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Abstract
An introduction is given to the topics of photoredox catalysis and intermolecular radical

difunctionalizations of alkenes. Radical difunctionalizations transfoir@ @ouble (multiple)
bonds by generating two new bonds in one reaction. Starting from general models in this
research field, applications oflcarbonyl andacyl radicals are described. In addition,
methodologies, which use the consecutivedd@ition of a radical as well as a nucleophile are

addressed

An application of artemisinin agradical ceinitiator in acrylamide polymerizations in agqueous
medium was developed.he assesment of reaction conditions, leading ttee formation and
characterization of polymer mixtures is described. Hydrochloiit @ well as iron species are
used as co-initiators. Furthermore, results from alectron paramagnetic resonan¢&PR)
experiment with the initiator system were pointing towards the involvement of a by December

2020 unknown radical in the chemistry ofesmisinin.

A joined project is discussed, elaborating a method fen&ed acid catalyzeolcyanoketone
formations. The difunctionalization implemetisketonyl radical formation from condensation of
ketones withtert-butylhydroperoxid® and methanesulfonytyanide! Contributions to learn
about the application scope of formedyanoketones, subsequent transformations and from a
noticed difference in diastereoselectivity compared to the previously repspembxyketone

synthesidare described.

An investigation ophotoredox catalyzed alkene difunctionalization using a consecadidition

of acyl radicals and nucleophilibl-alkylindoles is summarized.In the Ir(ppy} catalyzed
reaction, simple starting materials, relyn aldehydes,N-alkylindoles and styrenes were
employed. Moreover, a base is needed for successful product formation. The reaction is based on
a Ir(11)/Ir(1V) catalytic cycle andtert-butyl perbenzoate as oxidant as well as precursaefor

butoxyl radcals. Acyl radicals were generated by hydrogen atom transfer. Aryl as well as
aliphatic aldehydes were suitable substrates. Investigations of the reaction scope, description of

mechanistic indications and discussiamghescientific context are presente



Die Einleitung behandelt die Themen Photoredoxkatalyse und intermolekulare, radikalische
Difunktionalisierung von Alkenen. Mit Hilfe radikalischer Difunktionalisierung kann ein€ C
Doppel bindung ( Me hr f a-Birndingen dnuengenigchenderzG@rien n e u e
umgesetzt werden. Ausgehend von Erlauterungen allgemeiner Modelle auf diesem
Forschungsgebiet, w e r-Chdanyl énd vAeymadikalery leeachriabenn U
DarUber hinaus, werdeBynthesemethoden angesprochen, wetbheaufeinanddolgende 1,2

Addition eines Radikals sowie eines Nukleophils verwenden.

Eine Anwendung von Artemisinin als radikalischer-l@tiator bei Acrylamidpolymerisationen

im wassrigen Medium wurde entwickelt. Eibmtersuchungler Reaktionsbedingungérin zur
Synthese und Charakterisierung von Polymermischungen wird beschrieben. Salzsdure sowie
Eisenspezies werden als -@uotiatoren verwendet. Dariiber hinaus, deuten die Ergebnisse eines
EPRExperiments (Electron Paramagnetic Resonance) mit dem Initiatorsystemdi@uf
Beteiligung eines bis Dezember 2020 unbekannten Radikals in diefssemisinin

Initiatorsystem hin.

Ein gemeinsandurchgefuhrtes Projekt wird diskutiert, in dem eine Methode zur BroriSiene
kat al ysi er t e n-Cyaokketahann gntwickedt nwurdeDie Difunktionalisierung
i mpl ementi ert -Keioelradkaléndausrder Kondensatith von Ketonententt
Butylhydroperoxid und Methansulfonylcyanill. Beitrdge zum Reaktionsumfang gebildeter
o-Cyanoketone, zum Verstandnis von Folgereaktiamath beobachteter Diastereoselektivitaten

werden beschrieben.

Eine Studie zurPhotoredoxkatalysierte Alkendifunktionalisierung unter aufeinanderfolgender
Addition von Acylradikalen und nukleophilei-Alkylindolen wird zusammengefassBei der
Ir(ppy)s-katalysierten Reaktion wurden schlichte Edukte, namlich Aldehydkylindole und
Styrole, eingesetzt. Zusatzlietird fur eine erfolgreiche Pduktbildung eine Base bendtigt. Die
Reaktion basiert auf einem Ir(ll))/Ir(IViKatalysezyklus und tert-Butylperbenzoat als
Oxidationsmittel sowie Vorstufe furtert-Butoxylradikale. Acylradikale wurden durch
Wasserstoffatomtransfer erzeugt. Geeignete Suestrnaren sowohl aromatische als auch
aliphatische Aldehyde. Eine Untersuchung des Reaktionsumfangs, Erlaeterung
mechanistischen Indizien undine Einordnung in den wissenschaftlichen Kontext werden

vorgestellt.
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1 Introduction

1.1 Photoredox catalysis

1.1.1 Fundamentals
Compounds that, after electronic excitation by photonic energydeliver chemical energy in

interaction with cecatalysts and/or substrates are called photocat&lyeith this momentum the
substrates cafollow different reaction path which are not commonly accessible by thermal
means’” It is also understood that the excitated stixten here oranelectronical excited state is
referred simply as excited statef) a catalyst differs not only by its enerdyut due to differing
electronicfeatures in more physical and thus chemical propettidhere are difrent forms, in
which photocatalysts can act, avith other words to which category they could be assigned.
Catalysts could serve in processes of (i) energy transfer, (ii) organometallic excitation, (#i) light

induced atom transfer, (iv) photoredox casigy

Over 40 years photoredox catalysis engagessagf water splitting carbon dioxide reducti8n

or material sciencén solar ell applicationd Avenue to synthetic chemistry came with more
understanding andesearchof polypyridyl metal (also known agpolyimine) complexes and
organt dyes' These special designethtalystscan transfer the gained energy by photonic
excitationinto chemicalprocesses by single electron transfers (SETh contrast taraditional
redox catalysiphotoexcited catalysts, especially polypyridyl compgexeear the potentiaihat

they gained higher qualities both agdant and as reductant compared to their electronic ground
state’ Exemplary customarily used photoredox catalystac-Tris[2-phenylpyridinate
C2N]Jiridium(lll) (Ir(ppy)s, see chapte for structur@ has in its ground state a reduction
potential of E(M/M?) =-2.19V and an oxiation potential of Ex(M*/M) =0.77V while in
photoexcitation the reduction potential is given by,(®1/M)=0.31V and the oxidation
potential is given by Ex(M*/M") =-1.73V (all redox potentials are given as reduction potentials
of the redox payj dl are referred against a saturatadomel electrode (SCE3plvent used was
MeCN).2° In a concrete catalytic applicatioonly one of these abilities is used according to the
(more) faveable electrochemicalotential Thus in a catalytic cycle the excited stateised in

an oxidative quenching or a reductive quenching mode (referring to the oxidation state change in

catalyst(Figure1)).1%



oxidative guenching reductive guenching
Ir(1)(ppPY)3
A
-1.73V 0.31V
hv
0.77V -2.19V
Ir(V)(ppy)s" —ou (I)(ppy)y <~ Ir(11)(PPY)s”

Figurel. Photoredox cycle of Tris(phenylpyridinateC2,N)iridium.

In an octahedral ligand field® metals show an energetic splittinfjthe formerd orbitals by an
amount ofgp.The splittingcan approximately be characterized by a highdeen (2 orbitals)

and a lowerg; term (3 orbitalsFigure2).°

s E
(Sm*
0
S *
T
Y AN
LC A
MLCT NS
cm* \\\\\ .
L Y T
MC
Tm
g
LMCT
______ - T
T T c
o
metal complex ligand

Figure2. Schematic Jablonski diagram of an octahedfa@tal complex.
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The bg orbitals are hein fully occupied and can be csidered as the energetically highest

occupied moleculaorbitals (HOMO niveajwhile the g term is unoccupied.

In comparison t&d or 4d metal complexes like Fe(ll) or Ru(ll), respectively, $arpolypyridine

complexes of Ir(lll) the energy gapbetween the terms higher (as fodd compared t8d due

to orbital size)! In a Jablonski diagram of such complexe®tal based outesand p orbitals

can be considered and would show a higher energy thad dhleitals. They would thefere
contribute to an tyiobimlsirdthercgnplexefromlthe &rematie igand side
occupied low lying 0 and ° orbital s omims|l d cot
While the former two orbital types would result in fullyooa pi e d | i \gaannddernis afs e d G
the complexs orbitals the latter one would resultinnoccupi ed ’L.inghearydheb a s e d
energetic arrangement of the terms gives poss
orbital to be thehigherst occupied molecular orbitdl©QMO) niveau and either a ligand based
antibonding“ " o r a met @ltermbta beetiledlowést unoccupied molecular orbital
(LUMO) niveau. Depending on th&ray an electronic excitatidrom HOMO to LUMO niveau

(by visible light absorption) can b@) metalcentered (MC), (b) ligandentered (LC), or charge

transfer from (c) ligando-metal (LMCT) or (d) metato-ligand (MLCT) (Figure2).® As

remarked for Ir(lll)the orbitalsize of thed orbitalscontribute to the energy level arrangement, as

wel | as t he | i g a eldctomic repul$idn uaecarding toothre tréndth ef the
spectrochemical series. Cyclometalating ppy ligands are considered ta swag influence on
increasinggp™! Furthermore high lying occupied orbitals based on eitmeetal or ligand are
constitution for the metal complexes tendency of oxidatidrile low lying unoccupied orbitals
expresshe ease of reduction, respectivelior Ir(lll) in conclusion MLCT and LQransitions

can be matched by UVis spectroscopy* For Ir(ppy) the broadabsorpion band extended into

the visible light region is typical for a spallowed (singlet site) MLCT? In toluene the

absorption maximum for thislowestn er gy el ectroni c=375nmfsi ti on w:

The deactivation of the excitation ctke placéntramolecularly (radiative or neradiative§ or
intermolecularly. In the secormtder kinetic processenergy or electron transfers are the most
encountered interaction¥he diffusion controlled processes demandited statdife times of
>10° s and are therefore in @l complexepracticallyrealizalie for the lowest excitedtate®
From luminescence experiments the excited state life time was estimated tqubeér2d@gassed

toluene or acetonitrile (MeCN) and Qug in dichloromethane (DCMj3®
4



The electron transfer is described by the Marcus thiéangl variations therebt The kinetic rate

constant is dependent on different factors. The activation ef@rgystance is connected to the
difference in free Gibbs energy of the stgtasfore and after electron transfag well as the so
called reorganization energy. The reor)pani zat
well as external reoegn i z a § which ocqueon a molecular level along the course of the
electron transfer reaction. Internal reorganization takes place for exemplary changes in orbital
sizes, &ternal reorganization occuims solution by allignement of the solvent molezsilto the

novel constitution of chargéd’

The diving force for the process is its exergonigityqn€0), derivedpractically from the redox
potentials of the reaction partnéPs.

w0 1&%
3% Oy Oy
wi t hi diffieeence infree Gibbs energy

ni molarnumber of transferred electropertotal process
Fi Faradayconstant
P k1 reactionpotential
E1»® redoxpotential of the reduction process
E12”* T redoxpotential of the oxidation process

Ir(ppy)s can be synthesized either starting from 4r@ia a dinuclear chlortigandsbridged
intermediaté®*’ or from Ir(acac) by successive ligand substitutithThe thermodynamic

product is thdfacc onf i gur ati onal i s eimefrl,u ecnacuesde dwilihd yc ht hoep
and lii N bonds to each othéf.



1.1.2 Modern Synthesis Apigations
In this century discoverieattributed to photoredox catalysis in synthes@eased thattraction
of chemists towards this research fiefd.shortselection ofstudieson synthetic methodology

developmentss presentetiereafter*°

The T. Yoon group used a system of Ru(y®fy and LiBF, as Lewis acido cyclizeb i s{ U, b
unsaturated ketonegBchemel).?® Mechanistically the photoexcited Ru(ll) was reduced by
electron transfer frondiisopropylethylamine (DIPEA)In turn the activated enone was reduced

by recyclization of the catalysto f o-enofateaadibalThe radicakengages the intramolecular
cyclization. The generation difie final 1,2dicarbonylcyclobutane from this reduced species was
not clarified. The control experiments showed that amine, LiBphotoredox catalyst and

irradiation were necessary to perform this cyclizaffon.

o o Ru(bpy)sCl 2 9

LiBF, Ph Ph

Ph Ph >

| | DIPEA H H
MeCN
visible light
y = 89%, d.r. > 20:1
via: . +e
LI\O@ + Lt Liw

0] O

I
Ph)\l Phwph
R .

Schemel. Ru(bpy)?*-photoredox catalyzed, Liassisted, cyclization.

MacMillan et al. showed also in 2008 the deetalysis of photoredox and organo catalysis
succeed i n -atkgayiom ok aldehydegStheme?2).?! Ru(bpy)Cl, was used to
photaeductively cleavehe b r o mi d e  a ncarbonyl bromiodes (att tdcarbonyt2-
bromides). Theg a i n ecarbonyd alkyl radical attacked the enamine, formed from
imidazolidinone and aldehyde, preferentiallyat the Siface of the E-enamine(underlined by
comparative DFT calcations). The reaction proceeded with ZAi8idine as base in DMF
solutionand is an example for orgaistngleoccupiedmolecularorbital (SOMO)catalysis.A
Ru(l) species was suggestively fornfesm Ru(ll)" by electrordonation of the radicanamine

adduct forming arespective imium intermediaté!
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O N/
o
N

H -HOTf o}
0 Br Ru(bpy)sCl, | Ry
k/R + )< 3
1 RS EWG 2,6-lutidine Br;” | EWG
DMF, 23°C B3
f t light
uorescent lig 12 exampes

y = 63-93%; e.r. up to 99%

[Ru]*  [Rul**

-Br
O )O]\
Ph)H Ph . /

\

Phe 1./ Ph /8
T T

n-hex

Phj(m.e *4

o) n-hex

Si-face
74

n-hex

y = 84%, e.r. = 96%
Scheme2. OrganoSOMO-catalysis with Ru(bpyf".
In 2011 the MacMillan group found iran automated screening process tbaminoC-H
arylations of tertiary aminescould be performed witlelectrondeficient cyano arenes under
Ir(ppy)s catalysis(Schemed).?? The process was carried out in DMA and in presence of NaOAc
as base at r.t.Sucessfully amine substrates were found with pyrrolidines, piperidines,
piperazinesmorpholinesazepaneand acyclic diethylphenylamin@&he reaction was valid for a
great variety of substratés.



EWG

X
| _X EWG EWG
CN S) | © |
| lx . X
O 2_\
SET ~ N—{ CcN
CN R i R
A 3 1
R ONTOR,
Ir(111)(ppY)s- kR3
Ir(IV)(ppY)s* /q .
hv -H* N> oN
—-
R ONTR,
Ir(I11)(PPY)s kR
SET 3 EWG
| X
_X
R ONTOR, PN
§ Ry N7 R,
Rs 32 examples )
y = 26-98% Rs

MeO

y = 66% from Zyvox, y = 58%
with [Ir(ppy)(dtbbpy)IPFs with [Ir(ppy)(dtbbpy)IPFe

Scheme3. Photoredox catalyzed-amino-arylation.

y =95%

In 2013 the Knowles groupegan publishing studies guhotoredox catalyzegdrotoncoupled
electrontransfers (PCET)processe&® Their first finding in this field was the intramedular
ketyl-olefin cyclizationto five-membered ringfrom aryl ketones witta tethered alken#& They

hadused Ru(bpy(BAr",), asreducingcatalystand diphenylphosphoric acid as protic catalyst.



2-Phenyldihydrobenzothiazoline (or a Hanztsch ester3usedas teminal reductanand proton
supply?® The separation of electron and proton transfer decoupiesdtivation strategy from
homolytic bond strengthldependenciesompared to a hydgen atom transfefHAT), so that
especially weakcovalenthydrogen bonds can be estahkd* or epecially strongcovalent

hydrogen bonds can be cleaf®d

To place this into a context, it is also innfamt to get an idea where visidlght enabled electron
transfers were@isedto enable the synthesis of teoules that ar&nown from natural abundance

or areused in pharmaceuticahedicinal chemistry or different industrial horizoig®

The group of Stephenson showed thatdatharanthine could be cleaved oxidatively between
carbons 2 and 3 by a SET photoexcited Ir (d~CFs-ppy)(dtblpy)|PF in methanol(Scheme
4a)?" The generated iminium ion radicalas nucleophilic attacked in the presence of
trimethylsilyl cyanide (TMSCNandthe resonance stabilized dgntered radical was reduced to

the corresporidg anion by SET from the formed Ir(ll) species, followed by protongftmmeme

a) CN
[Ir(dF(CF3)ppy),(dtbbpy)IPFg ,1\‘ ~_Et
TMSCN 6 |
\ 3/,, 5
MeOH, r.t. N 4
blue LED H CO,Me
+e”
)%
+CN-
_|_+
N
A\ / -
H Co,Me FEt
b) Et
Pd/C
N Ru(bpy)2Cl, H,
Q DMF
N Cco,Me hv, flow
H EtO,C Br
(-)-pseudovincadifformine (-)-pseudotabersonine
(d.r. = 8:1) EtO,C

Scheme4. Photoredox catalysis applied in alkaloid scaffold alternation.
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4a). With this techniqua&nd proposed reaction stejpe chemists obtaineah U-aminonitrile in

high yield (either as batch or in flow reactoand which could be used t®ynthesize
(-)-pseudotabersonine or){pseudovincadifforming(Scheme4b). (-)-Pseudotabersonine was
gained by acidic treatment at eles@temperature:)}Pseudovincadifformine was synthesized in
threesteps(2 pots)f r o m -amimanitrild. After a Pd catalyzed hydrogenation of the contained
double bonga reductive cyanide cleage was performed. The final product was then obtained
by another photoredoxatalyzed (Ru(bpyLl,) intramolecular nucleophilic cyclizatiom the

presence of diethy2-bromo2-methyl malonate as oxida¢Bchemeib).?’

After an synthetic access totransclerodane involving a reductive decarboxylative
phthalimidoxyarbonyl cleavage to form the alkyl radicaising asystem of Ru photoredox
catalyst with reductants DIPEA arhnztsch estein 2015°, the Overman groupresented a
redox neutral variant using the corresponding oxalate agl atkdical precursor and
[Ir(dF-CFs-ppy)(dtbbpy)]PkE as catalyst (Scheme 5).?° Mechanistically the cesium
decahydronaphthalehryl-oxalate was oxidized by SET to photoexcited Ir(lll) catalydter
decarboxylation,he resulting alkyl radal was added in terminglosition to4-vinylfuran-2(5H)-
one After SET from Ir(ll), protonaion and isomerizatiorin basic solutionthe product was

obtained in78% yield over the two steffSchemes).?

Cl
(i) [Ir(dF(CF3)ppy)2(dtbbpy)IPFg
z H20 .
DME/THF (3:1), 40°C.
(0] blue LED

/ﬁj (i) DBU, DCM, r.t.
rac

Scheme5. Oxalate activation by an Ir photoredox system.

(e.e. =83%)
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In 2018 Y. Qin and coworkers reported a-8@psynthesis of+)-actinophyllic acid using two
photoredox catalytic stepgScheme6).>® From N-protected 4aminon-butanal, asymmetric
U-alkylation with dimethyimalonateU , -&llyl radical (from bromide) was performed following
the presentecbrganeSOMO-catdysis procedure of MacMillanet al (see Scheme?2) with
Ir(ppy)s andimidazolidironecatalyss. Further, he Ufunctionalized aldehyde was reducedhe
corresponding 1° alcoho] which underwent an intamolecular transesterificati. By
Ubr omi nat ilactone thé sultstnate fooa Ru photoredox catalyzeetBylindole attack

was furnished. Reductive SET from Ru(ll) catalyst followed by bromide cleavage suggestively

oTN/
\\\\‘ N

H HoTs
Ir(Ppy)s o] Cbz
b Br 2,6-lutidine | i
| ~
(Mg, * o . .
3 Bn MeO,C CO,Me THE. 25°C
fluorescent light MeO,C” "COyMe
NaBH,,
MeOH, 0°C
Ru(bpy)sCla
N BN, ~Cb B, b
/ N-92 | HvDs N-Cbz
k NBS K
< - N
MeO,C., - THE. -78°C MeOC.
Ph,N B
\©\ (@] o o o
OMe
DMF,
blue LED, flow

15 steps

(+)-actinophyllic acid

Scheme6. Applications of photoredox catalyzed steps in the tataithesis of actinophy
lic acid.
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resulted inthd a ct o n e -aldyéradical. élde radicahdded to théndole in 2position and
after SET from this radicaldduct intermediate to Ru(lll) and rearomatizattbe next step

towards(+)-actinophyllic acidvassuccessfully achieve@chemes).*

1.2 IntermoleculaiRadicalAlkene Difunctionalizations

The transformation of ai double bond to two new $g centeredi bondswithin a single

reaction involving radicals attractednterest in the last decade. Synthetic techniques skihd

are step economic towards gat molecules and thus are considevatliable alternatives in

synthesis design towards sustainable procésses.

Moreover the high reactivity and thus often high chemoselectivity of radicals led in several
examples to succesim reacting complex motelles This feature connectsadical based
approaches ofteto a suitabilityfor late stage functionalizations (LBE Yet, it is not practical

and simply does not suit every exampdeneralizing radical gproaches as potential LS
Analogously photoredox chemistrys not automaticallyatomeconomic and energgfficient
Although many reactions are performed near room temperature, \ligttlés a different form

of energy consumingtoday mostlyelectrical energy andhat in turn is also delivered by
combustion energyDespite thenecessityevaluatingconcreteradical approadas in terms of
sustainability, it is without doubt that theleliver a different portfolioof possibilities, whichis

by naturedivergent from closedhellreactivities On this noteradical difunctionalizations stand

out from difunctionalizations via nuclemlladation of alkene¥.

12



There are two maj working models for radical difunctionalizatiofisThere isthe possibility of
two consecutive additions of radicals to the alkene. More precisely this first mecligmpen,
Scheme?) is a radical addition to a double bond, generating a delond between the
interacting atomand leavng an intermediary radicatentered at the neighboring carbon atom of

the former €CC * bond (I11). This radicalalkeneadductl1 could in the next elementary step

(cat/ox)

xR R- NuH/Nu
/ _ (type 1) / ¥ (tYPe 2) / = 2
J
l R NuH/NW®
R1 R1
R SET

| N R (SET) | B R

Y A R3 Y4 R3

2 R,
1 12

Scheme7. Models for intermolecular radical difunctionalizations of styrenes.

combine with a sond radical, which could be ttie same kind as the first, or a differened*

The reaction of two radicals to formiiebond is consided to be an incident that is depending on
the relative lifetime of the two radicalsinder reaction conditior’§ According to theclassical
persistent radical effect (PREJC a high possibility for a crossouplingis given, if one radical
exhibits practically no tendency for setbmbination.ln a cage of inert solveninoleculesthe
life-time of a radical is limited by its tendenay ¢ombine with a second radi¢alif one radical

is only converted by crossoupling and the second one in addition d&/combination over
time the concentration dhe nonself-combining radicatill rise. At a specific concentration of
this longlived, persistent radical, thadicatradical cross couplingith the shorived, transient
radical is kinetically favoredcompared tothe self-combination of the latter New formed
transient radical iat this poinfpracticallyimmediately reacted witthe persistent radicdkading

to a kinetically controlled selectivity of the transient radical to combine with the persistent
radical®*?® Recently in 2020, Studeshowcasednother interpretatioff. It was derived,that the
highest possibilities of crosupling between two differing radicals is given, when the rate of

their formation is equaf®’ Furthermore, if the formation rateof the two radicals arguite
13



equal, themore longlived radical does not need to be persistent to obtain a high possibility for
crosscoupling. Rather a significant high difesce for rates of sefombinationneeds to be
given®**” Returning to radical difunctionalizatienthe combination of a radicalkeneadduct

I 1 with another radical to obtain a id#unctionalization producdf the former alkeneould be
governed by one of these principlésdifunctionalizations with two radical species often a metal
catalyst is usedwhich changes the situatidhHowever, in themethodology fon-peroxyketone
formatior? of the KluBmann group (see chapteR.d the tert-butylperoxytbenzyl radical

combinationcould possibly match an interpretationtioé persistent radical effecf®

Further, hereis the working model to form the corresponding carbocd®ofrom the radical
alkeneadductl 1. The secondunctionalization is then realized by a nucleophilic attégke 2,
Schemey).

In the following sedbn some aspectsf C centered radical addition to double berade giveron
this mechanistic stepgMoreover,a more in depth description bkcarbonyl radical§see chapter
1.2.2 and acyl radical{see chapted.2.4 in the context of alkene difunctionalization and
nucleghile involving dfunctionalizations of alkenewith amines gee chpter1.2.5.), alkyl
nitriles (see chaptet.2.5.9 and indolegsee chaptet.2.5.3 will follow. These are focused @
centered radicals.

1.2.1 RadicalAddition to Alkenes

The addition of a radical to ai® doublebondformsa (i bondfrom a“ bond, making this an
exothermicprocess’ The exothermic reaction is described by an early transition state along the
reaction coordinat&*° The descriptionsin this sectionare considering additions of &ntered

radicals to monoor 1,l-disubstituted alkenda solution

Fromthe Arrhenius equatidhk = A'Q 7 follows, for a given temperature and alketresrate
constants for thadditiors of different radicaldiffer in two possible quantitiegshe frequency
factor A and the activation energy.’ For radical additions telkenesrelatively little variations
by frequency factorsare reportedyet decreasing with steric demafidThe more essential
difference ofrate constants at the same temperis caused by adifference in activation

energy. The activation energy fier small reactants influenced by three major aspects of the

14



reaction:the steric repulsion, the overall reaction enthalpgr{esponding to bond formatipand
the polar substitent effects on the reactafits’ In general, the alkene substituents at the attacked
carbon atom show a much higher influence than more remote ®hes often results in
regioselectivity of the radical additief”*® General eaction enthalpies Htypically range
between-180 and-20 kJ mot'*® Activation energies show low variation roughD to

42 kJ mol™.* By polar substituentféectsthe actuabarrieris shiftedto alower energy’®

The result of polar substituent effects is a relative fast addition of the radical to the matching
alkene.Using frontier molecular thital (FMO) theory, this is plausibleor the SOMO of an
electrondonor substituted radical (relativelyigh energ) interacting with a LUMOof an
electronacceptor substituted alkenelétively low energy)’® Enemetically close frontier orbitals
deliver a relatively low energy dhe tansition state towards radical additidn the transition

state a partial charge transfer of the radical to the alkene is supposed and thesrstibeehg a
nucleophilic character. Analogousfgr an electroracceptor substituted radicide SOMO(of
relatively low energy)nteracsé morevividly with the HOMO of an electrordonor substituted
alkene (relatively high energy). Fthnis casein the transition state towards radical addifian
partial charge transfer from the alkene to the radgcal a¢. The latter exhibit an electrophilic

?9—40

characte Also an impacbn the actiation energy are suspected btherthe magnitude of

al keneds tripfPandexbietatkeneésefgpd radical 6s

The methyland the benzyl radical for exampége considered to have no such enhanced
interactions to alkenefate constants of additiomny only little. At near room temperature the
rate constants for benzyl radical at80-1000 times lower than for the methyl raditaf?

