 DCE 100 62 10 72
11¢4 162 86 21 DCE 100 62 6 68
12¢ 163 86 21 DCE 100 62 12 74
134 163 86 21 DCE 100 65 8 72
14¢ 142 86 21 DCE 100 51 6 57
15 (PhSe), 164 8 DCE 100 34 1 35
16 (PhSe), 165 8 DCE 100 11 2 13
17 (PhSe); 166 21 THF 48 10 2 12
18 (PhSe), 166 21 TMOF 46 14 5 19

(.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a. *Conversions and NMR yields were determined
with DMB as the internal standard. “Reaction conducted by Dr. T. Ler 4(4-CIPhS) (5 mol%) added.
20 mol% of Se-catalyst used. f Average value of two reactions given. TMOF = trimethyl orthoformate.
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Se-catalysts

Sel /©/Se)2 @Selz /©/Se)5 Sel2
: Me OMe MeO MeO OMe
160

(PhSe), 140 161 162

MeO

o
163 142

se)
2 3
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Me MeO :

86 R = OMe 166R = OMe
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5.7 Racemic Intermolecular Allylic Amination with Azoles

Table 5.23: Variation of Additives in the Racemic Intermolecular Allylic Amination with Azoles.®

Additive 0 cl
H (SePh), (10 mol%o) WJ\
— / . N O
Me OEt DCE (0.075 M) N
cl 448 nm, 19 °C, t, air §_’/ Me/\)\/”\OEt
150a 151a ' 152a 153a

Yield® [%]

Entry t[h] Additive Amount Conv.? [%]
152a 153a Total

1 8 MS (3 A) 9.14 mg 100 53 4 57
2¢ 21 MS (4 A) 9.03 mg 100 57 8 65
3¢ 21 TEMPO 20 mol% 13 0 0 0
4de 21 (4-CIPhS), 5 mol% 100 69 5 74
56 21 MegSi, 1.0 equiv. n.d. 19 8 27
6%9 21 MegSi» 1.0 equiv. 85 10 0 10
1 6 NaF 1.0 equiv. 100 48 11 59
2 6 Li,CO3 1.0 equiv. 100 45 12 57
3 6 KFcP 1.0 equiv. 100 46 10 56
4 6 CaF, 1.0 equiv. 100 64 11 75
5 6 CaF, 4.0 equiv. 100 64 12 76
6° 6 Na, HPO, 1.0 equiv. 50 24 6 30

8 TfOH 1.0 equiv. 100 0 0 0

8 TfOH, AICI3 1.0 equiv., 10 mol% 100 0 0 0

8 TFA 1.0 equiv. 84 32 5 37
10 8 Sc(0OTH)3 2.5 mol% 100 67 11 78
11 21 Sc(OTf); 2.5 mol% 100 69 10 79
12 8 Sc(0OTH)3 10 mol% n.d. 60 1 61
13¢ 21 Sc(OTf); 10 mol% 100 60 0 60
14 8  Sc(OTf)s3, (4-CIPhS), both 10 mol% n.d. 58 0 58
15¢ 21  Sc(OTf)3, MS (4 A) 10 mol%, 9.00 mg 100 66 0 66
16 8 Zn(OTf), 2.5 mol% 100 63 10 73
17 8 AlCl; 10 mol% 100 30 6 36
18%¢ 21 Yb(OTf); 2.5 mol% 100 68 12 80

20.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a. Average value of two reactions given. *Conversions and NMR
yields were determined with DMB as the internal standard. °Second addition of (PhSe), (10 mol%) and 86 (5 mol%)
catalysts after 8 h. %Reaction performed by Dr. T. Ler. °Single determination. 1.0 mmol (1.0 equiv.) of 151a,
3.0 equiv. of 150a. 91.0 mmol (1.0 equiv.) of 1504, 3.0 equiv. of 151a. MS = molecular sieves. TEMPO = 2,2,6,6-
Tetramethylpiperidinyloxyl.
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Table 5.24: Variation of Additives in the Racemic Intermolecular Allylic Amination with Azoles.®

Additive
(SePh), (10 mol%) o] o
H PC 86 (5 mol%) X
o} N. (4-CIPhS), 5 mol%)  Me OEt Z_\\
M /\NI\OE ' §—//N DCE (0.075 m) NN : N o
e t . M
cl 448 nm, 19 °C, t, air §—’/ Me/\/\/u\oa
150a 151a ¢ 152a 153a
. b Yield® [o]
Entry t[h] Additive Amount  Conv.’ [%]
152a 153a Total

1¢ 21 MS 4 A) 9.14 mg 100 53 4 57
2de 8 Sc(OTh)3 10 mol%  88-100 58 0 58
3¢ 8 2-Nitrobenzaldehyde 25 mol% 100 63 9 72
4¢ 21  2-Nitrobenzaldehyde 25 mol% 100 68 10 78
5¢ 21  2-Nitrobenzaldehyde 10 mol% 100 63 14 77
6° 21 CaSOy 1.2 equiv. 100 66 8 75
7¢ 21 NaBArF 4 mol% 100 64 8 72
8¢ 21 Yb(OTH); 2.5 mol% 100 71 12 83
9¢ 21 AcOH 1.0 equiv. n.d. 68 6 74
10¢ 21 HFIP 25 mol% n.d. 68 7 74
11¢ 21 MeOH 1.0 equiv. n.d. 62 5 67

20.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a. ®Conversions and NMR yields were determined
with DMB as the internal standard. °Reaction performed by Dr. T. Ler. 10 mol% of (4-CIPhS), added.
¢ Average value of two reactions given. NaBArF = Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

n.d. = not determined.
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5.7 Racemic Intermolecular Allylic Amination with Azoles

Table 5.25: Control Experiments in the Racemic Intermolecular Allylic Amination with Azoles.®

O
H Se-catalyst (10 mol%) W‘\ cl
© N.y PC86(Bmo%)  Me OFEt R
PP AW N, SN
Me OEt DCE (0.075 M) S\ N /\M
Cl 448 nm, 19 °C, 8 h, air Me ¥ OEt

150a 151a C 152a 153a

. » . Yield® [%]
Entry Deviation from Standard Conditions Conversion® [%]

152a 153a Total

1 - 100 65 11 76
2 No (PhSe), 24 0 0 0
3¢ No PC 86 0 0 2 2
4 Nj-atmosphere 20 0 0 0
5 No irradiation 88 0 0 0

20.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a@. Average value of two reactions given. *Conversions
and NMR yields were determined with DMB as the internal standard. °6 h.
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Table 5.26: Scale-up of the Intermolecular Allylic Amination with Azoles.

0
Me/\NI\OE

H

(SePh), (10 mol%)
PC 86 (5 mol%)

~ o Cl
Me/\(\)J\OEt Z/ I\
+ N

N,
Q) N
t CIS_/ 12€<E:', 42418hn,n;ir §_’/N e /\/N\/?l\ okt
150a 151a € 152a 153a
. Yield* [%]
Entry 150a 151a Concentration [M] 152a/153a
152a 153a Total

1° 3.0 equiv. 0.30 mmol 0.075 68 15 83 5:1
2b 3.0 equiv. 1.0 mmol 0.075 16 0 16 1:0
3b 3.0equiv. 1.0 mmol 0.2 31 3 34 10:1
40 3.0 equiv. 0.50 mmol 0.1 60 9 69 7:1
5¢ 3.0 equiv. 0.50 mmol 0.075 67 15 82 4:1
6° 3.0 equiv. 1.0 mmol 0.075 62 10 72 6:1
7° 3.0 equiv. 1.0 mmol 0.2 68 (68) 15(13) 83 (81) 5:1
ge:d 3.0 equiv. 1.0 mmol 0.2 72 6 78 13:1
9¢ 1.0 mmol 3.0 equiv. 0.2 68(68) 5@(3) 73(7) 14:1
104 1.0 mmol 3.0 equiv. 0.2 63 2.5 66 25:1

NMR yields were determined with DMB as the internal standard. Tsolated yields are given in parentheses. "40 mL
reaction vial used. 100 mL round bottom flask used. ¢(4-CIPhS), (5 mol%) added.
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5.7 Racemic Intermolecular Allylic Amination with Azoles

5.7.2 Kinetic Investigations

Kinetic Measurement of the Racemic Intermolecular Allylic Amination with Azoles.

Table 5.27: Kinetic Investigation of the Racemic Intermolecular Allylic Amination with Azoles.”

o}
cl
H (SePh), (10 mol%) /\Nk
o] N, PC 86 (5 mol%) Me OEt B
+

N
/\NI\ A\ N N o
Me OFEt g—’ DCE (0.075 m) N
cl 448 nm, 19 °C, t, air §_// Me/\%\/U\OEt
150a 151a Cl 152a 153a

Yield? [%]

Entry t[h] Conversion® of 151a [%]
152a 153a Total

1 2 38 25 4 29
2 4 100 57 8 65
3 6 100 63 11 74
4 8 100 65 11 76
5 18 100 68 11 79
6 21 100 68 15 83

#0.30 mmol (1.0 equiv.) of 1514, 3.00 equiv. of 150a. Average value of two
reactions given. "NMR yields and conversions were determined with DMB as

the internal standard.

5.7.3 Substrate Synthesis
Benzyl (E)-hex-3-enoate (150b)[150]

Into a solution of (E)-hex-3-enoic acid (3.0 mL, 2.85 g, 24.9 mmol,
o 1.00 equiv.) in toluene (20 mL) in a DEAN-STARK apparatus, benzyl al-
MEW‘\OBn cohol (4.16 mL, 4.33 g, 40.0 mmol, 1.61 equiv.) and p-TsOH-H,O (190 mg,
150b 999 nmol, 4 mol%) were added. The resulting mixture was stirred at 150 °C
for 16 h, before it was allowed to cool to r.t.. EtOAc (50 mL) was added and
the solution was washed with sat. aqueous NaHCOj3 solution (3 x 50 mL) and brine (50 mL). The
combined aqueous phases were back extracted with EtOAc (50 mL) and the united organic phases
were dried over Na; SOy, filtered and the solvent was removed under reduced pressure. Purification
via column chromatography (PE/EtOAc, 10:1) afforded 150b (5.64 g, 27.6 mmol, >99%) as a
colourless oil.
TLC: R; = 0.61 (PE/EtOAc, 90:10) [UV, p-anisaldehyde]. IR [em™1]: 3064, 3034, 2963, 1737,
1488, 1454, 1379, 1316, 1234, 1152, 969, 738, 697. 'H NMR (300 MHz, CDCl3): 5 7.46-7.31 (m,
5H), 5.73-5.43 (m, 2H), 5.13 (s, 2H), 3.19-2.90 (m, 2H), 2.20-1.93 (m, 2H), 0.99 (t, J/ = 7.4 Hz,
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3H). 13C NMR (75 MHz, CDCl;): & 172.2, 136.6, 136.1, 128.7, 128.3, 128.3, 120.5, 66.4, 38.2,
25.6, 13.6. HRMS (EI) calcd. for [C13H1602] " ([M]¥), m/z = 204.11448; found 204.11491.

Dibenzyl (E)-hex-3-enedioate (150c)

Into a solution of (F)-hex-3-enedioic acid (1.44 g, 10.0 mmol, 1.00 equiv.)

o in toluene (20 mL) in a DEAN-STARK apparatus, p-TSOH-H,0 (381 mg,

Bno < OBn  2.21 mmol, 22 mol%) is added. The resulting solution is heated to reflux

© 150c (150 °C), when benzyl alcohol (2.1 mL, 2.16 g, 20.0 mmol, 2.00 equiv.)

in 20 mL toluene is added drop wise with a dropping funnel over a time

span of 4 h. The resulting solution is stirred at 150 °C for another 20.5 h. After cooling to r.t.,

the reaction mixture was diluted with 100 mL EtOAc and washed with sat. aqueous NaHCOj;

solution (3 x 100 mL). The combined aqueous phases were back extracted with EtOAc (100 mL).

The united organic phases were washed with brine (100 mL), dried over Na; SOy, filtered and the

solvent was removed under reduced pressure. Purification via column chromatography (PE/EtOAc,
95:5 t0 90:10) afforded 150c (931 g, 2.87 mmol, 29%) as a colourless solid.

TLC: Ry = 0.29 (PE/EtOAc, 10:1) [UV]. M.p. = 38 °C. IR [cm™']: 3064, 3034, 2956, 2896,

173, 1241, 1148, 969, 738, 701. 'H NMR (300 MHz, CDCl3): & 7.41-7.30 (m, 10H), 5.73 (ddd,

J=5.5,3.8, 1.6 Hz, 2H), 5.13 (s, 4H), 3.19-3.04 (m, 4H). '3C NMR (101 MHz, CDCl3): 5 171.5,

135.9, 128.7, 128.4, 128.4, 126.1, 66.7, 38.0. HRMS (ESI) calcd. for [CooH;04]" (IM+H]"),

m/z = 325.1434; found 325.1436.

Hept-3-enenitrile (150d)%]

To a solution of Nal (3.61 g, 24.1 mmol, 1.20 equiv.) in MeCN (30 mL),
Me. _~#w.-CN  TMSCI (3.05 mL, 2.61 mg, 24.0 mmol, 1.20 equiv.) was added dropwise.
150d Then, (E)-hex-2-en-1-ol (169) (2.36 mL, 2.00 g, 20.0 mmol, 1.00 equiv.)
was added to the suspension. After letting the reaction mixture stir at r.t.
for 30 min, KCN (3.92 g, 60.2 mmol, 3.00 equiv.) was added stirring was continued for 17 h.
Then, H,O (20 mL) was added and the aqueous phase was extracted with Et;O (3 x 30 mL).
The combined organic phases were washed with sat. aqueous Na;S,03 solution (30 mL) and
1 m aqueous Na;S,0j3 solution (30 mL), dried over NaySQy, filtered and the solvent was removed
under reduced pressure. Purification via column chromatography (PE/EtOAc, 90:10) afforded
150d (1.11 g, 10.2 mmol, 51%) as a yellow liquid with a E/Z-ratio of 87:13.
TLC: Ry = 0.43 (PE/EtOAc, 90:10) [UV, KMnO4]. IR [cm~1]: 2960, 2930, 2874, 2363, 2251,
1707, 1461, 1416, 969. 'H NMR (400 MHz, CDCl3): & 5.81 (dtt, J = 15.4, 6.8, 1.7 Hz, 1H, E),
5.68 (dtt, J =10.8,7.5,1.7Hz, 1H, Z),5.47-5.18 (m, 1H, E+Z), 3.13-2.95 (m, 2H, E+Z),2.19-1.95
(m, 2H, E+Z), 1.49-1.30 (m, 2H, E+Z), 0.99-0.85 (m, 3H, E+Z). '3C NMR (101 MHz, CDCl3):
6 136.3 (E), 136.1(Z2), 118.0 (2), 117.3 (E), 117.1 (Z), 34.3 (E), 29.4 (), 22.3 (Z), 22.1 (E), 20.6
(E), 15.7 (Z), 13.8 (Z2), 13.7 (E). HRMS (EI) calcd. for [C7HN]* ([M]¥), m/z = 109.08860;
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5.7 Racemic Intermolecular Allylic Amination with Azoles

found 109.08790 and 109.08842 (major GC signal).

(But-2-en-1-ylsulfonyl)benzene (150e)!150]

To a solution of crotyl bromide (85% trans, 1.03 mL, 1.35 g, 10.0 mmol,
Me F#w, -SOzPh 1,00 equiv.) in THF/H,O (10:1, 42 mL), sodium benzenesulfinate (2.46 g,
150e 15.0 mmol, 1.50 equiv.) was added and the mixture was stirred at r.t. for
16 h. Then, the solution was diluted with each 50 mL H,O and EtOAc. The
phases were separated and the organic layer was washed with H,O (50 mL). The combined aqueous
layers were back extracted with EtOAc (50 mL) and the united organic phases were then dried over
Na; SOy, filtered and the solution was removed under reduced pressure. Purification via column
chromatography (PE/EtOAc, 80:20) afforded 150e (2.48 g, 12.7 mmol, >99%) as a colourless oil
with a E/Z-ratio of 91:9.
TLC: Ry = 0.26 (PE/EtOAc, 80:20) [UV]. IR [em™1]: 3034, 2970. 2919, 1670, 1584, 1480, 144,
1297, 1141, 1085, 965, 760, 731, 690. "H NMR (300 MHz, CDCl3): 5 7.92-7.77 (m, 2+2H, E+Z),
7.69-7.43 (m, 3+3H, E+Z), 5.89-5.70 (m, 2H, Z), 5.62-5.46 (m, 1H, E), 5.39 (dddt, J = 15.4,
7.2,5.8, 1.5 Hz, 1H, E), 3.88-3.58 (m, 2H, E+Z), 1.72-1.11 (m, 3H, E+Z). 13C NMR (75 MHz,
CDCls): 6 138.5 (2), 138.5 E, 136.6 (F), 134.1 (Z), 133.7 (Z), 133.7 (E), 129.1 (Z), 129.0 (E),
128.5 (Z2), 128.5 (E), 117.0 (E), 116.3 (Z), 60.1 (E), 54.9 (Z), 18.2 (E), 12.8 (Z). HRMS (ESI)
caled. for [C1oH130,S]" ([IM+H]*), m/z = 197.0631; found 197.0630.

(Cinnamylsulfonyl)benzene (150f)[150]

To a solution of cinnamyl bromide (1.48 mL, 1.97 g, 10.0 mmol, 1.00 equiv.)
Pha~-S02Ph  in THF/H,0 (10:1, 37 mL), sodium benzenesulfinate (2.46 g, 15.0 mmol,
150f 1.50 equiv.) was added and the mixture was stirred at r.t. for 14.5 h. Then,
the solution was diluted with each 50 mL H,O and EtOAc. The phases were
separated and the organic layer was washed with H,O (50 mL). The combined aqueous layers
were back extracted with EtOAc (50 mL) and the united organic phases were then dried over
Na;SQOy, filtered and the solution was removed under reduced pressure. Purification via column
chromatography (PE/EtOAc, 80:20to 70:30) afforded 150f (1.76 g, 6.81 mmol, 68%) as a colourless
solid.
TLC: Ry =0.36 (PE/EtOAc, 80:20) [UV, p-anisaldehyde]. M.p.=113 °C.IR [em~1]: 3056, 2974,
2903, 2371, 1901, 1584, 1495, 1446, 1402, 1320, 1238, 1080, 980, 734, 690. 'H NMR (300 MHz,
CDCls): 8 7.94-7.82 (m, 2H), 7.71-7.60 (m, 1H), 7.59-7.48 (m, 2H), 7.38-7.21 (m, SH+CHCl3),
6.37 (dt, J = 15.9, 1.2 Hz, 1H), 6.10 (dt, J = 15.8, 7.5 Hz, 1H), 3.96 (dd, J = 7.6, 1.1 Hz, 2H). 13C
NMR (75 MHz, CDCls): 6 139.3, 138.5, 135.8, 133.9, 129.2, 128.8, 128.6, 126.7, 115.2, 60.6.
HRMS (ESI) calcd. for [Ci5H 50,S]* (IM+H]"), m/z = 259.0787; found 259.0787.

139



5 Experimental Section

Diethyl but-2-en-1-ylphosphonate (150g)'%°!

To a solution of diethyl phosphonate (1.42 mL, 1.52 g, 11.0 mmol,
Me A w..-PO(OEY),  1.10 equiv.) in dry THF (34 mL) under a N-atmosphere, nBuLi (4.4 mL,
1509 705 mg, 2.50 M in hexane, 11.0 mmol, 1.10 equiv.) was added dropwise at
-10 °C and stirred for 10 min. Then, a solution of crotyl bromide (85% trans,
1.03 mL, 1.35 g, 10.0 mmol, 1.00 equiv.) in dry THF (3 mL) was added dropwise and the reaction
mixture was stirred at -10 °C for 30 min. Then, sat. aqueous NH4Cl solution (30 mL) was added
and the phases were separated. The aqueous phase was extracted with DCM (3 x 30 mL), before
the combined organic layers were washed with brine (50 mL) and dried over Na;SQOq, filtered
and the solvent was removed under reduced pressure. Purification via column chromatography
(PE/Et;0, 2:1 to 1:2) afforded 150g (707 mg, 3.68 mmol, 37%) as a colourless oil with a E/Z-ratio
of 80:20.
TLC: Rs = 0.16 (PE/EtOAc, 80:20) [UV]. IR [em™']: 3452, 2982, 2915, 1651, 1446, 1394, 1245,
1021, 962. '"H NMR (400 MHz, CDCl3): & 5.74-5.53 (m, 1H, E+Z), 5.49-5.29 (m, 1H, E+Z),
4.20-3.95 (m, 4H, E+Z),2.72-2.41 (m, 2H, E+Z),1.75-1.57 (m, 3H, E+Z), 1.30 (td, /=7.1, 1.4 Hz,
6H, E+Z). '>*C NMR (101 MHz, CDCl;): 3 130.8 (d, Jop = 14.8 Hz, E), 128.8 (d, Jop = 14.4 Hz,
2),119.7 (d, Jop = 11.3 Hz, E), 1189 (d, Jop = 11.1 Hz, Z), 62.0 (d, Jop = 6.7 Hz, Z, 61.9 (d,
Jop=6.6Hz, E),30.5(d, Jop=140.0Hz, E), 25.6 (d, Jcp =140.4 Hz, Z), 18.2 (d, Jop =2.6 Hz,
E, 16.6 (d, Jop = 6.0 Hz, E), 13.7 (Z) , 13.0 (d, Jop = 2.7 Hz, Z). *'P NMR (162 MHz, CDCl;):
0 28.8. HRMS (EI) calcd. for [CgH703P] * (IM]*), m/z = 192.09098; found 192.09118 (major)
and 192.09117 (minor).