C centered radicaladjacentto onecyano orone estergroup are considereambiphilic. Ther
selectivity towards alkenegrelative rate)is similar tothe methyl radical®*® Electrordonor
substituted radicals are nucleophilic and show the hightstifferences in additions different
alkenes.3*® Near room temperaturevariations ofrate constast for different alkenedy 35
orders of magnitudare possibl&® The rate constarstrongly increases with increasing electron
accepting ability of the alkene. f@@n they even show higher rate constants in reactioits
electronacceptor substituted alkenes than with phenyl substituted alkeegsite the bigger
exothermicity of reaction ith the latter’® Benzoyl radicals could be assigned as moderate
nucleophilic*” However, information aboutite constants afcyl adicak foraddition to alkenes

are scarcé® Electrophilic radicalsare less selective than the methyl radfc4f.
15



1.2.2 CarbonR a d i c aCarbonyl ®sitidh

During kinetic analysis ocid-catalyzedoxidative couplingof cyclopentanon& xanth@e under
autoxidative conditions, an unexpectedly rapid reaction was obseyvé KluBmann groupy
The coupling reaction proceeded on a higher r&i@n tthe formation of the supposed
intermediatethe secondanhydroperoxiction producof xanthee® A different mechanism was

in act, suggestively forming radicals from ketorsesl hydroperoxides undecid mediaton.>®
Transforming the system into an organic medium with the usegergbutyl hydroperoxide
(TBHP) instead of oxygen, the unsuspediszhrbonyl radical, derived from the ketone could be
added to styrenedVith p-toluenesulfonic acid as catalydiBHP, ketone and styrene formed
o-peroxyketones3, products of fregadical difunctionalization withO-ketonyl andtert-butyl
peroxyl radical$. Besides styrenesallylbenzene could be used for the procedure with acetone,
yielding the product in 12%. From the results, kieéonylradical formation was proposed ran

over an aciecatalyzed codensation of ketone and hydroperoxide to generate anyhleroxide

Ry pTsOH tBuOO  Rs
| X R2 . j\/ TBHP N R,
R5 R
J = Ry MeCN, 50°C l/ 2 'R, O
3 R3 3
28 examples, y = 18-75%
d.r.upto 1:1.5
via: BuOO BUOO tBuOO
OOtBu Ph
R4)\/ Rs 0 0
13 ©
3a, 74% 3b, 37% 3¢, 59%, d.r. = 1:1.5

Scheme8. Alkylation-peroxidation via aciecatalyzed formation of alkenyl peroxides.

intermediatd3.® The described is a proposedpecied’, which arguablydecomposes quitiast
to generate the resonarsmbilizedU-ketonyl radical by ®O bond cleavagéBy-producttert-
butoxyl radicalcan form thetert-butylperoxyl radicaln a HAT reactionwith TBHP.>

Contrary in the field of alkene difunctionalizationgtcarbonyl radicals werenostly formed

from the respective-bromo carbonyl compounds
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1.2.3 IntermoleculaRadicalCarbocyanations dklkenes

The Inoue group reported in 2012 a Cu catalyzed chloromethyleagmmaton procedure of
aliphatic alkene®earing a benzoyloxy group.Mechanistically they suggested after homolytic
cleavage of the chlorsubstituent and addition of the cyanomethyl radical to the double bond, an
intramolecular cyano group transfer to get to the final cyanide prodtet.role of the Cu

catalyst was not further clarifig&cheme9).>

via: . R,
B2O A Cl_ Ry Cu(MeCN),PFy CCIR(R, G Ris \
W +  Y~CN - B20 CN B20
R> 1,4-dioxane/MeNO, 4 4

100-130°C

R;=CN, CI
R, = Cl, CO,Me, CH,Ph

Scheme9. Cu catalyzed chloroalkylatiecnyanation involving group transfer.
In the group of G. Liuan enantioselective trifluoromethylati@yanation of styrenes was

developed Schemel0).>® They used a Cu catalyst with an enantiophisexazoline BOX)-type

/CF3 Cu(MeCN)4PFg CN 26 examples
| BOX-ligand CE. Y=55-99%,
AT+ o + TMSCN >~ Ar)\/ °  e.e.upto99%
MeCN, -20°C

e |

A Cu(llL(CN),

|/CF3
< LCu(lcN AT
0-SiMes LCU(IN(CN), + -CFy AN CFs

CN |
OTMS

SchemelO. Cu catalyzed trifluoromethylatienyanation.

ligand Togni 6s reagent as r aodrcedarlthe mephdnismithe3 CN a's

proposed a Cu(lpttributed actration of a complex of TMSCNNogni s6s reagent t

trifluoromethyl radicals and Cu(ll) cyanide complexBsdicalstyreneadduct and Cu(ll) form a
C(lll) complex to release thenantie@nriched cyanide product upon reductive elimination.

Aliphatic alkenes could alsbe difunctionalized via this procedurdut with at best minor
17



enantioselectiviie The gr oup | at e runsataratéddarbsryl@ampaurdsidouldb , 2

be added to the scope of this enantioselective trifluoromethylagiamation techniqu®.

Inspiredby the above work of G. Liu, Y. Pan and coworkers presentedysirag a combination
of CuBOX-complex and Ir(ppy) photoredox catalysis gave access to an ersaldotive
alkylation-cyanation techniqu¥. The alkyl radicad were derived from correspdimg
phthalimicN-yl-esters upon electresionation of photoexcited Ir(ppy) Nine different primary,
secondaryand tertiary) alkyl radical precursors could be implemented the methodto
functionalize monosubstituted styrer{8shemel 1).>’

Ir(ppy)s
0 BOQL:'Br g CN 25 examples
-ligan y = 33-85%,
A+ N-O + TMSCN Ar)\/alkyl e.e. up to 96%
J—alkyl NMP/PhCI, r.t.
O O

0
©i<\<N_O/>— Ikyl
0 O o 0
- CO, @N@ + -aliyl
Ir(I1y*
o)
hv Ir(IV)*

Ir(I1l)
LCu(Il)X(CN)

LCu(l)X + TMSCN

Schemell. Metalophotoredox catalyzed alkylatiaaryamation.
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The Landais group initially found that with the help of-telit-butyl hyponitrite and
bis(trimethyltin) alkyl radical{ f r ecnrarbb ony | al koydno akglioditlespand oyano U
groups (from p-toluenesulfonyl cyanide pTsCN)) could be regioselectivelyattached to

unsymmetricsubstitutectyclopropenein a moderate diastereosgtive fashionSchemel2a).>®

a) R1 02C R1 02C

BuOt EWG
“NENL CN
OtBu R
| Ro (RsSn), 2
pTsCN + ﬁ + or > or
EWG R, PhH, 65°C Ry
Rs__( Rs _L-CN
Rs Rs
EWG

CO,Et
c) PhB(OH),
BuOt
| R \N:N\OtBu Ry RZCN
2
PTSCN + + R“% i (/% R
3
EWG Rs PhH, 65°C

EWG
Schemel?2. Evolution of carbocyanation strategies by the Landais group.

The synthetic method was also viable for the difunctionalization of aliphatic alkehesavoid
the use of a tin reagent, a special desigregatosulfonyl acetate could upon thermal activation
with a diazo initiator deliver alkyl and cyanidyl radicalhe technique was provenable in
alkylation-cyanation of aliphatic alkenéSchemel2b).>® Finally the Landais group managed to
return to the simple@TsCN reagent without the use of a tin reagent in alkylatganation of
aliphatic alkenes. Additives -dert-butyl hyponitrite and phenylboronic acid were used to

performthe reactior(Schemel 2c).*°
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Chemists of the H. Bao group succeeded in transforthjggnynesin Cu catalyed 1,4-radical
addi t i-alkylated@lene ByanidgSchemel3).®t TMSCN was used as cyanidyl and alkyl
diacyl peroxides as alkyl radical sourcésirthermoreby addition ofan activated alkyl iodide

the hereof derived radicatmdded preferentiallyo the enynes in the difunctionalization process

compared to the alkyladicals generated from tlikacyl peroxidesFrom DFT calculations the

cyanation was suggested to proceed by trarfsben a N bonded Cu cyanide compldr the

allenic radicaf*

R
Rs EWG | Cu salt NG
phen
R — / + TMSCN + or >~
—
R, 0 PO)
)]\ 0 alkyl MeCN or DCM, 50°C R,
Ry R, = alkyl, aryl alkyl” 0" "N
R3 = alkyl @) NC

Schemel3. Cu catalyzed carbocyanations of de8ynes.
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1.2.4 Acyl Radicals
1.2.4.1 Generationand someApplications of Acyl Radicalsand Alternatives

A range of possibilities is known about the formation of acyl radicals frorerdift starting
materials ad using different techniqué$Someexamplesare presentegointing out the variety
of possibilities. Scheme14 depicts some ways$o form acyl radicals on theop half and

applications on the bottom half. Matng colors between lmm and top half showpplication

Examples of acyl radical sources

Examples of acyl radical utilization

Schemel4. Acyl radical. HAT = hydrogen atortransfer; DMDC= dimethyl dicarbonate;
PRC = photoredox catalysis
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and some of theiknown radical source In the following examplesthe matching of radical

source and application iisdicated by the connection adtter and roman numeral.

Benzoyloxyl radicals (e.g. frorhomolysis of corresponding peroxides or nitroxidesjuld be
trapped with phosphines or phosphiéesl the adduct in turn coulchdergo fragmentatiowith
generation of acyl radicals and stablédRdouble bond$A, Schemel4).%® With the same driving
force nucleophilicattack of (alcohols or) carbghc acids on the radicatation of phosphines

could yield the corresponding (alkyl @yl radicas (D).%*

Oneclassical wayto generate acyl radicals tise use of organometallimetalloidecompounds
Especiallythe use of acyl tallridesand selenides was commoFhe respective radicalwere
most oftenreleased by means of heat, irradiation or d&em reactions within reagent§?°°

Regarding that these reagents were applieddore decadesow, the frame of these applications

seemstill to be restricted tchydroacylations(HlII ),°%

group transferadical addition toCi

C multiple bondgHV),?® andradical addition irtandem with intramolecular cyclizatict$® On
theone handthe often harsh reaction conditiopobably restrict the use of sensitive substrates,
onthe other hand, this is also a sign for the chemists considerations towards sustainability, waste
and energyefficiency. The specific organometallic compounds could be considered as
prefunctionalized starting material and thus elongate potential syntbaes consumirg time.
Nevertheless,acy tellurides and selenidedound applicationsin relatively modern radical
synthesissteps In MacMillans total synthesis of-§-vincorin in2013the thermal cleavage of the
acyl telluride at 200°C was initiatiosf an intramoleculacyclizaion and ketene formation with a
Uthioetheracetylene unit? GarciaDiazd group used a trialkylstannane to perform an
intramolecular hydroacylation and within construct the tetracyclic scaffold of ubeisteychnos

alkaloids’®

An approach from carboxylic hydrazidésvas further refined by et al, who showed in 2017
that hydrazine carboxylates could be activated by photoredox mediatedgleydatom transfer
(HAT) using Bbsin Y and TBHP under white lighrradiation at it..”> The alkoxycarbonyl
radicals wee used to trigger a cascade cyclization upon addition to a cyanide béaring
biarylmethacrylamide leading to a phenanthridine scaff@!)."?

In 2015 the chemists of L. . Xi aobds gr ou pphatoeatalyst Floeesceiribluee u s e

light irradiation)to reductively(SET)cleave aryldiazonium sale r.t.to the sp-aryl radicals”
22



Under carbonmonoxide atmosphehe corresponding acyl radicals were formed. Séni@ turn
were oxidizedby the radical cation of Fluescein (restoring uncharged Fluorescem)the
amalogous ylidyneoxonium cation. Nucleophilic attably primary and secondaryaliphatic

alcoholsachieved an alkoxycarbonylationtbie aryl radica(Blll ).”

In 1983 Scheffold and Orlinski found that dmxylic anhydrides couldn the presence of
vitamine B, as mediatoreductively form acyl radicals under electrochemarad photochemical
reaction conditioné? With this technique, they performéydroacylations of electrouleficient
alkenes. Thehydrogen atom was transferred from solvdhiN-dimethylformamide.They had
reported that the corresponding acid chlorides delivered low Vielfise photoredx catalytic
formation of acyl radicalfrom carboxylic anhydrides and acids howeweais driven forward by
the Wallentin groupln 2015 they could useromatic acidvia in situ anhydrideformation with
dimethyl dicarbonate (DMDCand bylr(ppy)s catalyss under visible light iradiation at r.t for
this purpose VIl ).”> In 2016 they presented the direct use of symmetric aromeattigdaides
for the same reaction outcorneder similar reaction conditiorg&VI1 ).”® Furthermorethe acyl
radicals were used to trigger semipinacol @arrangement upon addition on double bonds of
TMS-p r ot e-@-hydrdxycitloalkyl)styrene€el).”

The Ngai groupusel aromatic carboxylic acid chlorides as radical precursor in a Ir{ppy)
photoredox catalyzedpyridine assisted)so-called radical Hecitype functionalization of
stabilized alkene@IV).”” This often is proposedith an oxidatiordeprotonation sequence from
the radicalalkeneadductl 1 (here from acylf* However,DFT calculations irhand, the chemists
depicteda modified mechanispstarting with aprotoncoupledelectrontransfer (PCET from
catalystto chloride An aryl-chloro-hydroxymethyradical was formulated tdoe the central

intermediate and tadd tothe alkene double borfd.

As an abundant source of acyl radicals, aldehyaesd give the radical species after a HAT
processin 2010 the Caddick group showed that hydroacylations of acrylate derivatives could be
achieved with aldehyde under oxygen atmosplierd,4dioxane’® The acyl radicals were
assumingly generated by HAT to oxygen. Acyl radicals were then in competition hetwee
proceeding autoxidation towards carbonic acids via acylpéraxicals and the addn to the

alkeneds double bond
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In 2017 the Jana group usadsystem of TBHP with Ru(bpygl. (blue light irradiated) at r.t.
with cooperative catalysPd(OAc) and in MeCN solution to perform-&cylatiors of N-(2-

pyrimidinyl)indoles’® The pyrimidine shstituentsuggestively facilitates thei® activation in
2-position of the indole upon precoordinatiand thus transfer of the acyl radi¢aln 2014 the
J-H. Li group presented the use mimary alcohols as acylatioreagentsinvolving HAT they

presented a more unlikely source attérnative way for acylatioff.

Although alreadyn early development phasesmplesolutionsfor acyl radical formationgvere
suggestedanticipatecand studied’ it needed a new inspiration to get the radical chemiatrgt
so the radical acylation chemistoack going.The increase in researah the second decade of
the 24" century,could be attributed to perpstes, which photoredox catalysis offeesjdertly
from the more recent examples of the above presented andfraisolatest review articles

concerningadical acylation&™ 62482

1.2.4.2 Intermolecular Alkene Difunctionalizations involving Acylation

In the field of intermolecular difustionalization reactions of alkesi¢heZh. Li group® made in a
seminal studyse of a system containitgrt-butylhydroperoxide (TBHP) and d(ll) chloride
catalyst to fom b-peroxyketones The peroxyketonesc oul d be tr adapexiror me d
ketones upon treatment withasic 1,8diazabicyclo[5.4.0Jundeg-ene DPBU) (Schemel5a).
Catalytic Fe formed in reaction with TBHirt-butoxyl (and peroxyl)radicals which in turn
could engage in the HATrom aldehydesThe acyl radicals where added along wiént-
butylperoxyl radicals totgrenes (and 1;Butadienef* The reaction could also be performed
enantioselectively by using @)-N-subsituted proline based organocatalyst with styrenes and
aromatic aldehydes (as well afiexanal)in MeCN at r.t. publishedby the Siva grougScheme
15b).2* The procedure led predominanttythe (S,3-U -epoxyketones irenantiomeric ratios of

up to e. r=99:1 The use ofn-hexanal was also documented successfully but with lower e.r..
Interestingly the activation of TBHP was under theed conditionsclaimed to beachievedby

thermalhomolysis®*
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Y. Wanget al. published studies of peroxacylation ofacrylatesby using TBHP and catalytic
bis( U, U -tetdadnettydd,3-benzendipropionate)dirhodium Rhy(esp). The reaction was
carried out in 1,&lichlorcethane (DCE) at r.tThe grouppresentedaromatic aldehydes onin

these transformatior(Schemel5c).2°

a) FeCl,
R O TBHP tBu0O R, O DBU R, O
- A : — X
Ar/& H™ "Ry MeCN, 85°C ArMRZ ArMRZ
R2 = alkyl, aryl 14 examples 9 examples

y = 39-93% y =78-97%

b) enantioselctive a,p-epoxyacylation of styrenes without metal, without DBU, at r.t.

catalyst:
& }
> N
CO,H | = HO,C 0
N__N

17 examples
y = 53-95%
e.e. up to 99%

X

CO,H

c) Peroxydation-acylation of a,3-unsaturated esters

Rh(esp),

R, o) TBHP Rt%‘oo Ry ©
Rzo \ R3 + )]\ 2 NA"
H™ Ar DCE, ri. O R

22 examples
y = 39-78%

Schemelb. Catalyzed peroxidaticacylations.

H. Bao et al were able toreplace the peroxygrouwith radical alternativesWith a Cu(l)

complexand TBHP as radical precursoicyano group (TMSCN source) together with an acyl

group could be introduced ®tyrenes(Schemel6a).®® From density functional theory (DFT)

based calculationsf intermediate and transition state geomettias scientists gave insigbn a

possible mechanism. They proposed that upon TBHP cleathegeesultingCu(l)OH complex
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formed TMSOH(also observed by GC/M$) reaction with TMSCN. The now Cliond cyano
ligand was supposinglytransferred to theacyl radicalalkeneadduct formmng the benzylic

cyanide(without Cu(lll) complex formation§® With an Fe catalyst and TBHPresent styrenes,

a) CuCl
Bro-bpy
R, (0] TBHP NC R, O
& + JJ\ + TMSCN
R H™ Rs MTBE, 50°C Ri Rs
R3 = alkyl, aryl 40 examples
y = 25-88%
Cu(ll)CN  + |
R1)\)I\R3
b) Fe(OTf),
R, (0] TBHP N-R, O
ISR, * L+ VSN, - J
3
Ry H™ Ry MTBE, r.t. Ry R4
R, = alkyl, aryl Rs
44 examples
y = 25-88%
\ R, O J
Fe(l“)N3 + R1)'\#LR4
R3
c) O O
o 0 A
)J\ I"(PPY)s Re™ N° Rs 40 examples
Al /\ + N\ P
r Ri ~ 0 R3 A y = 43-90%
R, MeCN, r.t. r
h
R4 R; = alkyl, aryl v 0”7 "Ry
R, = alkyl
nucleophilic attacks
Mumm rearrangement
[iriIn] CXOY2) M LTI RS
o N o AT A
9gl, T, Sy
+
[Ir(lV)] R1 R2 O R3 (@) R»] 0O R1

Schemel6. Examples of difunctionalizations involving an acylation.Bpy =
4, 406 di-thpyradim-@ , -¥106

26



U ,-umsaturated carbonyl compounds 4phenylbutl-enecould be functionalizeéh MTBE at
r.t. (Schemel6b) with an acyl group and an azido group (TMS$burcef’ Mechanistically,
similarly to the acylationcyanationa group transfer from afeg(lll) azide complex to the

benzylic radical intermediateas suggestetd

Photoredox catalyzed intermolecuthfunctionalizations using aldehyde derived radicals dealt so

far only with t-hpexykgteneseusirgt Rutbemidfhorf metbylene biug
catalystsThe D. Z. Wang group reported in 2015 that Ru(p@lg)(white light irradiatedwas in

photoexcitel state suitable for a SET to TBHP in MeCN at®.tThe resultingtert-butoxyl

radical served asl-accepor from aromatic aldehydes. Berytand tert-butylperoxyl radicals

were subsequently added to thigreres double bond. Thpresent C£Ost r ansf or-med t h
peroxyketone to the final pdoct. The recyclization offte Ru(ll) was proposed to take place by

SET from atert-butylperoxide anion to the Ru(lll) species, also formingei-butylperoxyl

radical®® The Salles groupsed methylene blue as photoredox catalish K,S,0g and air
oxygen as oxidarg and radical precurssrin aqueous medium at r.t. with,80O; as a base
present® Since the absence of ygen led to worse product yielthey considered alsoxygen
involved in the reaction course. Yéhey had not a comprehensive understagdibout the role

of the two oxidants preseritheir mechanistic proposal consisted of a SET from a hydroperoxid
anion (generated in alkaline hydrolysis of persulfate) to photoexcited methylene blue. The so
generated hydroperoxyl radical was believed eéartvolved in HAT from aldehydes as well as
radicatradicatcrosscoupling with the benzylradical intermediateto form a benzylic
hydroperoxideThe reoxidation to methylene blue waalibved to be achieved by SET edher

oxygen or peroxosulfaf®.

The L. Yang group found a dual dihctionalization with two olefinsOne electron deficient
alkene and one styremeere coupld with each other as wedk with anacyl (or alkyl radical after
decarbonylatiof) and a tert-butylperoxy radical to yield 1,5diketones in basic mediuf

Using dktert-butyl-peroxide (DTBP) and arFe catalyst at elevated temperature aliphatic
aldehydes could be used as radical alkylating agent after decarbonylation of the corresponding

acyl radical in an azidalkylation reaction of styrenés.
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In the laboratories ofL.-Z. Wu a synthetic technique foracylationimidation of

styreres was found using special acyl oxime ester substrates (Scheme 16¢c).%

Upon SET of photoexcitedr(ppy)s the substrate fragmentatesdoyl radical, alkyl nitrile and
carboxylateanion The acylstyreneadduct was oxidized by Ir(IV), regenerating tbatalyst and
generating the corresponding carbocation intermedwaieleophilic attackof MeCN could lead
to a nitrilium cation, which could form an imidate with the carboxylate. Mimm

rearrangemefitled to therespectivémide product®

1.2.5 IntermoleculaDifunctionalizations with Nucleophiles

1.2.5.1 Amine Nucleophiles

In 2017J-H. Li and coworkersiescribed the usage bfcyano alkyl radicals andmines(1° or
2°) to difunctionalize styrenegScheme 17).> The alkylation-amination was realized by
mediation of oxidation agent AGO; (2 equiv.) in alkyl nitrile solventat 120°C. Radical
generation from alkyl nitriles as well as oxidation of the raeidieéneadduct|l to the
corresponding benzylic damcationl2 was accomplishedAn Fe speciesenhanced the yield for
the difunctionalization process. The reaction of p-methoxystyrene with acetonitrile and
dibenzylamine was shown to raisoin satisfactory yield ifPhCF; with excessacetonitrile® In
MeCN, p-methoxystyrenavasfunctionalized withcyclic amines (morpholine as standard amine)

primary amines and sulfonamide¥’

R, Fe(OTf) or FeClj R, Rs r
~ 6
X Rs Rs~...Rs Ag2CO3 Ny R R7
| + ” + R6R7CHCN | X CN
INF alky! nitrile /2~ R
R> (RgR7CHCN), R,
120°C.
32 examples, y = 32-89%
d.r.up to 1:3
O ’
N N \N,Bn [Nj
NC NC MeO/©N)C\/| MeO CN
55% 56% 89% 66%, d.r. = 1:1.3

Schemel?. Fe c a icyahoplkymtionathination.
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Morpholine and MeCNcoud be used to difunctionalizelain styreneand somdunctionalized
styrenes1,1-disubstituted ethyleneand trisubstituted ethylengs-Cyanostyrene and hefitene
were revealed tde incompatible alkenes in the mettiddihe usage of MeCM; instead of
MeCN resulted ina slower difunctionalization op-methoxystyrene with dibenzylaming&he
KIE of ku/kp = 2.7 led the scientists to the assumptitrat the H abstraction of the alkytitrile

is the rate controlling steip the reaction mechanism.

Further difunctionalizatiomethodswith amineswerereported in combinations with €entered

radicals derived fromU-bromoalkyl esterg*®

or from alkyl N-hydroxyphthalimide esters
(photocatalytic alkyl radical formatiof) Dependig on thereaction conditiongpolar solvent
favorable)and on substrates p r o ¢ e d-alkylesser radicalstand Cu catalysts could directly
obtainintramolecular lactam formation¥°®The Li groupfound access to a vicinal alkylation
aminationmethod for styrenes under Ru(bg¥ (1 mol%) photoredox catalysis in DMSO at
r.t.%” While irradiationand photoredox catalyst were necessary for the reaction to proceed the
presence of a Lewis acid delivered a yield improvement. The source of alkyl radicals were
coarresponding alkyN-hydroxyphthalimide esters, forming besides the radical, carbondioxide and
phthalimide anion upon photoredox catalytic single electron redutt®andard substrates used

in the transformation weng-methoxystyrea, tertiary-C-adamantyIN-hydroxyphthalimide ester

and o,mdimethylaniline (or aniline)ln contrast to the other techniques of this segment, this

method presented no electrdeficient styrenes in the reaction scdpe.

1.2.5.2 Amidation via Alkyl Nitriles

Greaney and coworkers published2013a synthetictechnique, whichallows the addition of
aryl radicals together with mainlalkoxy groups from nucleophilic addition of alcohols
(methanol,n-butanol, 1,2-diethoxyethanejso-propanol; y=33-70%) onto styrenes. Also two
examples of arylaticamidation by addition of the phenyl radicals together with acetonitrile
(y =53%) or benzonitrile (y = 36%) in Ritter reactions were present&drhe reaction was
catalyzed by Ir(ppy) under white light irradiatiorat r.t.. The general radical source was the
diaryliodonium tetrafluoroboratesalt which released the aryl radicals upon single electron

reductionin reactionwith the catalyst®
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Konig et al. elaborated the arylatiemmidation of styrenes with aryldiazonium tetrafluoroborate
salts and alkyl nitrilesn 2014% The reaction was catalyzed BRu(bpy)sCl, (0.5mol%) under
blue light irradiation at 20°C in the presence oéquiv. water.Common Cucatalysts for
Meerwein aryhtions could not replace the Raatalyst Light was essentialo the reaction
progressand without Rucatalyst only 5% vyield of pherylated styrene in acetonitrile were
obtained. The alkyl nitrile was used as solvent but cee&minglybe used in excess (EQuiv.)

in DCM solution?® In MeCN, styrene could be arylated with angee of phenyldiazonium salts
(p-ethoxycarbonyl p-trifluoromethyl, p-methoxy, p-bromo, mrnitro, etc.;y = 50-92%)°%° With
p-nitrophenyldiazoniumtetrafluoroborate and styren@rimary, secondary and tertiary alkyl
nitriles were found viable alternatives to MeCR. In MeCN, p-nitrophenyldiazonium
tetrafluoroborate could be used to difunctionalize s@rseibstituted styrenes (methyl, chloro,
carboxyl; y=5597%) and internal ardubstituted(E)-al kenes {mettihlyb sneg,r ehe.
methoxyca b o ny | s-acetyisgmeng® b

In 2013 Koike and Akita presented synthetic results on a trifluoromethaitigation reaction
of styrenes(Scheme18).’® The chemists found Ir(ppy)and Ru(bpy)¥PFR). almost equally
efficient in this transformation and chose the lafebmol%), as less expensiv@aterial for
further investigations in the study Ume mo t o @ squiv., élkegesim 1.2quiv. amount)

was an effective source of the trifluorottmgd radical upon single electron reduction with(R

o)
| Ru(bpy)sCla AN
Umemoto's reagent R Umemoto's reagent 3
oF, | Sy
S® © NG alkyl nitrile
= R
O BF, R (RsCN), £ 2

R4
O -
hv, rt. 29 examples, y = 53-91%

d.r.up to 11:89

O

% o}
/Z<NH )J\NH %NH
CF,
EtO,C

CF;
NHBz
CF;

83% 71%, d.r. = 29:71 76%, d.r. = 31:69 77%

N

CF;

Schemel8. Ru photoredox catalyzed trifluoromethylati@amidation.
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photoredox catalyst. The nucleophieeCN was used as solvent, butvas shown for different
alkyl nitriles, DCM could be used as major solvent with alkyl nitrile cosolvent (9:1 v/v
mixture) %’ Photoredox catalyst as weB aisiblelight irradiationwere esential for the reaction

to proceed Alkyl nitriles could be readily varied in thetrifluoromethylationamination of
styrene'® In MeCN, exemplaryalkylated halogenatedp-trifluoromethylated m-formylated or
m-N-Boc-amino styrenes application showed the broad substratege of the techniqu&Vhile

no concrete alkoxylated styrene waiesentedp-acetoxystyrenes as suitable The scientits
considered the method to have prospetatmstage functionalizations when they discovetreat

a vinylated estronderivative and grotectedvinylatedtyrosinederivative to react according to

the proceduré™

In 2017 the group of H. Badescribedhe use of MeCN as both-#bnor fo radical generation
and as nucleophile in the difunctionalizationsatifenes(Scheme19).!** With a Cu catalyst
(5 mol%), BPO as proposed precursor phenyl radicalsvia benzoyloxyl decarbonylation) and

HPF (60mol%) as additive, the reactions were carried out in MeCN at 70R€. article

o]
Cul )J\NH
X

X R, HPFg
| P | CN
/- BPO
’ / R
R MeCN, H,0, R/1 2
70°C.
28 examples, y = 36-85%
d.r.up to 11:89
0] 0] 0]
CN
)J\NH /Z<NH )J\NH ©/\|/\/
HN
Meo\©)\|\ CN \/@)\l\ \[(
— @)
Cl
CN CN
59% 71%, d.r. = 2:1 72% 43%

Schemel9. Cu catalyzed)}cyanomethylatioramidation.

presented MeCN as only nucleophile and radical soimcéhe difurctionalization inuse and
could derive numepus products from different alkené: The procedure established the
difunctionalization for styrenes witttifferent arytsubstitution patterns, includirakyl, halogen,
chloromethy| carboxylor aryl groupsAcetoxy groups were also viable. Methoxy groups were

established inm-position to the vinyl substituent-urthermoreb-alkyl- or arylsubstituted
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styrenes were viable and difunctionalizationsome aliphatic alkenes weaecomplished with

the techniqueln the latter casels-cyanomethylated alkenes were yielded as-pidelucts-"*

1.2.5.3 Difunctionalizations with Indole Nucleophile

Masson and coworkers made in 2014 efforts towardstrilaoromethylationarylation of

styrenes?? Using catalytic Ru(bpy|PRs)2 (5 mol%) they could under blue lightradiation
reductively generate trifl uor o mexidikeythe radieadi c al s
styreneadduct in turn(Scheme20). Designed for trimethoxybenzene as nucleophikssbnet

al. showed that besides-vinylnaphthalene some styrem were viable substrates fdine
proceduren DCM at r.t. Namelystyrenes withp-methoxy,p-acetoxy, p-tert-butyl-, p-chloro.,

m-methyt, o-bromo, b-methyl, b-phenyt and interestinglya p-hydroxy-subsgituent were
practicable to derivatizén this method.Different substituted (multihethoxybenzerse were

used'®
NH
Ru(bpy)s(PFg)2 R, O
Yz R,

Umemoto's reagent
R4 >

5 DCM, r.t.
blue LED CF,
MeO

8 examples?, y = 31-99%

[ o L e
~ ~Ph 2N V7 N
CF
orY (Y 3
MeO 3 MeO s MeO

82% 52% 31%

§\ ZT

™
o
MeO R

Scheme20. Ru photoredox catalyzed trifluoromethylatiearylation (*including pyrrole an
benzofuran products)

Turning their interest towards heteroarene nucleophiles the cheowstd showthat the
methodology hals using (E)-b-methylp-methoxystyreneas alkene(Scheme20). The double

bond could be functionalized with indole, substituted indolesit(®, 5bromo, 5methoxy, 2
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methyl, 2pheny) as well as with pyrroland wih benzofuranThe indoles and benzofuran were

thereby functionalized atBostion while the shown pyrrolattacked at fosition'%

TheJ-H. L i group s h o w-eatbonylralkyPbéotifes ¢onlde tedudlively cleaved
to add the result n gcarlibnylcentered radicals together wiliprotected indoles to styrenes
(Scheme21).>%¢

Rs
Re Rs Fe(acac), R, N
@/\/ R7 ,\i R4 R AngO:; Z R1
+ + 5

R4 )< R

I R /@E/f Br” “EWG 1,4-dioxane Xy Ry

8 2 120°C | R4
=

Rg = H, OMe, 4-Me, 4-Cl RS Rs EWG

33 examples?, y = 45-97%

/
) N N o
NC P
7 7 aUN—
O MeO ‘ CO,M ‘ o O COaEt
MeO CO,Et V€ 2vie MeO COEL Moo

CO,Et
74% 60% 71% 51%

Scheme21l. Ag mediated addition of-arbonyl radicals and indolg8inclusing 2indolyl
product)

The electrons for the cleavage were provided byCA&# at harsh reaction temperatures of 120°C
in 1,4dioxane (chlorobenzene could serve as an almost alike effective reaction medium).
Ag(ll) CO; speciesvas beleved to belie present oxidanto transformthe intermediary radical
styreneadductl1 to the corresponding benzylicarbocationl2. Despite this proposed redox
cycle AgCO; (2 equiv.)could not be applied in catalytic amouft®ither in the presence ah
alternatve base).A nonessential but yieldmproving additive was found with-e(acac),
believed to act as an Lewis acid for radical stabilization (ferrous and ferric chlorides and
Cu(acac) did not affectthe vyield positively). The researchersstudied the reaction with
p-methoxybenzene arfd-methylindole to find a range dkbromides derived fronesterg(1°, 2°

and 3° (nalonates)) andketones (aryl and aliphatic) to wonkell (y = 60-96%). The highest yield
was reached with dietw-bromo2-methylmalonate, the lowest yield with bromomethyl

53c

phenytketone®™ With p-methoxystyrene and dieth@tbromo2-methylmalonatethe aryl-
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substitution onN-methylindolehad an influence on the product yield.s@éiperior convenience
was suggested foelectrondonatng substituents compared to electwithdrawing ones. 3
substituted ind@ connected in osition with thestyrenederived benzylic cation2. It was
found that besides methyl also benzyl and Boc group could be used féiptimeection while
unproteced N-H indole would not lead to a difunctiofiedtion®* The portfolio ofp-substituted
styrenes showed the highest yield fop-anethoxy substituent (¥ 90%), good vyields foip-
chloro-(y = 80%), p-methyl groups (¥ 75%) while p-cyanostyrenewas incompatible to the
method>*® For p-methylstyrenecompetition experiments betweenntethyt and 5cyancoN-
methylindole were presented. The results shothiathlong the time course of the reaction Bae
methyl substituted indole was distinctively used in advarfi¢be 5cyano derivative. These time
resoluted reactionsereindicatingthattheindole attack is rathen ionic process™

The J-H. Li group published in 2016 anothéifunctionalization of styrenes vintmainly indoles
a n d-carbbnyl centered radicals derived from the corresponding bron(@tgeme22).'%
Compared to the technigque abpphotocatalyst Ir(ppy)(1 mol%) controlled in MeCNat r.t. the
difunctionalizatiors. Also a basgK,CO; with best results)s mandatory in this procedure to
receivethe difunctionalized gtene in quantifiable amount®® Asides N-methylindole some
derivatives (ethybated, 5bromo, 5cyano,y =3979%) showed to be applicable. A methyl
group in 2position showed to have a positivdlience on the yield (¥ 79%). A competitive
reactivity of 2- and 3position was not further describéd/hile plain indole was only producing
trace amounts of difunctionalization produlkbenzylindole proved to be a gowdicleophile
(y =71%).In addition also some strongly substituted pyrrolead8tyt1,2 4-trimethyl, 3acetyt

1-benzyt2,4-dimethyl; y= 69-77%) weresuccessfully applietf
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Rs Rs Ir(ppY)3 - N
| AN N R7 N R4R KQCO:; / R1
+ + 5
> Ry )< Re
R/ = Ry / Br EWG MeCN, r.t. X Ry
8 blue LED |/ _ R4
Rg = H, Me, OMe R Rs EWG

24 examples?, y = 39-79%

/ N/ N/ O
O \ / B Y u
O CO,Bu O CO,Et O COLEt CO,Et
Ve F COEt MeO COEt |\

CO,Et
72% trace 62% 69%

Scheme22. Photoredox catalyzed d d i t i -oanborylfradidals and indolg8including
pyrrole and 2indolyl products)

Regarding thescope of the alkenes, it was shown that espgcraktthoxy substituents were
present in the practicablgyrenes Simply styrene (y=44%), 4methylstyr@e (y=48%) and
Umethylstyrene (y 40%) showed to performwith slightly diminished yield for their
difunctionalization produst 4-Fluoro- and 4cyanostyrene could not be functionalized in the
described mannemhe authors described styrenes with g@edonating groups as well as some
aliphatic alkenes asnért to the reaction condition® With the use of 3-deuterated
N-methylindole in combinatiowith p-methoxystyrene and dieth@2tbromo2-methylmalonate
kinetic isotope effect (KIE) of ldkp = 1.13/1 was used to questitime involvement of a HAT

from the indole to a radical in the reaction coufée.

C. Zhuet al.describedalso in 2016 technique to add diflouroketomethyl groups besides indoles
to styrenes’ Th e -catbonyl centeredadicals were formed fromingle electrorreduction of
correspondinglifluoroketomethyl bromides bthe photoredox catalydir(ppy)s in the presence

of AgOAc under visible white light irradiation arat r.t.. The typical bromide usedas ethy}
bromodifluoroacetatep-Methoxystyrene along wittN-methylindole were used as standard
substrates In addition to irradiation and Ir(ppy) also a base was necessary to obtain a
difunctionalization proces$? In terms of alkeneg-methoxy,o-methoxy andp-methyktyrenes

as well asl,2-dihydronaphthalene were found to lead to difunctionalizations Metiethylindole

and ethylbromodifluoroacetatep-Chloro-, p-bromostyene, pentafluorophenylethylene as well
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as pl ain s-meyhylstyreee ware thsuctesfuliested inthis difunctionalization
strategy-**

In 2017 the groups af-H. Li and S. Luo disclosed a synthetic methodsitylate alkenes in 1;2
difunctionalizations Initially amines were the presented nucleophiles, buirthimsic features
of this method made a more vasange oiN- and CGnucleophile applicabl¢Scheme23). The

silylation was derived from silangshich were transformed to their corresponding radicals by

R3 FeCI2
/
X Ry N | DTBP
I/ P + DRt H-SiR4R4R5 >
R8 R2 PhCF3
120°C
R3 =H, Me 28 examples?, y = 28-72%
[y [y Ly oy
z / Z Y
C C Z C
i Si(TMS i i
MeO SITMS)s ¢ i(TMS)3 O SiTMS)s SiMe,tBu
63% 48% MeO 48% 37%

Scheme23. Fe catalyzed silylatiorarylation (*including pyrrole and conjugated alkene
products)

H-abstraction As a Hacceptortert-butoxyl radicalwas usedanon formed by means of FeCl
catalysis from DTBP at 120°C PhCFR. The here useBe(ll) speciesvas believed to be recycled
after electon transfer from itermediary silyradicalalkeneadductll1 to the Fe(lll) species.
Secondary amines (morpholine, piperidine, pyrrolidine, diatinjne, 3phenylpropylamine) as
well as a number of primary amines, amides aadphthalimide were tolerated® With
p-methoxybenzene and\N-H indole HSI(TMS): (y=63%) brought the most efficient
difunctionalization.Furthertertiary alkylated hydroxaliphenylsilaneand primary phenylsilane
were successful integrated into difunctionalizatid®swith HSi(TMS) and p-methoxybenzene
N-H indoleswith electrondonating and withdrawing substituentas well as pyrrole served as

105

nucleophilefor the benzylic arylation™ A variety of monosubstituted styrenes, conjegat
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al k e amethy/styréhe and two internal alkenes with lower yields vsbmvn to work in this
difunctionalization withN-H indole and HSi(TMS)'®

In 2018 theJ-H. Li group described dr(ppy)s photoredox catalyzed vicinal diarylation of
styrenes(Scheme24).1%® The C(sp)-aryl radicals were formed rediively from arydiazonium

salts, as nucleophilesainly multimethoxybenzenes and in addition some indotedd be used

The reaction was carried out in chlorobenzene at r.t. with blue light irradiation. Furthermore the
authors described that the employmef a base, narhe?2 , -Bigyridyl (bpy), was necessann

order to observe a difunctidiization. Some experiments suggested that the influence of the base
mainly lied in the suppression of competitive hydroarylation of the styrdimesaddition of a
Lewis acid like Sc(OTH to the reaction mixturen contrary favored the hydroarylation reaction

courset®

R3
N2BF4 Ir(ppy)s R O N
bpy 2 7

Rs
o~
+ p + >
MeO R, PhCl, r.t.
R OMe blue LED BV
MeO

R = H, Me,
Rs = alkyl 6 examples?, y = 41-66%
: O
oy«
2 f Y N N—

O O O

MeO MeO MeO PMP
50% 66% 55%

Scheme24. Photoedox catalyzed 1 2iarylation (®including 2indolyl product)

The substitutiorpatternof trimethoxybenzenes € 30-76%) could have a quite imp@nt role

on the product yieldIn general,the dectronpoorer methoxybenzeseshoweda lack of
reactivity’°® On p-methoxystyrenand with thep-methoxyphenyl diazonium tetrafluoroborate as
radical source somi-alkylindoleswere alternative nucleophiles he electronic influence of a
5-substitent seemed to have a lower impaoh the productyield, while for 1,3
dimethoxyenzenesa further substituents could determine about the difunctionalization to

proceed?®
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For 1,3,5trimethoxybenzenealkenes were not showing a clear trend depending on the electronic
features. Oct-1-ene was tested unsuccessfullyin the difunctionalization method.
1,1-diphenylethylene was transformed to -tljphenyt2-(p-methoxyphenykthyiene under the

reaction conditions by monofunctionalization with the diazonium'alt.

Also in 2018 thel -H. Li group established a technique to add radicrived from alkyl nitriles

together with indoles to styrenéScheme25).*%’

Rs
Rs ] R, In(OTf; R, N
SRt T o0 TP [ :
+ +

R4 R

R/ > R % H™ "CN alkyl nitrile, X Re

; 2 120°C |

YA

Ry=alkyl R, =H, Cl, Et, CO,Et R, Ri{ CN

33 examples?, y = 19-96%
R; = 4-OR, (+2-Me, 3-Me or 3-F)

/ / /
oy Oy QY g
V7 Y 7 Y
F
o, O, O O e
MeO CN CN MeO CN

56% 42% 33% 52%

Scheme25. Ag mediated cyanomethylatiearylation (®including pyrrole and Zandolyl
products)

The alkyl nitrile was directly employeaks solvent and A€ Os; (2 equiv.)was used as mediator at
120AC t o -<€(s@idlwend of the nitrileoxidaively and to oxidize the intermediary
radicatalkeneadductl1 to the corresponding benzylic catid®. Furthermore application of
Lewis acidIin(OTf)3 in the reaction was fourtd improve the reaction yieldh contrast to the Ag
salt the Lewis acids not essential fohe difunctionalization to occif” p-Methoxystyrene was
also difunctionalized (in MeCN) using functionalizédmethylindoles whereby the electren
poorer indoles show lower product yield®hile benzofuran, thiophene and benzdilijphene
failed to lead to difunctionalizationd\-protected pyrroles could bemplemented to the
methodology®” With N-methylindole (in MeCNYifunctionalizations oétyrenesearing alkoxy
groups on the aromatic ringubstituted2-vinylthiophene U-substituted styrenesas well as

dihydronaphthaleneere presented while ogtene failed:’
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Furthermore thel-H. Li group presented the synthetic procedure for difunctionalization of
styrenes with the use of ether molecules, which form radicals Gppn bond <cl eavage
position to the etheoxygen'® Standard alkene was aggirmethoxybenzend\-methylindole

the nucleophile and l-dioxane solvent and radical precuré8cheme26).

Rs
Re Rs o CuMeCN)PFs N
@/§ N [ j TBPB R,
+ + >
R R
R/ = /@/)\ ! 0 1,4-dioxane, N
7 Rs 110°C |
. o
R; = OMe, Me, (3-F+4-MeO) (alternatively THF) R, @
o

22 examples?, y = 33-85%

Coy O OF Qo
MeO O O  MeO O @) O O MeO O o]
o) o) o)

59% 75% 72% 49%

Scheme26.Cu cat al y z e d-etlsedakyl tadioals and findolés*including pyrrole
and 2indolyl products).

The methodologydescribes theuse of catalytic Cu(MeCN)PFR (10mol%), tert-butyl
peroxybenzoatéTBPB) as source fotert-butoxyl radicals, which are the preséiacceptors in
the system or more generallyork as oxidant at 110°QCu catdyst as well as peroxideere
indispensable for the reaction to procéetiernatively diU-cumyl peroxide (DCP), eiert-butyl
peroxide (DTBP),tert-butyl hydroperoxide IBHP) , -curlyl hydroperoxide (CHP) suitable

resulting inlower difunctionalizaton yldg.'%
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Glorius et al have usedN-benzylic Katritzky salts (tetrafluoroborate) and indoles to
difunctionalize styrenes under [Ir(dtbbpy)(pgliPFs photoredox catalyticonditions(blue light)
in MeCN at r.t(Scheme27).*%

Rs
N
Rz
[Ir(dtbbpy)(ppy)2]PFe Ry
m | ®/ Rs
MeCN, r.t. | X
blue LED L Ry
Ry = benzyl, Re
a-carbonyl 27 examples, y = 25-95%
NH
NH \H NH
~Ph
MeO MeO MeO 0,C
BocHN
CO,Me
61% 41% 65% 56%

Scheme27. Photoredox catalyzed addition of benzyl radicals and indoles.

The Katritzky salt represents aiternative to benzylic halid® produce benzylic radicals in a
reductive fashion. In comparison to the latter pyridinium salts feature more positivgioad
potentials and therefore should deliver more easily the corresponding radical. Furthermore this
operation circumvents theegeration of acid bproductswhich in turn could have a great impact

on the reaction syste(m.qg. sidereaction hydroarylatia).**®

The employment of a variation of Katritzky salts showed shdiistitutedoenzylic radicals show
reasonable suitabilityjo add to p-methoxystyrene together witN-H indole Furthermore

pyridinium saltsderived from U-amino acids cod be used to functionalize-methoxystyrene
with the correspondingU-carbonyl radicald® In terms of neleophiles Sodoindole,

N-methyindole, 2-phenylindole andN-methylaniline weralternatives presented to react wkh

methoxystyrenerad toluyl radicals from the pyridinium salt sourt®.

In 2019 theJ-H. Li group reported a Cu@latalyzed 1,arifluoromethyhtionarylation of

styrenes using NaSOF; as source for trifluoromethyl radicals at 50°C Me&RThe generation

of radicals was observednly in the presence of a Ceatalyst £0mol%) and an oxidant

(3 equiv.), for which TBPBwvas found to be most efficient. Alsg80g (10 mol%) was a yield
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improving additive. Arylation was acheved by using several indole and some pyrrole
derivatives'*® With NaSOg andN-H indole, some styrenewere shown to be implementedtire
technique. Amongsiable monosubstituted alkenes only alylated syrenesanda substituted
2-vinylthiophene were present in thecspe. b-phenytp-methoxystyrene did not yieldhe

difunctionalization product

1.3 Artemisinin in Action

Artemisinin (quinghaosu)and derivatives are today the first choice to treat malaria diseases
caused by parasitesf the plasmodia family** Especially since the occurance of multi drug
resistances by plasmodia towards antimaié typequinolone,its importance rse'*? Due to

an often fast metabolism and fast excretiontemisinin and derivatives werenore and more
choserto be part in @ombinatorytherapy togther with a more londgjved antmalarialto hinder
new resistancesind overcomemonotherapy failure§® To the start of drug researches on
artemisinins the structural pharmacophoreas identified as he endoperoxide bridge
Whereasdeoxygenated derivatives showed no specific antimalarial actiVithe endoperoxide
function drew attention towards radical basedechanisms of actionn vitro experimental
applicationssuggestedthat artemisinins antimalarial activitiesvere antagonized in the presence
of a radical scavengenhile the presencef radical initators gave better resuftS.Reactions of
artemisinin withmalariaparasitePlasmodiumfalciparum resulted in transformations of a vaste
spectrum of protein cell segment& Synthetic evidencérom different studiegor fragmentation

of artemisinin derivatives unddfe mediated conditiortd’, paired with successful EPR spin
trapping experiment® fired discussions and assumpsaoncerning the mechanismccording

to which artemisinin and its derivatives displaydtsivity/activities'*>1**9nitial suggestions

of Posnerbased on experimentaolations ofdegradation products an artemisinin model
moleculeafter reaction in the presence of Fe speti®§ormed poductsin this study were

partially in line with known thermal decomposition proditof artemisinin? |

n Posner 06s
experiments Fe mediationwas conductedbecause of the knowledge of abunckarof Fe in

malaria parasiteflike P.falciparum) Malaria parasit & h ar mf ul effecis on i
based on the digestion of red blood cell hemoglabiits to hematin and hemozoin (malarial
pigment).Hemozoinis the crystalline product of dimerizationogesses of heme unasd isalso

stored in the digestion vacuole of P. falcipartifiThe concepbf Fe mediaton for trioxane

cleavagewas soorassumedand further testet®® FurthermoreamongFe mediated artemisinin
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degradationheme is more effective than hemoglobin, heoriinorganicFe salts*?® Yet, there is

also evdence thatmammal parasiteghat do not contairFe based species are inhibited by
artemisinin derivative&* Neverthelessuntl today the proposal of Posnen the mebanistic
behavior of artemisiniin malarialparasitess discussed and considergfP The formed radicals

in turn are on this basmipposed to bthe causes for parasite apoptosis and the medicative effect

of artemisinin derivatives in malarial diseases.

The Fe based activatiorwas suggested to staoh a eductive @O bond cleavage of the
endoperoxide bridg€&Scheme28a). The electron is theoretically transferred to eitbf the two
oxygen atoms leading towo branches of thismechanistic consideratioY J1 or 4Y J4,
respectively) When the initial radical is centered on tiegtiary oxygen(J1) a 1,5HAT could
lead to assecondaryalkyl radicalJ2 which in turn couldoe an intermediate for observprbducts
(4-hydroxy deoxyartemisinid3 etc.)™® Along the other proposegaction patha formed oxyl
radical adjacent to the acetale grompJ4 is believed toundergo ahomolytic b-cleavagé®
forming aprimary alkyl radical (and carbonyl formatioof acetyl,J5), that led to the observed

tetrahydrofuran moiety in isolated produdes**®®

In addition another poinbf view is that the so formed €ertered radicals are too reactive and
thus too transient to interfere with vital biomolecules and cell organelles of the parasite. In this
case they wouldnot beinvolved in the pharmacological effect of artemisifiiiThis standpoint

is also backeduby antimalarial activity resulting from scaffolds structurally impaioe unable

to form analogous @entered radicafs® On that note and some basic experirakfindings an
heterolytic trioxane cleavage was alternatively propoSetiéme28b).**’ Yet, the formation of a
tertiary hydroperoxidg(J8 or J10, respectively)along this mechanistic pattould lead tosome
radical intermediategJ9) in the interplay with hemin or Féasedactivation apart from

heterolytic actiong*®®
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Scheme28. Proposed mechanisms of action of antimalarial misénin.

Artemisinin derivatives were alsassociatedvith antrcancer treatments beariagtiproliferative
activities. They arebelieved to b a source of reactive oxygen species (ROS) that in different
cells dysregula specifically redox processes whi@re involved in cancer initiation or
progressiort?® Its activitieswerebelieved tday in the speifically interference wittcancer cells
showing arelatively targeted cytotoxicity®®? Interestingly ozonide or tetraoxane altetives
either retainsimilar characteristicasartemisininin regard to antimlarialanticanceractivity or
distinguishaly displaysolelyimprovements aantimalarials oantiproliferative druggompared

to 4 128,129
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2 Objectives

2.1 Artemisinin Application irRadical Chemistry

The remarkableapplications of artemisinimnd derivativesn medicine as analarial orin
anticancer treatmerdre great achievements aack helpingmany people around the worlitf:
113128y to now andin future,these moleculeseceived and will receivgreat attractiorin order
to develop the next generation of drugs and therapieslthough artemisininhas been in the
center of examirations since thel1970s to this day'? there is nofulfilling understanding,
especially orhow found reactivities are related to #stivity in desease therapy.i$ causinga
controversialdebateon its mechaism of action:*®******°For sveral years investigations on
radical chemistry ofartemisinin were undertaken the Klumann grou@nd were pointing
towards an application as radical initiator in nyetmethacylate oligomerizationslt was my
privilege to explorethe chemistry, refining it towards an application and get more information

aboutartemisinin this moleculeof great curiosity

2.2 Alkene Difunctionalization with-Ketonyl and Cyanidyl Radicals

The generation ditketonylradicalsfrom ketones in the presenceteft-butyl hydroperoxidéy
Bransted acid-catalysis could be harnessed to formo-peroxyketones from styrenes in the
KluBmann group.An ongoing investigatiomn the KluBmann grougsee chaptes.2.1for a more
general classification of principles and challenges in this stwdygh Dr. Wen Shao discovered
and mainly investigated, dealt with a radical alkene difunctionalization Wittetonyl and
cyanidyl radicalsAfter | joined the project, aur first goal was to further broaden tleevered
space of theapplicationand realizng that by demonstrating a validity foaliphatic alkenes
besides styrenesAfter the departure of DiWen Shadrom the groupfurther acquiredproduct
characterizations,identifications as well as synthesided me to a brief comparisonof
diastereoselectivities between the peroxidation and cyanation procedures.
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2.3 Alkene Difunctionalization Involving &lucleophilic Attachement

After first alkene difunctionalizations in the KluRmann grpaghieving alkylatiorperoxidatior
and alkylatiorcyanatior}, the focuswas #ifted towardsmethods which supposingly merge a
radical b-functionalizationand an ionic nucleophilic Ufunctionalization ofthe styene®' The
geneal approachbearspossibilitiesto make use ofechniquesand reagents of bothadical and
ionic disciplines ofchemistry.In the first placesucha concepts richin varietyto find access to
new molecuks or complementary ways to known synthesis addition, the raher new and
growing field of radical difunctionalizationshowed in various examples to haldexpected
limitations or outcomes, which made the approach worthy for deeper investigatidnthe
known reactions of this kindnteresting to aalyze.l embraced the challenge to succeed
complex reaction systemmerging coordinatingandlargely controlling radical, ionic and redox
chemistry in order to achieve the formation of mevibonds fr om itChdeublal kene
bond in one reactionThe course of my investigations andevelopmentdrought meto the
opportunity to usaldehydes as source of acyl radicaisiN-alkylindoles as nucleophiles for the

purpose
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3 Results and Discussion

3.1 Artemisinin asRadical Initiator in Aqueasi Acrylamide Polymerization

The here presented results were to the date of this thesis unpublished and will be included in a
future article of the research groups of Dr. Alexander Schnegg and Dr. Martin KluBmann.