(E)-3-(Hex-3-enoyl)oxazolidin-2-one (150h)[12°]

To a solution of oxazolidin-2-one (1.74 g, 20.0 mmol, 1.00 equiv.) in
O o0 dry DCM (25 mg) under a Np-atmosphere, DMAP (320 mg, 2.62 mmol,
MGWLN/QO 0.13 equiv.) and (E)-hex-3-enoic acid (3.08 mL, 2.97 g, 26.0 mmol,
1s0h o, equiv.) were added. DCC (5.45 g, 26.4 mmol, 1.32 equiv.) was
added at O °C and the mixture was stirred at r.t. for 20 h. Then, the
formed precipitate was filtered and washed with DCM. The filtrate was washed with sat. aqueous
NaHCOj; solution (2 x 50 mL), dried over Nay,SQy, filtered and the solvent was removed under
reduced pressure. Purification via column chromatography (PE/EtOAc, 70:30) afforded 150h
(1.40 g, 7.61 mmol, 38%) as a lightly yellow liquid.
TLC: Ry = 0.27 (PE/EtOAc, 70:30) [UV, KMnOy4]. IR [em™']: 2967, 2922, 1771, 1696, 1480,
1387, 1331, 1219, 1185, 1103, 1036, 962, 760, 701. 'H NMR (300 MHz, CDCl3): 5 5.75-5.44
(m, 2H), 4.49-4.28 (m, 2H), 4.01 (dd, J =+8.7, 7.5 Hz, 2H), 3.73-3.41 (m, 2H), 2.20-1.85 (m,
2H), 0.98 (t, J = 7.4 Hz, 3H). '3C NMR (101 MHz, CDCl;): 172.1, 153.6, 137.1, 120.0, 62.2,
42.6, 38.8, 25.7, 13.5. HRMS (ESI) calcd. for [CoH4NOs] * ([M] %), m/z = 184.0968; found
184.0968.
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5.7.4 Synthesis of Allylic Azoles and Azines
General Procedure 4

Into a 100 mL round bottom flask were added alkene (150), amine (151), (SePh); (10 mol%),
photocatalyst 86 (5 mol%) and 5 mL of the stated solvent (DCE or DCE/HFIP = 3:2). If indicated,
(4-CIPhS); (14.4 mg, 50.0 pmol, 5 mol%) was added. The flask was sealed with a septum including
two cannulas, leaving it open to air. The reaction mixture was then vigorously stirred at 19 °C
under irradiation with blue light for the given time. After reaction, the solvent was removed under
reduced pressure. The NMR yield of the allylic product and the ratio of the allylic (152) and vinylic
(153) isomer was determined with internal standard 1,4-dimethoxybenzene (DMB). If no obvious
signal for the vinylic isomer in the crude 'H NMR was detected, no total yield is given and the ratio

is given at >10:1. Further purification via column chromatography afforded the target compound.

Ethyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enoate (152a)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (142 mg,
o 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg, 3.00 mmol,
MEWJ\OH 3.00 equiv.), TAPT (24.3 mg, 50.0 pmol, 5 mol%), (PhSe), (31.6 mg,
QN 152a 101 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 9:1) afforded
152a (166 mg, 684 j1mol, 68%) as a colourless oil (crude 'H NMR yield:
68%) and vinylic isomer 153a (8.20 mg, 33.8 pmol, 3%) as a lightly yellow

oil (Crude 'H NMR yield: 5%).

TLC: Ry = 0.51 (PE/EtOAc, 4:1) [UV, KMnOy4]. IR [em~!']: 3131, 2878, 2974, 2937, 1778,
1715, 1659, 1435, 1368, 1312, 1271, 1182, 1036, 969, 824, 790, 742. 'H NMR (300 MHz,
CDCl3): 6 7.48-7.40 (m, 1H), 7.40-7.34 (m, 1H), 7.08-6.84 (m, 1H), 5.67 (dq, J = 15.8, 1.5 Hz,
1H), 4.68 (dtq, J = 9.1, 6.1, 1.5 Hz, 1H), 4.23-4.05 (m, 2H), 2.19-1.77 (m, 2H), 1.34-1.15 (m,
3H), 0.96-0.66 (m, 3H). 13C NMR (75 MHz, CDCl3): § 165.8, 145.2, 138.1, 126.3, 123.0, 110.3,
65.3, 60.8, 27.3, 14.3, 10.6. HRMS (EI) calcd. for [C;1;H15CIN,O,] * (IM] ), m/z = 242.08166;
found 242.08108.

Vinylic Isomer: Ethyl (Z)-3-(3-chloro-1H-pyrrol-1-yl)hex-3-enoate (153a)

TLC: R = 0.54 (PE/EtOAc, 80:20) [UV]. IR [cm~']: 3138, 2974, 2363,

cl 1737, 1681, 1431, 1372, 1341, 1252, 1178, 1029, 969, 842, 790. "H NMR

Z/_}\N (400 MHz, CDCl3): & 7.56-7.47 (m, 2H), 5.51 (t, J = 7.3 Hz, 1H), 4.08 (q,

" Woa J = 7.2 Hz, 2H), 3.57-3.47 (m, 2H), 2.11 (quint., J = 7.5 Hz, 2H), 1.19 (t,

J =17.1 Hz, 3H), 1.02 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3):

5 170.2, 138.5, 131.7, 129.6, 128.9, 110.3, 61.1, 41.0, 21.0, 14.2, 14.0.
HRMS (EI) calcd. for [C11H5CIN,O,] * (IM] ), m/z = 242.08166; found 242.08199.

153a
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According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (427 mg, 3.00 mmol, 3.00 equiv.),
4-chloro-1H-pyrazole (151a) (103 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.5 mg, 50.4 umol, 5
mol%), (PhSe); (31.5 mg, 101 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 9:1)
afforded 152a (166 mg, 684 j1mol, 68%) as a colourless oil (crude "H NMR vyield: 68%) and 13%
of vinylic isomer 153a (crude 'H NMR yield: 15%).

According to general procedure 4: Ethyl (Z2)-hex-3-enoate (150a) (142 mg, 1.00 mmol, 1.00 equiv.),
4-chloro-1H-pyrazole (151a) (308 mg, 3.00 mmol, 3.00 equiv.), TAPT (24.3 mg, 50.0 ymol, 5
mol%), (PhSe); (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 9:1)
afforded 152a (123 mg, 507 pmol, 51%) as a lightly yellow oil (crude '"H NMR yield: 47%) and
no vinylic isomer 153a (crude 'H NMR yield: 2%).

Phenyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enoate (152b)

According to general procedure 4: Phenyl (£)-hex-3-enoate (150k) (190 mg,

“ Q 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg, 3.00 mmol,

Mewoph 3.00 equiv.), TAPT (24.4 mg, 50.1 pmol, 5 mol%), (PhSe), (31.3 mg,

QN 152b 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 95:5)

cl afforded 152b (179 mg, 616 pmol, 62%) as a lightly yellow oil. Crude
NMR yield: 58%.

TLC: R = 0.56 (PE/EtOAc, 80:20) [UV]. IR [em™']: 3131, 2937, 2974, 1737, 1656, 1595, 1490,

1312, 1193, 1163, 973, 824, 690. 'H NMR (300 MHz, CDCl3): § 7.51 (d, J = 0.7 Hz, 1H), 7.45

(d, J =0.7 Hz, 1H), 7.42-7.33 (m, 2H), 7.26-7.17 (m, 2H), 7.13-7.04 (m, 2H), 5.90 (dd, J = 15.7,

1.5 Hz, 1H), 4.79 (dtd, J = 9.1, 5.9, 1.6 Hz, 1H), 2.23-1.92 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). '3C

NMR (101 MHz, CDCl3): 5 164.2, 150.6, 147.4, 138.4, 129.6, 126.5, 126.1, 122.2, 121.6, 110.6,

65.4, 27.4, 10.7. HRMS (ESI) calcd. for [C;sHi6CIN;O,]* ([M+H]Y), m/z = 291.0895; found

291.0895.

Vinylic Isomer: Phenyl (Z)-3-(4-chloro-1H-pyrazol-1-yl)hex-3-enoate (153b)

153b (21.2 mg, 72.2 umol, 7%) as a lightly yellow oil. Crude 'H NMR

cl yield: 7%.
z_}\N TLC: R; = 0.60 (PE/EtOAc, 80:20) [UV]. IR [em~']: 3138, 2067, 2933,
Me/\)\/?]\oph 1759, 1595, 1491, 1431, 1342, 1238, 1193, 1133, 969, 693. 'H NMR
153b (400 MHz, CDCly): § 7.57 (d, J = 2.2 Hz, 2H), 7.38-7.31 (m, 2H), 7.23—

7.18 (m, 1H), 7.05-6.84 (m, 2H), 5.61 (t, J = 7.3 Hz, 1H), 3.78 (d, J = 1.0 Hz,
2H), 2.16 (quint., J = 7.4 Hz, 2H), 1.06 (t, J/ = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl5):  168.8,
150.6, 138.7, 131.2, 129.8, 129.5, 129.0, 126.1, 121.5, 110.6, 41.1, 21.1, 14.0. HRMS (ESI) calcd.
for [C15H6CIN2O5]* (IM+H]*), m/z = 291.0892; found 291.0895.
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Benzyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enoate (152c)

According to general procedure 4: Benzyl (F)-hex-3-enoate (150b) (204 mg,

o 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg, 3.00 mmol,

MEWJ\OBH 3.00 equiv.), TAPT (22.5 mg, 46.2 pmol, 5 mol%), (PhSe), (31.2 mg,

QN 152¢ 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 90:10)

al afforded 152c (185 mg, 608 pmol, 61%) as a lightly yellow oil. Crude
NMR yield: 55%.

TLC: R = 0.23 (PE/EtOAc, 80:20) [UV]. IR [em™~']: 3131, 3064, 3034, 2971, 2878, 1718, 1659,

1457, 1383, 1271, 1163, 969, 842, 697. '"H NMR (300 MHz, CDCl3): & 7.47 (s, 1H), 7.39 (s, 1H),

7.38-7.31 (m, SH), 7.06 (dd, J = 15.7, 6.0 Hz, 1H), 5.75 (dd, J = 15.7, 1.5 Hz, 1H), 5.17 (s, 2H),

4.70 (dddd, J = 8.6, 7.1, 4.2, 1.3 Hz, 1H), 2.22-1.77 (m, 3H), 0.88 (td, J = 7.4, 1.2 Hz, 3H). 13C

NMR (101 MHz, CDCl3): 5 165.6, 145.9, 138.1, 135.7, 128.7, 128.5, 128.5, 126.4, 122.5, 110.3,

66.7, 65.3,27.3, 10.6. HRMS (EI) calcd. for [C1¢H;7CIN,O,] * ([M] *), m/z = 304.09731; found

304.09681.

Diethyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152i)

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j)

O (601 mg, 3.00 mmol, 3.00 equiv.), 4-chloro-1H-pyrazole (151a) (103 mg,

EtOMOEt 1.00 mmol, 1.00 equiv.), TAPT (24.3 mg, 50.0 pmol, 5 mol%), (PhSe)s

© QN 152i (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc,

al 15:1) afforded 152i (308 mg, 1.02 mmol, >99%) as a colourless oil.
Crude NMR yield: 99%. Reaction conducted by Dr. T. Lx[168]

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j) (201 mg, 1.00 mmol,
1.00 equiv.), 4-chloro-1H-pyrazole (151a) (310 mg, 3.02 mmol, 3.01 equiv.), TAPT (24.3 mg,
50.0 pmol, 5 mol%), (PhSe); (31.4 mg, 101 pmol, 10 mol%) and DCE, 21 h. Purification
(PE/EtOAc, 15:1) afforded 152i (228 mg, 758 pmol, 76%) as a slightly yellow oil. Crude NMR
yield: 85%.

TLC: Ry = 0.23 (PE/EtOAc, 5:1) [UV]. IR [em~1]: 3131, 2982, 2937, 1718, 1662, 1372, 1312,
1271, 1178, 1025, 969, 857. 'H NMR (300 MHz, CDCl3): 5 7.54-7.39 (m, 2H), 7.01 (dd, J = 15.7,
6.0 Hz, 1H), 5.71 (dd, J = 15.7, 1.5 Hz, 1H), 5.33 (dtd, J = 8.8, 5.8, 1.6 Hz, 1H), 4.28-4.04 (m,
4H), 3.22 (dd, J = 16.6, 8.7 Hz, 1H), 2.91 (dd, J = 16.6, 5.6 Hz, 1H), 1.27 (t, J = 7.1 Hz, 2H), 1.21
(t, J = 7.1 Hz, 2H). 3C NMR (101 MHz, CDCl3): 5 169.5, 165.4, 143.6, 138.6, 127.4, 123.6,
110.4, 61.3, 60.9, 59.3, 38.3, 14.2, 14.1. HRMS (APCI) calcd. for [C13H;3CIN,O4]" (IM+H]),
m/z = 301.0950; found 301.0953.
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Dibenzyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152j)

According to general procedure 4: Dibenzyl (E)-hex-3-enedioate (150c)
0 (324 mg, 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg,
B”OYNOBn 3.00 mmol, 3.00 equiv.), TAPT (24.4 mg, 50.1 umol, 5 mol%), (PhSe),
° ﬁ/N 152j (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc,
90:10) afforded 152j (345 mg, 812 mmol, 81%) as a colourless solid.

Crude NMR yield: 85%.

Cl

According to general procedure 4: Dibenzyl (E)-hex-3-enedioate (150c) (973 mg, 3.00 mmol,
3.00 equiv.), 4-chloro-1H-pyrazole (151a) (103 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.3 mg,
50.0 pmol, 5 mol%), (PhSe); (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification
(PE/EtOAc, 30:1 to 15:1) afforded 152j (376 mg, 885 pmol, 89%) as a slightly yellow oil. Crude
NMR yield: 92%. Reaction conducted by Dr. T. Ler.[!68]

TLC: Ry = 0.38 (PE/EtOAc, 80:20) [UV]. M.p. = 67.9 °C. IR [cm~!]: 3131, 3034, 2952, 1722,
1659, 1454, 1383, 1308, 1267, 1156, 969, 842, 697. "H NMR (400 MHz, CDCls): § 7.45 (s, 1H),
7.39 (s, 1H), 7.38-7.30 (m, 8H), 7.28-7.23 (m, 2H), 7.04 (dd, J = 15.7, 5.9 Hz, 1H), 5.75 (dd,
J=15.7,1.5Hz, 1H), 5.33 (dtd, J = 8.9, 5.6, 1.6 Hz, 1H), 5.16 (s, 2H), 5.10 (d, J = 2.7 Hz, 2H),
3.29 (dd, J = 16.6, 8.9 Hz, 1H), 2.95 (dd, J = 16.6, 5.4 Hz, 1H). '*C NMR (101 MHz, CDCl3):
5 169.4, 165.3, 144.2, 138.7, 135.6, 135.3, 128.7, 128.6, 128.6, 128.6, 128.4, 127.6, 123.5, 110.6,
67.2, 66.9, 59.4, 38.3. HRMS (ESI) calcd. for [Co3H2CIN>O4]* (IM+H]Y), m/z = 425.1263;
found 425.1269.

Dibenzyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152j)

According to general procedure 4: Dibenzyl (E)-hex-3-enedioate (150c)
o (324 mg, 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg,
B”OYNOBn 3.00 mmol, 3.00 equiv.), TAPT (24.4 mg, 50.1 umol, 5 mol%), (PhSe),
° ﬁ/N 152j (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc,
90:10) afforded 152j (345 mg, 812 mmol, 81%) as a colourless solid.

Crude NMR yield: 85%.

Cl

According to general procedure 4: Dibenzyl (E)-hex-3-enedioate (150c) (973 mg, 3.00 mmol,
3.00 equiv.), 4-chloro-1H-pyrazole (151a) (103 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.3 mg,
50.0 pmol, 5 mol%), (PhSe); (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification
(PE/EtOAcC, 30:1 to 15:1) afforded 152j (376 mg, 885 pmol, 89%) as a slightly yellow oil. Crude
NMR yield: 92%. Reaction conducted by Dr. T. Ler.[!68]

TLC: Ry = 0.38 (PE/EtOAc, 80:20) [UV]. M.p. = 67.9 °C. IR [em~']: 3131, 3034, 2952, 1722,
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1659, 1454, 1383, 1308, 1267, 1156, 969, 842, 697. "H NMR (400 MHz, CDCls): § 7.45 (s, 1H),
7.39 (s, 1H), 7.38-7.30 (m, 8H), 7.28-7.23 (m, 2H), 7.04 (dd, J = 15.7, 5.9 Hz, 1H), 5.75 (dd,
J=15.7,1.5Hz, 1H), 5.33 (dtd, J = 8.9, 5.6, 1.6 Hz, 1H), 5.16 (s, 2H), 5.10 (d, J = 2.7 Hz, 2H),
3.29 (dd, J = 16.6, 8.9 Hz, 1H), 2.95 (dd, J = 16.6, 5.4 Hz, 1H). *C NMR (101 MHz, CDCl3):
5 169.4, 165.3, 144.2, 138.7, 135.6, 135.3, 128.7, 128.6, 128.6, 128.6, 128.4, 127.6, 123.5, 110.6,
67.2, 66.9, 59.4, 38.3. HRMS (ESI) calcd. for [Co3H2CIN>O4]* (IM+H]™), m/z = 425.1263;
found 425.1269.

Dibenzyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152p)

According to general procedure 4: (E)-3-(Hex-3-enoyl)oxazolidin-2-one

MeM (150h) (184 mg, 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a)

N" Y (308 mg, 3.00 mmol, 3.00 equiv.), TAPT (24.21 mg, 49.8 nmol, 5 mol%),

Q/N 152 (PhSe); (31.3 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification

al (PE/EtOAc, 50:50 to pure EA) did not afford the desired product 152p.
Crude NMR yield: 27%.

"

(E)-4-chloro-1-(4-(phenylsulfonyl)but-3-en-2-yl)-1H-pyrazole (152q)

According to general procedure 4: (But-2-en-1-ylsulfonyl)benzene (150e)
Mewsozph (196 mg, 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg,
\N~N 1529 3.00 mmol, 3.00 equiv.), TAPT (24.6 mg, 50.5 umol, 5 mol%), (PhSe),
S—l/ (31.1 mg, 99.6 pmol, 10 mol%) and DCE, 21 h. Two-time purification
“ (PE/EtOAc, 80:20) afforded 152q (123 mg, 416 pmol, 42%) as a lightly
yellow oil. Crude NMR yield: 39%.
TLC: Ry =0.12 (PE/EtOAc, 80:20) [UV]. IR [em™1]: 3135, 3064, 2989, 2926, 2255, 1633, 1446,
1387, 1312, 1148, 1085, 969, 834, 723, 686. 'H NMR (400 MHz, CDCl3): & 7.88-7.80 (m,
2H), 7.63 (tt, J = 6.8, 1.3 Hz, 1H), 7.57-7.53 (m, 2H), 7.42 (dd, J = 14.1, 0.7 Hz, 2H), 7.05 (dd,
J=15.1,49 Hz, 1H), 6.15 (dd, J = 15.1, 1.7 Hz, 1H), 5.07 (qdd, J = 7.1, 4.9, 1.7 Hz, 1H), 1.67 (d,
J=17.1Hz, 3H). ¥C NMR (101 MHz, CDCl3): & 144.5, 139.7, 138.4, 133.9, 131.8, 129.6, 127.9,
125.9, 110.8, 58.1, 19.4. HRMS (ESI) calcd. for [C;3H4CIN,O,S]1* ([IM+H]"), m/z = 297.0459;
found 297.0458.

(Z)-4-chloro-1-(1-phenyl-3-(phenylsulfonyl)prop-1-en-1-yl)-1H-pyrazole (173a)

According to general procedure 4: (Cinnamylsulfonyl)benzene (150f) (259 mg,

PhWSOZPh 1.00 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg, 3.00 mmol,
{ ‘N 173a 3.00 equiv.), TAPT (24.5 mg, 50.3 pmol, 5 mol%), (PhSe); (31.7 mg, 102 pmol,
S—l/ 10 mol%) and DCE, 21 h. Two-time purification (PE/EtOAc, 80:20) afforded
“ 173a (58.1 mg, 162 pmol, 16%) as a colourless oil. Crude NMR yield could

not be determined.
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TLC: R; = 0.28 (PE/EtOAc, 80:20) [UV]. IR [em~1]: 3135, 3064, 2922, 2255, 1655, 1446, 1308,
1141, 1085, 973, 910, 727, 686. 'H NMR (400 MHz, CDCl3): § 7.88-7.77 (m, 2H), 7.72-7.59
(m, 1H), 7.59-7.45 (m, 3H), 7.46-7.32 (m, 3H), 7.20-7.08 (m, 2H), 6.77 (d, J = 0.7 Hz, 1H), 5.95
(t,J = 8.2 Hz, 1H), 4.23 (d, J = 8.2 Hz, 2H). '3C NMR (75 MHz, CDCl3): § 144.2, 139.4, 138.4,
135.7, 133.9, 130.2, 129.3, 129.1, 129.1, 129.0, 128.3, 127.1, 111.7, 111.1, 55.2. HRMS (ESI)
caled. for [C13H 6CIN,O,]" (IM+H] "), m/z = 359.0616; found 359.0622.

(E)-4-(4-Chloro-1H-pyrazol-1-yl)hept-2-enenitrile (152t)

According to general procedure 4: (E)-Hept-3-enenitrile (150d) (110 mg,

MGMCN 1.01 mmol, 1.00 equiv.), 4-chloro-1H-pyrazole (151a) (308 mg, 2.98 mmol,

{ ‘N 159t 3.00 equiv.), TAPT (24.3 mg, 50.0 pmol, 5 mol%), (PhSe), (31.3 mg,

S—// 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 92:8 to 80:20)

“ afforded 152t (46.0 mg, 219 pmol, 22%) as a lightly yellow oil. Crude NMR

yield: 17%. The Z-isomer 156a was afforded as slightly yellow particles (7.00 mg, 33.4 pmol,
3%). Crude NMR yield: 6%. Se-intermediate 184a: Crude NMR yield: 12%.

According to general procedure 4: (E)-Hept-3-enenitrile (150d) (329 mg, 3.01 mmol, 3.00 equiv.),
4-chloro-1H-pyrazole (151a) (103 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.4 mg, 50.1 pmol, 5
mol%), (PhSe),; (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 90:10)
afforded 152t (55.0 mg, 262 pmol, 26%) as a lightly yellow oil with a E/Z-ratio of 5:1. Crude
NMR vyield: 27%, E/Z-ratio = 3:1. The Se-intermediate 184a was afforded as a colourless oil
(37.0 mg, 101 pmol, 10%). Crude NMR yield: 15%.

TLC: R; = 0.51 (PE/EtOAc, 80:20) [UV]. IR [em~']: 3131, 2963, 2933, 2873, 2363, 2337,
2229, 1737, 1640, 1431, 1387, 1320, 969, 842. 'H NMR (300 MHz, CDCl3): & 7.50 (s, 1H),
739 (d, J = 0.7 Hz, 1H), 6.81 (dd, J = 16.4, 5.7 Hz, 1H), 5.20 (dd, J = 16.3, 1.6 Hz, 1H), 4.79
(dtd, J =9.5, 5.8, 1.7 Hz, 1H), 2.21-1.99 (m, 1H), 1.86 (ddt, J = 14.0,9.5, 6.1 Hz, 1H), 1.36-1.13
(m, 2H + silicon grease), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCls): 5 152.2, 138.7,
126.6, 116.3, 110.9, 101.8, 63.7, 35.6, 19.2, 13.6. HRMS (EI) calcd. for [C1oH2CIN3]+ (IM]' ),
m/z = 209.07143; found 209.07104.

Z-Isomer: (Z)-4-(4-Chloro-1H-pyrazol-1-yl)hept-2-enenitrile (156a)

TLC: Ry =0.47 (PE/EtOAc, 80:20) [UV]. IR [em~1]: 3131, 2963, 2930, 2878,

Me\/Y\ 2225, 1461, 1435, 1316, 969, 842, 790, 746. 'H NMR (400 MHz, CDCl;):
156a Ny CN 07.48 (s, 1H), 7.45 (d, J = 0.7 Hz, 1H), 6.75 (dd, J = 11.0, 9.3 Hz, 1H), 5.49
§—l/ (dd, J = 11.0, 0.9 Hz, 1H), 5.06 (td, J = 8.9, 6.3 Hz, 1H), 2.21-2.03 (m, 1H),
1.95-1.76 (m, 1H), 1.36-1.11 (m, 2H + silicon grease), 0.96 (t, J = 7.3 Hz,

3H). 13C NMR (101 MHz, CDCl3): 5 151.5, 138.8, 127.2, 114.9, 110.3, 101.4, 62.6, 36.4, 18.9,

Cl
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13.6. HRMS (APCI) calcd. for [C;oH3CIN3]* ([M+H]"), m/z = 210.0793; found 210.0796.
Se-intermediate: 4-(4-Chloro-1H-pyrazol-1-yl)-3-(phenylselanyl)heptanenitrile (184a)

TLC: R; = 0.67 (PE/EtOAc, 80:20) [UV]. IR [em™~]: 3131, 3056, 2960,

SePh 2933, 2874, 2356, 2251, 1577, 1465, 1439, 1387, 1320, 969, 742, 683.

Me N IH NMR (400 MHz, CDCls): 3 7.70-7.52 (m, 2H), 7.47 (s, 1H), 7.45 (d,

Q/N 184a J = 0.7 Hz, 1H), 7.44-7.30 (m, 3H), 4.16 (ddd, J = 11.0, 9.5, 3.2 Hz, 1H),

N 3.65 (ddd, J = 9.5, 6.5, 4.2 Hz, 1H), 2.46 (dd, J = 17.4, 4.2 Hz, 1H), 2.34—

2.17 (m, 2H), 2.16-1.99 (m, 1H), 1.23-1.00 (m, 2H), 0.90 (t, J = 7.3 Hz,

3H). 13C NMR (101 MHz, CDCly): 5 139.1, 136.1, 136.1, 129.8, 129.8, 129.3, 128.7, 126.5,

117.5, 110.0, 65.4, 43.3, 35.4, 22.4, 19.5, 13.6. 77Se NMR (76 MHz, CDCly): 5 381.4. HRMS
(APCI) caled. for [[C16H19CIN3[80 Se]]* ((IM+H]™), m/z = 368.0427; found 368.0431.

(E)-4-Chloro-1-(cyclododec-1-en-1-yl)-1H-pyrazole (152ab)

According to general procedure 4: (2)-Cyclododecene

(150l (166 mg, 1.00 mmol, 1.00  equiv.), 4-chloro-1H-

12 pyrazole (151a) (308 mg, 3.00 mmol, 3.00 equiv.), TAPT

7 (243 mg, 50.0 pmol, 5 mol%), (PhSe), (31.2 mg, 100 pumol,

. 10 mol%) and DCE, 21 h. Purification  (PE/EtOAc,

§_’/N 152ab 95:5 to  90:10) afforded  152ab (84.0 mg, 315 pmol,

cl 31%) as a slightly yellow solid. Crude NMR yield:
33%.

According to general procedure 4: (Z)-Cyclododecene (1501) (160 mg, 964 pmol, 1.00 equiv.),
4-chloro-1H-pyrazole (151a) (308 mg, 3.01 mmol, 3.12 equiv.), TAPT (24.4 mg, 50.1 pmol,
5 mol%), (PhSe), (31.3 mg, 100 pmol, 10 mol%), (4-CIPhS), (14.4 mg, 50.1 pmol, 5 mol%)
and DCE, 21 h. Purification (PE/EtOAc, 30:1) afforded 152ab (128 mg, 478 pmol, 50%) as a
colourless solid. Crude NMR yield: 53%. This reaction was conducted by Dr. T. Ler.[168]

TLC: R; = 0.85 (PE/EtOAc, 80:20) [UV]. M.p. = 49.8 °C. IR [cm~!]: 2926, 2855, 1461, 1387,
1308, 1167, 969, 835. "H NMR (400 MHz, CDCl3): & 7.41 (d, J = 2.0 Hz, 2H), 5.77 (ddd,
J =149, 10.4, 4.4 Hz, 1H), 5.58 (ddd, J = 15.2, 9.3, 1.6 Hz, 1H), 4.56 (ddd, J = 11.2, 9.3, 3.9 Hz,
1H), 2.35-2.20 (m, 1H), 2.19-2.08 (m, 1H), 2.08-1.92 (m, 1H), 1.87-1.73 (m, 1H), 1.70-1.54
(m, 2H), 1.55 — 1.10 (m, 12H + H,0). '3C NMR (101 MHz, CDCl): & 137.2, 136.7, 128.6,
125.5, 109.5, 66.1, 33.2, 32.0, 26.0, 26.0, 25.2, 24.7, 24.7, 24.4, 23.3. HRMS (APCI) calcd. for
[C15H24CIN, 1" ([IM+H]™), m/z = 267.1623; found 267.1626.
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(Z2)-1-(Cyclododec-2-en-1-yl)-1H-benzo[d][1,2,3]triazole (152ac)

According to general procedure 4: (Z)-Cyclododecene (1501) (166 mg,

1.00 mmol, 1.00 equiv.), 1H-benzo[d][1,2,3]triazole (151b) (357 mg,

3.00 mmol, 3.00 equiv.), TAPT (243 mg, 50.0 pmol, 5 mol%),

(PhSe); (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Pu-

N\N152ac rification  (PE/EtOAc, 90:10, twice) afforded 152ac (117 mg,

@,{i 413 pmol, 41%) as a slightly yellow solid. Crude NMR yield:
45%.

According to general procedure 4: (Z)-Cyclododecene (1501) (160 mg, 964 pmol, 1.00 equiv.),
1H-benzo[d][1,2,3]triazole (151a) (357 mg, 3.00 mmol, 3.11 equiv.), TAPT (24.4 mg, 50.1 pmol,
5 mol%), (PhSe), (31.3 mg, 100 pmol, 10 mol%), (4-CIPhS), (14.4 mg, 50.1 pmol, 5 mol%)
and DCE, 21 h. Purification (PE/EtOAc, 30:1) afforded 152ab (153 mg, 540 umol, 56%) as a
colourless solid. Crude NMR yield: 52%. This reaction was conducted by Dr. T. Ler.[1%8]

TLC: R = 0.60 (PE/EtOAc, 80:20) [UV]. M.p. = 86.7 °C. IR [em~1]: 2926, 2855, 1614, 1454,
1267, 1238, 1159, 1074, 977, 746. '"H NMR (400 MHz, CDCl3): 5 8.05 (d, J = 8.4 Hz, 1H),
7.56 (d, J = 8.3 Hz, 1H), 7.50-7.40 (m, 1H), 7.39-7.29 (m, 1H), 5.88 (dd, J = 6.5, 2.8 Hz, 2H),
5.18 (ddt, J = 8.7, 6.1, 4.0 Hz, 1H), 2.40-2.28 (m, 1H), 2.28-2.14 (m, 2H), 2.08-1.88 (m, 1H),
1.82-1.58 (m, 2H), 1.57-1.20 (m, 12H + H,0). '3C NMR (101 MHz, CDCl;): 5 146.3, 136.8,
132.4, 128.1, 126.9, 123.8, 120.2, 110.1, 63.3, 32.7, 31.9, 26.0, 25.9, 25.2, 24.8, 24.8, 24.4, 23.6.
HRMS (ESI) calcd. for [C1gHsN3]" (IM+H] "), m/z = 284.2121; found 284.2128.

(E)-4-Chloro-1-(2-methylhex-3-en-2-yl)-1H-pyrazole (152ad)

According to general procedure 4: 2-Methylhex-2-ene (150m) (295 mg,

Me\'\rﬁ\/\Me 3.00 mmol, 3.00 equiv.), 4-chloro-1H-pyrazole (151a) (103 mg, 1.00 mmol,

N, 1.00 equiv.), TAPT (24.4 mg, 50.1 pmol, 5 mol%), (PhSe), (31.2 mg,

§_//N 152ad o0 pmol, 10 mol%), (4-CIPhS),; (14.4 mg, 50.0 pmol, 5 mol%) and DCE,

cl 21 h. Purification (PE/EtOAc, 100:0 to 97:3, Puriflash Advion) afforded 152ad
(82.0 mg, 413 pmol, 41%) as a lightly yellow oil. Crude NMR yield: 46%.

TLC: Ry = 0.51 (PE/EtOAc, 95:5) [UV, KMnO4]. IR [em™1]: 3146, 3027, 2967, 2937, 2878,

1461, 1387, 1327, 1271, 1167, 969, 835, 790. 'H NMR (300 MHz, CDCl3): & 7.59-7.34 (m,

2H), 5.76-5.49 (m, 2H), 2.17-2.00 (m, 2H), 1.62 (s, 6H), 1.00 (t, J = 7.5 Hz, 3H). '*C NMR

(101 MHz, CDCl3): 6 137.0, 133.4, 132.0, 125.0, 109.1, 62.1, 27.8, 25.3, 13.4. HRMS (EI) calcd.

for [C19H;5CINL] ¥ (IM] ), m/z = 198.09183; found 198.09179.
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Ethyl (E)-4-(4-iodo-1H-pyrazol-1-yl)hex-2-enoate (152af)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (143 mg,
o 1.01 mmol, 1.00 equiv.), 4-iodo-1H-pyrazole (151¢) (582 mg, 3.00 mmol,
MEWJ\OEt 2.98 equiv.), TAPT (24.4 mg, 50.1 pmol, 5 mol%), (PhSe), (31.3 mg,
ﬁ/N 152af 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 95:5) af-
forded 152af (214 mg, 640 pmol, 64%) as a colourless oil. Crude 'H NMR

yield: 64%; vinylic isomer 153af: 3%.
TLC: R; = 0.55 (PE/EtOAc, 80:20) [UV]. IR [em™1]: 3124, 2974, 2937, 1715, 1659, 1428, 1368,
1308, 1271, 1182, 1036, 977, 939, 850. 'H NMR (400 MHz, CDCl3): & 7.55 (d, J = 0.6 Hz, 1H),
7.45 (d, J =0.6 Hz, 1H), 7.00 (dd, J = 15.7, 6.2 Hz, 1H), 5.71 (dd, J = 15.7, 1.5 Hz, 1H), 4.76 (dtd,
J =8.9,6.1, 1.5 Hz, 1H), 4.17 (q, J = 7.1 Hz, 2H), 2.18-1.86 (m, 2H), 1.26 (t, J/ = 7.1 Hz, 3H),
0.88 (t, J = 7.3 Hz, 3H). '3C NMR (101 MHz, CDCl3): § 165.8, 145.2, 144.7, 132.8, 123.1, 65.1,
60.9, 56.5, 27.4, 14.3, 10.6. HRMS (EI) calcd. for [C1;H15IN,O,] " (IM]' "), m/z = 334.01727;

found 334.01688.

Ethyl (E)-1-(6-ethoxy-6-oxohex-4-en-3-yl)-1H-pyrazole-4-carboxylate (152ag)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a)
0 (143 mg, 1.01 mmol, 1.00 equiv.), ethyl 3H-pyrazole-4-carboxylate (151d)
MGWJ\OH (422 mg, 3.01 mmol, 2.99 equiv.), TAPT (24.4 mg, 50.2 pmol, 5 mol%),
\N;N152ag (PhSe); (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification
(PE/EtOAc/DCM, 90:10:5) afforded 152ag (169 mg, 603 pumol, 60%) as a

colourless oil. Crude '"H NMR yield: 62%.
TLC: Ry = 0.31 (PE/EtOAc, 80:20) [UV, KMnO4]. IR [em™1]: 3124, 2978, 2937, 1715, 1662,
1554, 1230, 1174, 1126, 1025,977, 768. 'H NMR (300 MHz, CDCl3): 7.95 (d, J = 0.6 Hz, 1H),
791 (d, J = 0.7 Hz, 1H), 7.02 (dd, J = 15.7, 6.1 Hz, 1H), 5.72 (dd, J = 15.7, 1.5 Hz, 1H), 4.77
(dtd, J = 8.9, 6.1, 1.5 Hz, 1H), 4.29 (q, J = 7.1 Hz, 2H), 4.18 (q, J = 7.1 Hz, 2H), 2.23-1.87
(m, 2H), 1.34 (t, J = 7.1 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H). '3C NMR
(75 MHz, CDCl3): 5 165.7, 163.0, 144.8, 141.4, 131.9, 123.3, 115.4, 65.2, 60.9, 60.4, 27.4,
14.5, 14.3,10.6. HRMS (ESI) calcd. for [C14H21N2O4]* ((M]%), m/z = 281.1496; found 281.1504.

EtO,C

Vinylic Isomer: Ethyl (Z)-1-(1-ethoxy-1-oxohex-3-en-3-yl)-1H-pyrazole-4-carboxylate (153ag)

153ag (38.0 mg, 136 pmol, 14%, 86% purity) as a lightly yellow oil including

EtO,C 14% (5.32 mg) of 152ag. Crude 'H NMR yield: 13%.
& TLC: R; = 0.32 (PE/EtOAc, 80:20) [UV, KMnO,]. "H NMR (300 MHz,
. /\)'\/iioa CDCly): § 8.03-7.93 (m, 2H), 5.63-5.53 (m, 1H), 4.30 (q, J = 7.1 Hz, 2H),
153ag 4.07 (q, J =7.1 Hz, 2H), 3.55 (d, J = 0.9 Hz, 2H), 2.20-2.00 (m, 2H), 1.34 (t,

J=7.1Hz, 3H), 1.18 (t,J =7.1 Hz, 3H), 1.02 (t, J = 7.5 Hz, 2H). 13C NMR
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(75 MHz, CDCl3): § 170.1, 163.1, 141.5, 134.5, 131.4, 130.7, 115.2, 61.2, 60.4, 40.9, 21.0, 14.5,
14.2, 14.0. HRMS (ESI) calcd. for [C1oH17N402]" (IM]¥), m/z = 281.1496; found 281.1502.

Ethyl (E)-4-(4-formyl-1H-pyrazol-1-yl)hex-2-enoate (152ah)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (142 mg,
o 1.00 mmol, 1.00 equiv.), 1H-pyrazole-4-carbaldehyde (151e) (288 mg,
MGWJ\OB 3.00 mmol, 3.00 equiv.), TAPT (24.3 mg, 50.0 umol, 5 mol%), (PhSe),
ﬁ/N 152ah (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc,
80:20) afforded 152ah (57.0 mg, 241 pmol, 24%) as a slightly yellow oil.

Crude 'H NMR yield: 37%.
TLC: Ry = 0.44 (PE/EtOAc, 60:40) [UV, KMnO4]. IR [em™1]: 3124, 2974, 1733, 1681, 1543,
1450, 1372, 1178, 1029, 962, 757. 'H NMR (400 MHz, CDCls): 5 9.87 (s, 1H), 8.02 (s, 1H),
7.96 (s, 1H), 7.03 (dd, J = 15.7, 6.3 Hz, 1H), 5.77 (dd, J = 15.7, 1.4 Hz, 1H), 4.81 (dtd, J = 7.8,
6.2, 1.4 Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 2.23-1.94 (m, 2H), 1.27 (t, J = 7.2 Hz, 3H), 0.90 (t,
J =7.4Hz, 3H). ¥C NMR (101 MHz, CDCl3): 5 184.2, 165.6, 144.3, 141.2, 131.9, 124.5, 123.7,
65.4, 61.0, 27.5, 14.3, 10.6. HRMS (EI) calcd. for [C12HgN2O3]* ((M]'F), m/z = 236.11554;

found 236.10460.

OHC

Vinylic Isomer: Ethyl (Z)-3-(4-formyl-1H-pyrazol-1-yl)hex-3-enoate (153ah)

153ah (14.0 mg, 59.3 pmol, 6%) as a lightly yellow oil. Crude 'H NMR
OHC yield: 8%.

Z_}\N TLC: Ry = 0.52 (PE/EtOAc, 60:40) [UV]. IR [cm~!]: 3120, 2974, 2937,
Me/\/\/u\oa 2878, 1718, 1685, 1543, 1454, 1318, 1312, 1275, 1182, 1036, 977, 760. 'H
NMR (400 MHz, CDCl3): & 9.89 (s, 1H), 8.04 (s, 2H), 5.63 (t, J = 7.4 Hz,
1H), 4.07 (q, J = 7.1 Hz, 2H), 3.56 (s, 2H), 2.09 (quint., J = 7.5 Hz, 2H),
1.17 (t, J = 7.1 Hz, 3H), 1.03 (t, J = 7.5 Hz, 3H). '3C NMR (101 MHz, CDCl3): 5 184.2, 170.0,

140.9, 134.9, 131.4, 131.3, 124.2, 61.2, 40.8, 21.0, 14.2, 13.9.