3.1.1 Investigation of Reaction Conditions

Previaus unpublished studies in the KluBmann grouphowed that artemisinin and acid
(especially MsOH) each in 2nol% amounts, dissolved in methyl methacrylate (MMA) could
lead to a solidification of theeaction mixture at temperatures higher than 45°C ovecdbese

of 3 dayst**

Interested in the cause and possible meaning of this reacthytinvestigationsvere startedto
obtainmore details in a related reactidn.order tobring the research topic closer to conditions

in the human body, the polymerization attempts wemestrainedo a reaction temperature of
37°C and water as the réian solvent.Homapolymerizationsin aqueous solutiomre known
proceses for the related monomer acrylamid@M).'*? This chapter is opened with the
description of polymerization condition evaluations, proceeds moblar mass characterizations
and leads to findings that outline some of the cat@a®activity. Among these investigations, it
was demonstratedhat slight amounts of Fe species were necessary for the polymerization to

OocCcur.

Starting from thadeaof polymerization in agueous mediusyglutiors of acrylamide (450ng,
6.3mmol, lequiv.) in deionized water (1rhL) were treated with artemisinin 9(mg,
0.032mmol, 0.5 mol%) and a variety of different acid®.5mol%, ) in a GC vial(Scheme29).
The solubility of artemisinin ifacidified)water is quite low and not easy to determine on a small
scale.Hence in the following descriptions of polymerization attemptly a small fraction of
the used artemisinin walissolvedand he major proportion wagresent heterogeneously in the
reaction mixture. The artemisinin could bleteced via TLC fromthe reaction solution or
reactionmixturefgel, but on the other harabuld also often be observed asediment after high
conversion of rmnomer.Statements aboudrtemisinin concentrations or its molar amouints
reaction descriptions and schenage referring to theveighedin quantity Furthermorealready
after rather low conversions of monomer -@®%) the viscosity of the reaction mixé was

sufficient to fully hinder the rattion of a stirring bar in small scale reactions of this screening.
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All shown reactions were carried out without the use of stirring bars, meaning that further
dissolution and distribution processes of artemismiplecules in the mixtures wergiven by

thermal diffusionCertainly,chain propagations were in these states driven by diffusion.

Using no acid, artemisinin alone could not initiate the polymerization (en8gheme29) under

the described conditions.

acid (2.5 mol%)

AN artemisinin (0.5 mol%)
CONH; | H,0 (1.1 mL), 37°C i HNOG
(6.3 mmol, 1 equiv.)
entry# acid (25 mol%)° NMR observatiof
1 - 17.5h: no conversion
2 HCI (37 wt%) 17.5h: PAM/AM 18/1
3 L-Alanine 17.5h: no conversion
4 Ascorbic acid 16.5h: no conversion
5 MsOH 17.5h: no conversion
6 MeP(O)(OH) 17.5h: PAM/AM 10.8/1
7 HNO; (65 wt%) 21h: no conversion
8 HBr (48 wt%) 21 h: no conversion
9 H,NCH,P(O)(OH) 17.25h: no conversion

®From*H NMR analysi< note that all starting materials veeused as commercially receivég:7 mol%
were usd; PAM = polyacrylamide, AM = acrylamide

Scheme29. Acids of common commercial purity as-Goitiator.

The first successful polymerization process was observed cgirgg HCl(entry 2,Scheme29).
The mixture was already a viscous gel aftér reaction time and after 175a stiff jelly. For
most evaluated acids the viscosity of the reaction mixture had not changediquots of these

mixtures dissolved homogeneously in@for *H NMR analysis(>16 h). Reaction attempts in
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which corresponding aliquotes were totally dissolved and NMRtigpetiowed no sign of
polyacrylamide (PAM) were at this stage of the study assigned to feature no AM conesgion
the used acids were not active agratator (Scheme29 andScheme30).

acid (2.5 mol%)

_n artemisinin (0.5 mol%)
CONH; H,O (1.1 mL), 37°C hnoe "

(6.3 mmol, 1 equiv.) 2
entry# acid (25 mol%) NMR observation
10 Acetic acid 17 h: no conversion
11 HsPO, 17 h: no conversion
12 pTsOH 17 h: no conversion
13 TfOH 17 h: no conversion
14 Citric acid 17 h: no conversion
15 H,SO, 17.25 h: <5% conv., no PAM

visible

16 ATP - H,O 17.25 h: naonversion

®From 'H NMR analysi®note that all starting materials veerused as commercially receive@AM =
polyacrylamide, AM = acrylamide

Scheme30. Continuation of acids oEommoncommercialpurity as ccinitiator.

Some acids occurring in biological contekte L-alanine, ascorbic acid, citric acid or adenosine
triphosphate (ATP as well asstrong organic acids likepTsOH, MsOH, TfOH and strong
inorganicacids like HNQ, H,SO, or HBr showe to be incapable to initiajgolymerizationin
this system(seeScheme29 and Scheme30). For reactions with HC{entry 2,Scheme29) and
methylphosphonic acientry 6,Scheme29) the polymerization could be qualitatively proven.
Here, aliquotes were partially dissolved ip(Drevealing broad signals for the methylerd &
2.0ppm) and CH groups {2.1-:2.5ppm) of oligomerized/polymerizedsinyl units in NMR
spectroscopySince the addition of 2,2,6{étramethylpiperidinyloxyl radical (TEMPCp the
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reaction inhibited the polymeiormation, a radical pathway was assumed (for more a@ontr
experiments, see chaptérl.3. Polyacrylamide radical @ins tend to form networks bgtra-
(backbiting}*® andintermolecular HAT processeshain transfersThese networksr hydrogels
show lower solubility in water than linear polymer chditf&:***A known way to avoid this
behavior is the adddn of a chairtransferagent (CTA) to the reactiomwhichin an optimal case
prevents network formation by offering a different termination processlawer growing
polymer chain end§$?*With the use of sodium thioglycolats CTA andsufficiently high acid
and artemisinin concentrations the reactionpolymer mixtures were completely soluble in
water. The CTA enabled a quantitative analysis of the polymer aliquots by $yid&roscopy
(sodium toluylsulfonate as internal standard) dag the foundationfor molecular weight
determinationsgee chaptes.1.2).

In reactions with HCI, concentrations of 0.25 and OrBPmL™" of sodium thioglycolate were
sufficient to achieve a convenient solubility of the ra@sglpolymers (conversions >89%7.5.

For mass concentrations of 2fg-mL* and 5mg-mL* at reaction times around 47the
observed conversions were evieigher (>97%). Since the lower concentrations of this toxic
reagent were already appropriate thiave full solubility, a 0.5@ng-mL* concentration for

ensuing experiments was chosen.

In presence of the CTA, 1rtiol% HCI provided 889%AM conversion already aftertBreaction
time. For alower amount of acid (0.8101%) the conversion aftert8reacted 45% and after 17

a 91% conversionThe solubility was agaislightly worse This couldmean thathe decreased
acid concentr@n led to lower (steadsgtate) radical concentration in the mixture and therefore
longer polymer chains, whicigain tend tdigher network formation when diffusion ssrongly
limited at higher conversion®ecreasing thedCl amountfurther (0.2mol%) the conversion

dropped slighly for aeaction time of 1& to 84%.

Using 1.1 mol% HCI, and varyinghe artemisinin amount in ¢hpolymerization mixture from
0.5 mol% to 0.25mol%, decreasedimilarly the supplied conversioritar 3 h to 54% (compared
to 89%)while at 17h a high conversion of 94% was achieviedt the solubiliy of the polymer
mixtue wasworsened When going to lgher artemisinin concentration$ riol% or 1.5mol%)
the conversion could k&ightly increased (8: by 1% or 4%, respectively; 1715 by 3% or 9%,

respectively). #ice 0.5mol% artemisinin delivered a highsoluble polymer yet leftspace for
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improvemaets in terms of yield for further investigations of reaction conditions, thesnésinin
amount was chosen. It wise lowestamountto yield a polymer mixture of high conversion that

could be dissolvedithin 1 h (in 0.5mL D,0) in the test series and that an efficient choice.

For acid amounts of tol% in the presence of sodium thioglycolate (@&mL™), some
additional AM polymerizations were carried oficheme31). Expeliments revealg that HCIQ,

HPFR; andHI (entries 24 and 3, respectivelyyere notable to act as co-initiator. Further the
proteolytic enzymes trypsinfrbm porcine pancreasand pepsin (from porcine gastmucosa)
could not succeed in polymerization initiation (up tal)3Asides HCI and MeP(O)(OH)
o-benzodisulfonimiddentry 5)was found to initiate the AM polymerization in combination with
artemisinin.The results suggested that thkoice ofacid has a particular impact and oalfew

acids were found to enable a polymerization under the eedluainditions.Especially the
inability of HI and HBr in comparison to HCI to start the reaction and in generalireot
identifiable patterrfrom the nature of the acids were reasons for further investigations on the

cause of the observedid activities(see chapte3.1.3.

For HCI usagesnicreasing the amount of solvent (stock solutionil53.6 mL) resulted in AM
conversions of lower than 65% after A8eaction time. When increasing the amount of CTA to
2.5mg-mL?, an smultaneous increase in HCI concentration tm@&@% led to conversions of
68% and 86% after reaction times oh &nd 17/, respectively. This polymer mixture showed

again a slighy worse solubility.
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acid (1 mol%)
artemisinin (0.5 mol%)

N sodium thioglycolate (0.5 mg mL™")
CONH; H,O (1 mL), 37°C HLNOG
(6.3 mmol, 1 equiv.) 2
entry# acid (1mol%)° observation conversion(PAM/AM)?
1° HCI 2.25 h: gel 3 h: 89% (~6/1)

17.5 h: gel 17.5 h: 89% (~8.6/1)
2° HCIO, 17.25 h: no gel formation 17.25 h: no conversion
3° HI 17.25 hno gel formation 17.25 h: no conversion
4° HPFR 17.25 h:no gel formation 17.25 h: no conversion
5° o-benzodisulfonimide 2.25 h: gel 2.25 h: 77% (~2.5/1)

17.25 h:gel 17.25: 84% (~5.1/1)
6° MeP(O)(OH) 3.11 h: gel 3.11 h: 75% (~5/1)

16 h: gel 16 h:~94% (~15.6/1)

7 trypsin (0.1mol%) 19 h:dispersion 19 h: no conversion
8 pepsin (0.1mol%) 19 h:dispersion 19 h: no conversion

3From™H NMR analysis’note that all starting materials warsed as commercially receivédpdium
thioglycolate (0.5 mgnL™); PAM = polyacrylamide, AM = acrylamide; HI was applied as concentrated
solution (57wt%), HPFwas used as solution in water (55wt%).

Scheme31. Further acid scregngs with sodium thioglycolate in reaction mixture.

3.1.2 Characterization by Molecular Weight Datgnations

Via NMR analysisof polymerization mixturesa good understanding abaufluencingfactors
for conversion andsolubility of the resulting polymeat high conversion statesould be
identified. The presene of sodium thioglycolatded to better sluble polymers forhigh
conversion mixturesThisis probably the result ad low amount of branched polymer chains in

these reactions. The influence of this reagent on chain terminations and -&tgajlyadical
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chain concentrationsshould also have ammpact onthe average molecular weight§ the
polymers. Thus polymerizations initiated by artemisinin/H@th different mass concentrations

of the CTA present, were compared by results from NERries 1 and 25cheme32) andgel
permeation chromatography (GPEigure3). Like described beforeéhe kind of acid used in the
procedure had a big impact on the success of the polymerization. With this information the three
active acidHCI, methylphosphoni@cid ando-benzodisulfonimidevere comparatively applied

in the polymerizationgntries 1,3 and £cheme32) and the resulting polymer mixtures analyzed

by GPC Figure3).

While the reactions with HCI andifferent CTA concentrations (entries 1 and 2) showe8 hat
(>89%) and 17.% (>89%) quite high conversions of AM, polymerizations with
benzodisulfonimide and methylphoshonic acidirmtators (entries 3 and 4) featured lower
yields after 3h (77% and’5%, respectively).

The samples had been sent to PSS company for GPC measurements after reaching high AM
conversions (94%). The measurements were carried out from diluted samplesgF8." in
eluent 0.1M NaNGQ;) on PSS Suprema columns (stationary phase: modified acrylate copolymer,

for more details see chapted) at 30°C.
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acid (1 mol%)
artemisinin (0.5 mol%)
AN sodium thioglycolate (0.5 or 2.5 mg mL™")

CONH;, H,O (1 mL), 37°C H,NOC

(6.3 mmol, 1 equiv.)

entry# acid (1mol%)° sodium thioglycolate conversiof
[mg - mL7]

1 HCI 0.5 17.5 h: 89%
final: 96%

2° HCI 2.5 17.5 h:97%
final: 99%

3 o-benzodisulfonimide 0.5 17.25 h: 84%
final: 99%

4 MeP(O)(OH) 0.5 16 h: 94%

(2.5mol%)

®From*H NMR analysis® note that all starting materials were ussccommercially receiveffinal refers to

last measurement before sending.
Scheme32. Polymerizations analyzed by GPC.
For the bur samples broad molar mass distributions were determined with polydispersity indices
PDI) 03.25 Figure3). The broad distributions are another indimatfor the radical mechanism,
next tothe polymer network forming (e.g. witht CTA presence) and the polymerization
inhibition by radical scavenger TEMPO. For the polymeratwith HCI cainitiator and a
lower CTA concentration (entry 1) a numksrerage molecular mass of,M100,000Da, a
massaverage molecular mass of M 476,000Da, a zaverage molecular mass of
M,=1,620,00Da and a PD¥ 4.74 weredetermined. This result implied a numiaasrerage
degree of polymerizatidf® of X, = 1,406. For the polymerization with HCI and the higher CTA
concentration (entry 2) in turn average molecular weights werg=34,400Da,
M,, = 102,000Da and M = 206,000Da, resulting in a PD+ 3.25 and a X=441.
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Figure 3. Molar mass distributions for ppacrylamides (refer t&cheme3?2)

The higher concentration of CTA resultedmore rapid termination by-Honation to polymer
chain ends and accordingly to lower average molecular weightsagsedge degree of
polymerization.Using o-benzodisulfonimide and the o CTA concentration polymerswere
characterized by W= 225,000Da, M, =1,010,000Da and M = 3,990,00(Da, as well as by a
PDI=4.48 and a X=3,165. Setting this side by side wittesults fromthe polymer mixture
obtained with HCI cenitiator (entry1), applying o-benzodisulfonimide eventuated in increased
average molecular weights and numbeerage degree of polymerization by more than the factor
2. When using methylphosphonic acid (2161%) under otherwise unchged conditions, the
resulting polyner mixtureattributedM,, = 129,000Da, M,, = 480,000Da and M = 1,160,00Da,

as well asa PDI=3.71 and a X=1,814 The generalhigher polydispergies suggest that the
radicalinitiations wererather slow compared to tlehainpropagation and polymehains were

startednot exactly at the same time.
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3.1.3 Initiation Processvith Artemisinin

From the findingsquestions aise about the origin of the reactivity in this system and which
tasks areoccupied by the reagents, especially in the radical initiatitere, outcomes from
control experiments are presentéd.Scheme33 the standard polymerizatiooonditions with

HCI as acid are depicted and on the basis of #xperimersg with deviated conditionsvere
conducted andre listel. By replacing HCI with respective alkaline metal salts (entries 2 and 3),

a reactivity based on the chloride anion could be ruled out. When leaving out either artemisinin

(entry 4) or HCI without replacement (entry B sign of any AM conversion coulbé observed.

HCI (1.1 mol%)
artemisinin (0.5 mol%)

AN sodium thioglycolate (0.5 mg mL™")
CONH; H,O (1 mL), 37°C HNOG
(6.3 mmol, 1 equiv.)

entry# deviation§ observation Conversiofi

1 TEMPO' additive 18.5h:: 18.5 h: no conversion
no gel formation

2° NaCl instead HCI 17.25 h:: 17.25 h: no conversion
no gel formation

3° KCl instead HCI 17.25h:: 17.25 h no conversion
no gel formation

4 no artemisinin 17.5h:: 17.5 h: no conversion
no gel formation

5 no acid 17.5h:: 17.5 h: no conversion

no gel formation

®From*H NMR analysis’deviations refer to conditions: acrylamide (6.3 mmol), artemisininrt@86), HCI
(37wWt%, 1.1mol%), 1.0 mL HO, 37°C;note that all starting materials were used as commercially rec&eetiyim
thioglycolate (0.5 mg mt); 1.0 mol%.

Scheme33. Control expennents for acrylamide polymerizatior
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In conclusion he radical initiations dependet on both artemisinin andhe acid ad both ce
initiators could be used in small amounts, less tham®. Although the reactions presented
this pointand the previous studiés the working groupmight givethe impression, thacid is
the only ceinitiator needed, there is mrecedendf radical formabn from artemisinin effected
by acid in literature In repors that describereactions ofartemisinin and acidheterolytic
transformations wereoutlined to rationalize product formationdy rearrangements and
hydrolysis™®Artemis i ni n6s r a d inenask scientists opin®domacted té&e based
activation (see chaptef..3). In order to check ifFe species on impurity level were involved,
deferoxamin (DFQ)an Fe chelator was addedto the successful polymerizati@onditionswith

HCI (entry 1), methylphosphonic acid (entry 2) anblenzodisulfonimidéentry 3,Scheme34).

acid (1.1 mol%)
artemisinin (0.5 mol%)
additive (0.045 mol%)

X sodium thioglycolate (0.5 mg mL™")
CONH, H,O (1 mL), 37°C uNoe "
(6.3 mmol, 1 equiv.) 2

entry# additivé/acid observation Conversiofi (PAM/AM)

1 DFO / HCI 20 h: nogel formation 20 h: no conversion

2 DFO / MeP(0O)(OH) 20 h: no gel formation 20 h: no conversion

3 DFO/ 20 h: no gel formation 20 h: no conversion

0-benzodisulfonimide
4 HCI (tmg) 3 h: no gel formation 3 h: <5% conv.
20 h: gel 20 h: 17% conv.,q.03331)

3From™H NMR analysis?0.045mol%:*1.1 mol%; DFO = deferoxamingmg = trace metal gradBAM =
polyacrylamide, AM = acrylamide.

Scheme34. Reducing Fe concentration in acrylamide polymerization.

In consequencgein all three cases the paherization was inhibitedThe DFO experiments
enlightened that for thesuccesful radical initiation anFe species had to beresent.
Complexation of this cinitiator, prevented the reactioihis rose the question, if tteeidswere

obligatory for the initiation to proceed, if thdyad a function on their own or ifcertain
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commecial acidsdeliver immanentpotentFe specieswhich were the actual emitiator. At first
instance this questionwas addressed by using a higlplyre HC| sccalled trace metal grade
(tmg, entry 4,Scheme34). While the commonlyused HCI of ACS gradevas specified with
0.2ppmFeimpurities, theoneusedof tmg was specified with less thandpb Fe Using thelatter

in the polymerization showed thtte polymerization proceeds, but slower, with 17% conversion
after 20h (comparedo 89% after 17.% with ACS grade purity)This suggested thaté reagent
mixture of acrylamide, sodium thioglycolate and mmt&Enin contained somEe impurities. It is
legit to assumedhat the HCI of tmg shouldead to higher purity (in regard ofFe) reaction
mixturesthan mostevaluated polymerization attemptsth acids of standard purity quali{gee
Scheme29, Scheme30 and Scheme31l). By this, it stood outthatin the deskgbed systenHCI
bears aeature, whichenables the radical initiatiolmom artemisininwith trace amounts ofe
present in contrast to most other acittsrestigaing the potency of Fen this system, the
polymerization was studied applying Fe($as ahomogeneouand FgO; as a heterogeneous
alternative(Scheme35). Fe,O3; was also choserbecauseat is a common Fe impurity under air
conditions and potentially could be paltgadissolved in agueous media effecteddbyong acids

In reactionswith Fe(SQ), the Fe species waalded as freshly prepaired stock solution to the
mixture. FeOs;wasdirectly weighedn in the corresponding reactions.

The experiments implementinthe external Fe speciemd no HCl(entries 1 and 4
Scheme35), showed no conversion of mononater 20h. From theseresuls, it was possible to
deduce thaalso a fairly higher catalytic amount of homogeneous or heterogenou® Een(%
in respecto AM, 2 mol% in respecto artenisinin) wasincapable to start the polymerization in
the systemtogether with only artemisininin experiments, in whichthe sameamount of
additionalFe speciesvas applied together with HCI (1miol%, entries 2, 3, 5 and 8cheme35),
the conversion of AM to homopolymers was achiewgte it is to mentiojthat the conversions
differ from the reaction withouadditionalFe (after 3h, as well as after 20). The Fe thereby
showedan impact in the reaction and the reaction cooniét wereregarding the AM conversion,
more suited for the smaller amounts of Fe, brought as reagent impurities into the reaction
mixtures. Interestindy, in certain expements (entries 2, 5 and @p conversion after B was
observed but convenient pghmer formation after 26 (56%, 59% and 71% conversion,

respectively) The radical initiation seemed tomprise an induction period.
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HCI (X mol%)
artemisinin (0.5 mol%)
[Fe] (0.01 mol%)
AN sodium thioglycolate (0.5 mg mL™")

CONH, H,O (1 mL), 37°C

(6.3 mmol, 1 equiv.)

H,NOC

entry# externalFe (mol%) HCI (mol%) observation

Conversion (PAM/AMY

1

Fe(SQ),: 7H,0 (0.01) - 20 h:

no gel formain
Fe(SQ),-7H,0 (0.01) 1.1

20 h: mostly jelly
Fe(SQ).:7H,0 (0.01) 1.1 (tmg) 3 h: geljelly

20 h: geljelly
FeOs (het., 0.01) - 20 h:

no gelformation
Fe0Os(het.,0.01) 1.1 3 h:

no gel formation

20 h: gel
FeOs (het., 0.01) 1.1 (tmg)

20 h: gel

20 h: no conversion
3 h: no conversion
20 h: ~56%., (1.02/1)
3 h: ~37% , (0.25/1)
20 h ~89%, (7.3/1)

20 h: no conversion

3 h: .no conversion

20 h: ~59%, (0.24)
3 h: .no conversion
20 h: ~71%, (0.52/1)

?From™H NMR analysis; het. = heterogemes, tmg = trace metal grad®\M = polyacrylamide, AM = acrylamide.

Scheme35. External Fe canitiators.

The participation of Fepecies in the polymerization of MMA could be anticipateds Ehould

be investigated ithefuture.
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3.1.4 Analysis of the Polymerization System by EPR Spectroscop

Several approaches were puacto trapformed radicals based on the artemisi@id5mol)/HCI
system with trace amounts of Fe spe@essenin (partially) aqueous medidhe use oslightly
overstoichiometric acrylamidéreferring to artemisinin an&iCl) alone or in combination with
styrene failed toproduceidentifyable formed species. When using an organic reagent like
styrene, the polar medium prevented homogenization of the mixaarenconvenience that
potentially contributed tanreactive stymee in these approachds addition, methanol as co
solvent proved in the case of styrénebring abouino particular solubility improvement in the
acidified mixtures When usingpurely methanol as solventif had been proventhat the
underlying polymeriation of acrylamide with the use of aqueous HCI or acetyl cldosid
artemisinin could not beealized. Methanol was nota beneficial solvent for the trapping

experiments with acrylamide and/or styrene.

Initial experiments based on radical addition (frel@l/artemisinin) to CC(N) multiple bonds
(1,2-diphenylstyrene, acrylamide, phenylacetyleme@TsCN) and trapping adducts with certain
reagents (TEMPO, BHTRTSCN or 1-phenytl-trimethylsiloxyethyleng in water/MeOH mixed
or aqueousnedia (at 37 or 55°Qyere ursuccessfuln terms offorming anisolai@able product
Some cases thereddiso suffer from bad homogenization(pTsCN and phenylacetylene
especially) Further experimental strategie® syntheticallytrap radicalswere based on the
addition of lepidhe or pyrrole to a mixture of artemisinin/HCI an organic solvent (MeCN,
THF, DMA, DMF, MeOH, PhH, DCM) at 37 or 55° theseproceduressketched to perform
reactions ofMinisci-type'®’, the heteroarenes wehardly reactingand the only product that
could be isolated was a trimerization product of pyrr2e5-di(1H-pyrrol-2-yl)pyrrolidine,
y = 0.05% from 2mL pyrrole with 20uL HCI, (30 mg artemisinin)at 37°C, 17).**®

Since the radical initiation in the systdras provero be reliant on a complex interplay between
acid, Fe species and artemisimimdthese canitiators were used in small quantities, a synthetic
way of identifying involved radicals in the polymerizatitranspired as a difficult taskn
addition, the conversion of artemisinin was never completed in any polymerizationnnor
execued radical trpping experiments, which reducdedde amount of stoichiometric formed

radicals produced by the system.
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An alternative way to get insight in the present radicals, was the observation of corresponding
reaction mixtures bylectron paramagneticesonanceEPR spectroscopyThis analysis was
carried out by Dr. Shannon Bonke and Dr. SoniabBtea from the working group of Dr.

Alexander Schnegg at MPI fir Energiekonversion in Milheim an der Ruhr, Germany.

In a first attempta standard polymerizain mixture adapted from my researctwards EPR
spectroscopic conditionsvas analyzed To a dispersion, consisting of artemisin{® mg,
0.032mmol, 0.5mol%) and sodium dodecylsulfate (10@) in water (93QL), acrylamide
(450mg, 6.3mmol, 1equiv.) andan aqueoustock solution of HC{1 M, 70.6uL, 0.071mmaol,
1.0mol%) were addedAfter a brief heating at 40°G;50 uL of the dispersion wagansferred
into an EPRtube (0.d. 1.6nm). The measurement was conducted at 40°C over the wedkend

no signalcould be detecteffor more details on EPR measurements, see chiagdjer

In another attempt, theysetup a mixture of artemisinin, sodium dodecalsulfate
5,5-dimethylpyrrolidinoneN-oxide (DMPO) and HCI in water by follommg the above
description withreplacingacrylamideby theaddition of DMPO (54L, 0.045mmol, 0.7mol%)
instead After a short warming phase at 40°C, +80of the mixture wagransferred into an EPR

tube(o.d. 1.6mm). The measurement was again undertakelD&t.