153ah

Hydroxy byproduct: Ethyl (E)-4-hydroxyhex-2-enoate (159)

During purification, 13 mg (82.2 pmol, 8%) of hydroxy-byproduct ethyl (E)-

0 4-hydroxyhex-2-enoate (159) were able to be isolated.
MeWOEt TLC: Ry = 0.63 (PE/EtOAc, 60:40) [UV]. IR [cm™']: 3448, 3105, 2919,
or 159 2863, 1595, 1446, 1305, 1148, 1088, 1029, 939, 816, 753. 'H NMR
(300 MHz, CDCI3): 6 6.93 (ddd, J = 15.8, 5.1, 0.5 Hz, 1H), 6.03 (ddd,
J =159, 1.7, 0.6 Hz, 1H), 4.30-3.98 (m, 3H), 1.99 (d, J = 18.7 Hz, 1H), 1.72-1.51 (m, 2H),
1.29 (td, J = 7.2, 0.6 Hz, 3H), 0.96 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3): § 166.7,
150.0, 120.5, 72.5, 60.6, 29.7, 14.4, 9.6. HRMS (APCI) caled. for [C1oH;705]* (IM+H]),
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m/z =217.1070; found 217.1071.

Ethyl (E)-4-(3-phenyl-1H-pyrazol-1-yl)hex-2-enoate (N1-isomer) and ethyl
(E)-4-(5-phenyl-1H-pyrazol-1-yl)hex-2-enoate (N2-isomer) (152ai)

According to general procedure 4: Ethyl (F)-hex-
o o 3-enoate (150a) (143 mg, 1.01 mmol, 1.00 equiv.),
MeWOEt e N-NOEt 3-phenyl-1H-pyrazole (151f) (432 mg, 3.00 mmol,
QZ . N&/Ph 2.98 equiv.), TAPT (24.5 mg, 50.3 pmol, 5 mol%),
oh (PhSe); (31.2 mg, 99.9 nmol, 10 mol%) and DCE, 21
NL-isomer 152ai N2-isomer h. Purification (Hexane/EtOAc, 93:7 to 85:15, Puri-
flash Biichi) afforded 152ai (145 mg, 510 pmol, 51%)
as a colourless oil with a N1/N2 ratio of 5:1. Crude "H NMR yield: allylic isomer 152ai: 53%; a
signal of vinylic isomer 153ai was not identified.
TLC: R; = 0.51 (PE/EtOAc, 80:20) [UV]. IR [ecm™~1]: 2974, 2937, 1715, 1659, 1498, 1457, 1368,
1308, 1271, 1233, 1177, 1036, 977, 749, 693. 'H NMR (400 MHz, CDCl3): § 7.85-7.76 (m,
2H, N1), 7.64 (d, J = 1.8 Hz, 1H, N2), 7.49-7.27 (m, 4H + 5H, N1 + N2), 7.18-7.06 (m, 1H +
IH, N1 + N2), 6.60 (d, J = 2.4 Hz, 1H, N1), 6.29 (d, J = 1.8 Hz, 1H, N2), 5.76 (dd, J = 15.7,
1.5 Hz, 1H, N1), 5.67 (dd, J = 15.7, 1.6 Hz, 1H, N2), 4.83 (dtd, J = 9.0, 6.1, 1.5 Hz, 1H, N1),
4.79-4.70 (m, 1H, N2), 4.18 (q, J = 7.1 Hz, 2H + 2H, N1 + N2), 2.30-1.86 (m, 2H + 2H, N1 +
N2),1.33-1.23 (m, 3H + 3H, N1 + N2), 0.94 (t, / = 7.4 Hz, 3H, N1), 0.73 (t, / = 7.3 Hz, 3H, N2).
13C NMR (101 MHz, CDCls): 5 166.2, 166.1, 151.6, 147.0, 146.1, 144.8, 139.7, 133.6, 130.7,
129.4, 129.3, 128.9, 128.9, 128.7, 127.8, 125.8, 122.7, 122.3, 106.0, 103.2, 64.8, 60.9, 60.8, 60.7,
279, 27.7, 14.3, 10.8, 10.7. HRMS (EI) calcd. for [C17H20N202] * (IM] ), m/z = 284.15193;
found 284.15138 (minor) and 284.15186 (major).

Ethyl (E)-4-(3,5-diphenyl-1H-pyrazol-1-yl)hex-2-enoate (152aj)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (51.9 mg,

O 365 pmol, 1.00 equiv.), 3,5-diphenyl-1H-pyrazole (151g) (240 mg,
MEWJ\OEt 1.09 mmol, 2.99 equiv.), TAPT (8.87 mg, 18.3 pmol, 5 mol%), (PhSe),
Ph\@gj 152aj (11.5 mg, 36.9 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc,
95:5) afforded 152aj (50.3 mg, 140 pmol, 38%) as a colourless oil. Crude

'H NMR yield: allylic isomer 152aj: 65%; a signal of vinylic isomer 153aj
was not identified. TLC: Ry = 0.51 (PE/EtOAc, 80:20) [UV, KMnOy]. IR [em~1]: 3060, 2971,
2930, 1718, 1659, 1305, 1271, 1178, 1033, 980, 910, 760, 693. 'H NMR (400 MHz, CDCl;):
0 7.93-7.83 (m, 2H), 7.51-7.35 (m, 7H), 7.35-7.29 (m, 1H), 7.22 (ddd, J = 15.7, 5.9, 0.7 Hz,
1H), 6.60 (s, 1H), 5.77 (ddd, J = 15.7, 1.5, 0.7 Hz, 1H), 4.76 (dtd, J = 9.7, 5.6, 1.5 Hz, 1H),
4.20 (q, J = 7.1 Hz, 2H), 2.40-2.24 (m, 1H), 2.02-1.86 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H), 0.79 (t,
J =7.3 Hz, 3H). >C NMR (101 MHz, CDCl;): 3 166.3, 151.4, 147.3, 146.1, 133.8, 130.7, 129.2,
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128.9, 128.9, 128.7, 127.8, 125.9, 122.3, 103.3, 61.2, 60.7, 28.0, 14.3, 10.8. HRMS (EI) calcd.
for [C23H24N,O02]1 " (IM] ), m/z = 360.18323; found 360.18236.

Ethyl (E)-4-(4-bromo-3-methyl-1H-pyrazol-1-yl)hex-2-enoate (N1-isomer) and ethyl
(E)-4-(4-bromo-5-methyl-1H-pyrazol-1-yl)hex-2-enoate (N2-isomer) (152ak)

According to general procedure 4: Ethyl (E)-hex-

0 0 3-enoate (150a) (142 mg, 1.00 mmol, 1.00 equiv.),
MEWOB Me 2 N okt 4-bromo-3-methyl-1H-pyrazole (151h) (484 mg,
\N;N 2 ;N Me 3.01 mmol, 3.01 equiv.), TAPT (24.3 mg, 50.0 pmol,

Br Me Br 5 mol%), (PhSe), (31.4 mg, 101 pmol, 10 mol%) and
DCE, 21 h. Purification (PE/EtOAc, 95:5 to 90:10

Puriflash Advion) afforded 152ak (172 mg, 571 pmol,

57%) as a slightly yellow oil. Crude 'H NMR yield: allylic isomer 152ak: 58%; a signal of vinylic

Z -

N1-isomer 152ak N2-isomer

isomer 153ak was not identified.

TLC: Ry = 0.50 (PE/EtOAc, 80:20) [UV, KMnOy4]. IR [em™1]: 3127, 2974, 2933, 2878, 1718,
1659, 1368, 1312, 1275, 1238, 1178, 1059, 980, 861, 828. 'H NMR (400 MHz, CDCl3): & 7.48
(s, 1H, N2), 7.35 (s, 1H, N1), 7.08-6.90 (m, 1H + 1H, N1 + N2), 5.71 (dd, J = 15.7, 1.5 Hz, 1H,
N1),5.58 (dd, J =15.8, 1.6 Hz, 1H, N2), 4.73-4.54 (m, 1H + 1H, N1 + N2), 4.25-4.11 (m, 2H +
2H, N1 + N2), 2.26-2.19 (m, 3H + 3H, N1 + N2), 2.13-1.86 (m, 2H + 2H, N1 + N2), 1.31-1.20
(m, 3H + 3H, N1 + N2), 0.95-0.81 (m, 3H + 3H, N1 + N2). 13C NMR (101 MHz, CDCl;): 5
165.9, 147.7, 145.7, 145.5, 139.4, 137.2, 128.8, 122.9, 122.4, 94.1, 93.7, 62.1, 60.8, 27.3, 26.9,
14.3, 12.1, 10.9, 10.7, 9.8. HRMS (EI) calcd. for [C1,H17BrN,O,] * (IM]*), m/z = 300.04679;
found 300.04620 (major) and 300.04620 (minor).

Ethyl (E)-4-(1H-1,2,3-triazol-1-yl)hex-2-enoate (152al)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (142 mg,
o 1.00 mmol, 1.00 equiv.), 1H-1,2,3-triazole (151i) (174 pL, 207 mg,
MEWJ\OH 3.00 mmol, 3.01 equiv.), TAPT (24.4 mg, 50.2 umol, 5 mol%), (PhSe),
\N‘“N 152al (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (Hexane/EtOAc,
N 97:3 to 45:55, puriflash Biichi) did not afford the desired product 152al.

Crude NMR yield: 55%.

Ethyl (E)-4-(1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (152am)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (142 mg,

o 1.00 mmol, 1.00 equiv.), 1H-benzo[d][1,2,3]triazole (151b) (358 mg,

Me/\(\/U\OEt 3.01 mmol, 3.00 equiv.), TAPT (24.3 mg, 50.0 umol, 5 mol%), (PhSe);

QN:NﬁZam (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc,
N

90:10) afforded 152am (157 mg, 605 pmol, 61%) as a lightly yellow oil
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(crude 'H NMR yield: 62%), 153am (44.0 mg, 170 pmol, 17%) as a lightly
yellow oil (crude "H NMR yield: 15%) and 185a (7.00 mg, 27.0 pmol, 3%) as colourless particles
(crude "H NMR yield: not detectable).

TLC: Ry = 0.31 (PE/EtOAc, 4:1) [UV, KMnOy4]. IR [em~1]: 3064, 2974, 2937, 2878, 1718,
1659, 1454, 1271, 1238, 1185, 1036, 977, 746. "H NMR (400 MHz, CDCls): § 8.09 (dt, J = 8.3,
1.0 Hz, 1H), 7.52-7.46 (m, 2H), 7.44-7.32 (m, 1H), 7.20 (dd, J = 15.7, 6.0 Hz, 1H), 5.76 (dd,
J=15.8, 1.6 Hz, 1H), 5.40 (dtd, J = 9.3, 6.0, 1.6 Hz, 1H), 4.16 (q, J = 7.1 Hz, 2H), 2.49-2.34 (m,
1H), 2.35-2.20 (m, 1H), 1.24 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 7.4 Hz, 3H). '3C NMR (101 MHz,
CDCl3): 0 165.6, 146.3, 143.9, 132.6, 127.6, 124.3, 123.6, 120.4, 109.7, 62.2, 61.0, 26.9, 14.2,
10.8. HRMS (APCI) calcd. for [C14HgN30,]1" (IM]%), m/z = 260.1394; found 260.1399.
Vinylic Isomer: Ethyl (Z)-3-(1H-benzo[d][1,2,3]triazol-1-yl)hex-3-enoate (153am)

TLC: Ry = 0.44 (PE/EtOAc, 4:1) [UV, KMnOy4]. IR [cm~1]: 3064, 2974,

Q_N 1737, 1614, 1454, 1275, 1178, 1059, 1029, 749. 'H NMR (400 MHz,
NfN o CDCls): & 8.07 (dt, J = 8.3, 1.0 Hz, 1H), 7.57-7.43 (m, 2H), 7.42-7.33 (m,
Me/\/\)koa 1H), 5.96 (tt, J = 7.4, 0.9 Hz, 1H), 3.93 (q, J = 7.2 Hz, 2H), 3.71 (d, J = 0.9

153am Hz, 2H), 1.89-1.77 (m, 2H), 0.97 (td, J = 7.3, 5.5 Hz, 6H). 13C NMR

(101 MHz, CDCl3): ©§ 169.6, 145.2, 134.7, 133.6, 127.8, 127.7, 124.0,
119.9, 110.7, 61.1, 41.9, 21.3, 13.8, 13.4. HRMS (ESI) calcd. for [C1H;5CIN,O>]* (IM]),
m/z = 260.1394; found 260.1398.
N2-Isomer: Ethyl (E)-4-(2H-benzo[d][1,2,3]triazol-2-yl)hex-2-enoate (185a)

TLC: Ry = 0.67, (PE/EtOAc, 80:20) [UV]. IR [cm~']: 3064, 2974, 2930,

0 1722, 1662, 1450, 1367, 1316, 1271, 1178, 1036, 977, 850, 746. 'H
MeWOEt NMR (300 MHz, CDCly): 8 7.94-7.81 (m, 2H), 7.46-7.33 (m, 2H), 7.23
N;N;N 185a  (dd, J = 15.7, 6.9 Hz, 1H), 5.84 (dd, J = 15.8, 1.3 Hz, 1H), 5.44 (dddd,
O J=9.0,7.1,5.9, 1.4 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.43 (ddq, J = 14.6,

9.0, 7.4 Hz, 1H), 2.29-2.13 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H), 0.91 (t,

J =7.4Hz, 3H). '3C NMR (101 MHz, CDCls): 165.7, 144.4, 144.0, 126.7,
123.9, 118.3, 69.4, 60.9, 28.1, 14.3, 10.6. HRMS (EI) calcd. for [Ci4H;7N30,]* (IM]'"),
m/z = 259.13153; found 259.13130.

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (425 mg, 2.99 mmol, 2.97 equiv.),
1H-benzo[d][1,2,3]triazole (151b) (120 mg, 1.01 mmol, 1.00 equiv.), TAPT (24.2 mg, 50.0 pmol,
5 mol%), (PhSe),; (31.2 mg, 100 pmol, 10 mol%) and DCE, 39 h. After 22 h, second addition
of TAPT (24.3 mg, 50.0 pmol, 5 mol%) and (PhSe); (31.2 mg, 100 pmol, 10 mol%). Crude Iy
NMR yield: 152am: 37%, 153am: 17%.
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Ethyl (E)-4-(5-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (N1-isomer) and
ethyl (E)-4-(6-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (N3-isomer)
(152an)

According to  general procedure 4:

o o Ethyl (E)-hex-3-enoate (150a) (142 mg,
Mewoa MeWOEt 1.00 mmol, 1.00 equiv.), S5-methyl-1H-
WL e @N;NZ benzo[d][1,2,3]triazole  (151)) (401 mg,
N N 3.01 mmol, 3.01 equiv.), TAPT (24.3 mg,

Me
NL-isomer 152an N3-isomer 49.9 pmol, 5 mol%), (PhSe); (31.3 mg,

100 pmol, 10 mol%) and DCE, 21 h. Purifica-

tion (PE/EtOAc, 95:5 to 90:10) afforded 152an (169 mg, 618 pmol, 62%) as a slightly yellow oil
and a mixture of isomers (N1/N2 = 1:1). Crude 'H NMR yield: 61%.
TLC: Ry = 0.28 (PE/EtOAc, 80:20) [UV, KMnO4]. IR [em™1]: 2974, 2933, 1718, 1662, 1461,
1368, 1312, 1275, 1238, 1185, 1040, 980, 805. 'HNMR (400 MHz, CDCl3): 37.97 (d, J = 8.5 Hz,
0.43H), 7.90-7.81 (m, 0.57H), 7.43-7.30 (m, 1H), 7.27-7.16 (m, 2H), 5.77 (dd, J = 15.8, 1.6 Hz,
1H), 5.39 (ddtd, J = 10.8, 9.3, 6.0, 1.6 Hz, 1H), 4.18 (qd, J = 7.1, 2.2 Hz, 2H), 2.54 (dd, J = 3.8,
0.9 Hz, 3H), 2.42 (ddtd, J = 14.6, 9.3, 7.3, 5.2 Hz, 1H), 2.27 (ddd, J = 13.9, 7.4, 6.3 Hz, 1H), 1.27
(td, J = 7.1, 2.1 Hz, 3H), 0.93 (td, J = 7.4, 2.7 Hz, 3H). '*C NMR (75 MHz, CDCL): 5 165.7,
147.0, 144.0, 134.3, 129.8, 126.5, 123.5, 119.4, 109.3, 62.2, 60.9, 26.9, 21.6, 14.3, 10.9. HRMS
(EI) calcd. for [C;5H19N302]1* (IM]' 1), m/z = 273.14718; found 273.14678 and 273.14719.

Vinylic Isomer: Ethyl (Z)-3-(5-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-3-enoate (N1-
isomer) and ethyl (Z)-3-(6-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-3-enoate (/N3-isomer)
(153an)

153an (41.0 mg, 150 pmol, 15%) as a lightly yel-
'V'e: low oil and a mixture of isomers (41:59). Crude

3 1
N Me@"ﬂ , 'H NMR yield: 18%.
N + N

N5 O TLC: R; = 0.38 (PE/EtOAc, 80:20) [UV]. IR
e~ Ao e~ [cm’l]:f2971, 2933, 1733, 1495, 1457, 1402,
Ni-isomer — 153an  N-isomer 1372, 1327, 1238, 1178, 1066, 1029, 805. 'H
NMR (400 MHz, CDCly): 7.92 (N1, d, J = 8.5 Hz,
1H), 7.82 (N3, s, 1H), 7.39 = 7.30 (N3, m, 2H), 7.21 (N1, s, 1H), 7.19 (N1, dd, J = 8.5, 1.4 Hz, 1H),
6.03 - 5.85 (V1+N3, m, 1+1H), 3.98 — 3.88 (N1+N3, m, 242H), 3.69 (N14N3, s, 242H), 2.52 (N1,
s, 1H), 2.51 (N3, s, 2H), 1.88 — 1.76 (N1+N3, m, 2H), 1.03 — 0.91 (N1+N3,m, 6H). *C NMR
(101 MHz, CDCLy): § 169.8, 145.8, 143.9, 138.6, 134.6, 134.5, 134.2, 132.3, 130.1, 127.9, 127.9,
126.4,119.4, 118.9, 110.4, 110.0, 61.2, 41.9, 22.2, 21.6, 21.4, 21.4, 14.0, 13.9, 13.5. HRMS (ESI)
caled. for [C1sHaoN305]* ([M]*), m/z = 274.1550; found 274.1552.
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5.7 Racemic Intermolecular Allylic Amination with Azoles

Ethyl (E)-4-(5-methyl-1H-tetrazol-1-yl)hex-2-enoate (152a0)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (143 mg,
o 1.01 mmol, 1.00 equiv.), 5-methyl-1H-tetrazole (151k) (253 mg, 3.01 mmol,
MGWJ\OEI 3.01 equiv.), TAPT (24.4 mg, 50.2 pmol, 5 mol%), (PhSe), (31.3 mg,
Me\«N‘J\J 152a0 100 pmol, 10 mol%) and DCE, 21 h. Purification (PE/EtOAc, 95:5 to 90:10)
NN afforded 152a0 (81.0 mg, 361 pmol, 36%) as a colourless oil. Crude 'H
NMR yield: 40%.
TLC: Ry = 0.18 (PE/EtOAc, 80:20) [UV, KMnO4]. IR [em™1]: 2978, 2941, 2881, 122, 1662,
1461, 1506, 1368, 1312, 1271, 1185, 1029, 977, 828, 731. 'H NMR (300 MHz, CDCl3): & 7.06
(dd, J =15.7, 7.0 Hz, 1H), 5.84 (dd, J = 15.8, 1.3 Hz, 1H), 5.34 (dddd, J = 8.6, 7.2, 6.1, 1.3 Hz,
1H), 4.19 (q, J = 7.1 Hz, 2H), 2.54 (s, 3H), 2.36-1.95 (m, 2H), 1.27 (t, J/ = 7.1 Hz, 3H), 0.89 (t,
J = 7.4 Hz, 3H). 3C NMR (75 MHz, CDCl3): § 165.4, 163.3, 142.6, 124.4, 66.2, 61.0, 27.5,
14.3,11.1, 10.4. HRMS (ESI) calcd. for [C;oH7N4O;]1" (IM]*), m/z = 225.1346; found 225.1352.

Vinylic Isomer: Ethyl (Z)-3-(5-methyl-1H-tetrazol-1-yl)hex-3-enoate (153a0)

153a0 (12.0 mg, 53.5 pmol, 5%) as a colourless oil. Crude "H NMR yield:

/E_N 4%.
Me N o TLC: R = 0.50 (PE/EtOAc, 80:20) [UV, KMnO,]. IR [cm™]: 2974, 2937,
ve ™~ Ao 1737, 1510, 1461, 1394, 1342, 1252, 1182, 1029, 872, 723. 'H NMR
153a0 (400 MHz, CDCl3): 8 5.77-5.61 (m, 1H), 4.10 (q, J = 7.2 Hz, 2H), 3.66 (d,

J = 1.0 Hz, 2H), 2.56 (s, 3H), 2.50-2.35 (m, 2H), 1.18 (t, J = 7.2 Hz, 3H),
1.08 (t, J = 7.5 Hz, 3H). '3C NMR (101 MHz, CDCl3): 5 169.5, 162.2, 132.1, 128.2, 61.3, 40.6,
21.6, 14.1, 13.7, 11.0. HRMS (ESI) caled. for [C1oH7N4O,]" (IM]7), m/z = 225.1346; found
225.1352.

Ethyl (E)-4-(3-methyl-1H-pyrazol-1-yl)hex-2-enoate (152ap)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a) (144 mg,

o 1.01 mmol, 1.00 equiv.), 3-methyl-1H-pyrazole (1511) (242 pL, 247 mg,

MGWJ\OB 3.01 mmol, 2.97 equiv.), TAPT (24.5 mg, 50.3 umol, 5 mol%), (PhSe),

Q 152ap (31.2 mg, 100 pmol, 10 mol%) and DCE. After 21 h, TLC analysis indicates

still a lot of starting material present. TAPT (24.4 mg, 50.2 umol, 5 mol%)

and (PhSe); (31.1 mg, 99.7 pmol, 10 mol%) were added again and the

reaction was stirred for further 20 h. Purification was not attempted due to a low crude NMR yield
of 4%.

Me
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Ethyl (E)-4-(1H-indazol-1-yl)hex-2-enoate (152aq)

o

Me/A\r/§§/ﬂ\OEt
N,
@_//N 152aq

Ethyl (E)-4-(1H-1,2

o}

MeWJ\OEt

N,
(Rl _//N 152ar

Ethyl (E)-4-(1H-1,2

o

\R
7 N 152as
N

)

N

According to general procedure 4: Ethyl (F)-hex-3-enoate (150a)
(142 mg, 1.00 mmol, 1.00 equiv.), 2H-indazole (151m) (355 mg,
3.00 mmol, 3.01 equiv.), TAPT (24.3 mg, 50.0 pmol, 5 mol%),
(PhSe); (31.4 mg, 101 pmol, 10 mol%) and DCE, 21 h. Pu-
rification was not attempted due to a low crude NMR yield of
27%.

,a-triazol-1-yl)hex-2-enoate (152ar)

According to general procedure 4: Ethyl (F)-hex-3-enoate (150a)
(143 mg, 1.01 mmol, 1.00 equiv.), 1H-1,2,4-triazole (151n) (207 mg,
3.00 mmol, 3.00 equiv.), TAPT (244 mg, 50.2 pmol, 5 mol%),
(PhSe); (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Pu-
rification was not attempted due to a low crude NMR yield of
12%.

,a-triazol-1-yl)hex-2-enoate (152as)

According to general procedure 4: Ethyl (F)-hex-3-enoate (150a)
(144 mg, 1.01 mmol, 1.00 equiv.), 1H-[1,2,3]triazolo[4,5-b]pyridine
(1510) (360 mg, 3.00 mmol, 3.00 equiv.), TAPT (24.3 mg, 50.0 pmol,
5 mol%), (PhSe); (31.3 mg, 100 pmol, 10 mol%) and DCE, 21 h.
Purification was not attempted due to a low crude NMR yield of
17%.

Ethyl (E)-4-(5-chloro-1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (152at)

O

Me/A\r/QQ/ﬂ\OEt
N,

N 152at
N

Cl
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According to general procedure 4: Ethyl (E)-hex-3-enoate
(150a) (143 mg, 1.01 mmol, 1.00 equiv.), 5-chloro-
1H-benzo[d][1,2,3]triazole (151p) (462  mg, 3.01 mmol,
3.00 equiv.), TAPT (24.4 mg, 50.2 pmol, 5 mol%), (PhSe),
(31.5 mg, 101 pmol, 10 mol%) and DCE, 21 h. Purifica-
tion was not attempted due to a low crude NMR yield of
16%.



5.7 Racemic Intermolecular Allylic Amination with Azoles

Diethyl (E)-4-(1H-pyrazol-1-yl)hex-2-enedioate (152au)

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j)
o (604 mg, 3.02 mmol, 3.01 equiv.), 1H-pyrazole (151q) (68.2 mg,
EtOWOEt 1.00 mmol, 1.00 equiv.), TAPT (24.3 mg, 50.0 pmol, 5 mol%), (PhSe)s
° @/N 152au  (31.4 mg, 101 pumol, 10 mol%), (4-CIPhS), (14.5 mg, 50.3 pmol, 5 mol%)

and DCE, 21 h. Purification (PE/EtOAc, 97:3 to 80:20, Puriflash Advion)

afforded 152au (228 mg, 857 pnmol, 86%) as a slightly yellow oil. Crude NMR yield: 90%.

TLC: Ry = 0.26 (PE/EtOAc, 80:20) [UV, KMnO4]. IR [em™1]: 3124, 2982, 2937, 1722, 1662,
1398, 1271, 1185, 1096, 1044, 980, 752. 'H NMR (400 MHz, CDCl3): & 7.56 (d, J = 1.8 Hz,
1H), 7.45 (dd, J = 2.3, 0.7 Hz, 1H), 7.06 (dd, J = 15.7, 5.8 Hz, 1H), 6.34-6.20 (m, 1H), 5.69 (dd,
J=15.7,1.6 Hz, 1H), 5.41 (dtd, J = 8.5, 5.9, 1.6 Hz, 1H), 4.28-4.01 (m, 5H), 3.24 (dd, J = 16.5,
8.4 Hz, 1H), 2.95 (dd, J = 16.5, 6.0 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). 13C
NMR (101 MHz, CDCl3): 6 169.8, 165.7, 144.5, 140.2, 129.4, 123.4, 105.9, 61.2, 60.9, 58.8, 38.8,
14.3, 14.2. HRMS (ESI) calcd. for [C13H19N2O4]* (IM+H]*), m/z = 267.1339; found 267.1340.

Diethyl (E)-4-(4-methyl-1H-pyrazol-1-yl)hex-2-enedioate (152av)

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j)

O (601 mg, 3.01 mmol, 3.01 equiv.), 4-methyl-1H-pyrazole (151r) (77.3 L,

EtOMOEt 82.1 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.5 mg, 50.3 mol, 5 mol%),

° Q/N 152ay  (PhSe), (31.3 mg, 100 pmol, 10 mol%), (4-CIPhS); (14.5 mg, 50.3 pmol,

5 mol%) and DCE, 21 h. Purification (PE/EtOAc, 98:2 to 75:25, Puriflash

Advion) afforded 152av (157 mg, 560 j1mol, 56%) as a slightly yellow oil.

Crude NMR yield: 56%.

TLC: R = 0.31 (PE/EtOAc, 80:20) [UV, KMnOy4]. IR [em™']: 3090, 2982, 2937, 1722, 1662,

1372, 1312, 1271, 1159, 1029, 984, 861. 'H NMR (400 MHz, CDCl3): 5 7.36 (s, 1H), 7.24-7.16

(m, 1H), 7.03 (dd, J = 15.7, 5.8 Hz, 1H), 5.69 (dd, J = 15.7, 1.6 Hz, 1H), 5.33 (dtd, J = 8.4, 5.9,

1.6 Hz, 1H), 4.24-4.04 (m, SH), 3.22 (dd, J = 16.4, 8.4 Hz, 1H), 2.92 (dd, J = 16.4, 6.0 Hz, 1H),

2.06 (t, J = 0.6 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H), 1.20 (t, / = 7.1 Hz, 3H). '*C NMR (101 MHz,

CDCls): 6 169.9, 165.8, 144.7, 140.5, 128.2, 123.3, 116.5, 61.2, 60.9, 58.7, 38.6, 14.3, 14.2, 9.0.
HRMS (EI) calcd. for [C14HoN2O4] * (IM] ¥), m/z = 280.14176; found 280.14138.

Me

Diethyl (E)-4-(4-(trifluoromethyl)-1H-pyrazol-1-yl)hex-2-enedioate (152aw)

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j)
o (604 mg, 3.02 mmol, 2.99 equiv.), 4-(trifluoromethyl)-1H-pyrazole (151s)
EtOMJ\OEt (137 mg, 1.01 mmol, 1.00 equiv.), TAPT (24.4 mg, 50.2 umol, 5 mol%),
© Q;/M 59aw  (PhSe)> (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification
(PE/EtOAc, 90:10) afforded 152aw (258 mg, 772 nmol, 77%) as a slightly

yellow oil. Crude NMR yield: 89%.

FsC
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TLC: Ry = 0.32 (PE/EtOAc, 80:20) [UV, KMnO4]. IR [cm~1]: 3124, 2986, 1722, 1662, 1580,
1409, 1372, 1238, 1189, 1118, 1029, 969, 869, 686. 'H NMR (400 MHz, CDCl;): & 7.83-7.60
(m, 2H), 7.03 (dd, J = 15.7, 6.1 Hz, 1H), 5.77 (dd, J = 15.7, 1.5 Hz, 1H), 5.39 (dtd, J = 8.8, 5.7,
1.5 Hz, 1H), 4.27-3.89 (m, 4H), 3.25 (dd, J = 16.7, 8.8 Hz, 1H), 2.94 (dd, J = 16.7, 5.4 Hz, 1H),
1.27 (t,J = 7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). '*C NMR (101 MHz, CDCl3): § 169.4, 165.4,
143.1, 137.8 (q, Jo—r = 2.7 Hz), 129.1 (q, Jc—r = 3.6 Hz), 124.2, 113.0 (q, Jo—r = 38.4 Hz),
77.2, 61.5, 61.1, 59.5, 38.6, 14.3, 14.1. *F NMR (376 MHz, CDCl3): § -57.0. HRMS (ESI)
caled. for [C14H gF3N,0]" ((M+H]"), m/z = 335.1213; found 335.1216.

Diethyl (E)-4-(5-methyl-2H-tetrazol-2-yl)hex-2-enedioate (152ba)

According to general procedure 4: Diethyl (F)-hex-3-enedioate (150j)
o (601 mg, 3.00 mmol, 3.00 equiv.), 5-methyl-1H-tetrazole (151t) (84.0 mg,
EtOWOEt 1.00 mmol, 1.00 equiv.), TAPT (24.4 mg, 50.1 pumol, 5 mol%), (PhSe)»
° N;N:!\I152ba (31.4 mg, 101 umol, 10 mol%), (4-CIPhS), (14.4 mg, 50.0 pmol,
Me);N 5 mol%) and DCE, 21 h. Purification (PE/EtOAc, 88:12 to 62:38,
Puriflash Advion) afforded 152ba (154 mg, 547 pmol, 55%) as a slightly

yellow oil. Crude NMR yield: 58%.
TLC: Ry = 0.29 (PE/EtOAc, 80:20) [UV, KMnOy4]. IR [em™']: 2982, 2941, 1722, 1662, 1506,
1372, 1312, 1271, 1185, 1025, 977. 'H NMR (400 MHz, CDCl3): 5 7.01 (dd, J = 15.7, 6.7 Hz,
1H), 5.99-5.88 (m, 1H), 5.81 (dd, J = 15.7, 1.4 Hz, 1H), 4.33-3.97 (m, 4H), 3.34 (dd, J = 16.8,
8.3 Hz, 1H), 3.07 (dd, J = 16.8, 6.2 Hz, 1H), 2.53 (s, 3H), 1.26 (t, J = 7.1 Hz, 3H), 1.20 (t,
J =7.1 Hz, 3H). 3C NMR (101 MHz, CDCl3): 5 168.6, 165.1, 163.4, 141.2, 125.1, 61.6, 61.1,
60.4, 38.2, 14.2, 14.1, 11.1. HRMS (ESI) calcd. for [C12H19N4O4]" ((M+H]"), m/z = 283.1401;

found 283.1402.

Hydroxy byproduct: Diethyl (E)-4-hydroxyhex-2-enedioate (186)

During purification, 25 mg of hydroxy-byproduct diethyl (E)-4-
0 hydroxyhex-2-enedioate (186) were able to be isolated.

EtOWOEt TLC: Ry = 0.26 (PE/EtOAc, 80:20) [UV, KMnOy4]. IR [cm™']: 3481,
© OF 1ge 2982, 2937, 1718, 1662, 1305, 1267, 1174, 1111, 1036. 'H NMR
(400 MHz, CDCl3): 8 6.90 (dd, J = 15.6, 4.3 Hz, 1H), 6.13 (dd, J = 15.7,
1.8 Hz, 1H), 4.71 (dtd, J = 8.3, 3.9, 1.8 Hz, 1H), 4.19 (qd, J = 7.1, 4.9 Hz, 4H), 2.87 (bs, 1H),
2.65 (dd, J = 16.7, 3.7 Hz, 1H), 2.52 (dd, J 16.6, 8.7 Hz, 1H), 1.28 (td, J = 7.1, 4.2 Hz, 6H).
13C NMR (101 MHz, CDCl3): & 172.0, 166.4, 147.3, 121.4, 67.3, 61.3, 60.7, 40.5, 14.4, 14.3.

HRMS (APCI) calcd. for [C1oH;705]" ((M+H] "), m/z = 217.1070; found 217.1071.
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5.7 Racemic Intermolecular Allylic Amination with Azoles

Diethyl (E)-4-(5-phenyl-2H-tetrazol-2-yl)hex-2-enedioate (152bb)

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j)
o (600 mg, 3.00 mmol, 3.00 equiv.), 5S-phenyl-1H-tetrazole (151u) (146 mg,
EtOWOEt 1.00 mmol, 1.00 equiv.), TAPT (24.3 mg, 50.0 pmol, 5 mol%), (PhSe)s
° N’N‘,N 152bb  (31.4mg, 100 pmol, 10 mol%), (4-CIPhS), (14.5 mg, 50.4 pmol, 5 mol%)
Ph)_ N and DCE, 21 h. Purification (PE/EtOAc, 96:4 to 62:38, Puriflash Advion)
afforded 152bb (220 mg, 639 nmol, 64%) as a lightly yellow oil. Crude
NMR yield: 71%.

TLC: Ry = 0.35 (PE/EtOAc, 80:20) [UV]. IR [em™1]: 2982, 1722, 1662, 1450, 1372, 1316, 1271,
1185, 1025, 977, 734, 693. 'H NMR (400 MHz, CDCl3): § & 8.23-8.04 (m, 2H), 7.55-7.40 (m,
3H), 7.09 (dd, J = 15.7, 6.7 Hz, 1H), 6.05 (dtd, J = 8.1, 6.5, 1.4 Hz, 1H), 5.89 (dd, J = 15.7, 1.4 Hz,
1H), 4.26-4.06 (m, 4H), 3.44 (dd, J = 16.8, 8.3 Hz, 1H), 3.16 (dd, J = 16.8, 6.3 Hz, 1H), 1.27 (t,
J =7.1 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): 5 168.6, 165.5, 165.1,
141.1, 130.7, 129.0, 127.2, 127.1, 125.2, 61.7, 61.2, 60.8, 38.3, 14.3, 14.2. HRMS (ESI) calcd.

for [C17H21N4O4]* (IM+H]Y), m/z = 345.1557; found 345.1562.

Diethyl (E)-4-(5-(p-tolyl)-1H-tetrazol-1-yl)hex-2-enedioate (152bc)

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j)
o (601 mg, 3.00 mmol, 3.00 equiv.), 5-(p-tolyl)-1H-tetrazole (151v)
EtOMOEt (160 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.5 mg, 50.4 ymol, 5 mol%),
© N; N 152bc (PhSe); (31.3 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification
N (PE/EtOAc, 90:10) afforded 152bc (41.0 mg, 114 pmol, 11%) as a

slightly yellow oil. Crude NMR yield: 20%.

p-Tol

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j) (603 mg, 3.01 mmol,
3.00 equiv.), 5-(p-tolyl)-1H-tetrazole (151v) (161 mg, 1.01 mmol, 1.00 equiv.), TAPT (24.4 mg,
50.1 pmol, 5 mol%), (PhSe); (31.3 mg, 100 pmol, 10 mol%), (4-CIPhS), (14.4 mg, 50.1 pmol, 5
mol%) and DCE, 21 h. Purification (PE/EtOAc, 98:2 to 62:38, Puriflash Advion) afforded 152bc
(58.8 mg, 164 pmol, 16%) as a slightly yellow oil. Crude NMR yield: 19%.

TLC: R = 0.38 (PE/EtOAc, 80:20) [UV, KMnOy4]. IR [em™']: 2982, 2937, 1722, 1465, 1372,
1316, 1271, 1185, 1021, 977, 831, 757. 'H NMR (400 MHz, CDCl3): & 8.08-7.96 (m, 2H),
7.36-7.21 (m, 3H), 7.09 (dd, J = 15.7, 6.7 Hz, 1H), 6.04 (dtd, J = 8.1, 6.5, 1.4 Hz, 1H), 5.88 (dd,
J=15.7,1.4 Hz, 1H), 4.25-4.05 (m, 4H), 3.43 (dd, J = 16.8, 8.3 Hz, 1H), 3.15 (dd, J = 16.8, 6.4 Hz,
1H), 2.41 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H). '3C NMR (101 MHz, CDCl3):
5 168.6, 165.6, 165.2, 141.2, 140.8, 129.7, 127.0, 125.2, 124.4, 61.6, 61.2, 60.7, 38.3, 21.6, 14.3,
14.2. HRMS (ESI) calcd. for [C1gH23N404]% (IM+H]%), m/z = 359.1714; found 359.1719.
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Diethyl (E)-4-(1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enedioate (152bf)

According to general procedure 4: Diethyl (F)-hex-3-enedioate (150j)

o (202 mg, 1.01 mmol, 1.00 equiv.), 1H-benzo[d][1,2,3]triazole (151b)

FO N-N0Et (358 mg, 3.01 mmol, 2.98 equiv.), TAPT (24.5 mg, 50.3 pmol, 5 mol%),

@:!\l 152bf (PhSe), (31.2 mg, 100 pmol, 10 mol%) and DCE, 21 h. Purification

N (PE/EtOAc, 80:20) afforded 152bf (242 mg, 763 pmol, 76%) as a slightly

yellow oil. Crude '"H NMR yield: 77%.

N2-isomer: 185b (7.00 mg, 22.1 pmol, 2%) as a slightly yellow oil. Crude 'H NMR yield: not

detectable.

TLC: R = 0.13 (PE/EtOAc, 80:20) [UV, KMnOy]. IR [cm™1]: 3064, 2982, 2937, 1722, 1662,
1454, 1472, 1275, 1185, 1025, 749. 'H NMR (300 MHz, CDCl5): 5 8.08 (dt, J = 8.4, 1.0 Hz, 1H),
7.60-7.46 (m, 2H), 7.39 (ddd, J = 8.1, 6.3, 1.6 Hz, 1H), 7.14 (dd, J = 15.7, 6.0 Hz, 1H), 5.94 (dtd,
J =8.6, 6.0, 1.6 Hz, 1H), 5.72 (dd, J = 15.7, 1.5 Hz, 1H), 4.25-3.94 (m, 4H), 3.57 (dd, J = 16.8,
8.6 Hz, 1H), 3.24 (dd, J = 16.8, 6.0 Hz, 1H), 1.23 (t, J = 7.1 Hz, 3H), 1.14 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3): § 169.3, 165.2, 146.0, 142.6, 132.8, 127.8, 124.3, 124.1, 120.2,
109.4, 61.4, 60.9, 55.9, 38.3, 14.1, 14.0. HRMS (APCI) calcd. for [C16HaoN304]* (IM+H]"),
m/z = 318.1448; found 318.1450.

N2-Isomer: Diethyl (E)-4-(2H-benzo[d][1,2,3]triazol-2-yl)hex-2-enedioate (185b)

TLC: R = 0.38, (PE/EtOAc, 80:20) [UV]. IR [em™~']: 3068, 2982, 2937,

o 1722, 1372, 1271, 1182, 1029, 977, 749. 'H NMR (400 MHz, CDCl5):

F1o N-NOEt §7.96-7.75 (m, 2H), 7.44-7.35 (m, 2H), 7.16 (dd, J = 15.7, 6.6 Hz, 1H),

O NN 1gsb 607 (dtd, J = 8.1, 6.4, 1.4 Hz, 1H), 5.80 (dd, J = 15.7, 1.4 Hz, 1H),

O 4.24-4.03 (m, 4H), 3.54 (dd, J = 16.7, 8.4 Hz, 1H), 3.18 (dd, J = 16.7,

6.3 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.1 Hz, 3H). 13C

NMR (101 MHz, CDCly): 5 169.0, 165.3, 144.3, 142.5, 126.7, 124.3,

118.3, 63.3, 61.3, 60.9, 38.6, 14.1, 14.0. HRMS (ESI) caled. for [C16HaoN304]* (IM+H]"),
m/z = 318.1448: found 318.1449.

According to general procedure 4: Diethyl (E)-hex-3-enedioate (150j) (602 mg, 3.01 mmol,
2.98 equiv.), 1H-benzo[d][1,2,3]triazole (151a) (120 mg, 1.01 mmol, 1.00 equiv.), TAPT (24.5 mg,
50.4 pmol, 5 mol%), (PhSe); (31.4 mg, 101 pmol, 10 mol%) and DCE, 21 h. Purification
(PE/EtOAc, 80:20) afforded 152bf (174 mg, 548 pmol, 55%) as a slightly yellow oil. Crude ‘H
NMR yield: 52%.