Within 12min a signalconsisting of 4 lines of intensity ratio 1:2:2:quarte} emerged Kigure
4b). By simulation the corresponding Hamiltonian parameters wadaped as go,=2.0062,
"Aiso = 41.1MHz ard MAis, = 41.0MHz (Bo = 337.5mT, field sweep of 15nT). The resonance
spectrumand parameters weri accordance to a reported spectrum of DMPO/HPIn
adduct*® Within 30min the signal decreased and was overlafégure 4a) by a 6 line signal
with all equal relative intensity (sextet, marked with asterigkigure4a, deconeluted inFigure
4c). In the simulation the Hamiltonian parameters were adapted id9=20061,
HAiso = 58.2MHz (20.7G) and“Aiso = 43.2MHz (15.4G).
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Figure4. EPR spectrum of DMPO spimapped radicals in artemisinin/HCIl/[Fealystem
after 70min at 40°C (black) with simulation (red) and deconvolution (blue).

The used parameterdsfgctor and hyperfine coupling constaatsdan intensity ratio of 45%5%
(DMPO/HO:DMPO/R:) were in good accordance to the measured spectiumegard of
literature reports, there te the best of our knowledg® far no clear equivalent to identifiye
DMPO/R- spin adductIn an overview artick¥® on DMPO spin trapped radicals, hyperfine
coupl i ng c-bydrexyethyl(in satef, A, = 15.8G, "Aiso = 22.8G)"* andtertiary b-
valinyl (in water, pH= 7.4, "Aiso = 15.5G, MAis, = 20.0G)**? radicals could be considered as

closestrelatedexampledo theones causinghe abovespectrum

61



3.2 Radical Alkene Ciunctionalizations with Ketonderived and Cyanidyl Radicals

The reaction of alkenes withtketonyl and cyanidyl radicals to form-cyanoketones was
discovered by Dr. Wen Shao during his time in the KluBmann group. My contributions were in
support of the project progress during his time in the group and after his departwehiering
project completion.Results presented in this chapter were partially published before and thus
the following contains disssions of the same meanifRefY).

3.2.1 The Technique and Vinylarene Applications

Il n the synthetic mepetmykktonen(seEgchemad)r, Ukgtonyl eadicals i n g
were formed from ketones by Brgnsted acadalysis in the presence of TBHP. The generation of
these ketonelerived radicals under acidic conditions was suggested to proceed via condensation
of ketone and TBHP forming an intermediarkealyl peroxide. The QD bond cleavage of such

an unstable speci®svo u |l d r e dketoaysradicdl &sevell @start-butoxyl radical® TBHP

is also engaged by the latter in a HAT reaction to genéeatdutyl peroxyl radical andert-
butanol®? In this section the descebl procedure is referred as alkylatiperoxidation. From this

point, a goal in the KluBmann group was to find an alternative alkene difunctionalization
technique, t hat i rkgtdnyé nadicals $ogetheh with aretber radicAl. U
chall enge in finding a -ketenyl radigals,/wWasctedd a ftunther b y
radical (source) to this multicomponent system, which on the one hand would be kinetically
i nf er i oketonyl aditalirethe @ddition to alkene double bonds under suitable conditions.
On the other handhis radical (source) needed te kinetically competitive to theert-peroxyl
radical in combining with th intermediary transienketonytradicatalkeneadduct. When
TEMPO was applied on the initial alkylatigperoxidation procedure with acetone and styrene,
the peroxidation product wasot formed, but neither the benzyl radical nor the ketonyl radical
was verifiably trapped.Also a quite persistent radical could fail the task in such a multi radical

mixture.
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MsOH (10 mol%)

R o] TBHP (3 equiv.) r. SN Ro
+ + MsCN > 1
R, Rs
Ar/& \)J\Ra DCM, 50°C Ar
. . . 20 h (0]
(2 equiv.) (3 equiv.) (1 equiv.) 5-6
Variatiions in ketone
CN CN CN CN
Ph)\/\ﬂ/ Ph/l\/\ﬂ)\ Ph/l\/\ﬂ)< Ph
(@) (0] (0] O
5a, 63% 5b, 64% 5c, 60% 5d, 56%, d.r. 2:1
CN CN CO,Me CN CN
Ph PMP
o e} ¢} ¢}
5e, 50%, d.r. 1:1 5f, 37%, d.r. 1:1 59, 59% 5h, 72%

Cl
CN CN O \

Ph OH Ph

o)
zZ
3
/

5i, 54% 5j, 51% 5k, 36%

Variations in vinylarene

X
;);O
z
’
O
P
o
o
>
O
pd
O%

R = Me; 63, 64% Gj, 57% Gk, 17%
R = tBu; 6b, 59%

R = Ph; 6¢, 50%

R = F; 6d, 55% CN R CN

R = Cl; 6e, 55% R W
R = Br; 6f, 53%

R = CF3; 6g, 35% 0 o

R = CN; 6h, 20% R = Me; 6l, 63% R = Me; 6n, 60%

R = OMe; 6i, 60% R =Br; 6m, 51% R = Br; 60, 24%

Scheme36. Addition of ketones and cyanide to vinylaren@¥.S.).

Dr. Wen Shao (W.S.) found that with sulfonyl cyanides a benzylic cyanation wascsup the
peroxidation Mesyl cyanide (MsCN) was synthesized by oxidation of methyl thiocyahatee
sulfonyl cyanide was used as limiting reagent wigggiv. of styrene and &juiv. of each ketone
and TBHP. The best results were found for a 2%l scale reaction in DCM (L) at 50°C
using MsCN as substrate aki$OH (10mol%) as acid catalysScheme36). This technique is in

this section referred to as alkylatioganation. FopTsCN as cyanation reagent in the reaction of
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acetone with styrene utilization of solvents EtOA,OAc and [TE delivered comparable, but
slightly lower product yieldsSideproducts were the corresponding peroxidation product and
difunctionalization products incorporating the mesyl (sulfonyl) radical at the less substituted end
of the styrene double bond togethéth thetert-butylperoxyl radical at the adjacent carbon atom

of the alkene.

3.2.2 Behavior of Aliphatic Alkenes in Radical Alkylatie@yanation

Seeing the approach of my coworker, | (M. L.) was in terms of the ketone scope interested in the
fact that the us of cyclohexanone 5) resulted in the expression of a (certain)
diastereoselectivity in contrast to cyclopentand@®. (Substrate methyl-8xo-1-butoxylate 5f)

could not lead to a diastereoselective reaction. Yet, the reaction of another smathapen

ketone, without the extra functional group in comparisdsf tavas investigatedScheme37).

MsOH (10 mol%)

0] . CN
TBHP (3 equiv.)
Ph/\ + \)K/ + MsCN > ph/l\)\ﬂ/\
DCM, 50°C

O
(2 equiv.) (3 equiv.) (1 equiv.) 20 h 51, 37%. d.r. 1:1

Scheme37. 3-Pentanone in the alkylatieoyanation of styrene (M.L.)

In my first contribution to the project,@entanone was added to the ketone scope for styrene
difunctionalization %l). The reation featured no diastereoselectivityut the products could be
separated by column chromatography (silica, eluent: hexane/EtOAc v/v = 7/1). In sum the four
examples %d-5f, 5l) stated, thatdr the addition of small ketornlgasedsecondaryradicals, the
cyanaion did not run with a particularly face distination on the radicadtyreneadduct. The
cyclohexanone produ&d gave a hint, that a little more expanded and spatial substitution could
already trigger a diastereodiscrimination in the cyanation prokceigther investigations on this
topic, | contributed especially in the diastereomer separation from each other and identification
by NMR analysis (see secti@?2.3.

A target that was attractive for me to tackle, wasdhglation-cyanationof aliphatic alkenes
(Scheme38). We found that the same reaction conditions as for vinylarene substrates were
suitable to perform thalkylation-cyanationon less stabilized alkenes. | first made approaches in
investigating demanding monosubstituted alkenes in the procedayan6hexl-ene {a, 58%),

5-methylhex1-ene b, 18%) and Sromopentl-ene Bc, 23%) were evaluated successfully in
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the methodIn addition R)-limonene was successfully difunctionalizedts exacyclic double
bond (7d, 22%, d.r. = 1:1), showing that also natural occurring terminal alkenes have potential to
be functionalized by this technique.

MsOH (10 mol%)

R, O TBHP (3 equiv.) Ry T
/& + + MsCN R
R i

DCM, 50°C 0
(2 equiv.) (3 equiv.) (1 equiv.) 20h 7

CN CN
oA K W
@) @)
CN 7a, 58% H 7b,18%
BI’\/\M*
CN

0 O
7c, 23% 7d, 22%, d.r. 1:1

Scheme38. Alkylation-cyanationof aliphatic alkenegM.L.).

In contrast to the use of vinylarenes, the crude NMR mixtures did not reveal diagnostic signals
for the formation of t hes eyaiprfotannresbonances wdreirz at i o
the conducted cases shifted upfield compared to vinyladeneed analogues and overlayed by

signals of aliphatic protonsiAnalyzing crude reaction mixturesrf product formation and for

finding product separation methods, the tlaiper chromatography (TLC) was used anstain

neededwith acidic cericammonium molybdate solutionpuring these reaction examinations, it

was observed thahe reaction mixturesfaliphatic alkenes contained leggoductspecies of

significant amount It was of special interest that the sulfonylatmaroxidation sidgproducts

could not be found from the reaction mixtures (neither by TLC, nor by fraction collection at

suspected ation volumes during chromatography).
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Compared to styrene substrates, the addition of radicals to aliphatic alkenes featuresy@lower
profile.3® For sulfonyl radical additins, this difference in free Gibbs energy (and activation
energy) is of relative low magnitude anywdy The use of aliphatic alkenes could lead in this
alkylation-cyanation system to a relative enhancement of sulfonyl radical cleavage rate from the
radicatalkeneadduct compared to théketonyl radical cleavage from the corresponding radical
alkeneadduct. The rate for the alkylatiezyanation could therefore be increased relatively to the

sulfonylationperoxidation.

Dr. Wen Shao added furthaliphatic alkenes to the reaction ran§el{eme39). He foundthat
hex1-ene Ba, 51%), 4phenylbutl-ene Bb, 29%), vinylpivalate §c, 19%) and cyclohexenéd,

21%, d.r. = 3:1) could be used. Common for the use of aliphatic alkenes aikytetion
cyanationwas a lower yield. A possible reason for this could be the lower thermodynamic
advantage in radical additions to aliphatic alkenes, synonymously for a more readica
alkene-adduct intermediateHowever, alternative product formation of the more reactive

intermediates could not be observed.

MsOH (10 mol%)

0 .
TBHP (3 equiv.)
R
R1/\f‘“ 2 4+ AR3 + MsCN R1WR3

DCM, 50°C R, O
2
(2 equiv.) (3 equiv.) (1 equiv.) 20h 8

O CN O
O CN 8a, 51% 8b, 29%
OW
- :
(@]
8c, 19% 8d, 21%, d.r. 3:1

Scheme39. Further aliphatic alkenes suitable falkylation-cyanation(W.S.).
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As mentioned allalkylation-cyanaion procedures with aliphatic alkenes ledl lesson TLC
observable specie§or rationalization, this could mean that the reactive intermediates were not
particularly selective in their reaction path under the reaction conslitemd quitelow
concentrabns of numerous indistinct products were present in the reaction mixture after
consumption of the alken&eactions of drtheraliphatic alkenes were conductegdaccordance

to the procedure, bilgd to no distinct observable reaction products atSalhémet0).

MsOH (10 mol%)

R, 0 TBHP (3 equiv.) R, N
R)\/R3 + + MsCN ~ R
1 DCM, 50°C

(2 equiv.) (3 equiv.) (1 equiv.) 20h

PPN
XN =
Scheme40. Unsuccessful aliphatic alkenes in alkylatiocganation methodology (M.L.).

Dr. Wen Shao found more substrates to be inconsistent with the method (see Supporting
Information Ref.). Possible reasons for the limiions could originate froneffects on the
radical addition, different reacthies of intermediaryradicatalkeneadducts, like inter or
intramolecular HAT processgesligomerizations or radical scissions. From the structure of the
respective aliphatic alkenes no obvious characteristic or featurlel be used to dedecor
predicti f t he ¢ ons e chketoriyham cyarddgl radidalcould befaccamplished.
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3.2.3 Diastereomer Identification and Comparison on Diastereoselectivity

Dr. Wen Shao could show that more complex steroid based ketones like epiandrostert)e (for
ard pregnenolone (foll) were viableketone substrates in the techniqué&idure 5). The
reactions proceded not with a particular diastereoselectivity, mixtures with two diastereomers

each were isolated (d.r. determined from cru@etien mixtures).

7 o}
12, 47%, d.r.> 19:1

10, 1%, d.r. = 1.2:1 11, 43%, d.r. = 1.1:1

Figure5. Application of more complex ketones and alkenes (W.S.).

A NOESY NMR experiment (M.L.) showed for both diastereomerdé cross signal of the
proto«€amborlyl position (no. 1) with th-e meth
carbonyl position. The proton should therefore have the same spatial orientation as the methyl
groupon the cyclopentanone ringrhich gives dotal (S) configuration for both diastereomers at
Upositioned centefno. 1)o f  tcharoketones. Thus, the isolated diastereomers differ in the

configuration at the cyanide bearing carbon atom (no. 3).

For the isolated diastereomers bf a NOESY NMR experiment (M.L.) revealed for one
diastereomer, that the proton at carbon no. 4 is oriented to the same side as proton no. 5. The
relative low difference between the chemical shifts of carbons no. 425 CDCk, 63.14 vs
62.94ppm) suggested the sammonfiguration for both diastereomers at this atom. An
epimerization was not assumedobservednd the diastereomers differ in their configuration at

the cyanide bearing carbon no. 6.

For the difunctionalization of indene with pinacolone in contrast, ehmmore diastereoselective
reaction was achieved (d.r. > 1912). In fact only one diastereomer was isolated (W.S.). A
NOESY NMR experiment (M.L) showed cross signals betwdeprotonat carbon no. 9 tone
proton atno.7 andbetween thepposingproton at no. 7 tothe proton at no. 8In total, atrans
orientation of the cyano group to the ketone bearing substituent on the cyclopentewasring
suggestedh productl2.
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Changing the ketone to cyclohexanone in #bleylation-cyanationprocess led agaito low
diastereoselectivity (d.r. = 1.6:13, W.S). Similarly, the NOESY NMR experimen{M.L.)

showed that protons at carbon no.l1 and carbon noS2héme41l) exhibited stronger or
exclusively cross signals to one proton at carbo. 3 in both diastereomers. The protons at no. 1

and no. 2 showed these cross signals to the opposed protons of no. 3 compared to each other. The
two diastereomers featured thereftrans orientated cyano group and ketone bearing substituent

on the cytopentene ring.

i) Ra Ni
H
PhMe/MeOH H\ i
75°C HCI, MeOH 7 (g‘
i) Bocy,O (2 equiv.) rt.,5h
NEt; (2 equiv.)
13, 49%, d.r.= 1.6:1 DCM, 0°C -rt. 14, 77%, d.r. = 12:1:1 15, 82%

Scheme4l. Hydrogenationcyclization sequencef o-cyamnoketonel3 to piperidinel4.

Dr. Wen Shao transformed produtB8 by a reaction sequence of hydrogenation and- Boc
protection to the tetracyclic piperidifig in a 77% yield.The product mixture showed a d.r =
12:1:1 (Schemed4l). To confirm therelative configurations of the stereogenic centers of the
major diastereomerthe hydrochloridel5 was targeted bya deprotectionn acidic medium
(M.L.). The hydrochloric salt of the amine precipitated from the reaction mixtur@®T96) and
after a recrysllization from methanol/gD, crystals suitable for Xay diffractometry were
obtained (y=82%). '"H NMR analysis of the hygroscopic crystals revealed that just one
diastereomer was incorporated in the crystal lattice. In regard of the yield this estiaster
should be derived from the major diastereometdhtind thus should exhibit the same relative
configurations of the stereogenic centers. Crystallographic data revealed that the unity cell
contained both enantiomers of the diastereomer in a monosistem of PZn space group.
Torsion angles of one enantiomer over 4 atoms (3 bonds)e wistermined as
U[ HH®))=-56. 3 A, -H@[=.FP ) [ H-H®B)) = 175.6° (seel5, Scheme4l, for
numbering). This expresseds (synclinal) relation between protons no. 4 and no. 5, as well as

no. 5 and no 6. Protons no. 6 and no. Arames orientedrelative to each other
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Dr. Wen Shao showed that the analogous hydrogenBborprotectionsequence generated

piperidinesl6 from alkylation-cyanationproduct5h in 81% yield Gchemed2).

i) Ra-Ni
Ha
N PhMe/MeOH PMP
)\/WVPMP 75°C Wy
Ph I ii) Boc,O (2 equiv.) o 112
5h NEt; (2 equiv.) Ph
DCM, 0°C - r.t. 16, 81%, d.r. = 3.2:1

Scheme42. Piperidine formation by cyclizin@f alkylation-cyanation producbh (W.S.).

From the isolated diastereomer mixtdke NMR coupling constants and a NOESY experiment
(M.L.) were used to determine the relative configurations at carbons no. 2 a@méhrtbhe major
diastereomer. The proton at carbon no. 5 showed>#{8 coupling constants of 418z in

'H NMR (CDCl), indicating asyniclinal relation to both protons connected to carbon n@his
stated an equatorial orientation of the proton non he major diastereomerhis equatorial
orientation on the piperide ring sets an axial orientation for tipemethoxyphenyl (PMP)
substituent at carbon no. BIOESY cross signals of the proton at carbon no. 2 with all
neighboring protons suggested alsem equatorial orientation. Consequently, both aryl
substituents on the piperidine ring were assigned as axial oriented and re&is/e0 each

other.

The circumstance that both relatively bulky aryl substituents were oriented in axial position in the
mgor diastereomer was further investigated with a DFT (TPSS functiof&ll16G(d,p) basis

set) calculation in consideration of chloroform (IEFPCM) continuum model in cooperation with

PD Dr. Martin Breugst. The axialxial aryl substituents chair confornuat was a result of lower

energy in comparison to equatoraalq uat or i al c hai r=3.3kdmfoandnat i on
considerabl e boat ckamof'o Rativadizatomd the( figipg wére the. 1
steric repulsion avoidance between the Bduasstuent and the PMP substituent aside from an
energy |l owering interaction of  orlita based arousdg e n |
carbon no. 5 to the connected PMP substituent.
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In contrast, he apparent occurrence of a significant digstdiscrimination in thisalkylation
cyanationprocedure wasiot a feature of the related alkylatiperoxidation procedutevia
alkenyl peroxides. When looking at the highest diastereoselectivity among the performed
alkylation-cyanatiors, for substrates inderad pinacolone a d».19:1 was achievedl®). The

scope of the alkylatioperoxidation methodology bore as closest comparable product, one that
was formed from indene and acetdte This reaction yielded two diastereomers with a d.r. =
1.5:1% In order tohave a more reliable comparison between these two techniques, the alkylation
peroxidatiori of indene was carried out with pinacolori&)(and thealkylation-cyanatiori of

indene was carried out with acetoi8)(as ketone, respectively (M.lEigure6).

During the reactions leading to structuésand 18, each reaction formed two diastereomers (a

two enantiomers). In both casethese could be separated from each other by column
chromatographysee chaptes for details) NOESY NMR experimentsee chaptes.5) analysis

for the separated diastereomers indicated that for both structures the major diastereomer exhibited
a relativetrans relation between the substituents tha&tre added across the double bond during

the reaction.

CN
o*O o*O
(- />_> W g
O
3c 18 12

Structure vy (trang) [%]  y (cis) [%] vy (total) [%] d.r.(NMR) d.r. (HPLC/GC) Ref.

3c 59 1.5:1 3
17 34 14 48 1.7:1 1.73:1 (HPLC)

18 54 23 77 3.6:1 3.26:1 (GC)

12 47 47 >19:1 !

d.r. were @étermined from crude reaction mixtures.

Figure6. Comparison of diastereoselectivities of bezylic peroxidation vs. cyanat
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For structurel7 the products were in sum yielded in 48%, for prodi&in 77%, respectively.
For structure17 HNMR and high performaekquid chromatography (HPLC, UV/Vis
detection) analysis of the crude reactiomxture reflected a ratio ofl.7:1 and 1.73:]
respectively, for the two distinguishable diastereomers (for details see ch#&ptém respect to
the known structur@c (d.r. = 1.5:1) the use of pinacolone instead of aceteaé to a small
change in diastereomeric ratio. Thee ofsterically more demanding pinacolone resulted as
expected in a higher diastereoselectivity in the peroxidation process.

For structurel8 *H NMR and gas chromatography (GC) analysis of the crudstioeamixture
derived a ratio 0f3.6:1 and 3.26:1, respectively, for the two distinguishable diastereomers (for
details see chaptér.6). For the use of acetonthe alkylation-cyanationdisclosed a more than
doubled diastereomeatio, an increase in diastereoselectivity in comparison to the alkylation
peroxidation of indene (3.6:1.§) vs 1.5:1 Bc), see also 2:1 fosd vs 1.2:1 for corresponding

peroxidation produdy.

The use of pinacolone instead of acetone resulted in a mudmger effect on
diastereoselectivity for thalkylation-cyanation(>19:1 (12) vs 3.6:1 {8)) than in correlation to

the alkylationperoxidation.

From the observations in trakylation-cyanation the trends pointed towards the assumption,
that especiajl internal alkenes could have the potential @negrating a diastereoinducing
environment for the cyanation process on ridwdicalalkeneadduct. After Dr. Wen Shao found
that trans-stilbene was not a suitable substrate for the methodology, attemptsiriotidihalize

benzofuran and 1;8ihydronaphthalene neither resultedalkylation-cyanation

3.2.4 Mechanistic Models
In contrast to the alkylatieperoxidation, thealkylation-cyanationprocedure revealed by direct
visual observation the generation of wateriniy the reaction (separation in DCM). This gave

another evidence for a condensation process in a main reaction path.

From the observations and analogies to the reported radical addition of ketones and peeoxides
reaction mechanism could be proposed. Beahsicid catalyzed condensation of ketone and

TBHP leads to an unstable alkenyl peroxide intermed&wehich by fast ®O bond cleavage
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formsa r e s o n an c «etosyt radicall ¥ jarm eed-buttkyl radical). The alkyl radical
addsto the alkene, resulting in a benzyl radica{Schemet3).

Ny-soR

5
: R-80,-CN @OM /3 0 o
- -~ e + -OtBu
o
16 I5
o 14

-RSOZ-I (co E'éi'd'é products  oomu
Q | tBuOO- 17 i

’ s e !

(L~ :

cN | T ! !

N | (@) |

3 ‘/CN RSO,CN + "R | ;
-R'SOR ! {BuO- + TBHP BuOO- !

4 ! - tBuOH !

12 1 1

RSO, OO1Bu

: ‘ fBUOO- :
: SO,R |

Scheme43. Mechanistic models for radical addition of ketones and cyanide to alkene

Although the technique dalkylation-cyanationwas not delivering high deiereoselectivites on a
general basis, it was remarkaldleat even some reactions with small substrate acetone presented
higher d.r. than all known examples of peroxidations from the alkylpigoaxidation method. It

was especially compelling and unexiaet that the alkylation-cyanation of indene with
pinacolone practically resulted in the isolation of just one diastereomer. The question for the
grounds of this diastereoselectivity differences between allkglation-cyanation and the
alkylation-peroxidaton ultimately gives room for theories on differences in the reaction
mechanisms. When regarding the peroxidation step, a low selectivity on which faée a sp

hybridized benzyl radical intermedial® combines with a rather pointiert-butyl peroxyl
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radical appeared reasonable and justified this consideration a valid model. For the cyanation
however, the small sized cyanidyl radical gives alone no expectation that the corresponding

radicatradicatcombination proceeds more biased.

The benzyl radical interediate!5 could add to the N triple bond of the sulfonyl cyanide
(Scheme43a)** The so formed iminyl radicdl6 ¢ e n t e fpasition to thé sulfonyl group,

which represents a homolytic leaving gr&tipn sucha §2 6 r e'& The featurethat makes

this behavior possible, is the reversibility of sulfonyl radical addition reactions to double and
multiple bonds and the remarkable low exothermic of this additfofi® The addition of the

whole sulbnyl substrate to the benzylic radical occurs due to steric reasons more probable on the
face averted to the ketone substituent on the cyclopentenyl. Alternatively a -radical
combination of benzyl and cyanidyl radical would deliver the final cya(tadteme43p). For

this scenario to happen, aXSreaction at the sulfur atdfi of the sulfonyl reagent needs to
proceed to release the cyanidyl radical. This is a controversial process, claimed & slow.
Furthermore there would be a less strong reason for dissociating the observed
diastereoselectivity differences in the alkylatyanation compared to the alkylation
peroxidation on such a reaction path. If the cyanation gaes V¥ree radical, a reason which
could explain the diastereoselective cyanation is a stabilizing intramolecular interaction of a
ket one oxygen centered orbital I5§notehhatorflyeonesi ngl
orbital lobe is depicted for sake of graphical clarity)he tess polar solvent (DCM vs MeCN).

This interaction could lead to a closer proximity of the ketone substituent to the benzyl radical
and by that to a diastereoinduction in the radical attack. For more information, a project of
theoretic calculations ormé mechanistic models was proposed and planned in cooperation with

the group of PD Dr. Martin Breugst.