N2-isomer: 185b (11.0 mg, 34.7 pmol, 3%) as a slightly yellow oil. Crude 'H NMR yield: not
detectable.
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Diethyl (E)-4-((1S,3aS,3bR,5aS,10aS,10bS,12aS)-1-hydroxy-1,10a,12a-trimethyl-
2,3,3a,3b,4,5,5a,6,10,10a,10b,11,12,12a-tetradecahydrocyclopenta[5,6]naphtho[1,2-
flindazol-7(1H)-yl)hex-2-enedioate (152bg, N1-isomer) and diethyl
(E)-4-((1S,3aS,3bR,5aS,10aS,10bS,12aS)-1-hydroxy-1,10a,12a-trimethyl-
2,3,3a,3b,4,5,5a,6,10,10a,10b,11,12,12a-tetradecahydrocyclopenta[5,6]naphtho[1,2-
flindazol-8(1H)-yl)hex-2-enedioate (152bg, N2-isomer)

According to general procedure
4. Diethyl (E)-hex-3-enedioate
(150j)) (600 mg, 3.00 mmol,
3.00 equiv.), Stanozolol (151w)
(329 mg, 1.00 mmol, 1.00 equiv.),
TAPT (24.3 mg, 50.0 pmol, 5 mol%),
(PhSe); (314 mg, 101 pmol,
10 mol%), (4-CIPhS), (14.3 mg,
49.9 nmol, 5 mol%) and HFIP/DCE
(2:3), 48 h. Two times purification
(PE/EtOACc, 96:4 to 62:38, Puriflash Advion) afforded 152bg in three fractions: Pure N2-isomer
(187.6 mg, 356 pmol, 36%) as a slightly yellow oil. A N1/N2 mixture with ratio 1:1 (N2: 16.4 mg,
31.1 pmol, 3%; N1: 18.4 mg, 34.9 pmol, 4%) as a slightly yellow oil. And a N1/N2 mixture with
ratio 6:1 (N2: 4.17 mg, 7.92 pmol, 1%; N1: 25.6 mg, 48.6 pmol, 5%) as a slightly yellow oil.
Crude NMR yield: N2: 46%; N1: n.d..

N2-isomer: TLC: Ry = 0.39 (DCM/MeCN, 10:1) [UV]. IR [em~1]: 3526, 2922, 2851, 2251,
1718, 1372, 1271, 1156, 1098, 1029, 910, 980, 727. 'H NMR (400 MHz, CDCl3): 5 7.08 (s,
1H), 7.02 (dd, J = 15.7, 6.0 Hz, 1H), 5.72 (ddd, J = 15.7, 4.4, 1.5 Hz, 1H), 5.34-5.16 (m, 1H),
4.22-3.95 (m, 4H), 3.15 (ddd, J = 16.3, 7.8, 3.6 Hz, 1H), 2.89 (ddd, J = 16.3, 6.6, 2.6 Hz, 1H),
2.68-2.49 (m, 2H), 2.32-2.17 (m, 1H), 2.05 (d, J = 15.2 Hz, 1H), 1.87-1.10 (m, 24H + H,0),
0.95-0.76 (m, 5H), 0.72 (d, J = 7.4 Hz, 3H). !3C NMR (101 MHz, CDCl3): 5 169.9, 165.7,
148.6, 144.8, 126.7, 123.0, 115.5, 81.7, 61.0, 60.7, 58.5, 53.8, 50.6, 45.4, 42.5, 39.0, 38.8, 36.7,
36.3, 34.8, 31.7, 31.5, 29.3, 27.6, 25.8, 23.3, 20.8, 14.2, 14.1, 13.9, 11.5. HRMS (ESI) calcd. for
[C31H47N,O5]* (IM+H]Y), m/z = 527.3479; found 527.3488.

N1-isomer (containing small amounts of N2-isomer): TLC: R; = 0.26 (DCM/MeCN, 10:1)
[UV]. IR [em™!']: 3511, 2922, 1722, 1659, 1446, 1372, 1308, 1271, 1182, 1029, 936, 731. 'H
NMR (400 MHz, CDCl3): & 7.28 (s, 1H), 7.12 (s, OH), 7.09-6.88 (m, 1H), 5.75 (dd, J = 15.7,
4.3 Hz, OH), 5.53 (ddt, J = 53.9, 15.6, 1.2 Hz, 1H), 5.35-5.10 (m, 1H), 4.25-3.96 (m, 4H), 3.35
(dt, J = 15.9, 9.3 Hz, 1H), 3.18 (dd, J = 16.4, 7.5 Hz, OH), 2.92 (ddd, J = 16.6, 5.4, 2.8 Hz,
1H), 2.57 (ddd, J = 22.8, 15.7, 4.8 Hz, 2H), 2.43 (dd, J = 16.2, 5.0 Hz, OH), 2.26 (dd, J = 16.3,
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11.4 Hz, 1H), 2.15-1.97 (m, 2H), 1.90-1.10 (m, 24H + H,0), 0.98-0.76 (m, 6H), 0.70 (s, 3H).
I3C NMR (101 MHz, CDCl3): 5 170.2, 165.9, 145.0, 138.2, 137.7, 122.7, 115.4, 81.8, 77.5, 77.4,
77.2,76.8, 61.1, 60.8, 55.1, 53.9, 50.7, 45.5, 42.3, 39.1, 38.2, 38.0, 36.7, 36.5, 35.1, 31.6, 29.8,
29.3,25.9,25.7,23.4,20.9, 14.3, 14.0, 11.5. HRMS (ESI) calcd. for [C31H47N,05]" (IM+H]"),
m/z = 527.3479; found 527.3488 and 527.3489.

N-((2’-(2-((E)-1,6-diethoxy-1,6-dioxohex-4-en-3-yl)-2H-tetrazol-5-yl)-[1,1’-biphenyl]-
4-yl)methyl)-N-pentanoyl-D-valine (152bi)

According to general procedure 4: Ethyl (E)-hex-3-enoate (150a)

Etozc/\(\/coza (603 mg, 3.01 mmol, 3.00 equiv.), N-((2’-(1H-tetrazol-5-yl)-
N 152bi [1,1’-biphenyl]-4-yl)methyl)-N-pentanoyl-L-valine (Valsartan)
Y (151x) (425 mg, 1.00 mmol, 1.00 equiv.), TAPT (24.3 mg,

O O 0 50.0 umol, 5 mol%), (PhSe); (31.4 mg, 101 pmol, 10 mol%),
N\,‘)\*OH 1,2-bis(4-chlorophenyl)disulfane (14.3 mg, 49.8 pmol, 5 mol%)

Y /\ and DCE, 21 h. Purification (PE/EtOAc, 95:5 to 0:100 EtOAc
with Puriflash Advion) did not afford the desired product 152bi.
Crude NMR yield: 42%.

Me

162



5.8 Enantioselective Intermolecular Allylic Amination with Azoles

5.8 Enantioselective Intermolecular Allylic Amination with
Azoles

5.8.1 Optimisation of the Amination of Ethyl (E)-hex-3-enoate 150a
General Procedure 5

Into a 40 mL vial were added ethyl (E)-hex-3-enoate (150a), 4-chloropyrazole (151a), chiral Se-
catalyst 136, photocatalyst (86) and further additives, if stated. DCE was added and the vial was
sealed with a screw cap including a septum and equipped with two cannulas, leaving the mixture
open to air. The reaction was performed in a temperature-controlled metal block by irradiation
with blue light (A, = 448 nm) with a stirring speed of 400-550 rpm. When the reaction was
stopped, the mixture was transferred into a round bottom flask using DCM and the solvent was
removed under reduced pressure. To the dried reaction mixture, 10-25 mg of the internal standard
1,4-dimethoxybenzene (DMB) was added and the mixture was dissolved in CDCls (1-2 mL),

homogenised in an ultrasonic bath and then withdrawn for quantitative "H NMR analysis.
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Table 5.28: Optimisation of the Enantioselective Intermolecular Allyic Amination of Ethyl (E)-hex-3-enoate
150a.¢

o)
[Se]* 136 (10 mol%) ~ Cl
PC 86 (5 mol%) Me” Y7 OEt Z/—\\
N + N
’ N O

N
(0] .
/\NI\ * \ /N
Me OFEt DCE (0.075 m), 448 nm S\ N
Cl

19°C, 21 h, air y Me/\/\/u\oa
150a 151a 152a 153a
Entry Comment [Se]* 136 Conv.? [%]  Yield® [%] ee
152a 153a
1 10 mol% 86 136b 93 24 (21) 3 33
2 10 mol% 86 136a 87 22 (25) 1 32
3 - 136a 91 20 (12) 2 31
4 - 136¢ 100 13 1 40
5 20 mol% 136 136d 100 40 6 43
6 - 136e 100 44 4 25
7 5 mol% 136, no 86 136f 27 3 1 n.d.
10 mol% 86,
8 136a 100 23 0 31
2.5 mol% Sc(OTf)3
10 mol% 86,
9 136a 100 26 0 37
10 mol% Sc(OTf);3
10 mol% 86
10 Mot S5, 136a 100 2 0 30
2.5 mol% Zn(OTf),
11 5 mol% (4-CIPhS), 136a 100 22 2 26
12 02M 136a 100 18 0 30
13 Reaction at -3 °C. 136a 100 15 1 22
0.3 mmol 150a,
14 136a 70 18 3 n.d.

3.0 equiv. 151a

Benzyl (E)-hex-3-enoate
15 136a 100 47 3 25
instead of 150a

16 Acetone as Solvent 136a 45 4 0 n.d.
17 MeCN as Solvent 136a 67 15 2 n.d.
18 Toluene as Solvent 136a 58 6 0 n.d.
19 o-Xylene as Solvent 136a 86 6 0 n.d.

“0.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150a. Isolated yields in parentheses. Se-catalyst
purity > 99%. °Conversions and NMR yields were determined with DMB as the internal standard.

n.d. = not determined.
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OMe
Se)-2
(S)
SePMB
Me OTBDMS “
136d o 136f

136a rR=Bn _ 136em

136¢c R =2,5-diOMeBn

Kinetic Investigation

Table 5.29: Kinetic Investigation of the Asymmetric Amination of Ethyl (E)-hex-3-enoate 150a.*

H [Se]*136a (10 mol%) ~
o N. PC 86 (5 mol%) Me “ OEt
+ N
/\NI\ \ / N.
Me OEt DCE (0.075 M), 448 nm
Cl

N
19 °C, t, air \
150a 151a C' 1522

Entry t[h] Conversion® [%] Yield’ [%] ee

2 58 6 n.d.
2 4 63 9 n.d.
i 36 71 11 nd
3 equiv. of 150a
4 8 75 13 n.d.
5 21 91 20 31
6 27.5 100 21 nd.
7 2 n.d. 3 n.d.
8 4 75 6 n.d.
3 equiv. of 151a 9 6 74 12 nd.
10 21 77 20 25
I 275 100 19 n.d.
12 2 54 4 n.d.
5 equiv. of 151a 13 4 50 7 n.d.
146 81 10 n.d.
52l 85 11 nd

20.30 mmol of limiting compound. °®Conversions and NMR yields were determined

with DMB as the internal standard. n.d. = not determined.
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5.8.2 Optimisation of the Amination of Diethyl (E)-hex-3-enedioate (150j)
General Procedure 6

Into a 40 mL vial were added diethyl (£)-hex-3-enedioate (150j), 4-chloropyrazole (151a), chiral
Se-catalyst 136, photocatalyst (86) and further additives, if stated. DCE was added and the vial was
sealed with a screw cap including a septum and equipped with two cannulas, leaving the mixture
open to air. The reaction was performed in a temperature-controlled metal block by irradiation
with blue light (A, = 448 nm) with a stirring speed of 400-550 rpm. When the reaction was
stopped, the mixture was transferred into a round bottom flask using DCM and the solvent was
removed under reduced pressure. To the dried reaction mixture, 10-25 mg of the internal standard
1,4-dimethoxybenzene (DMB) was added and the mixture was dissolved in CDClz (1-2 mL),
homogenised in an ultrasonic bath and then withdrawn for quantitative 'H NMR analysis. Further
purification via column chromatography afforded the target compound. The enantiomeric excess

(ee) of product 152 was determined via chiral HPLC-analysis.

Table 5.30: Catalyst Screening in the Enantioselective Intermolecular Allyic Amination of Diethyl (E)-hex-
3-enedioate (150j).°

0
o H [Sel]* 136 (10 mol%) EtO N
N, PC 86 (5 mol%) " OEt
EtO\r(\NJ\OEt + \ /N O N
;—/ DCM (0.075 M), 448 nm { N
o cl 19 °C, 21 h, air /
150j 151a Cl 152i

Entry  Comment  [Se]* 136 Conversion® [%] Yield® [%] ee

1 - 136b >78 42 72
2 - 136b° 61 35 75

3 20 mol% 136 136b° 86 30 84
4 - 136a 89 44 67
5 - 136¢ 75 29 78
6 20 mol% 136 136g¢ 100 64 -26
7 20 mol% 136 136h 100 64 -52
8 136i¢ 100 75 35

9 - 136e 100 70 32
10 136j 100 66 21

11 136k 100 71 -10

#0.30 mmol (1.0 equiv.) of 1514, 3.0 equiv. of 150j. Se-catalyst purity > 99%, unless
otherwise noted. *Conversions and NMR yields were determined with DMB as the inter-
nal standard. “Newly synthesised Se-catalyst 136b. 80-90% ee. 98% ee.
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OMe

OMe OMe OMe OMe
| = Se) 136k
SeBn Se)-2 Se)2 Z Se} §) :
.ER) (R) (S) (S) 2
Me ( “ M
e OTBDMS Me Me OTBDMS e Me OTBDMS (0]

O
M . Me Me O//I\@
1369 136h 136i o
136j

Table 5.31: Solvent Variation in the Enantioselective Intermolecular Allyic Amination of Diethyl (E)-hex-
3-enedioate (150j).°

solvent (0.075 M), 448 nm \ °N
19 °C, 8 h, air /

150j 151a cl 152i

N [Sel*136b (10 mol%)  EtO N
EtO / i Ny PC 86 (5 mol%) j(\(\)\oa
\[(\/\)J\OEt ¥ S\ J
© cl

Entry  Solvent Conversion® [%]  Yield® [%] ee

1 MeCN 30 14 84
2 EtOAc 8 0 n.d.
3 Toluene 18 2 n.d.
4 THE¢ 38 0 n.d.
5 DCE 66 32 78
6¢ DCE 66 32 (30) 84
7¢ Acetone 54 7 84
gd HFIP 24 <6 n.d.
9d CHCl3 51 17 79

#0.30 mmol of 1514, 3.00 equiv. of 150j. Isolated yields in paren-
theses. “Conversions and NMR yields were determined with DMB
as the internal standard. “Distilled prior to use. “Newly synthesised
Se-catalyst 136b. n.d. = not determined.
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Table 5.32: Additive Variation in the Enantioselective Intermolecular Allyic Amination of Diethyl (E)-hex-
3-enedioate (150j).“

Additive 0

o) H [Se]* 136b (10 mol%) EtoY\Nk
1o _ N.w  PC 86 (5 mol) g OFt
Moa + S\ p O _N.
DCE (0.075 m), 448 nm N
o cl

_ 19 °C, t, air \

150j 151a cl’ 152
Entry Additive solvent t[h] Conv.’ [%] Yield® [%] ee
1 5mol% (4-CIPhS), MeCN 8 56 27 87
2 5mol% (4-CIPhS), MeCN 21 77 35 74
3 10 mol% (4-CIPhS), MeCN 8 74 28 85
4 5mol% (4-CIPhS), DCE 8 81 33 82
5¢ 5mol% (4-CIPhS),  DCE 21 83 35 83
10 mol% (4-CIPhS), DCE 8 73 29 82
20 mol% (4-CIPhS), DCE 8 86 24 80
5 mol% (‘BuS), DCE 8 71 33 83
5mol% (4-OMePhS), DCE 8 78 26 82
10 1.00 equiv. MegSi,  DCE 8 35 0 n.d.
11 10 mol% Sc(OTf);  DCE 8 70 30 74
12 10 mol% ZnCl, DCE 8 51 23 83
13 10 mol% ZnCl,? DCE 8 49 20 78
14 1.00 equiv. SiO, DCE 8 59 30 86

1.00 equiv. AcOH,

15 equi. Ac DCE 8 68 31 80

5 mol% 4-(CIPhS),

“0.30 mmol of 1514, 3.00 equiv. of 150j. Isolated yields in parentheses. Newly synthesised Se-
catalyst 136b used. ®Conversions and NMR yields were determined with DMB as the internal
standard. “20 mol% 136b. ¢1.9 m in MeTHF. n.d. = not determined.
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Table 5.33: Further Optimisation of the Enantioselective Intermolecular Allyic Amination of Diethyl (E)-
hex-3-enedioate (150j).“

o H [Se]*136b (10 moi%) EIOY\NJ\OH
. PC 86 (5 mol%) *
EtOWOEt + S\ N
o cl

DCE (0.075 M), 448 nm 4 N
_ 19 °C, t, air /)
150j 151a c’ 152
Entry Comment solvent t[h] Conv.’ [%] Yield® [%] ee
1 0.15m DCE 8 57 26 83
2 0.0375 m DCE 8 51 20 84
0°C. DCE 8 56 26 86
4 55°C. DCE 8 73 35 43
5¢ reversed stoichiometry DCE 8 34 19 76
6 Reduced O,-concentration DCE 8 61 30 78

1H-benzo[d][1,2,3]triazole 151b
6° ) DCE 7 62 31 (27) 80
instead of 151a

1 mmol 1H-benzo[d][1,2,3]triazole

gde , DCE 8 33 17 n.d.
151b instead of 151a
4 1 mmol 1H-benzo[d][1,2,3]triazole
9% ) DCE 21 38 29 (24) 84
151b instead of 151a
10 1 mmol 151a DCE 21 61 31 (29) 82

“0.30 mmol of 1514, 3.0 equiv. of 150j. Isolated yields in parentheses. Newly synthesised Se-catalyst 136b
used. "Conversions and NMR yields were determined with DMB as the internal standard. “0.30 mmol of 150j,
3.0 equiv. of 151a. 1.00 mmol of 151b, 3.00 equiv. of 150j. ©0.2 m. n.d. = not determined.
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Table 5.34: Variation in Catalyst Loading and Second Addition in the Enantioselective Intermolecular Allyic
Amination of Diethyl (E)-hex-3-enedioate (150j).%

DCE (0.075 M), 448 nm CON
19 °C, t, air /

150j 151a cl 152i

H [Se]*136b (X mol%) EIOY\NJ\
EtO / i Ny PC 86 (Y mol%) 7 OFt
\[(\/\)J\OEt + j\ ) ~
o cl

Entry X [mol%] Y [mol%] t[h] Conv.’[%] Yield® [%] ee

1 5 5 8 45 17 75
2 10 5 8 66 32(30) 84
3 20 5 8 74 29 87
4 10 2.5 8 57 34 83
5 10 10 8 59 28 86
6 20 10 8 77 23 87
7¢ 10 5 21 85 38 83
8¢ 10 5 21 73 43 71
9° 10 5 21 82 35 83

©0.30 mmol of 1514, 3.00 equiv. of 150j. Isolated yields in parentheses. Newly syn-
thesised Se-catalyst 136b used. ®*Conversions and NMR yields were determined with
DMB as the internal standard. “Second addition of 10 mol% 136b and 5 mol% 86
after 6 h. ?Second addition of 5 mol% 86 after 6 h. °Second addition of 10 mol%
136b after 6 h.
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Kinetic Investigation

Table 5.35: Kinetic Investigation of the Asymmetric Amination of Diethyl (E)-hex-3-enedioate 150 with

Catalysts 136a and 136¢.“
o H [Se]* 136 (10 mol%) EtO Y
N, PC 86 (5 mol%) * OEt
EtOMOEt + \ /N (@] N
DCE (0.075 m), 448 nm )
o cl

N
19 °C, t, air -
150j 151a cl 152a

136b 136¢

Entry t[h] Conv.’ [%] Yield®[%] ee Entry t[h] Conv.l [%] Yield® [%] ee

1 2 38 8 84 6 2 34 3 n.d.
2 4 57 19 nd. 7 4 55 10 86
3 6 62 23 78 8 6 69 22 n.d.
4 8 66 32 78 9 8 70 22 86
5 21 >78 42 72 10 21 75 29 78

3.0 equiv. of 150j, 0.30 mmol, (1.0 equiv.) of 151a. *Conversions and NMR yields were determined with DMB
as the internal standard. n.d. = not determined.

136¢c

136b —o— yield —o—yield
100 —~A— conversion 100 —24— conversion
—o—ee —o—ee

80 80
— 604 . 60+
X X

40 40

20- 20 /—/

0 T T T T 1 O T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
t[h] t(h]
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5.8.3 Enantioselective Synthesis of Allylic Azoles and Azines

General Procedure 7

[Sel*136b (10 mol%) '
0, H
Eio.0 P COEL el PC86 (5 mol%) B0, N YOO |
2 DCE, 448 nm NHet |
19 °C, t, air
150j 151a 152

Into a 100 mL round bottom flask were added alkene (150), amine (151), 136b (10 mol%),
photocatalyst 86 (5 mol%) and DCE. The flask was sealed with a septum including two cannulas,
leaving it open to air. The reaction mixture was then vigorously stirred at 19 °C under irradiation
with blue light (A4, = 448 nm) for the given time in a temperature-controlled metal block. After
reaction, the solvent was removed under reduced pressure. The NMR yield of the allylic product
152 was determined with internal standard 1,4-dimethoxybenzene (DMB). Further purification via
column chromatography afforded the target compound. The enantiomeric excess (ee) of product

152 was determined via chiral HPLC-analysis.

Diethyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152i)

According to general procedure 6: 40 mL vial, diethyl (E)-hex-3-
Etozc/\(\/cozEt enedioate (150j) (182 mg, 909 pmol, 3.03 equiv.), 4-chloro-1H-pyrazole
1 ‘N 152i (151a) (30.8 mg, 300 pmol, 1.00 equiv.), 86 (7.36 mg, 15.1 pmol,
S—l/ 5 mol%), 136b (16.1 mg, 30.1 pmol, 10 mol%) and DCE (4 mL), 8 h.
“ Purification (PE/EtOAc, 9:1), afforded 152i (22.0 mg, 90.7 pmol, 30%,

84% ee) as a colourless oil (crude 'H NMR yield: 32%).
HPLC: tg =29.805 min (minor), 31.770 min (major) [IC-3, hexane/'PrOH = 90:10, flow rate 0.5

ml/min, 25 °C].

According to general procedure 7: 100 mL round bottom flask, diethyl (£)-hex-3-enedioate (150j)
(601 mg, 3.00 mmol, 3.00 equiv.), 4-chloro-1H-pyrazole (151a) (103 mg, 1.00 mmol, 1.00 equiv.),
86 (24.3 mg, 50.0 umol, 5 mol%), 136b (53.5 mg, 100 pmol, 10 mol%) and DCE (5 mL), 21 h.
Purification (PE/EtOAc, 9:1), afforded 152i (85.9 mg, 286 j1mol, 29%, 82% ee) as a lightly yellow
oil (crude '"H NMR yield: 31%).

HPLC: tg = 30.522 min (minor), 32.470 min (major). [IC-3, hexane/'PrOH = 90:10, flow rate 0.5
ml/min, 25 °C]. Optical rotation: [«]3 = -13.6 (c 0.95, CHCl3).
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Diethyl (E)-4-(1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enedioate (152bf)

According to general procedure 6: 40 mL vial, diethyl (E)-hex-3-enedioate
EtOZC/WCOZEt (150j) (181 mg, 904 pmol, 3.00 equiv.), 1H-benzo[d][1,2,3]triazole
N:N 159bf (151b) (35.9 mg, 301 pmol, 1.00 equiv.), 86 (7.35 mg, 15.1 pmol,
Ql\i 5 mol%), 136b (16.1 mg, 30.0 pmol, 10 mol%) and DCE (4 mL), 8 h.
Purification (PE/EtOAc, 9:1 to 8:2), afforded 152bf (26.0 mg, 81.9 pmol,

27%, 80% ee) as a slightly yellow oil (crude 'H NMR yield: 31%).
HPLC: tg = 15.885 min (minor), 18.719 min (major) [IB-3, hexane/*PrOH = 90:10, flow rate 0.8

ml/min, 25 °C].

According to general procedure 7: 100 mL round bottom flask, diethyl (E)-hex-3-enedioate
(150j) (601 mg, 3.00 mmol, 3.00 equiv.), 1H-benzo[d][1,2,3]triazole (151b) (119 mg, 1.00 mmol,
1.00 equiv.), 86 (24.3 mg, 50.0 pmol, 5 mol%), 136b (53.5 mg, 100 pmol, 10 mol%) and DCE (5
mL), 21 h. Purification (PE/EtOAc, 9:1 to 8:2), afforded 152i (75.0 mg, 236 nmol, 24%, 84% ee)
as a lightly yellow oil (crude 'H NMR yield: 29%).

HPLC: tg = 15.817 min (minor), 18.540 min (major). [IB-3, hexane/'PrOH = 90:10, flow rate 0.8
ml/min, 25 °C]. Optical rotation: [oc]lz)5 =2.74 (¢ 0.95, CHCl3).
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5.9 Asymmetric Counderanion Directed Catalysis (ACDC)

5.9.1 Synthesis of Photosensitiser with Chiral Counterions
(2)-1,3,5-tris(4-methoxyphenyl)pent-2-ene-1,5-dione (179)[226]

Conducted by Dr. T. Ler: To to a suspension of 2,4,6-
tris(4-methoxyphenyl)pyrylium tetrafluoroborate (86, 1.46 g,
3.00 mmol, 1.00 equiv.) and basic Al,O3 (1.53 g, 15.0 mmol,
5.00 equiv.) in 20 mL EtOH, NaAc (1.48 g, 18.0 mmol,
6.00 equiv.) in 7.5 mL H,O was added. The mixture was

stirred at 75 °C for 23 h, before it was allowed to cool to
179 r.t.. The remaining solid was filtered and washed with DCM.
Then, the solvent of the filtrate was removed under reduced
pressure and the residue was again dissolved in DCM and H,O. The phases were separated and
the aqueous phase was extracted with DCM. The combined organic phases were washed with H,O,
before the solvent was removed under reduced pressure. The residue was purified via column
chromatography (pentane/EtOAc, 30:1) affording 179 (1.11 g, 2.65 mmol, 88%) as a yellow oil,
which later solidified into a dark orange solid.
TLC: Ry = 0.29 (PE/EtOAc, 3:1) [UV]. M.p. = 39.5 °C. IR [cm™!]: 3056, 3004, 2960, 2840,
2356, 1677, 1603, 1513, 1424, 1316, 1260, 1029, 1170, 831. 'H NMR (400 MHz, CDCl;):
8.08-8.02 (m, 2H), 8.01-7.94 (m, 2H), 7.54-7.46 (m, 2H), 7.39 (s, 1H), 6.98-6.86 (m, 6H), 4.83
(s, 2H), 3.87 (d, J = 3.5 Hz, 6H), 3.83 (s, 3H). '3C NMR (101 MHz, CDCl3): & 195.2, 189.6,
163.6, 163.3, 160.7, 151.8, 134.4, 132.5, 130.7, 130.7, 130.3, 128.4, 122.0, 114.2, 113.9, 113.8,
55.6, 55.6, 55.5, 42.4. HRMS (ESI) calcd. for [CocH505]" ([IM+H]™), m/z = 417.1697; found
417.1700.

2,4,6-tris(4-methoxyphenyl)pyrylium (2s,11bS)-2,6-bis(2,4,6-
triisopropylphenyl)dinaphtho[2,1-d:1°,2’-f][1,3,2]dioxaphosphepin-4-olate 4-oxide
(180a)[228]

Into a 50 mL round bottom flask were
added 179 (62.5 mg, 150 pmol, 1.00 equiv.),
(25,4R,11bS)-4-hydroxy-2,6-bis(2,4,6-
triisopropylphenyl)dinaphtho[2,1-d:17,2’-
f1[1,3,2]dioxaphosphepine ~ 4-oxide  ((S)-TRIP)
(113 mg, 150 pmol, 1.0 equiv.) and 2 mL EtOH.
The resulting mixture was heated to 60 °C, upon

which the starting materials dissolved, and stirred

for 4 h. Then, the solution was cooled to r.t. and

continued to stir for 3 h, before the solvent was
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removed under reduced pressure. The residual dark red solid was dissolved in acetone (1 mL) and
the product was precipitated by addition of hexane (50 mL). The flask was stored in the fridge for
1 h, before the precipitated was filtered off and washed with hexane. The resulting solid was dried
on vacuum affording 180a (36.0 mg, 31.3 pmol, 21%, 95.3% purity) as a red solid including 4.7%
of starting material 179 (sm).

IR [cm~1]: 2960, 2870, 1588, 1513, 1241, 1178, 1092, 1021, 906, 835, 727. 'H NMR (400 MHz,
CDCl3): 6 8.46 (s, 2H), 8.23 (d, J = 8.7 Hz, 2H), 8.16 (d, J = 8.5 Hz, 4H), 7.88 (d, J = 8.1 Hz, 2H),
7.82 (s, 2H), 7.47-7.27 (m, 6H), 6.88 (d, J = 1.7 Hz, 2H), 6.84-6.79 (m, 2H), 6.69 (d, J = 8.5 Hz,
4H), 6.27 (d, J = 8.4 Hz, 2H), 3.60 (s, 6H), 3.34 (s, 3H), 3.13 (s, 2H), 2.81 (quint., J = 6.8 Hz, 2H),
2.59 (quint., J = 7.0 Hz, 2H), 1.19-0.83 (m, 36H). '*C NMR (151 MHz, CDCl3): & 195.2 (sm),
189.5 (sm), 166.7, 165.4, 164.3, 163.6 (sm), 163.3 (sm), 161.8, 160.7 (sm), 151.8 (sm), 148.1,
147.4, 147.0, 134.4 (sm), 133.8, 133.6, 133.1, 132.5 (sm), 132.2, 131.8, 130.7 (sm), 130.7 (sm),
130.6, 130.3 (sm), 130.3, 128.4 (sm), 128.1, 127.5, 125.5, 124.5, 123.6, 123.1, 122.0 (sm), 121.2,
121.0, 120.1, 115.4, 115.3, 114.2 (sm), 113.9 (sm), 113.8 (sm), 110.5, 55.6, 55.6 (sm), 55.5 (sm),
55.4, 42.4 (sm), 34.1, 30.9, 30.9, 30.8, 26.5, 25.0, 24.0, 23.8, 23.7, 23.6. 3'P NMR (162 MHz,
CDCl3): 6 4.6. HRMS (ESI) calcd. for [Co6H2304]" (IM — (S)-TRIP~]%), m/z = 399.1591; found
399.1594; calcd. for [CsoHs604P]1~ (IM — TAP*]7), m/z = 751.3922; found 751.3923.

2,4,6-tris(4-methoxyphenyl)pyrylium (2r,11¢cS)-2,6-bis(2,4,6-
triisopropylphenyl)dinaphtho[2,1-d:1°,2’-f][1,3,2]dioxaphosphepin-4-olate 4-oxide
(180b)1220]

Into around bottom flask were added 179 (62.5 mg,

iPr iPr 150 pmol, 1.00 equiv.), (2r,4R,11cS)-4-hydroxy-
oMe 2,6-bis(2,4,6-triisopropylphenyl)dinaphtho[2,1-
O d:1°,2°-f][1,3,2]dioxaphosphepine 4-oxide

((R)-TRIP) (113 mg, 150 pmol, 1.00 equiv.) and

z | 2 mL EtOH. The resulting mixture was heated to

O \o® O o o 60 °C, upon which the starting materials dissolved,

MeO OMe and stirred for 4 h. Then, the solution was cooled
180b to r.t. and continued to stir for 2 h and 20 min,

before the solvent was removed under reduced
pressure. The residual dark red solid was dissolved in acetone (1 mL) and the product was
precipitated by addition of hexane (50 mL). The flask was stored in the fridge for 1 h, before the
precipitated was filtered off and washed with hexane. The resulting solid was dried on vacuum
affording 180b (32.0 mg, 27.8 pmol, 19%, 94.4% purity) as a red solid including 5.6% of starting
material 179 (sm).
IR [cm~']: 3056, 2960, 2870, 1588, 1513, 1245, 1178, 1025, 910, 835, 731. "H NMR (400 MHz,
CDClz): 6 8.47 (s, 2H), 8.23 (d, J = 8.8 Hz, 2H), 8.16 (d, J = 8.6 Hz, 4H), 7.88 (d, J = 8.1 Hz,
2H), 7.82 (s, 2H), 7.48-7.25 (m, 6H), 6.88 (d, J = 1.7 Hz, 2H), 6.84 (s, 2H), 6.71 (d, J = 8.6 Hz,
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4H), 6.30 (d, J = 8.5 Hz, 2H), 3.61 (s, 6H), 3.35 (s, 3H), 3.07 (s, 2H), 2.88-2.71 (m, 2H), 2.61
(d, J = 7.1 Hz, 2H), 1.17-0.81 (m, 36H). *C NMR (151 MHz, CDCl3): § 195.2 (sm), 189.6
(sm), 166.8, 165.5, 164.4, 163.6 (sm), 163.3 (sm), 161.9, 160.7 (sm), 151.8 (sm), 148.1, 147.6,
147.1, 134.4 (sm), 133.5, 133.0, 132.5 (sm), 132.3, 132.0, 130.7 (sm), 130.7 (sm), 130.6, 130.4,
130.3 (sm), 128.4 (sm), 128.1, 127.5, 125.7, 124.7, 123.6, 122.9, 122.0 (sm), 121.3, 121.0, 120.1,
115.5, 115.4, 114.2 (sm), 113.9 (sm), 113.8 (sm), 113.5, 110.5, 55.7, 55.6 (sm), 55.6 (sm), 55.5,
55.5 (sm), 55.5, 42.4 (sm), 34.2, 30.9, 26.6, 25.1, 24.1, 23.8, 23.7, 23.4. 3'P NMR (162 MHz,
CDCl3): § 4.5. HRMS (ESI) caled. for [CogH304]" (IM — (R)-TRIP~]%), m/z = 399.1591;
found 399.1594; calcd. for [CsoHs604P]~ (IM — TAP*] ), m/z = 751.3922; found 751.3921.

2,4,6-tris(4-methoxyphenyl)pyrylium
((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan- 1-yl)methanesulfonate (180c)[?26]

Conducted by Dr. T. Ler: Into a round bottom flask were added
179 (83.3 mg, 200 pmol, 1.00 equiv.), ((1S,4R)-7,7-dimethyl-
2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic acid ((S)-CSA)
(46.5 mg, 200 pmol, 1.00 equiv.) and 2 mL EtOH. The resulting
mixture was heated to 60 °C and stirred for 3 h, before the solvent
was removed under reduced pressure. The residue was dissolved
in 2 mL MeOH and extracted with hexane (5 x 2 mL). As the
MeOH-phase still contained some impurity (verified via TLC),

it was added dropwise into 50 mL Et2O. The formed precipitated
was filtered, washed with Et;O and dried on vacuum, affording 180¢ (100 mg, 159 mmol, 79%)
as a red solid.
M.p. = 235.7°C.IR [cm™']: 3444, 3083, 2952, 2844, 1737, 1588, 1513, 1487, 1312, 1245, 1178,
1126, 1036, 835. '"H NMR (400 MHz, CDCl3): & 8.59-8.44 (m, 4H), 8.23 (d, J = 8.9 Hz, 4H),
6.99 (d, J =9.0 Hz, 3H), 6.94 (d, J = 8.9 Hz, 2H), 3.87 (s, 6H), 3.81 (s, 3H), 3.62 (d, J = 14.7 Hz,
1H), 3.17-2.96 (m, 2H), 2.38 (dt, J = 18.1, 4.0 Hz, 1H), 2.17-2.02 (m, 2H), 1.80 (ddd, J = 14.3,
9.8, 4.6 Hz, 1H), 1.45-1.33 (m, 1H), 1.30 (s, 3H), 0.94 (s, 3H). *C NMR (101 MHz, CDCl;):
0 217.6, 167.0, 165.8, 164.7, 161.9, 133.6, 130.6, 124.1, 121.0, 115.7, 115.6, 110.5, 59.1, 55.8,
48.1,47.5, 43.3, 42.9, 27.4, 25.0, 20.6, 20.2. HRMS (ESI) calcd. for [CocHp304]" (IM-CSA™]Y),
m/z = 399.1591 ; found 399.1595.

2,4,6-tris(4-methoxyphenyl)pyrylium
((1R,48)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan- 1-yl)methanesulfonate (180d)[22¢]

Conducted by Dr. T. Ler: Into a round bottom flask were added
179 (83.3 mg, 200 nmol, 1.00 equiv.), ((1R,4S)-7,7-dimethyl-2-
oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic acid ((R)-CSA)
(46.5 mg, 200 pmol, 1.00 equiv.) and 2 mL EtOH. The resulting
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mixture was heated to 60 °C and stirred for 3 h, before the
solvent was removed under reduced pressure. The residue was
dissolved in 2 mL MeOH and extracted with hexane (5 x 2 mL).
After separation, the MeOH-phase was added dropwise into
50 mL EtyO. The formed precipitated was filtered, washed
with EtsO and dried on vacuum, affording 180d (93.0 mg, 147 mmol, 74%) as a red solid.
M.p. = 228.5 °C. IR [em™']: 3448, 3079, 2952, 2878, 2356, 1737, 1633, 1592, 1513, 1491,
1312, 1245,1182, 1030, 835. "H NMR (300 MHz, CDCl3): & 8.50 (d, J = 10.1 Hz, 4H), 8.23 (d,
J =89 Hz, 4H), 6.99 (d, J = 8.9 Hz, 3H), 6.94 (d, J = 8.9 Hz, 2H), 3.87 (s, 6H), 3.81 (s, 3H), 3.62
(d, J =14.7 Hz, 1H), 3.16-2.96 (m, 2H), 2.39 (dt, J = 18.1, 4.0 Hz, 1H), 2.14-2.02 (m, 2H), 1.80
(ddd, J =14.3, 9.8, 4.7 Hz, 1H), 1.39 (ddd, J = 13.3, 9.2, 3.7 Hz, 1H), 1.30 (s, 3H), 0.94 (s, 3H).
13C NMR (101 MHz, CDCl3): 6 217.6, 167.0, 165.9, 164.8, 162.1, 133.7, 130.7, 124.2, 121.1,
115.8, 115.6, 110.7, 59.1, 55.9, 48.1, 47.5, 43.3, 42.9, 27.4, 25.0, 20.7, 20.2. HRMS (ESI) calcd.
for [Co6H304]" (IM-CSA™]Y), m/z = 399.1591 ; found 399.1594.
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5.9.2 Application onto Intermolecular Allylic Amination with Azoles
General Procedure 8

Into a 40 mL vial were added ethyl (F)-hex-3-enoate (150a) (3.0 equiv.), 4-chloro-1H-pyrazole
(151a) (0.30 mmol, 1.0 equiv.), the respective selenium-catalyst (10 mol%), photosensitiser (5—
10 mol%) and 4 mL. DCE. The screw cap was equipped with two blue cannulas and the resulting
mixture was vigorously stirred at 19 °C for 21 h. The solvent was removed and the NMR yield was
determined with internal standard 1,4-dimethoxybenzene. The crude mixture was then purified
via column chromatography (PE/EtOAc, 90:10) to receive a clean fraction for HPLC-analysis of
the desired product 152a.

H (PhSe), or 136¢ (10 mol%) &
o N. pS* 1280 or 86 (5 mol%) Me” Y7 OEt
PN ) N.
Me OEt DCE (0.075 ™M), 448 nm \ N
Cl 19 °C, 21 h, air /
150a 151a Cl 152a

Table 5.36: Enantioselective Intermolecular Amination via Counteranion Directed Catalysis.