When analyzing differentarbocyanatioechniques from the literature, the actual cyanation of
the radicatalkeneadduct proposingly proceeds mainly two distinguishable means. Cyanide
was proposed to be coupled with thelicatalkeneadduct ly a metal catalyat>’, commonly Cu
based, in a reductive eliminati scenario (from a Cocomplex bearing cyanido as lWas alkyl

ligand from radicatalkeneadduct). In cases of this proposal the cyanide source often was
TMSCN. The other possibility was without a metal cataly&tHere a more direct transfer of the
cyanide fromits substrate to the benzylic position was assumed, often without a distinct proposal

how this process is realized on a molecular level (see cHagt8y.
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3.3 Additions of Aldehydedelived Radicals and Nucleophilid-Alkylindoles to

Styrenes
Results presented in this chapter were partially published before andhbusllowing contains
discussions of the same meaning (Ref.
3.3.1 Project Plan and Inspiration
Implementing a nucleophilic attack in radical difunctionalization of alkenesequested the
oxidation ofradical-alkeneadductl1 into the mechanism plafi1a and12a in Scheme44 are
derivatives of the more general structuldsand 12, respectivelyf* Hydrogen atom transfer
(HAT) to oxyl radicalds one of the most studied approaches in order to generate satfidaie
formal simplicity of this reaction type gives the opportunity to use common startiregiatst
without prefunctionalization as-Honor and simple peroxides as precursors facEeptors? e
Intermolecular alkene difunctionalizations witHAT-derived radica and a nucleophile
representech rather low developed bran@mongradical reactions-®1%1%149among these
examples, Cu species were the most present catdlys¥4%*14%rhe example of thd-H. Li
group represnted the possibility of usingdSin Y as photocatalyst in combination with Fe(QTT)
in orderto functionalize styrenes with XgBcarbonyl nucleophiles and cycloalkaderived
radicals. Hwever, at elevated temperatures they could yieldptioglucts without the use of
Eosin Y by Fe catalysis with DTBP as oxidafit In accordancect the proposed mechanistic
model in thesexamplesjn its cycle,the photoredoxcatalystneededo appealo the oxidative
formation of12 and the reductive formation of an oxyl radical for radical formation by HAT
(Scheme44a). Radicals addedo the alkene double bonh form I1. Upon oxidation, the
nucleophile could engange in the reaction W2tho obtain the difunctionalization produ&ince

alkoxy radicals were widely used asadceptork'®148

anda spatiallyratherexpanded_.UMO

of its precursor wasanticipated as advantagusin the electron transfetert-butyl perbenzoate
(TBPB) (LUMO: " ")*°was intially chosen ashe oxidant for the projectinstead otBuOQtBu
for example) After this choice, lie requirements for thghotocatalyst coulbe deduced from the
redox potentials operester reduction arid-oxidation Notethat the reduction of TBPB catso
be reversibl&° and in order to constitute its avail to foenert-butoxyl radical,in the following
the reduction islepicted as dissociaB{Schemed4b). The Knowles group reported the reductive
cleavage of TBPB with Ir(ll1)/Ir(ll) relox pair of photocatalyst[Ir(dF-CFs-ppy)(dtbpy)]PF

(reduction by SET from Ir(ll) speciesafter reductive quenchifg® In order tocontrol the

75



radical formation from TBPB by a catalytic reduction in this project, the SET had to be
performed from a photoexcited Ir(lllspecies ih generalthe photoexcited antbw oxidation
state of catalyst redgair, Schemei4a).

a)
H-acceptor

YO-0Y' YO~ + YO

R.
z
cat @J\
" b) E
v z | Combination: Ir(ppy); + TBPB ;
L__R 5
SET -

IF(IV)AF(II): Eqpp = -1.73 V@ |

| TBPB/(BZO "+ BUO"): Eqp = -1.40 V° |

) ) .
NYy 2 = NuHNW® ; = PhCHCHy/PhCHCH: Exjp = 0.37 V° |
IF(IYAR(IV): Eqp = 0.77 VO

12a

product

(]
-
-]

/
Ir(ppY)s (0.4 Mol%) O N
% N/ TBPB (2 equiv.) /
N+ /U\H + @:) .
// g
T / NaHCOj; (2 equiv.), ~

. . MeCN (5 mL), 0
5 ] 3 .
(5 equiv.) (3 equiv.) hv, 65°C

) : _

- " . //

tBUOH -
®

19
3in MeCN™: ®in DMF™Z %in MeCN™2 ¢ in MeCN™ ;all redox potentials are given vs SCE; TBPBer-

butyl pebenzoate, SET = single electron transfer.

Scheme44. Reaction plan for a photoredox catalytic radical alkene difunctionaliz
involving reductive Haccetor formation and a nucleophilic functionalization step
Example for suitable redox chemistry in regards of catalytic radical and carbo
intermediate formation (b); Alkylatiomarylation of styrene with a Ir(ppy)TBPB syster
(c); Formation of dearbonylated produci9 starting from pivaldehyde (d).



A matching redox potential to realize the oxidative quenching of a Iréiticies, was given by
Ir(ppy)s (Scheme44b).® Oxidative quenching of Ir(ppy) by TBPB shows in theory a redox
potential of abouigE,;=-1.40V - (-1.73V) =0.33V (q5<0). The oxidatimm of 11 to 12 by
Ir(ppy)s” shows in theory a redox potential of abqi = 0.77V - (0.37V) = 0.40V (qiG<0).

Using the system of Ir(ppy)and TBPB in MeCN under white light irradiation (white LED,
40W, 65°C), it was found that styrene could be difior@lized with aert-butyl radical (derived
from pivaldehyde) anti-methylindole to yieldl9 (Schemed4c). Under optimized conditiors9
could be isolated in 39% yield (Omdmol scale styrene)lhe reaction temperatusd 65°C was
evoked bythe reat generatiorof the irradiation sourceVisible light irradiationand the presence
of a base were eadtey to he reaction to be accomplishedaHCQ was found to contribute to
obtain the best yield df9 among the evaluated conditiofsee chapteB.3.2. The formation of
product19 could be understooregarding aHAT process from pivaldehyd&he corresponding
acyl radical could undergo a decarbonylatffh>*to form thetert-butyl radical(Scheme44d).
The so formed radical could follow tlkepicted reaction patts¢hemedda andSchemet4d) by
radical addition to styrene to foril and conseutively form 19 via SET and reactiomvith
nucleophileN-methylindole.

From this point, studying the reaction system closelyf¢hbBnique wagxpaned with a variety
of aromatic and aliphatic aldehydesuse. The common radical added to styrenes waadyle
radical derived from the aldehyde by HAThe acyl radicals preferentially addeddsubstituted
styrenegsee chaptes.3.3.
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3.3.2 Assessement of Reaction Conditions

In general, the obtaideproducts in tis study showed the tendency decompose along their
mass analysis (LC/MS, GC/M$)pr characterizadn, so thatthe most reliable way to quantify
products from reaction mixturesas by*H NMR analysis.Furthermoreit turned out that for
longer reaction times, integrati®im crude NMR mixture were most reliable when referred to
the total amount of amatic protons in the reaction mixture, which will not change along the
course of the transformationBhe multicomponent mixtures display a rather comgleactrum
of 'H NMR, so that characteristidifunctionalizationproduct resonances with no overlayreve
practically only found ircases with a benzylic protgfor U-unsubstituted styrenesjtudies that
aimed forimproving the eaction conditions were perfoeah for the first foundproduct wth
benzylic proton, compouni9, synthesized from styrene, pidahyde andN-methylindole.As
described TBPB as oxidant andr(ppy)s as photoredox catalystere the foundation ofhe
system.Initial studies showed thdiest product yields were obtained with styrendiraging
reagent in this difunctionalization. TBPBivaldehyde antl-methylindole were kept in amounts
higher than Zequiv.. Reaction conditions were studied on a f@shol scale for styrenen a
10 mL-Schlenk tube under Ar atmosphgestarting from 2nol% of Ir(ppy}, 2 equiv. of TBPB,

5 equiv. of aldehgie, 5equiv. ofN-methylindole and Equiv. of bas€Schemels).

Under these conditionaseNaHCQ; (30%)led to a superior NMR yield fot9 compared tdhe
analogous reactiomperatedwith basestBuOK (16%), 1,1,3,3etramethyl ganidine (TMG,
25%) or CsCO; (27%). Ag2CO5 (29%) provided also foa relative good NMR vyield of9, but
was for economic reasons not considered over NaHE®@m the reaction with NaHGO
product19 was isolated in 21% vyieldn a later stage of the scneegs, a photedox catalyst
loading of 0.4mol% Ir(ppy} was found to give a higher level of product yieBtiflemet7). For
this amount of catalystarbonatdases NaHC¢) NaCO; and KHCQ were compared foheir
influence on NMRyield of 19. For 1equiv. of base, among the three bases Kkl(@Q%) was
giving the highest NMR yield and could be considered the best alternative to Nari @@
overall base evaluation. However, for the final conditions widg@iv. of base and 0mad% of

Ir(ppy)s, a reaction with NaHC®(45%) formed a higher amount @B than KHCQ (37%).

Along a screening on the amount of NaHE(Q-3 equiv. and 2mol% Ir catalysf, usage of
1.5equiv. and 2quiv. led to the best results for the yieldL&f
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/
Ir(PPY)3 (X Mol%) O N
o) / TBPB (2 equiv.) P

H / base (1 equiv.), O

_ _ MeCN (1 mL),
(0.1 mmol) (5 equiv.) (5 equiv.) hv, 65°C., 20 h
19
50
45
40
35
=
S 30
o ot s }
é 20 ,
Z
15 |
10 }
5 |
0
base (1 equiv.) base (1 equiv.), base (2 equiv.),
[Ir] (2 mol%) [Ir] (0.4 mol%) [Ir] (0.4 mol%)
] | 5] =] =] =

BUOK  TMG Cs,CO;  Ag,CO; NaHCO;  Na,CO;  KHCOj;

Schemed5. Evaluating bases in styrene difunctionalization (TMG = 1,1;&8amethyl
guanidine).

Studying the influenceof solvents only DCM (16%) and DCE (8%) could be identified as
alternatives to MeCN (&quiv. NaHCQ, 2mol% Ir(ppy), 30%)in order to achieve a formation

of 19 (see SupportingnformationRef. ? for an overview) For othersolvents often high styrene
conversions and partial aldehyde conversions without the formation of any difunctionalized
styrene, but rather oligomerizatis were obswed. No concrete origin of the sing solvet
dependencyn sucha complex systernsould be deduced from the screeniWgth reference to

the redox chemistry, the critical step in teapposectycle should be the reductive cleavage of
TBPB. The influence of photoredox cataly$2 mol%) on the difunctionalizatiorwas studied
using 2 equiv. of NaHCE(Schemel6).
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photocat (2 mol%) O N
TBPB (2 equiv.) >

©/\ >‘)J\ @E) NaHCO; (2 equiv. )
MeCN (1 mL),

(0.1 mmol)

(5 equiv.) (5 equiv.)

hv, 65°C, 20 h 19
entry#  photaredoxcatalyst (23 mol%) NMR vyield [%]®
1 Ir(ppy)s 33
2 Ru(bpy}(PF)2 13
3 Eosin Y 12
4 Riboflavin 7
5 [Ir(dF-CRs-ppy)(dtbpy) PFs 39
6 [Ir(ppy)(dtbpy) PFs 41
7 Fluorescein 3
8 TPPBR 0
9 Ru(bpy}Cl» 0
10 Ir(dF-ppy) 0
11 [Ir(4,5-dtbppy)(dtbpy)PFs 17
12 [Ir(dF-ppy)(dtbpy) PFs 34
13 Ir(5'-F-ppyk 43

HNMRyield;ppy -ghéry | pyGiNdb pya t ip&idinz 6
TPP = triphenylpyrylium

Scheme46. Evaluating photoredox catalysts in styieedifunctionalization.

For an overview of catalyst structures see chapter
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An important control reaction in that regamiasto execute the reactigorocedurewithout the
deployment of catalyst.The experiment showed that the reaction could proceed without catalyst
(NMR vyield 19: 16% Scheme48, see alsachapter3.3.6.3. For catalysts TPPBF Ru(bpy}Cl.

and Ir(dFppy)s no difunctionalization products were formed. The reactions under use of these
catalysts showed no (TPPBFor low conversion otyreneand low conversions of aldehyde
after the reaction timeApplication of atalysts Ru(bpygPFs), Eosin Y, fluorescein,riboflavin

and [Ir(4,5-dtbppy)(dtbpy) PR resulted in low yields ofLl9. Among these reactionshe F
catalystwas the only onenabling ahigh syrene conversion (88%) after BQreaction timeFor

the four other catalystsf this group,styrene conversianbetween 460% wee reached after

20 h. While organic dyes and Raased catalystshow inferiority in the transformation, especially

Ir based species were able dopport reaching higher NMR yiedabf 19. From known redox
potentials(vs SCE, inMeCN) for Ir(IV)/ Ir(Ill) " pairs of Ir(ppy} (Ev, =-1.73V)*°and ofl r 5 6
ppy) (E1z = -1.46V)*% a direct electron transfer upon excitation to TBER, = -1.40V)**?is
allowed. Pr [Ir(dF-CFs-ppy)(dtbpy)]PR and [Ir(ppy)2(dtbpy)]PRs (E1»©O-0.96V)*® this
electon transfer would ban endergonic prcess.

It is left to mention thathe effect of reaction medium in this multicomponent mixteoeld have
a decisiveinfluence on the actual redox potential$ie results alludehat in some casealso
Ir(11N)/Ir(11) redox pairs (instead)could be involvd. And theselr(Il 1)/Ir(l) redox pairshave

somehowan advantage to Ru(bpy) Ru(ll)/Ru(l)) to occur

It was important to investigate the influence of the catalyst loading on the product formation, to
ensure an efficient usage. Thus, for the cataly§ssF-ppy)s, [Ir(ppy)2(dtbpy)]PF, [Ir(dF-CFs-
ppyk(dtbpy)]PFk and Ir(ppy} loadings between 0rhol% and 2mol% were applied in the
difunctionalization of styreneScheme47). In that experiment series, it turned out that below a
catalyst loading of nol%, Ir(ppy} was the best catalyst in regard of the reached NMR vyield of
19. The best result was achieved by applying anto#6 charge of Ir(ppy)in the reaction of
styrene with pivaldehyde anN-methylindole, manifested by a NMRield of 45% for 19
(Schemet?7). For this reaction saip, 19 was isolated in a 39% yield.
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Scheme47. Evaluating photoedox catalyst loading in styrene difunctionalization.

Photoredox catalyst Cu(da@) (2 mol%) was not able toatalyze the reaction toward9 from

the reagent mixtureAttempts to catalyzdhe reaction in a transition metal based thermal
approach (FeGl(with or without reducing agent dimethyl aminotehe) Cud or CoCb,

10 mol% at 65°C)were insuccessful to form a difunctionalized styrdnereactions with CuCl,
TBPB wasreadily converd, but styrene kept unreactéd.reactions with FeGJ styrene and
pivaldehyde showed partial conversion, while TBRBs convertednly to alow degree (no
TBPB conversion with dimethyl aminotoluene presewtjth CoCh, TBPB could be converted,
but styene and pivaldehyde showed low conversimspectively without formingioticeable
products by NMR or TLC analysis.

In the photocatalytic approach a variety of mettatalysts (Cu(OAg) NiCl, glyme, PdCj,

CoCh, Fe(OTf)y, Fe(OAc), Mg(OAc), In(OTf),, In(OAc), Sc(OTfy, ligands: phen, bpyvere
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tested with the intentioto improve electron transfer processes or stabilize intermedites.
particular improvement of the NMR vyield @B could be achieved-or 2equiv. of NaHCQand
0.4mol% Ir(ppyk, the amounts of TBPB (8 equiv., 4145%), pivaldehyde (B equiv., 3745%)
andN-methylindole (37 equiv., 4045%) showed only low impact on the NMR yieldk& Also
concerning the amount of solvent (@8nL, 43-45%; 3mL (31%), 4mL (10%)) in the 0.Inmol
sale reaction, the NMR yield df9 showed to be of low sensitivityhen varying the oxidant
(2 equiv.),tert-butyl peracetate (TBPA, 38%yas found as the only feasible alternative to TBPB
(45%) in order tgjield 19 (see Supporting Information Réj.

Along the undertaking afcalingthe reactiorup for the purpose of dependaldgntheticisolation

of reaction productghe irradiation sourcevas variedA blue light irradiation source (Ommol

scale in 4mL vial under Ar atmosphere, blue LED, W) ~30°C reaction temperature) aad
blue light photoreactor (0O#hmol scale in 4nL vial under Ar atmosphere, blue LED, 1W)

cooling to 20°C reamn temperature) were used as concipated apparaturesnifovials) in the
Ritter group, MaxPlanckinstitut fir Kohlenforschung, Mulheim, Germanyhe reaction of
styrene with pivaldehyde amdtmethylindole led here to lower yields than on ar@irfol sale in
a 100mL-Schlenk round bottom flask in the hitherto utilized white LED surroungd@w,

65°C)

On the 0.1Immol scale the reagents were checked for theecessity(Scheme48). Not
mentioned by now, the reaction could met performed without the visible light irradiation at
65°C reaction temperatufentry 3) A thermal cleavage of TBPB could be ruled out under the
found reaction conditions. Likewise, theaction execution without thexidant/perestefentry 4)
causedthe failure of difunctionalization (only small amount of styrene was converted in the

mixture to indistinct products).

As Ir(ppy)s catalystcould beomitted in order to get9, on a low yield at full styrene conversion
(entry 2) low temperature initiatorBPO, AIBN and CBy were testedAt thermalconditions
(entries 5 and 6andunder white light irradiation (white LED, 65°C) conditiofentries 7, 8 and
9), it was verified thatthe presence dfist a higher radicatoncentration was naufficient to

elevate the pobability for the formation of19.
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/
Ir(ppy)s (0.4 mol%) O N
/ TBPB (2 equiv.) _

O
>‘)kH / NaHCO3 (2 equiv.), O

(0.1 mmol) (5 equiv.) (5 equiv.) mecégog r;(l)_)h
19, 39% (45% NMR vyield)

entry # control experiment NMR vyield [%]®
1 no base 0

2 no catalyst 16

3 no light/ 65°C 0

4 no perester 0

5 no cat/ no irradiation/ 65°C/ BPO (dol%)° 0

6 no cat/no irradiation/ 65°C/ AIBN (thol%) 0

7 no cat/ irradiation/ 65°C/ BPO @0l%) 0

8 no cat/ irradiation/ 65°C/ AIBN (#ol%) 0

9 no cat/ irradiation/ 65°C/ CBX5 mol%)° 17

3 NMR vyield; reaction time”12h,14 h; BPO = benzoyl peroxide; AIBN = azuis(isobutyronitrile).

Scheme48. Control experiments in styrene difunctionalization.

For acontinuation of investigationshat aim for clarification omechanism relatequestionsn

this reaction systensee chapte3.3.6
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3.3.3 Substrate Scope

The reaction time of 2B was chosen in the reaction condition assessernmeatder to have the
opportunity to compare the reactions with some slower proceedingdiffghrent H-donor or
nucleophile substratesor alternative conditiongsee chapter 3.3.4. For the best reaction
conditionsof the acyhtionarylation the reaction progress was roughly finished afteh 10
most cases. A reaction time of h2vaschoserfor the synthetic applicatioto assure full styrene
conversionsin thisregard, it was observethat the difunctionalization produetas stable under
reaction conditionsin terms of preparative isolatipthe reaction mixture of N-alkylindole-
aldehyde difunctionalizations could be describedhadlenging.The respective reaction mixtures
contained a set of similar side products. Séheide products could not be identifaidtinctively,
but were complex mixtures ondole derived speciex@nsist ofmostly aromatic protons and
severalN-methyl groups 300MHz, CDCk, Wppm ~3.0-4.3ppm) in *H NMR spectra)Using a
lower amount of nucleophilé equivyY 3 equiv.) in preparative synthedisoughtrelief in some

caseswvithout noticeable yield detraction

With benzaldehydes as radical soyrdg¢substituted styrenes coulde bdifunctionalized in
combination with N-methylindole Scheme 49). Benzaldehydeswere well suited in this
methodologyand corresponding product®0gk) were isolated in yields between-38%. The
highest yields were obtained withimethylsulfide ando-methoxy (71%(20i) and 78%(20h),
respectively) substituents. Also heteroaromatielectronrich 2-thiophenecarboxaldehyde
convinced as Hilonor (20k, 75%). Electronpoorer variants like p-fluoro- or p-
trifluoromethylbenzaldehyde shodealso quite good yields (67% 20f) or 60% @09,
respectively), which were of same magnitude astlfigrunsubstituted benzaldehyde derived
product 0a 68%) There is no clear trenfbr the product yield, concerningthe electroit
influence of the substient. Yet, aguebly there is an advantage in the use of electioer
benzaldehydesince they provided the highest yields of corresponding prodiivésteaction of
benzaldehyde withJ}methylstyrene andN-methylindole was performed withut photoredox
catalyst to better classitjhe mentioned reactivityn the absence of a catalyst.dhsence of the
catalysta yield ofonly 9% instead of 68%vas achievedUnderthe catalytic conditiongrimary
andsecondanaliphatic aldehydesould also be used for thadicala ¢ y | a t -inahylstyoefhe U
(21a-c) whereastertiary pivalinaldehyde ld to a decarbonylated produc®?j, like in the

example of plain styrenedl@). For Umethylstyrene a higir yield was obtained than for styrene
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(55% @2) vs. 39% 19)). Compared to benzaldehgsl using aliphatic aldehydesdeto lower
product yields (3455%) presumably owingp more reactive radical®ecarbonylated products

from primary or secondarnaldehyds could not be isolated

/
, Ir(ppy)s (0.4 mol%) O N
@] TBPB (2 equiv.) 7
ot e B
R H / NaHCO; (2 equiv.), R

) . MeCN (5 mL), O
(0.5 mmol) (5 equiv.) (3 equiv.) hv, 65°C, 12 h

/
N
4 0

Ph \ S/
20a, R' = H, 68%; 9%2 20k, 75%
20b, R' = Me, 54%
20c, R' = Bu, 39% / /
20d, R' = iPr, 67% N N
20e, R' = Ph, 31% Pz o Pz o
20f, R'=F, 67%
20g, R' = CF3, 60% Ph Ph
20h, R' = OMe, 78% / o / o
20i, Rl = SMe, 71% N 21a, 53 /O N 21b, 34A)

7 o 7
Ph Ph
21c, 38% 22, 55%

%in absence of photoredox catalyst

Scheme49. Employment of various aldehydes.

Benzaldehyde hadot (together withN-methylindole)led to the difunctionalizatiorproduct with
simple styreneZ3, with p-methoxystyrene25 in traces Schemes0). From the solvent screening
only MeCN, DCM and DCE were found aslvents which were suitable for the formation b.
Thus, somexperimentawith MeCN-DCM solvent combinations of different relative ratigere
carried out tosearch for aninfluence on the reaction of benzaldehyde towards styrene.
Furthermore somadditives ofLewis basesNleOH, H,0, pyridine, THH, tetrabutylammonium
salts orpolarity reversal catalystdviesNBH3;, PhSH, CySH; although aldehyde conversion was

observed befo)jewere tested in #reactionn MeCN. However, all experiments failed to form
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the difunctionalization product of styrene with benzaldehydeNantethylindole Along with the
general procedure of the methodologp;methoxybenzaldehydeneither executed the
difunctionalizationwith styrene(24), butinstead was successfully addedptonethoxystyrene
(26, 35%. p-Methoxystyrene proved superior to plain styrene in the reactions with
benzaldehydes p-Methoxybenzaldehyde proved to be more suitable in reaction with

p-methoxystyren¢han plain benzaldehyd&chemes0).

/
, Ir(ppY)s (0.4 mol%) O N
0] TBPB (2 equiv.) 7
X + )J\ + N, -~
R H / . -
R NaHCOj3 (2 equiv.), O
) (3equiv) MeCN (5 mL), -

5 equiv.
(5eq hv, 65°C, 12 h
/ / /
e s Qg
¥ ) e
! : l I I OMe
19, 39% 23, 0% 24, 0%
/ /
s s
4 O 4 O
MeO I I MeO I I OMe

25, trace 26, 35%
Scheme50. Evaluating monosubstituted aromatic alkenes.
Whilst the aldehyde influence on the product formationasvexamined also p-substituted
Umethylstyrenesvere appliedn the reaction witiN-methylindole and benzaldehyd8cheme
51). Fora fair rangeof evaluatedo-substituents, the alkene difunctionalization proceeded.good
For product27a-c relative high product yieldsvere obtained in aarrow margin inrespect to
non-substituted?20a (68-75%). An influenceon prodict yieldswas remarked when analyzing the
results of electronwithdrawing substituted styrene§he difunctionalizations ofp-fluoro-
Umethylstyrene(27d) and of p-cyaneUmethylstyrene(27f) demonstrated lower yields in
derived products (43% and 12%, respectively). More accentuated, assuming a carbocation
intermediatel@), among here presented alkenes oyano substituent is cangj the strongest
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Rs
Ri R Ir(ppy)s (0.4 mol%) N
O N TBPB (2 equiv.) 4 X
e AL @[ x R
R R X NaHCOj (2 equiv.), Ph
. MeCN (5 mL),
' hv,65°C,12h  R2

Variations in alkene 1 Variations in nucleophile

/ / 5 / /
N N ! N N
O ) 2 : 2 Br _
o) o) ; o) o)
Ph Ph Ph E Ph Ph Ph Ph

O b
R2

279, 63% E 28a, 61% 28b, 53%
27a, R, = OMe, 75% !
27b, R, = Bu, 75%

27¢, R, = Ph, 70% / ; Bn

27d, R, =F, 43% : N \

27e, R, = Cl, 54% yZ : / N

27f, R, = CN, 12% Q ! Q M
Ph Ph 5 Ph Ph Ph Ph

27h, 26% ' 28c, 44% 29, 49%

pd

Scheme51l. Employment of various alkenes and nucleophiles.

destabilization (refer t&scheme44a) and correspondingly produced a promindiminished
product yield 27f, 12%). This observation is in line with the advantageous effect Ofraethyl
group on the styrene fgroduct formation with benzaldehyde (aNemethylindole)as well as
with the benefit ofa p-methoxy substituent on styrene in difunctionalization wiyh
methoxybenzaldehydeS¢heme50). These substrates would give wstihbilized arbocation
intermediates @) due to thetertiary substitution as well as the electrdanating substituent,
respectively. Furthermore, kdiphenylethylene was effectively employed in the reaction with
benzaldehyde anN-methylindole 27g 63%) giving anther example for a nucleophilic attack
on atertiary center. From Xray crystalography(XRD) of 27gthe general productructure was
further corroborated (see chapfed and Supporting Informatiorf Ref.?). Internal styrenes did

not give the desired products (see chapigr).

Moreover, a spectrum of different nucleophiles was etedlim the reaction di*methylstyrenes
with benzaldehyde (se&chemebl). Unexpectedly, slighter variations to the indole core like in
N-Bocindole or 1,2dimethylindole gave unsuccessful reaction outcomes. Pleasingly, the

difunctionalization could be &l established withL,5-dimethylindole 28a 61%) and also the
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acceptance of the correspondindromide derivative 48b, 53%) to reaction conditions was
demonstrated. AlthougN-H indole was incompatible to the technique, a good alternative to the
N-methyl group was found with &-benzyl protecting group on the indol28¢ 44%). me
more diversity could be brought to the nucleophile branch, when discovering ithat 1

benzdriazole could be implementedq, 49%) into the procedure.

Apart from these findigs, the solvent MeCMas found to act as nucleophila the reactiorthat
provided 19, MeCN competedo N-methylindole forthe attack onthe benzylic carbocation
intermediatel2 (product ratio imide30b:N-methylindole 19 & 1:4.5 from crude’H NMR).
Omitting the indole and makindgvieCN the initially presentnucleophile in theeaction mixture
couldlead to a isolatedyield of 30b as high a$3% (Schemeb2a).

Ir(ppy)s (2 mol%)

o TBPB (2 equiv.) )(J)\ j\
P+ I Ph” N
R™ H NaHCOj; (2 equiv.), o
MeCN (5 mL), i
(0.5 mmol) (5 equiv.) hv, 65°C, 20 h 30 R
a) o O O O o o0
Ph)J\NJJ\ Ph)J\N)J\ Ph)J\N)J\
Ph Ph Ph
(@) (@)
30a, 34% 30b, 53% 30c, 52% OMe
b) Imide formation: 0
P'S Mumm o 0
Ph
@ MeCN lilb B0 )O\ rearrangem. Ph)J\NJ\
PRy ——— N
2 ° Ph)\I Ph)\l
R Ph R
31 32 R 30

Scheme52. Employment of acwnitrile as nucleophile.
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Interestingly in the presence dhe benzoatenion(and absence of wer) not aN-acetamiddike
for conventional Ritter reactiormit aN-acyl bkenzamide functionality was introdedt This could
be clarified, when assuming that after an initial attack of MeCI® tthe benzoate anion attack
the electrophilic nitrilium cabn 31 (Scheme52b). The so formed imidate2 could by
intramoleculamucleophilicattack of the Natomon the carbonyl, in a Mummearrangemeit,
lead to imde30. Related imide formations were reportéd intra= and intermolecular
fashions’®'*> The technique ga& the possility of formally connecting different
aldehydederived radicals together with the imide fundbnality to styrene. Aliphatic
cyclopentanearboxaldehyde30a 34%) as well aaromaticp-methoxybenzaldehyd@&Qc 52%)
were used for imide formatiorfSchemeb2a).