Entry Photosensitiser [mol%] Se-Catalyst Conversion® [%] Yield® [%] ee® [%]

1 TAPT (86) [5] (PhSe), 100 68 -

2 TAPT (86) [5] 136¢ 91 20 3]
3 180a [5] (PhSe), n.d. 23

4 180a [5] 136¢ 40 7 11
5 180b [5] 136¢ 43 7 14
6 180c [10] 136¢ 10 13 29
7 180d [10] 136¢ 78 14 33

“NMR yields and conversions were determined with 1,4-dimethoxybenzene as the internal standard.
YEnantiomeric excess (ee) was determined by chiral stationary phase HPLC analysis.
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(PhSe),
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6 Spectra

2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate (TAPT) (86) (‘"H NMR:

300 MHz, '3C NMR: 101 MHz, MeCN-ds; IR)
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1,2-bis(2-methoxyphenyl)diselane (140) (‘"H NMR: 300 MHz, '*C NMR: 101 MHz,

"Se NMR: 76 MHz, CDCls; IR)
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(4-methoxybenzyl)(phenyl)selane (142) (‘H NMR: 400 MHz, 13C NMR: 101 MHz, ""Se
NMR: 76 MHz, CDCl3; IR)
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N-(5-Bromopentyl)-4-methylbenzenesulfonamide (116) (‘H NMR: 400 MHz, '3C
NMR: 101 MHz, CDCls; IR)
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6 Spectra

(5-((4-M ethylphenyl)sulfonamido)pentyl)triphenylphosphonium bromide (117) (‘H
NMR: 400 MHz, '3C NMR: 101 MHz, 3'P NMR: 162 MHz, DMSO —dg; IR)
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6 Spectra

5-((4-methylphenyl)sulfonamido)pentyl 4-methylbenzenesulfonate (118) (\H NMR:
400 MHz, '3C NMR: 101 MHz, CDCls; IR)
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(5-((4-methylphenyl)sulfonamido)pentyl)triphenylphosphonium
4-methylbenzenesulfonate (119) (‘H NMR: 400 MHz, 'C NMR: 101 MHz, >'P NMR:
162 MHz CDCls; IR)
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6 Spectra
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(E)-N-(8,8-Dimethylnon-5-en-1-yl)-4-methylbenzenesulfonamide (120c) (\H NMR:
400 MHz, '3C NMR: 101 MHz, CDCls; IR)
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6 Spectra
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(E)-4-methyl-N-(7-phenylhept-5-en-1-yl)benzenesulfonamide and
(E)-4-methyl-N-(7-phenylhept-6-en-1-yl)benzenesulfonamide (120d) (‘H NMR:

400 MHz, '3C NMR: 101 MHz, NOESY, CDCls; IR)
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6 Spectra
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4-methyl-N-(6-phenylhex-5-en-1-yl)benzenesulfonamide (120e) (‘H NMR: 300 MHz,

13C NMR: 101 MHz, CDCls; IR)
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6 Spectra

2-Phenyl-3-(phenylselanyl)-1-tosylpyrrolidine (129a) (‘\H NMR: 300 MHz, '>C NMR:
101 MHz, ""Se NMR: 76 MHz, CDCl;3; IR)
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6 Spectra

3-((4-Methoxyphenyl)selanyl)-2-phenyl-1-tosylpyrrolidine (129b) (‘H NMR: 300 MHz,
13C NMR: 101 MHz, ""Se NMR: 76 MHz, CDCl3; IR)
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6 Spectra

3-((4-Chlorophenyl)thio)-2-phenyl-1-tosylpyrrolidine (129¢) (‘H NMR: 400 MHz, '*C
NMR: 101 MHz, CDCls; IR)
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(5-((4-Nitrophenyl)sulfonamido)pentyl)triphenylphosphonium bromide (130) (‘H
NMR: 300 MHz, 'C NMR: 101 MHz, >'P NMR: 162 MHz Methanol-dj; IR)
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6 Spectra
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4-Nitro-N-(4-(p-tolyl)but-3-en-1-yl)benzenesulfonamide (134a) (‘"H NMR: 300 MHz,
13C NMR: 101 MHz, CDCls; IR)
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6 Spectra

N-(4-(Naphthalen-1-yl)but-3-en-1-yl)-4-nitrobenzenesulfonamide (134c) (‘H NMR:
400 MHz, 13C NMR: 101 MHz, CDCl;; IR)
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N-(4-(4-Chlorophenyl)but-3-en-1-yl)-2,4,6-trimethylbenzenesulfonamide (134d) (‘H
NMR: 400 MHz, 'C NMR: 101 MHz, CDCl3; IR)
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6 Spectra
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(Z)-N-(5,5-Dimethylhex-3-en-1-yl)-2,4,6-trimethylbenzenesulfonamide (134e) ('H

NMR: 300 MHz, '3C NMR: 75 MHz, CDCl3; IR)
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6 Spectra

Methyl (E)-hex-3-enoate (148) (\H NMR: 300 MHz, 13C NMR: 75 MHz, CDCls; IR)
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(E)-N-(Dec-6-en-5-yl)-N,4-dimethylbenzenesulfonamide (139) (‘H NMR: 300 MHz,
13C NMR: 101 MHz, CDCls; IR; 2D NMR: COSY, HSQC, HMBC, CDCl5)
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6 Spectra

M Jh u

COSY o o

S\N_Me ¢
e

S m ot
139 | " - 7

= o @

4; [ 8
T

S ASRd . il

& - @ 0
v ¢ BE
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0
f2 (ppm)
MLAJM mA A
— HsaQc ‘
= A ¢
= L
n 3
W o

T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0
f2 (ppm)

212

F0.0

r0.5

r1.5

r2.0

r2.5

3.0

F3.5

r4.0

r4.5

r5.0

r5.5

6.0

r6.5

r7.0

r7.5

8.0

0.5

10

20

r30

40

50

r 60

r70

r 80

90

r 100

r110

120

- 130

r 140

0.5

f1 (ppm)

f1 (ppm)



LA

LI

HMBC ° "
» k20

" v > &
40
50
[ ' : 60
70

80

f1 (ppm)

90
L 100
L 110
L 120
v ’ ) * L 130

r 140

150

8.0 7.5 7.0 6.5 6.0 5.5 5.0

45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f2 (ppm)

213



6 Spectra

Benzyl (E)-hex-3-enoate (150b) (‘"H NMR: 300 MHz, 'C NMR: 75 MHz, CDCl3; IR)
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Dibenzyl (E)-hex-3-enedioate (150c) (‘H NMR: 300 MHz, '*C NMR: 101 MHz, CDCls;
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6 Spectra

Hept-3-enenitrile (150d) (‘*H NMR: 400 MHz, '>C NMR: 101 MHz, CDCl;3; IR)
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(But-2-en-1-ylsulfonyl)benzene (150e) (\H NMR: 300 MHz, 13C NMR: 75 MHz, CDCls;

IR)

E+Z
E+Z
E+Z
E+Z
Me._#,_-SOPh
150e
EE
. L}J“
g 8 288 5 2‘
N & S S S N &
T T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
MO NN—OQInnNO M
R L EEEEEEE 3 3 s a
juius g Juspa g s Raiha it 8 & s o
e N N [ (.
nin © NN “ounun cE
B8 2 s08 AR Y
e N S
E £ E E
E i
Z||z
El |z
T T T T T T T T T T T z z
139 138 137 136 135 134 133 132 131 130 129 z z
1 (ppm)
z|| | 1 |
T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

o
=2
= 3034.1; 93. 83.9;
1584.1; 92.674
. 2970.7. 92115 +2918.5;89.983
o |
@
o
o
[ =
e ]
Eo |
£©
n A
c
o |
o
'_ —
(=2
=
o
o

720.8; 27.7991
689.6; 26.464
1140.6; 14.459

1 T 1 1T
2500 2000
Wavenumber (cm-1)

T T T T
3500 3000

T T
1500

1 T
1000

217



6 Spectra

(Cinnamylsulfonyl)benzene (150f) (‘"H NMR: 300 MHz, *C NMR: 75 MHz, CDCl;3; IR)
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Diethyl but-2-en-1-ylphosphonate (150g) (‘\H NMR: 400 MHz, '>C NMR: 101 MHz,
NOESY, CDCls; IR)
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6 Spectra

NOESY

Me._Z,,_PO(OEY),
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(E)-3-(Hex-3-enoyl)oxazolidin-2-one (150h)('H NMR: 300 MHz, 13C NMR: 101 MHz,

CDCls; IR)
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6 Spectra

Ethyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enoate (152a) (‘H NMR: 300 MHz, '3C
NMR: 75 MHz, CDCl3; IR)
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Ethyl (Z)-3-(3-chloro-1H-pyrrol-1-yl)hex-3-enoate (153a) (\H NMR: 400 MHz, '3C

NMR: 101 MHz, CDCls; IR)
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6 Spectra

Phenyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enoate (152b) (‘\H NMR: 300 MHz, '3C

NMR: 101 MHz, CDCl;; IR)
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Phenyl (Z)-3-(4-chloro-1H-pyrazol-1-yl)hex-3-enoate (153b) (‘H NMR: 400 MHz, '3C
NMR: 101 MHz, CDCls; IR)
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6 Spectra

Benzyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enoate (152c) (‘\H NMR: 300 MHz, '3C

NMR: 101 MHz, CDCl3; IR)
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Diethyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152i) (‘"H NMR: 300 MHz,
13C NMR: 101 MHz, CDCls; IR)
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6 Spectra

Dibenzyl (E)-4-(4-chloro-1H-pyrazol-1-yl)hex-2-enedioate (152j) (‘"H NMR: 400 MHz,
13C NMR: 101 MHz, CDCl3; IR)
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(E)-4-chloro-1-(4-(phenylsulfonyl)but-3-en-2-yl)-1H-pyrazole (152q) (\H NMR:
400 MHz, 13C NMR: 101 MHz, CDCl;; IR)
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6 Spectra

(Z)-4-chloro-1-(1-phenyl-3-(phenylsulfonyl)prop-1-en-1-yl)-1H-pyrazole (173a) (‘H

NMR: 400 MHz, '*C NMR: 75 MHz, CDCls; IR)
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(E)-4-(4-chloro-1H-pyrazol-1-yl)hept-2-enenitrile (152t) ("H NMR: 300 MHz, '>C NMR:
101 MHz, CDCI3; IR)
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6 Spectra

(Z)-4-(4-chloro-1H-pyrazol-1-yl)hept-2-enenitrile (156a) (‘"H NMR: 400 MHz, '3C
NMR: 101 MHz, CDCls; IR)
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4-(4-chloro-1H-pyrazol-1-yl)-3-(phenylselanyl)heptanenitrile (184a) (‘\H NMR:
400 MHz, '>*C NMR: 101 MHz, ""Se NMR: 76 MHz, CDCl;3; IR)
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6 Spectra
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(E)-4-Chloro-1-(cyclododec-1-en-1-yl)-1H-pyrazole (152ab) (‘H NMR: 400 MHz, '3C
NMR: 101 MHz, CDCls; IR)
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6 Spectra

(2)-1-(Cyclododec-2-en-1-yl)-1H-benzo[d][1,2,3]triazole (152ac) (‘H NMR: 400 MHz,

13C NMR: 101 MHz, CDCls; IR)
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(E)-4-Chloro-1-(2-methylhex-3-en-2-yl)-1H-pyrazole (152ad) (‘\H NMR: 300 MHz, '3C
NMR: 101 MHz, CDCls; IR)
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6 Spectra

Ethyl (E)-4-(4-iodo-1H-pyrazol-1-yl)hex-2-enoate (152af) (‘"H NMR: 400 MHz, '2C

NMR: 101 MHz, CDCls; IR)
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Ethyl (E)-1-(6-ethoxy-6-oxohex-4-en-3-yl)-1H-pyrazole-4-carboxylate (152ag) ('H
NMR: 300 MHz, '3C NMR: 75 MHz, CDCl3; IR)
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6 Spectra

Ethyl (Z)-1-(1-ethoxy-1-oxohex-3-en-3-yl)-1H-pyrazole-4-carboxylate (153ag) (‘H
NMR: 300 MHz, 'C NMR: 75 MHz, CDCl5)
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Ethyl (E)-4-(4-formyl-1H-pyrazol-1-yl)hex-2-enoate (152ah) (‘"H NMR: 400 MHz, '3C

NMR: 101 MHz, CDCls; IR)
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6 Spectra

Ethyl (Z)-3-(4-formyl-1H-pyrazol-1-yl)hex-3-enoate (153ah) (‘H NMR: 400 MHz, '3C
NMR: 101 MHz, CDCl3; IR)

OHC
MeWOEt
153ah
FT Iy T
3 < 8 2 ] ] I3
= a 2 )5 P & - o
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
N = (LRI N
3 g g358 I 3 2 2 93
g 5 588 & g e A
N [

T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10
f1 (ppm)

o
O
2577 .5; 93,571
o 2337.1; 58.868
(a5 .y
2974 4; 56,283
a
o
z 1038.2; 80.740
& 772589
=
B
- 1181.8; 88.371
|
oo
718.3; BE.A1T
7 18848 52,197
|
T3 )
I N N O N B L
3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

242



Ethyl (E)-4-(3-phenyl-1H-pyrazol-1-yl)hex-2-enoate (N1-isomer) and ethyl
(E)-4-(5-phenyl-1H-pyrazol-1-yl)hex-2-enoate (N2-isomer) (152ai) (‘H NMR:

400 MHz, '3C NMR: 101 MHz, NOESY, CDCls; IR)
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6 Spectra
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Ethyl (E)-4-(3,5-diphenyl-1H-pyrazol-1-yl)hex-2-enoate (152aj) (\H NMR: 400 MHz,
13C NMR: 101 MHz, CDCls; IR)
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6 Spectra

Ethyl (E)-4-(4-bromo-3-methyl-1H-pyrazol-1-yl)hex-2-enoate (N1-siomer) and ethyl
(E)-4-(4-bromo-5-methyl-1H-pyrazol-1-yl)hex-2-enoate (N2-isomer) (152ak) (‘H

NMR: 400 MHz, 13C NMR: 101 MHz, NOESY, CDCls; IR)
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6 Spectra

Ethyl (E)-4-(1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (152am) (\H NMR: 400 MHz,
13C NMR: 101 MHz, CDCl3; IR)
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Ethyl (Z)-3-(1H-benzo[d][1,2,3]triazol-1-yl)hex-3-enoate (153am) (‘H NMR: 400 MHz,

13C NMR: 101 MHz, CDCls; IR)
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6 Spectra

Ethyl (E)-4-(2H-benzo[d][1,2,3]triazol-2-yl)hex-2-enoate (185a) (\H NMR: 300 MHz,
13C NMR: 101 MHz, CDCl3; IR)
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Ethyl (E)-4-(5-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (C5-isomer) and
ethyl (E)-4-(6-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enoate (C6-isomer)
(152an) (*"H NMR: 400 MHz, '3C NMR: 75 MHz, CDCls; IR)
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6 Spectra

Ethyl (Z)-3-(5-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-3-enoate (N1-isomer) and
ethyl (2)-3-(6-methyl-1H-benzo[d][1,2,3]triazol-1-yl)hex-3-enoate (N3-isomer)
(153an) (‘"H NMR: 400 MHz, '3C NMR: 101 MHz, CDCl;3; IR)
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Ethyl (E)-4-hydroxyhex-2-enedioate (159) (‘H NMR: 300 MHz, '3C NMR: 101 MHz,

CDCl3; IR)
o
Me N0kt
OH
159
i JJL k\..,,_r‘m‘m_
T
3 & S 3 ] 3
‘ ‘ ‘ ‘ ‘ ‘ — ‘ ‘ — ‘ ‘ — " ‘
00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)
g 8 8 R g g i e
[
[ | Lhack |
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
210 200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
f1 (ppm)
[
(=0
- ,wﬁ,,..rw-«m-w\ w"‘\»"”"""‘w"‘""/“-w,
\\ ,r/ 2877.5; 92.621 w \\{'JWU\" M
\\‘3;’&0,3; 91.078 ﬁ
o 937.1; 89.397 {
p= !
@ 2974.4; 87.650 1p71/7 85.9
c
@ -
£ 1658.7; 83.21 1b2e.2: 82888
£ L 2
2 984.0; 83.134
o,
=3
= 77.393
i 12f1.0; 74.571
1177.8; 73.214
o
[
J1718.3: 67527
T L L T 1 L LI LI -
3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

253



6 Spectra

Ethyl (E)-4-(5-methyl-1H-tetrazol-1-yl)hex-2-enoate (152a0)) (‘H NMR: 300 MHz, '3C
NMR: 75 MHz, NOESY, CDCl3; IR)
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6 Spectra

Ethyl (Z)-3-(5-methyl-1H-tetrazol-1-yl)hex-3-enoate (153a0) (‘"H NMR: 400 MHz, '*C

NMR: 101 MHz, CDCl3; IR)
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Diethyl (E)-4-(1H-pyrazol-1-yl)hex-2-enedioate (152au) (‘\H NMR: 400 MHz, '>C NMR:

101 MHz, CDCls; IR)
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6 Spectra

Diethyl (E)-4-(4-methyl-1H-pyrazol-1-yl)hex-2-enedioate (152av) (\H NMR: 400 MHz,
13C NMR: 101 MHz, CDCl3; IR)
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Diethyl (E)-4-(4-(trifluoromethyl)-1H-pyrazol-1-yl)hex-2-enedioate (152aw) (‘\H NMR:
400 MHz, '3C NMR: 101 MHz, '°F NMR: 376 MHz, CDCls3; IR)
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6 Spectra
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Diethyl (E)-4-(5-methyl-2H-tetrazol-2-yl)hex-2-enedioate (152ba) (‘\H NMR: 400 MHz,

13C NMR: 101 MHz, NOESY, CDCl;; IR)
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6 Spectra
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Diethyl (E)-4-hydroxyhex-2-enedioate (186) (‘\H NMR: 400 MHz, '>C NMR: 101 MHz,
CDCl3; IR)
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6 Spectra

Diethyl (E)-4-(5-phenyl-2H-tetrazol-2-yl)hex-2-enedioate (152bb) (‘H NMR: 400 MHz,
13C NMR: 101 MHz, NOESY, CDCI3; IR)

o

Etowoa
o N,
'\t 152bb
N
PH
ﬁ A |
v 'u[‘ L—ﬂ
3 N3 &8 8 5 3 aR
b a2 = 3 S 3 P
T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)
@~ a4 Noaon
g8y 3§ 8S3R8K4% Sae Py P
geg Y B85d94 338 S Ly
SV I~ ~- v

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

264



Transmittance

NOESY
I #'
4 N .
X
. o @

o #

= : of

() #

T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
f2 (ppm)

f1 (ppm)

2981.9; 85.791

Wavenumber (cm-1)

— 7 1 T T T T | T T T T [ T T T T [ T T T T T T T T T T7T
3500 3000 2500 2000 1500 1000

265



6 Spectra

Diethyl (E)-4-(5-(p-tolyl)-1H-tetrazol-1-yl)hex-2-enedioate (152bc) (‘"H NMR:

400 MHz, '3C NMR: 101 MHz, NOESY, CDCl3; IR)
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6 Spectra

Diethyl (E)-4-(1H-benzo[d][1,2,3]triazol-1-yl)hex-2-enedioate (152bf) (\H NMR:

400 MHz, '3C NMR: 101 MHz, CDCls3; IR)
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Diethyl (E)-4-(2H-benzo[d][1,2,3]triazol-2-yl)hex-2-enedioate (185b) (\H NMR:
400 MHz, '3C NMR: 101 MHz, CDCls; IR)
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6 Spectra

Diethyl (E)-4-((1S,3aS,3bR,5aS,10aS,10bS,12aS)-1-hydroxy-1,10a,12a-trimethyl-
2,3,3a,3b,4,5,5a,6,10,10a,10b,11,12,12a-tetradecahydrocyclopenta[5,6]naphtho[1,2-
flindazol-8(1H)-yl)hex-2-enedioate (152bg, N2-isomer) (\H NMR: 400 MHz, 13C NMR:
101 MHz, NOESY, CDCIs; IR)
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6 Spectra

Diethyl (E)-4-((1S,3aS,3bR,5aS,10aS,10bS,12aS)-1-hydroxy-1,10a,12a-trimethyl-
2,3,3a,3b,4,5,5a,6,10,10a,10b,11,12,12a-tetradecahydrocyclopenta[5,6]naphtho[1,2-
flindazol-7(1H)-yl)hex-2-enedioate (152bg, N1-isomer) and diethyl
(E)-4-((1S,3aS,3bR,5aS,10aS,10bS,12aS)-1-hydroxy-1,10a,12a-trimethyl-
2,3,3a,3b,4,5,5a,6,10,10a,10b,11,12,12a-tetradecahydrocyclopenta[5,6]naphtho[1,2-
flindazol-8(1H)-yl)hex-2-enedioate (152bg, N2-isomer) (\H NMR: 400 MHz, !3C NMR:
101 MHz, NOESY, CDClIs; IR)
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6 Spectra

(2)-1,3,5-tris(4-methoxyphenyl)pent-2-ene-1,5-dione (179) (‘H NMR: 400 MHz, '°C

NMR: 101 MHz, CDCl3; IR)
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2,4,6-tris(4-methoxyphenyl)pyrylium (2s,11bS)-2,6-bis(2,4,6-
triisopropylphenyl)dinaphtho[2,1-d:1°,2’-f][1,3,2]dioxaphosphepin-4-olate 4-oxide
(180a) (‘*H NMR: 400 MHz, '3C NMR: 151 MHz, 3'P NMR: 162 MHz, CDCl;; IR)
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6 Spectra
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2,4,6-tris(4-methoxyphenyl)pyrylium (2r,11¢cS)-2,6-bis(2,4,6-
triisopropylphenyl)dinaphtho[2,1-d:1°,2’-f][1,3,2]dioxaphosphepin-4-olate 4-oxide
(180b) (*H NMR: 400 MHz, '>C NMR: 151 MHz, >'P NMR: 162 MHz, CDCl3; IR)
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6 Spectra
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2,4,6-tris(4-methoxyphenyl)pyrylium
((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan- 1-yl)methanesulfonate (180c) ('H
NMR: 400 MHz, 13C NMR: 101 MHz, CDCl;; IR)
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6 Spectra
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2,4,6-tris(4-methoxyphenyl)pyrylium
((1R,4S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan- 1-yl)methanesulfonate (180d) (‘H
NMR: 400 MHz, 13C NMR: 101 MHz, CDCl;; IR)
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6 Spectra
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