When compathseynmgtl tyd &ibse oafled elsyiwed ol leea egwgatnt ead k y |
ni tgollwengercwaoltahs nucl d-ophoiSotdaethvedaddhadti @ al he
doubl e bonanubpfo ns tcyartean ep tr iad -5 & ¢ hadeladtetidoten f or mat i on
the respewds vacliimevdednp!| enfeot demdorwed radical
namelryogorn opi od3)a ragildleut(yr odq3)pfruirltemelfeerdl hen sdippose
me hanBemebnde) The respedMeiCha breeyaonttio a ehtkd 8 8 ¢

t wo si dgSopheddru.ctsor t he34gleebda b X g hwhoificdhiecdad s ul t
from redPBcti e@chBeBe)di rectt phaddegdroaurbl e3BHond.
amet hyl radical, arhgecabBiyfoorhegi baf o elgu theoyli on
rad{Scaleésm@e, adodetdhe doubl e bond.

The imides were obt diomteyr(cdime He3diyudsnyh £t disut e
st yraenmdenedt hoxystyrene, i mi de .f Ar ipdtlasusn s aweref a
resultthaati MeCN as weak nucleophile was kinet.i
tertamd yeldercdmr osubatr bowy @ eérdeosnp daitr it \nelrynor e, t hi
agreement with nucleophilic amidatiodoher érwamsr
to the best of my knowl edge byi nshtealtki ymegl reift t
derived amiddiessubfstomut et°*3Reoparnti ed adikfemrest i on a

usene s omelrd cttornoat U mMgytsiegcuctneddary carbocsatacd@®lyi da
101
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Ir(ppy)s (2 mol%)
TBPB (2 equiv.)

Ph/\

(0.5 mmol)

alkyl nitrile (5 mL),

hv, 65°C, 20 h

in EtCN:

in /PrCN:

b) in MeCN

Ph)j\Nj\

33c, 24%°7

o)
+
Ph Ph ).
CN SN

c) formation of tert-butoxyl and methyl radical from TBPB (in MeCN)

SET

BzOO{Bu
- BzO@

#scale of 0.Jmmol

el

1 |
1 1
\ 1
\ 7
\ ’
N .

Y B-scission o

\

—_— ,'Me-)

- acetone ..’

Scheme53. Employment of alkyl nitriles as nucleophile anddénor.
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3.3.4 Procedural Limitations

Making use of the systern(ppy); and TBPB under photocatalytic conditionsygidehyde
(2.5mmol) could in MeCNbe transformed to imid86 (57%, with TBPB as limiting reagent,
Schemeb4a). The formation could be rationalized by the @aectron oxidation of theert-butyl
radical bylr(IV) * to the respective carbocation and Ir(Jlfpllowed by consecutive nucleophilic
attacks of MeCN and the benzoate anion in a MumanrangementSchemeb4b). The potential
for tert-butyl carbocationért-butyl radical redox pair (Ey,=0.09V vs SCE in MeCR
testifies for a readily oxidation process with Ir(IV)/Ir(Ill) {£=0.77V vs SCE in MeCRN,
gE =0.68V).

In an attempt to difunctionalize Zdiphenylethylene with atert-butyl radical and
N-methylindole, the only diinct product that could be isolated was img&(21%, Scheme
54c). 36 could not be detected isuccessful difunctionalization procedures with pivaldehde
(reactions formind.9, 22, 30b, respectively) by TLC, although pivaldehyde and TBPB were used
in excess.In addition, the difunctionalization of tdiphenylethylene was accomplished with
benzaldayde and\-methylindole(279).

________________________________________

2 Ir(ppY)3 (0.08 mol%) o o R |
0 TBPB (0.4 equiv.) | MeCN, BzO" '
y . Ph)J\NJJ\ E /‘\ LZ, /J)\ 36 !
MeCN (5 mL), /’\
hv, 65°C, 20 h

(2.5 mmol) 36, 57%
c) Ir(ppy)3 (0.4 mol%) /
o , \ N o o
Ph N TBPB (2 equiv.) P )J\ JJ\
/& N L + Ph” N
Ph / NaHCO3 (2 equiv.), 4\
MeCN (5 mL), Ph™ 5
(0.5mmol) (5equiv.) (3 equiv.) hv, 65°C, 20 h 0% 36, 21%
d) OMe
Ir(ppy)s (0.4 mol%) O O
M
0 OMe TBPB (2 equiv.) L L
/K . . MeO OMe 4 Ph” N
Ph : NaHCO; (2 equiv.) Ph 4\
3 <)
MeO OMe MeCN (5 mL),
(0.5 mmol) (5 equiv.) (3 equiv.) hv, 65°C, 20 h 0% 36, 52%

Scheme54. Isolation of an alternative reaction product.
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A possible reason that fot,l-diphenylethylene a difunctionalization was possible with
benzaldehyde, but not with pivaldehyde Icbbe the steric demand of thadicals Eithertert-
butyl radical addition or nucleophilic attkon the respective dibenzylic carbocation intermediate
in b-position to atert-butyl group could be considerably decelerated in comparison to
corresponding steps in the difunctionalization with the benzoyl raditsd.in an attempt to use
1,3,5trimethoxybenzene as alternative nucleophile in theethylstyrene difunctionalization
with pivaldehyde, no difunctionalization product was found, but irB&leould be isolated52%,
Scheme 54d). Since the radical addition ofert-buty to Umethylstyrene was already
accomplshed in this reaction syster@2j and the replacement bEmethylindole by the benzene
probably had low influence on this, the inertia of 1;8imethoxybenzene as nucleophile favdre

finally oxidation oftert-butyl and imide formation.

In the following examples of substrates for aldehyde (eddthor), alkene and nucleophile are
presentedwhich were found to not undergo the difunctionalization in MeCN with Ir¢ppgpi
TBPB as central combinatioihe diversity ® aldehyde substrates was exploited. Onwiag to
implement a variety of aldehydes also some examples were,fatnnch could not be used to
difunctionalizeU-methylstyrene wititN-methylindole(Schemes5).

Ir(ppy)s (0.4 mol%)

TBPB (2 equiv.) O N
aldehyde (5 equiv.) _
- i
NaHCO3 (2 equiv.) O Ar

MeCN,

(0.1 and/or 0.5 mmol scale) (3 equiv.) hv, 65°C

0 0 0
0 ? \ ? \ 0 ‘
HO
FsS
5 OMe Cl NO, \O

Scheme55. Incompatible aléhyde substrates.

While vanillin, a phenolic alcohol, was likely to fail, because of the possibility to transfer the
alcoholic hydrogen atonthe reasons fothe unsuitability ofother aldehyderemaned unclear
TLC of crude reaction mixturesr the above examplesostly displayed inconspious. Inorder
to not overlook possibilities, some reaction mixtures ewvgpartialy) separated by column
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chromatography (in the cases witlcinnamaldehyde, 1;Berzenalicarboxaldehyde
o-chlorobenzaldehyde, p-pentafluorosulfanylbenzaldehyde). In the case of
1,3-benzenedicarboxaldehyde, the aldehyde was practically completely isolateddromxtine.
Fromthe otherseparationspnly complex mixtures of indistinéd-methylindok derivatives were

obtained.

Initial investigations on alternatives to aldehydes adoHors were cdared on benzyhand
U-carbonyl radical precurso(Scheme56). Among thesubstratespo difunctionalizathn based

on the corresponding Centered radicals could be implemented into the difunctionalization
technique. This could have different reas@mne observations from NMR analysis of the crude
reaction mixtures (120 h) are described in the followingvhile intheapp |l i cati on of

acidthe conversion otlmethylstyrenevas highly advanced, TBPB stayed mostly unreadted.

Ir(ppy)3 (0.4 Mmol%)

- TBPB (2 equiv.) O N
/ H-donor (5 equiv.) S
N
+
©/§ @E/) NaHCOj; (2 equiv.) O Y
' MeCN,
(0.1 mmoll scale) (5 equiv.) hv, 65°C
H
H OMe O‘
oy
o H
R =H, Me

R =H: R'= Me, OMe
R =Me: R'= Me

Scheme56. Further incompatible Fonors (If not mentioned otherwise R = Me).

reactions with 3dnethybutanr2-one TBPB and the oleéh were majorly converted, but

substantially sigrs for a resonance set of ketone derived products (methyl groups) oot

obseved. For the cumeneapplication the conversion offBPB was quite advanced and

methylstyrenewas partly converted, yenithe 'H NMR spectrumno set of resonance®if a

cumene analogue could besatved (derived methyl groupsApplying indene in the sysm, led
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to high conversion of TBPBbut no resonance for a supposed functionalized indene (benzylic
proton) was present in the crude reaction mixture. In reactionxaiitthenethe redox processes
seemed to be majorly influencesince TBPB was not retad.

In reactions with ambiguous outcome, estimated upon crude NMR analysis, and/or noticeable
TLC spots (benzyl methyl ether, etitBdmet hy | pr opi o n at dmethyihalbndte u moé s
indeng also column chromatography was conducté®ly complex mixtues mainly with

multiple N-methyl groups present frosupposedndole incorporations could be isolatedNo
indications for styrene difunctionalizations could be observed.

In reactiors with N-methylindole and benzaldehyde pivaldehyde(standard conditios for
TBPB, Ir(ppyy, MeCN and NaHC® under white light irradiation over 1%, incompatible
alkenes were a group otyclic aliphatic alkenes (cyclohexene,-niethylcyclohexene,
methylenecyclohexane with benzaldehyde), eleetieficient methyl acrylate (wh pivaldehyde
and benzaldehyde), electroch vinyl acetate (with pivaldehyde and benzaldehyde),
Ubromestyrene, allyloenzene (both with berdetiyde), E)-1,3-butadienrl-ylbenzene (with
pivaldehyde) and a group of internal alkene€)-ftilbene, U-methy-(E)-stilbene, b-
methylstyrene, indene andyclohexenl-ylbenzene with pivaldehyde, see Supporting
Information Ref? for a graphical overviewn incompatible substrate®y *H NMR analysis of
the crude reaction mixturekigh TBPB conversionsould be determined. TLC of the reaction
mixtures sbwed to be mostly inconspicuausrom the reactions with cyclohexene and
Ubromostyrene only complex mixtures of indistinstmethylindole derivatives could be
isolated. From the reaction mixture containibg-$tilbene, the alkene could be isolated almost
guantitatively. There are some anticipations and indications from titegareports, that radical
additions to internal alkenes are slowet***°*Repored difunctionalization techniquesith acyl

radicals in MeCNlack oftheapplication of internal alken&&?®
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A series of alternative nucleophiles was applied in reaction mixtures with an alkene and an

aldehyde according to standard difunctionalization conditions over at leagStBemes7).

Ir(ppy)3 (0.4 mol%)

(0]
)J\ TBPB (2 equiv.)
R H Ar' nucleophile (3 equiv.) NUR 0 /NQRJ<
+ or : or
Ar/& - ArMAr' Ar
0] NaHCO3 (2 equiv.)
MeCN,
H hv, 65°C
(5 equiv.)

Boc NH
O Q. Qo -0y (o
Y 2 o O O
(0]
Oy e (7 U RN Gha:
OMe
05 Q C
MeO MeO OMe O
_~N__N O N MeO OMe
I)‘\ I)J\ O Rl
PMP  PMP e O
R'=tBu, Bz
z 2N o
€ MeO— XS ;_/O \ /N [ j
N
o
with:
(0] leS MeO,C.__CO,Me MeO,C
L oL
O Ph NH O
Ph PMP/l\)I\PMP
with: with: with: with:
NBu,CN NBu4N; Na,-K-salt J\ K-salt
CN O N3 O SCN O
PMP PMP PMP/'\)kPMP PMP PMP  PMP PMP

Scheme57. Incompatible nucleophiles in difunctionalizations with styrenes and aldeh
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In attempts with stene and 4nethoxystyrene, théH NMR analysis of the crude reaction
mixtures after reaction times of-#2h revealed that no successful difunctionalizations were
realized by the absence of any benzylic proton resonancen(dd¢ spectra. The conwmns
could proceed in quite different manners. While after a reaction time bf fb2 a reaction
mixture containing NBKCN (with p-methoxystyrene ang-methoxybenzaldehyde) quite low
alkene conversion was observed, for mefirg@minobenzoate ~50% @fachstyrene and TBPB
were converted and in a mixture containing KB4 styrene was already fully convertdebr
cases wherdJmethylstyrene was used as alkene, the exclusion of the appearance of a
difunctionalization process was mostly based on TLC and if anclecolumn chromatography.

For the use of azulene, TLC showeg@romising spot, but by isolation only a complex mixture
could be obtained (with rather many aliphatic protons in comparison to aromatic protons) without
showing a sign for difunctionalizatio products.When N-Boc indole was appéid (with U
methylstyrene and benzaldehydd)y *H NMR analysis of the crude reaction mixturea
difunctionalizationprocesscould be excluded. The absence of tHenethyl group gave clear
insight into the shift area-2 ppm, where no indation for methylene grougéB spin systempf

a potential difunctionalization product could beund. For the usage ofr8ethoxythiophene
(with Umethylstyrene and benzaldehyde) only a complex mixture with various (>10)
3-methoxythiophene derivatives, recognizable by the metlypayp protons was obtaindgy
column chromatography When applying cyclopentanone (witi}methylstyrene and
benzaldehyde)column chromatographgfter 12h reaction time (hexanes/EtOAc v/iv = 25/1)
yieldedat the supposed elution volurartolourless oil (13ng), which was by"H NMR analysis
identified as acomplex mixture.Yet, the NMR analysi§300MHz, CDCk) also revealed the
presence of two doublet&/fpm= 4.04, 3.72:3 8 15.2Hz) with relatively low intensity which

couldbelong to a possible difunotalization product.
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3.3.5 Further Possibilities for the System

In thereaction that led tanide 30¢ also a side product could be isolat&dl{emes8). Sincethe
addition of benzoyl radicals to the-éhd of benzaldehydes rt@nyl group is known?’ the
formation of 37 could be understood as difunctionalizationpemethoxybenzaldehyde with
p-methoxybenzoyl radical anal benzoate anioas nucleophilewhich ae both suspected to be
contained in this reaction systdsee Supporting Information of Réffor more details)

O O e)
Ir(ppy)s (0.4 mol%

)
(@]
@ TBPB (2 equiv.)
+ H
MeCN (5 mL), )\ :
MeO
OMe

hv, 65°C, 20 h

(0.5 mmol) (5 equiv.) 30c, 52% 37, 6%
Scheme58. Difunctionalization of a benzaldehyde as side reaction.
The reaction system gave an interesting possibititdifunctionalizethe Ci O double bondf

benzaldehydeand generating mixedacetale structure.

In the final phase of thiwhole project, some decision had to be takenrder to keep the studies
in a time frame.Reactions, conducted according to the procedure of acwatidation or
acylationrimidation, led toindicatiors for further promising substanceScheme59). The
productscould by strongeorrelations ofH NMR to the expectationsssigned to structurelsut
were after (multiple) attempts of separation from the reaction mixtno¢ of suitable purity to
fully characterize and publistAs far as pgsible, the estimated yields of difunctionalization
products withp-methytU-methylstyrene 38a <70%), p-trifuoromethytU-methylstyrene 38¢
<7%) andp-chlorobenzaldehyde88b) in the presence dfl-methylindole andor the product of
cyclohexanecarboxaldehyde with MeCN as only nuyatde (40) in the reaction mixturera
given For the corresponding products the optimal way for isolation still is unkndha.low
yield of 38c was expected, as the electronic effect of the; Gup could provoke a

destabilization of proposed intermedidf(for a discussion see chap88.3.
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' Ir(ppy)s (0.4 mol%) /
R o MeCN TBPB (2 equiv.) Ph)J\NJ\ N
oM " SN o
R R"” 'H / NaHCO; (2 equiv.), Ar
@EN) MeCN (5 mL), 0% “R™ Ar R™
Y hv, 65°C, 20 h

(0.5 mmol) (5 equiv.) (3 equiv.) 39 38
/:EQ)K‘ I O)j%
® :0 ‘O . : @
38a, <70% 38c, <7% 39,40%%

21H NMR yield, °2 mol% Ir(ppy).

Scheme59. Indications for further alkene difunctionalizations

For characteristic NMR resances which led to the proposition adbove difunctionalization
products see chaptBr7.

With the system of Ir(ppy)and TBPB undethe standard photocatalytic conditiolos imide
formation without extra Hlonor presenstyrene was transformediRrCN Scheme0). Asides
the above described imid&3b another defined product could be isolated from the iact

mixture by column chromatography.

__________________________________________________

- o)

o o Py =N :

Ir(PPY)s (2 moI%) L . Ph N)H/ |

TBPB (2 equiv.) Ph™ "N : .

X L+ ‘
oh | L
iPrCN (5 mL), : Nse ;

hv, 65°C, 20 h CN Y %C:N. !

(0.5 mmol) 33b,35% 40, 39%

Scheme60. Indication for a bifunctional radical.
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Both isolated species wecharacterized byH, *C and DEPT135 NMR experimentSor imide
33b the NMR resembles analogue structuB8s and 33c in terms of chemical shifts. Aigh
resolution molecular masgave more evidencefor the structure oB83b. However, attempts to
gain information on the molecular mass of the second prefuby meansof LC/- or GC/MS
failed. Analyang its NMR spectra,ticould be stated that produé® showed the same tsef
resonances gsroduct33b, differing in its chemical shiftsin the *H NMR (300MHz, CDCk)
spectradoublets for methyl groups on the imid#€ppm=0.77, 0.80 vs. 0.71, 0.780. 1+2 in
Figure 7) and singlets for the second pair of methyl groups from incorpoi&@e@N units
(Wppm=1.45, 1.41 vs. 1.42, 1.280. 3+4) showed only a slight downfield shift fd0 compaed
to 33b. It is also noteworthy that these methyl groups showe®@oa decreasingnagnetic
inequivalenceThe differences for chemical shifts of benzylic dhdarbonylproton (on imide)

resonances were also quite small o o
(@ 585 (dd J = 10.2, 5.2H2) 1 0. M 1
ppm=5. = 10.2, 5.H2),
2.30 (heptJ = 6.7Hz) vs.5.% (dd, J = 212 AN 2
5
7.5, 5.6Hz), 2.16 (heptd = 6.6Hz), 40 8 Ns
o CN oo 4
vs. 33b, no. 5+6). The major difference 374 9 8 3
for the two products was manifested in 33b 40

the chemical shifts of the methylenFigure 7. Proton/carbon assignments for product
group protonsZ4dd, no. 7). For 40 these

protors were present afppm=4.05 (dd, J = 9.0, 5.2Hz) and Wppm=4.54 (dd, J = 10.3,
9.0H2) and for 33b at Wppm=2.76 (dd, J = 14.8, 7.5Hz) and Wppm=2.62 (dd, J = 14.8,
5.6Hz). The extraordinary difference in chemical shifts for the methylene progutgested a
difference in connectivity at this carbon atom, attesting a relation of constitutional isomers for the
two productsather than rotational isomerBhe higher chemical shifts fat0 could mean that a
heteroatom is bond to the methylene grolmp*C NMR spedra (75MHz, CDCL) the two
products(40 vs. 33b) showed particular differences in the shifts tloe methylene group carbon
(Wppm=65.34 vs.U/ppm=43.65 no. 7) as well as theuaternarycarbon(t/ppm=70.79 vs.
Wppm=31.62 no. 8) generated from radical addition. The carbons originated from cyano group
in the U-cyaneisopropyl! radical, showed upon incorporati@ther lav differences in chemical
shift for the two productsiippm=120.28 vs.U/ppm=124.64 no. 9. Before furtherways for
characterization 040 could be conducted, the product decompasexh indistinct fashionFrom

NMR resultsthe producshould consisof the same building blocks &8b, namely styrene, B-
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isobutyrykbenzamidyl unit and &kcyancisopropyl radical. The differences in chemical shifts
most likely represent an establish&@il N connectivityfor 40 upon radical addition to styrese
double mnd. This could be rationalized by thesonance stabilization of thécyanacisopropyl
radical. A second resonance structure could bestaniminyl radical I, Scheme60). This
sterically lessdemanding radical could havekmetic advantagever itsU-cyano centered form

in addition to the styreneSince the reaction results encouraged the assumption on the formation
of keteniminyl radicabndon the appearance of a rather stable ketenimine that could besdsolat
by column chromimgraphy, tis reaction would have been thmrnestone of my next
investigations A future projectcould add valuego the findingsor conceptualapproachby
establising a new way of generatinly centered radicals from bulky cyano compoundth U-
hydrogen atom.For an overview of resonances of proposed strudiyras well as a comparative
depiction of'H NMR spectra oB3b and40 see chaptes.7.
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3.3.6 Mechanistic Investigatiorsnd Proposal

First contol experimentgsee chapte8.3.2 gave information about the necessity of the ptse
perester and irradiation of visible light the system Furthermorelow temperature radical
initiators BPO, CBy, AIBN could notrepla@ Ir(ppy) to any extend. BPO and AIBN seemed
rather tohamper the difunctionalization while CBshowed practically no influence compared to
a difunctionalization without catalyshNoticable isyet some reaction proceeding without any
catalyst present, ladit in the synthetic application far less efficient than Ir(py)for 20a 9%
without, 68% with catalystrespectively. From this point, furtheexperiments were condect to
get moreinformation about the observed reactivitiesd by thatadditionalindicationsof the

mechanistic basis.

3.3.6.1 Effect ofLight on Radical Sources

Since visible lighirradiation was indispensable for the difunctionalization to occur, the influence
of this irradiation orindividual reagents was verifieBor this purpose a sdlan of pivaldehyde
(0.5mmol) in MeCN (1ImL) was stirred under Ar atmosphere foriiih a 10mL-Schlenk tube,
while white light irradiation was applied (white LED, %0, 65°C) adapted from the general
procedure (for Inmolstyrenescalereactionwithout reagentother than pivaldehydeAfter the
irradiation time,"H NMR analyss of the mixture showed thatvaldehyde was unreactive by
itself under these conditions.

Similarly a solution of TBPR0.2mmol) in MeCN (1mL) was stirred under Ar atmosphere for
12h in a 10mL-Schlenk tube whilst irradiated with white light (white LED, VIQ 65°C) After
the irradiation time!H NMR analysis showed only the presence of BB&d MeCN in the
mixture. The supposed radical sources of the reaction could not betadtiva the light source

irradiation nor heating

3.3.6.2 Activation modes of TBPB
This finding ultimately also underpinned that a chemical reaction between TBPB and another
reagent of the system is responsibletfaradical formationIn consequenceaeations baveen

TBPB and Ir(ppyjor N-methylindole, respectively were conducted.

To adispersion of Ir(ppy (0.01mmol, 0.25equiv) in MeCN-ds (0.5mL), TBPB (0.04mmol,
1 equiv.) was added in a NMR tubEhe tube was centered in the white light surroundivigté

LED, 40W) and the dispersion was irradiatédter a reaction time of 2&in, 'H NMR analysis
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revealed a 29% conversion of TBPB to benzoic acid (~28%rbbutyl groups were converted
to acetone, ~2% ttBuOH, respectively)After the measurement, éltube wasrradiatedagain
with white light to continue the reactioRinally, aftertotal 13.5h of reaction time, the perester
was fully converted (benzoic acid (>95%), acetone (93B)OH (7%)).Under this reaction
condition lequiv. of Ir(ppy} had he potetial to convert at least dquiv. of TBPB.This was a
sign for either a catalytic or a chain decomposition of TBRBliterature there are some
examples reported about radiéibr aniort*® related decomposition of perest&t3In the simple
system that was investigated, a radical driven chain decsitigpo would meanthat either
methyl radicas (derived fom b-scissiori®® of tert-butoxyl) or cyanomethyl radical (derived
from solvent by HAT)would have attacked TBPB molecul&chemebla). The reaction would
haveyielded a corresponding alkyehzoate. Gch a product renotbeendeteced. In a theoretic
anionic decomposition scenario, benzoate, the amipnic nucleophile present, would have
formed benzoic anhydride with TBP@&chemet1b). Since onlyprotons of TBPB ard benzoic
acid (benzoate, respectively) were observethenaromatic shift area of tiéMR spectra, also

this pathway seems unrealisti@® nucleophilic attack to the peroxy group of the perester would

a) -CH,R

0]

@
(\
o/oj< g o MR+ muo-
R=H,CN

not observed

0o o

JC ©

©%0/07< ©)ko Ph * BuOO
,
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Ir(I(ppy)s® (s) Ir(l)(pPY)s (s)

\ / Ir(I(ppy)3

Ir(IV)(ppy)®

Scheme6l. Proposals for rationalizing an overstoichiometfiBPB conversion (referring
to Ir(l1)).
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not lead to chain decompositiod) theory that wold explain a catalytic decomposition of TBPB
with Ir(ppy)s would base on the interaction of solid Ir(ppylvith Ir(IV)(ppy)’. An
intermolecularelectron transfer fronthe conduction band of undissolveddny)s (described as
Ir((ppy)s  (s)) to Ir(IV)(ppy)s" at the interphasecould recycle Ir(ll)(ppy)y in solution
(r(1D) “Ir(1): E12=0.31V, Ir(IV)/Ir(lll): E 12,=0.77V vs SCE in MeCN'°, Scheme6ic).
Although there wa no particulareport on such an electron transfer to the best of my knowledge,
the benzoate anion as alternatreeluction agenshows no sufficient redoxpotentialto realize

the Ir(Ill) recyclization (benzoate anion: 5= 1.641.24V vs SCEin MeON (theo.}*Y). The
lower Ir concentration under difunctionalization conditions should then contribute to a lower
TBPB conversion by this meari3espite theNMR reaction featuredn unexpectedutcome, this
NMR scale experiment was a stronigdication, that TBPB can be decomposetly the

photocatalyst, and most likely by the Ir(lll) oxidation state.

As mentioned also N-methylindole was evaluated in a NMR scale experiment on its reactivity
towards TBPB.A solution of N-methylindole (0.15nmol, 1.5equiv.) and TBPB @.1 mmol,

1 equiv.) in MeCNds (0.5mL) was irradiated with white light (white LED, 4%) in a NMR
tube.While after 2h 20min only about 1% of TBPB was converted, after a reaction time bf 13
the NMR vyields of benzoic acid (25%), acetone (~8%) #8wOH (~10%) were perceptibly
higher.The reaction was also carried out with the NMR tube wrapped into dark while heated up
to approximately the same reaction temperature by the irradiation source. After 13h of, heating
this reaction mixture presented convensiof less than 1% of TBPB tBuOH and acetone each.

It was found thatN-methylindole could promote the cleavage GBPB under white light
irradiation. However this reactionwas rather slow, but arguably is the cause of the remarked
activity in styrene dunctionalizations with aldehydes ardkmethylindole in absence of the
photaedox catalyst. Due to tle minor TBPB conversion compared to full conversion in the
difunctionalization procedure after b2 the proportion of product formation that is based on
purely N-methylindole initiationand chain propagation with TBPB in the regupaocedure

should be quite low.

Although N-methylindolewas not necessary for difunctionalizations like the described imide
formations had proverascontrol experimentor this perspectivéN-methylindole wasleployed
as an additiveto a major nucleophilein some reactionswhich previously failed the

difunctionalization These control experimendbowed no improvement to this outcoared were
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yet considered since the cleavagene TBPB molecule biN-methylindole could mean, that
system of Ir(Il)/Ir(Il) could be enabled instead of the Ir(lII)/Ir(IV) propds&uch achange in
redox systencould lead tdurther possibilities to make react®suddenly viable.

3.3.6.3 Luminescence Queching Experiments
Luminescencemission wasneasurd for freshly prepared Ir(ppy}stock solutions in MeCN for

excitation irradiation obsy = 315nm at emission irradiation of arourd,=525nm. Excitation
and measuring bandwidth weeachadjusted to 2im. The stock solutions were varied in their
content of TBPB.

For solutions with a awstant Ir concentration 2 - 10° M and a TBPB oncentation in the
range of 6= 1-4 - 10° therewas no diminishing of emission intens{gompared to the emission
spectrum for c(TBPB¥ 0 M) observed. This result was in accordance with experiments of the
Knowles group with Ir(dFCFs-ppy)(dtbpy)(PF) and TBPB in DMAM™!

The luminescence measurements were then carried out for solutions in whioth TB&B
concentrations were closer to the actual conditions of the difunctionalization procedure. The
solutions were adjusted to a constant Ir concentration=¢f.6 - 10* M anda variation of TBPB
concentrations in the range of®.1-1.48 M along themeasuring serie§.he emission intensity

of the corresponding Ir(ppy)(c =4.6- 10* M) solution in MeCN without TBPB present is
referred to asyl

Figure8 depicts an overlay of the emission specta € 450-600nm) of the Irsolutions which
differ in the content of TBPB additiv8.he measured emission intensity wadspendat on the
TBPB concentrationThe higher the TBPB concentratiaihe lower the emission intensityfor
higher resolution of the lower intensity spectra cleapter5.7). The cause of this observation is

the ability of TBPB to shortetineluminescence liféime of Ir(ppy)s by an interaction.
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Figure 8. Emission spectra of Ir(ppy)c = 4.6 - 10* M) stock solutions containing different

amounts of TBPB.
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For a more elaborated overview on this behavior a Stetmer analysis wasxecuted, shoiug
the ratio of §/I in dependency of the concentration of TBPB (c(TBHByure9 andFigure 10).
Errors for b/l and c(TBPB)were determined on the basis of measurement inaccurancy of the
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Figure 9. SternVolmer analysis for luminescence attenuatioregf = 525 nm of Ir(ppy)s
(c = 4.6- 10*M) stock solution containing TBPB (g 0-1.48 M).
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Figurel10. SternVol mer anal ysis for I udnE 528 ant of hr(pps)

(c = 4.6- 10*M) stock sdution containing TBPB ¢ = 0-0.98 M).
used Eppendorpipette and assessement of intensity differences at maxieagn:2 nm),

respectively by calculation of error propagatidar (more detailssee Supporting Information

Ref.?).
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For an ideal case of dymac luminescence quenching, the ratio gf tdepends linearly on the
concentration of the quencher. In there analyzeduminescence quenching process, the
decrease in luminescence intensity is noediy depend® on the quencher, but of higher
poteng. This sacalled positive deviation of the quenching process could originate from different
processe&? Consensus in literaturen such casess that besides a dynamlaminescence
quenching, also static quenabiis in action®?*1%%1%3rhere are different kinds and propositions
on static luminescence quenchii@n the one handhe reaction of quenchewrith photoemitter

by forming a new covalent bond could change theitation andluminescence properties.
Further, the formation of photoemitteyuenchercomplexes could be a variant of static
luminescence quenchirtff®!¢?*%&or theseexamples normally achange in the emissi spectra

is observed®® This could not be confirmed ithe case of Ir(ppy)with TBPB. On the other
hand,at higher quencher concentratidhg occurringoroximity of photoemitter to quencher in
the solution could lead to a more or less immediate qumegdhat deviates the quenching
kinetics from the dynamiquenching mode®**On the background of this, it seemielly that

the excited stat&(ppy); couldbe quenched by TBP&nd that in the evaluated range of TBPB
concentration quenching proceedsather fast upon Ir excitation because of an established

proximity between donor and acceptor molecules.

3.3.6.4 Light-Switch Experiments
Besides a catalytic activityhere was also thpossibility thatlr(ppy)s acted as initiatomstead.

Along this scenario, after omaolecule ofTBPB got cleaved further propagation could proceed
by electron tansfer from benzyintermediatd 1 to another TBPB molecule to form the benzylic
carbocation intermediate and reductively cleave TBPB to benzoate anion -acdeptor
tert-butoxyl radical.If this reaction pathway would be timechanism in act, the reaction would
proceedafter an initidirradiation phase with aubstantial degree in the absence of light, and with
a rather similar rate in comparison to theligbted reaction mixtureln order to pursue the
enlightment of this issue, two reactions on a NMR scale were carried out, talgplaases of
irradiationanddarkening of the reaction mixture over a total reaction time of1B@inin. After
each phase of irradiation or darkening, the reaction progress was veritidd\b§R analysis.
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For the first NMR experiment|r(ppy)s (4.6 10* mmol, 0.5mol%) and NaHCQ (0.2mmol,

2 equiv.) were dispersesh MeCN-d; (1.0mL). Styrene (0.Inmol, 1equiv.) N-methylindole
(0.5mmol, 5equiv.), pivaldehyde (0.Bamo, 5equiv.) and TBPB (0.Bnmol, 2equiv.) were
added to the dispersion in theMR tube.Before irradiation and NMR measurements, the mixture
was rigorously shakeifor the irradiation phases the sample was placed in the center of the white
light sheating that was used for the synthetic difunctionalization procedure (white LB, 40

. For the alternating dark phases, the NMR tube was wrapped in aluminum foil while placed
also in the photo reactor, where it was heated to a nearly same reaction tempgyadtigeré

11).
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Figure1l. Light-switch experiment for styrene difunctionalization with pivaldehyde ar
N-methylindole, in which irradiation and dark phase were both heated to the same te
erature.

The phases are represented by yelovgrey underlay, respectiveiy Figure1l andFigure12.
After a first irradiation phase of Iiin, a NMR yield of 14% for the difunctionalization product
could be determined. Conversions were progregs&d% for styrene, 43% for pivaldehyde and
39% for TBPB at that time. The reaction was conducted in a following dark phaserminh,28

irradiation phase of 2thin, another dark phase of 8tin and an irradiation phase of B0n
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before performing a finadlark phase of 4fnin. The *H NMR measuring time was not counted

into the reaction timgsmeasuring was performed ineghately after each irradiation amtrk
phase.Quantification revealedhat product formation was restricted to irradiation phasg&s (1
irradiation phase: 0%14%; 29 irradiation phase: 14%2 4 %:" ir@diation phase:

25%Y 2 7 %) while no product f or mat Foothe starting o b s e
materials styrene, pivaldehyde and TBRi® conversiosiproceed mostly during the irradiation
phasesLower conversion of the reagentsuld be observed during the dark phases. Especially

the pivaldehyde conversioprogressedvithout irradiation needed {1dark phased 3 %Y 4 7 %;
2%dar k phase:"dat%Y Hh%;se3 62 %Y69 %) .

For the secondNMR experiment, He reaction mixture was prepared in the same maiiiher.

main difference in reaction conduction was that during the dark phases, the reaction mixture was
kept at r.t..Therefore,measuring times were also counted as reaction time during dark phases.
After a first irradiation phase of 1in, 16% of difunctionalization product were formed. For
starting materials conversions of 35% for styrene, 33% for pivaldehyde and 32% for TBPB were
determined.The irradiation phase was followed by a i dark phase, atizer 20min of
irradiation phase, further 3@in of dark phase, 3@in of an irradiation phase and a final dark
phase of 30nin (Figure 12). For the product formation the irradiation wasthoritative (I
irradiation phase: 0%1 6:%2" i rradi ati on p h & sireadiatiorl @HAse2 6 %;
27 %Y30%) whi |l e ipnoducttoematrawak obgetved snethee magnitude below
measurement accuraeyd especially in the first dark phase a striking difference to the previous
and subsequénirradiation phases was demonstrat€ar the starting material conversions
strinkingly low progress was determined in the dark phases, alluding to the same trend as for the
product formation and the first NMR liglsvitch experiment. Merely, the conversi of
pivaldehyde in the dark phases was noticedfel(ar k phase): 48 %Y52%

The experiments were carried out without stirring for a heterogeneous reaction mixture, so that
observed conversions were rgiticly representative for corresponding reaction progression in
screening or synthetic applicatianentoned above, but rather delivean approximationof

guantitative reaction results during the irradiation phases

Overall thelight-switch experiments statiat the difunctionalization reaction of styrene with

pivaldehyde andN-methylindolein MeCN solutionproceeds only if visible light irradiation is
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applied in the presence of Ir(pgyAnd thereaction does not progress in the absence of light after

a phase of irradiation, neither at r.t. nor at elevated temperature (temperature of irradiation
phase)lt could be observed that starting materials, especially pivaldehyde could be transformed
during the exclusion of irradiation, but not in favor of difunctionalization. Therefore, the reaction
is in competition to some radical chain processes, but is itseffdban catalysis. Ir(ppy)s

photacatalytically active in the formation groduct19.
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Figure12. Light-switch experiment for styrene difunctionalization with pivaldehyde an
N-methylindole, in whichthe dark phase was held at r.t.
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4 Conclusion

4.1 Artemisinin as Radical Initiator in Aqueous Acrylamide Polymerization

Artemisinin was used togethewith hydrochloric acid and irospecies as emitiators to start
radical polymerizations of acrylamide in aqueous medium at 377@e three individual
components of the initiator combination were by themsetwess combination of twancapable

to start an acrylamide radical chagmaction Artemignin and hydrochloric acid could efficiently
be used in amounts di.5mol% and1 mol%, respectively, referring to acrylamidia this
system, iron species weidready potent in trace amounts, like as impurity in reagents of

common commercial purity.

HCI (1.1 mol%)
artemisinin 4 (0.5 mol%)
X sodium thioglycolate (0.5 mg mL™")

CONH,

o n
' (6.3 mmol, 1 equiv.)

94% conversion: M,, = 476000 Da, PDI = 4.74
®traces ofron speciemecessary

Its necessity to the polymerization application was verifiedhasron chelator dieroxamire
(DFO) could inhibit every polymerization praterefound in this studyHydrochloric acid has a
special status in this systempplying HCI of high purity (trace metal gradelppb F@, the
polymerizationwould still proceed to some extemdpresence of trace iron impurities frahe
other reagentawhile analogousydrobromic or hydroiodic acibf common commercial purity
grade)were both inactive as emitiator. Along the studiesonly methanephosphonic acid and
o-benzsulfonimide were found as potential alternatives to HCarder toform water soluble
polyacrylamides with assumingly lower degree of branchanchain transferagent, sodium
thioglycolate, was used as described in literattfeFor an acrylamide (6.81mol, 1equiv)
solution in deionized water (hL) and in the presence of sodium thioglycokte mg mL™)*32
artemisinin (05 mol%) and just HC(1.1 mol%) of ACS purity grade Q.2 ppm Fe)without extra
iron addition were applkd to reach high monomer conversiarf 89% after 17.5h. Average
molecular weights of i) = 476000Da and a broad distribution (PDI = 4.74) were deteadiby

gel permeation chromatographRC Polymer Standards Service GmbH) for the resulting
polymer mixture.With 5,5-dimethylpyrrolidinoneN-oxide OMPO) present,a radical formed

from the initiator system of artemisinin and HCI| (Qopm Fe) in aqueous edium could be
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observed a®MPO-adductby electron paramagnetic resonan(lePR) spectroscopfDr. Sonia
Chabbra, Dr. Shannon Bonke, group of Dr. Alexander Schnegg at MPI fur Energiekonversion,
Miilheim). The unknown radicahdduct was characterized Igy, = 2.0061, "Aiso = 58.2MHz

and VA, = 43.2MHz. So far attempts ofpreparative radical trapping were unsuccessful, but a
future identification of the formed radical could contribute to a better understandingradite

chemistry of artemisinin.

4.2 FreeRadical Alkene Difunctionalizations with Ketowkerived and Cyanidyl
Radicals
A method foralkylation-cyanationof alkeneswas discovered by Dr. Wen Shaelying on
Uketonyl radicaformation from ketones wittert-butylhydroperoxide (TBHP) by Bragnstedid
catalysis. Previously he af or ementi oned r adi c aderoxyketongsat i o n
by addi-keforylranderf-butylperoxyl radicals to styrenés the group® The alkylation
cyanation procedureras carried out in dichloromethane (DCHkt)50°C. The radical formation
was achieved by methanesulfonic acid (Ms&Hlbalyzed condensation of ketone and TBHP and
Oi O bond cleavage of the resulting alkenyl peroxidéhe cyanation of radicallkeneadduct
intermediate succeeded with methanesulfonyl cyanide (MsCN) to form the corresponding

o-cyanoketone.

MsOH CN Rs
R O TBHP
)\/R?) + )J\/Rs + MsCN > R2M\H/R4
R, R4 DCM R
50°C Rs O

via:
OOfBu 0
R “._R
R4)\¢ ° - {BuO- R4)\/ °
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After | joined the project, wexplored the application of aliphatic alkenes in this methad
could establis a series of aliphatic alkenes beartifferent functional groups and in addition
(R)-limonene could be functionalized at the exalic double bondFurthermore Wen Shao

p r ov e dcyandketanes goulde transformed by ensuingequences of reductiaryclization

or hydrogenatioftyclization to the corresponding lactones or piperidin€baracterization of
piperidines 16 by 2D NMR analysis (CDG) revealed that in the major diastereomer the aryl
substituents had a relatieans configuration. Interestigly, the analysis alsshowed the

CN i) Ra-Ni, PMP
PMP Hp, 75°C - H H
Ph . - N
ii) Boc,O Boc”
o o NEt, Ph
0°C - r.t. 16, 81%, d.r. = 3.2:1

preferential axial orientation of the two aryl substituemtseoretical calculation€FT, PD Dr.
Martin Breugst, Universitat zu KdJrapproved, thathe axialaxial conformatioris energetically
benefcial, arguably dueto steric repulsion betweertert-butoxycarbonyl (Boc) and
p-methoxyphenyl (PMPproups and aomplementary interaction of piperidines nitrogen lone
pair with the adjacent” orbital of the Ci PMP bond: For difunctionalizations of indenehe
alkylation-cyanation showed higher diastereoselectivities compared to the related alkylation
peroxidation procedure (up to d.r.>19:1 vs. uplt@:1). We believed thathis is caused by
mechanistic differences between the radical peroxidation and the cyanati@sg The higher
diastereoselectivitpf the cyanatiorcould be rationaliazed by the addition of the benzyl radical
intermediate to the TN triple bond of the sulfonyl cyanideompared to a radicaadicat
combination for the respective peroxidation @sx The ability of sulfonyl groups to act as
homol yti ¢ | e apusitiongo ragicals is possistert to fhis mechanistic progds4f
Calculations were plannagiith PD Dr. Martin Breugsfor future investigatons of the cyanation

process.
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4.3 Additions of Aldehydederived Radicals and NucleophilitAlkylindoles to

Styrenes
A vicinal acylatiorarylation techniqudor styrenesvas developedable to usestraightforward
aldehydes as {donorsand thus foradicd acylation.N-Alkylindoles or H-benzotriazolkserved
asnuakophi | es t o f or m fronhteeCiealaublentibnd in ore seaadioRurther,
the technique was implemewt by using photoredox catalyst Ir(ppydert-butyl perbenzoate
(TBPB) as oxidant and source teft-butoxyl radicals. The employment of a baseswecessary
in order to obtain the difunctionalization product. NaHG@s used in the technique and the

reactions were carried out under argon gas atmosphere in acetahibiaC

Ra
R N
R1 4 Ir(ppy)s Rs
)?\ N TBPB 7 5
+ + >
/
Ry H R NaHCO3;, MeCN
5 R3
Ry R,
R

H white LED, 65°C

The photoredox catalyzed methodology was outlined from thectied potentials of Ir(ppy)'°
andtert-butyl perbenzoate (TBPBY, which characterize an electron transfer from photoexcited

Ir(l)~ to TBPB as exergonic process and efedh a system of Ir(IV)/Ir(lll) to act In
experiments, this was supported by quenching the

TBPB BUO- + B2O® luminescence of Ir(lll)(ppy) with TBPB in

SET acetonitrile A SternVolmer analysis revealed that
dynamic as well astatic qenching processes might
Ir(111)(ppy)3’

be involved.The reductive cleavage of TBPB was
Ir(IV)(pPyY)s>

hy needed for the generation ofH-acceptos
tert-butoxyl radicals Thus, the applied radicals in

Ir(I1)(ppY)3 < R, O the difunctionalization werdormed by hydrogen
ArMR atom transfer (HAT). Recyclization to Ir(lll)

followed upon an electron transferomn radical

Ar)@\)'LR3 additionadduct of the styrengbenzyl radical)

while forming a benzylic carbocation intermedi&té>3This cationin turn engage in a reaction
with a nucleophileWhite light LEDirradiationdeliveredthe excitationenergyof the catalyst and

the light sourcegeneratedhe heat for a reaction temperature of 6%i@he vesselas well The

116



transforméion proceeds also at room temperature and a thewonadn irradiative perester
cleavage wer@ot obseved at 65°Cand white light irradiationThe approactrealized the first
difunctionalizationtechnique of addingcyl radicas generated from aldehydésgether with a
nucleophile to an alkendn general many different substituted bealdehyde were show to
work finein this procedureMoreover, aliphatic aldehydes were suitable substrates. Interestingly,
for pivaldehyde only the decarbonylat&tproduct could be isolated, whifer aldehydes with
less substitwtd U-carbonyl centersio indication for decarbonylation could be obs=t Radical
alkene difunctionalizatiortechniquesshowed up to the date of this thedism limitations.
Discussing dunctionalizations imfementing indole nucleophiles|l actual literature reports
demonstrated thabest results were received with electdomor substituted styrenes and the
successful use of lectronwithdrawing substitutedstyreneswas rare. This indicated the
importance for stabilization of a benzylic carbocaticermediate. Inie here presented method,
this was manifested by the preferenafebenzaldehydes to formroducts withp-methoxy or
U-substituteestyrenesFor instance,His could be harnessed to form a varietiNahethylindole
derived products bearingnaall-carbon quaternary centeln most reactions with substrate
combinations, that are incompatible to the techniquealternative reaction productould be
isolated impedingrationalization’® and leaving space for future werin this fieldof chemistry
for deepemnderstandingln addition when dispensingj-alkylindole from the reaction mixture
alkyl nitrile solvents were found to fillf the role of nucleophiles. e present benzoate anion
(from TBPB cleavage) led to therfnation of imides. This could be explained by tbesecutive
nucleophilic attack of the anion to the nitrilium cation and a Mumm rearrangém&he
possibility to use some chemibaldifferent nucleophiledurther supported thenclusion of a
carbocation intermediate in the reaction mechan&mong theimide preparations a product
bearing atert-butoxyl group had been synthesized, further indicating the presence of the

correspondig radical in the reaction system.
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5 Experimental Section

5.1 General Methods

If not stated otherwise, chemicals were used as received from commercial distriSoteests
used for column chromatography (hexanes, ethylacetate, dichloromethane) werenmakech
grade.Organic solvents used in reactions and reaction optimizations ugeck dried (MeCN,
dimethylformamide = (DMF), dimethylacetamide @ (DMA) commercially available;
dichloromethane, diethyl ether, tetrahydrofuramgethanolwere dried by distillatiormethods in
hous@ andstored under argon atmospheVéater as reaction solvent was usedeaeived from
local deionization process of MdXanckinstitut fir Kohlenforschung Mulheim/Ruhr,
Germany

Methylsulfonyl cyanide (MeS&N)*, substituted N-methylindole$®, subst-ituted

methylstyrene’$® were synthesized in adaption of known procedures.

Parts of thefollowing synthesischaracterizationsind descriptiongan be found in published

articles'?

o-Peroxyketonel7 was synthesized according to the difunctionalization procetiyrehe
KluBmann group o-Cyanoketonel8 was synthesized according to the procedure by the
KluBmann group.Polymerizations of acrylamide in aqueous medium veareied out leaning

on a procedure bBovey and Tierd3?

Thin-layer chromatography was usked determining reaction progression and product separation
proceduren MachereyNagel Polygram Sil G/UV254 thilayer plates. Spots were visualized
by UV-light irradiation and/or staining with an acidic cerium ammonium molybdate, an geidic

anislaldelyde, an acidic vanillin and/or a basic KMpO

For columnchromatographyMerck Silica Gel 60 (4®3um) was used as stationary phase.
Yields are given for pure, isolated compounds and referred to limiting reagents of the specific
reaction, if not stated loérwise.

Preparative thidayer chromatographfPTLC) were performed with POLYGRAM Sil G UV254
(500¢ mirom MacheneyNagel or SilicaGel 6(1500e m) from Mi |l es Scientif
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High performancediquid chromatography (HPLC) for reaction and diastereoamalysis were
carried out ora Shimadzu LE&0A HPLC system.

Gas chromatography (GC) analysis was qaned on a Agilent Technologies 6890N Network
GC System equipped with a MN Optima 5 Accent capillyry column (i82x 30m x 0.25um)

and a flame ionization detector usingheptadecane as internal standard. Probes contained 3
5 uL reaction mixture with @M (~1mL), when for analysis uL was injected by autosampler.
The device was coupled with an Agilent Technologies 5975C VL MSD mass detector for GC
MS measurements.

'H, 3C nuclear magnetic resonancéMR) spectra were resolved fromprobe
measwements on Bruker AR00, AV400, AV500 or AV600 spectrometers. Listings of probe
signals are connected to the measuretadrgquency and solvent in the following. All chemical
shifts are given downfieldelativeto TMS and are referred to a resonance aideal solvent
protors.’®” ®F NMR spectra were resoldefrom probe measurements on Bruker AV300 or

AV500 spectrometers

High resolution mass spectnaere gaied by probe measurement aBruker APEX Ill FTICR
MS or a Finnigan SSQ 7000 quadrupole MS or Finnigan MAT 95 double focusing sector field
MS device.

Luminescence measurings were performed on an Edinburgh Instruments FS5 Spectroflurometer
equipped with a ¥non arc lamp (15@%/, CW, ozondree) as light source. Monochromators were

of CzernyTurner design with plane gratings and the emission detector a Photomultiplier R928P
arranged in a 90° angle with the sample and light sourbe. smples were measured as

solutions in a square quartz cuvette (dimensionsntOx 10mm) at room temperature (r.t.)

Gel permeation chromatography (GPC) spectra wergatkefrom probe measurements over PSS
Suprema columns30°C, modified acrylate copolymed,0 um pore size8 mm inner diameter,
series ofl guard column (56nm length) and ®ltrahigh columns (30@nm length each))n
cooperation with the company polymer standard solutions (PSS) in Mainz, GeAsaglyent a
solution of NaNQ (0.1 M) in deionized water was usedhd@ PSS SECcurity 1260 HPLC pump
produced a flow rate of thL min™. Samples 0L of diluted rection mixtue~<3mg mLYin
eluent with 0.05% ethylenglycol as internal standaydwere injected by PSS SECcurity 1260

AutosamplerPSS SECcurity 1260 Diffen¢ial Refractometer RID was used as detector and the
119



spectra were analyzed on PSS WIinGPC UniChrom (version 8\83ar masses refer to
computed numerical solutions based on a calibration curve with solutions of pullulan of different
molar masses (18235000000Da).

Electron paramagnetic resonance (EPR) spectra were edsfvsbm probe measurements on a
X-band spectrometer from Magnettech GmbH of type MS5000 at/308& in cooperation
with the Schnegg group dhe MaxPlanckinstitut fir Energiekonversio in Milheim/Ruhr,
Germany The resonansewere recordedt microwave frequency of 9.47&Hz adjusted at a
microwave power of 1@nW. Furthermore a field sweep of 15T, centered at 337/GT, a
modulation amplitude of 0.mMT and a sweep time of 3were aplied Samples of aqueous
media were measured in a EPR twbkl.6 mm (0.d). Spectra were recorded every two minutes.

The EasySpin Software was used for simulations.

5.2 GeneralSynthesidProcedures

5.2.1 Polymerization of Acrylamide

acid (1mol% or 2.5mol%)
artemisinin (0.5mol%)
X sodium thioglycolate (0.5 or 2.5 mg mL™")

CONH,

H o
. 50 (1 mL), 37°C H,NOC
(6.3 mmol, 1 equiv.)

Scheme62. Artemisinin initiated polymerization of acrylamide

To a mixture of acrylamide460mg, 6.33mmol, 10 equiv.), artemisinin (8.9ng, 0.032mmol,
0.5mol%) and sodium tg#ate as internal standard, an aquesteck solution ofsodium 2-
mercapto acetate (L, 10mg/20mL or 50mg/20mL, respectively, as chainansfer agent)
was addedn a GC vial.While acrylamide fully dissolves, artemisinin mostly stays undissolved.
After the addition of acid agueous HCI solution,methybhosphonic acid oro-
benzodisulfonimide; 0.0ihmol or 0.16mmol, 1mol% or 2.5mol%, respectivelyand closure of
the vial, the reaction mixture was allowed to react at 3without stirring for 1618 h. After

samples for NMR analysis were taken, the reaction mixtures were steg&d@t

Note that iromeeds to be presemt traces For concentratedHCI of J.T. Bake with ACS grade

purity contains 0.ppm Fe.
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5.2.2 General Procedure ofCyanoketones

MsOH (10 mol%)

R
2 0 TBHP (3 equiv.) R, CN
R1)\ + )J\ + MsCN > R1J\K\H/R4
Rs R4 DCM (1.0 mL), 50°C B0
20 h 3

(2 equiv.) (3 equiv.) (0.5 mmol)
Scheme63. Gener all f o fcyanokdtomes o f 2
Methanesulfonyl cyanidé0.5mmol, 10 equiv.), alkene(1.0 mmol, 2.0 eqgu.), ketone (1.5
mmol, 3.0 equiy). andtBuOOH (TBHP, 5.5M solution in decane, 1.5 mmol, 3.0 equiv.) were
dissolved in dryDCM (1.0mL) under Ar gas atmosphere in a rhQ Schlenktube
Methanesulfonic acid (05mmol, 10mol%) wasfinally addedand after sealing the tube, the

reaction mixture wastirred overnight at 50°Gpout D h).

The cooled down reaction mixture wdsuted with EtOAg transferredand all volatiles were
removed undereduced pressure. The residue has lpeified by column chromatography on
silica el, using mixtures of hexanes/EtOAc af or d t h ecyadoketone(ire chse of

vinylarenessometimes togbaer with the sulfonyl peroxide)

5.2.3 General Procedure 6f(Indol-3-yl)ketones

R, !:{5 Ir(ppy)s (0.4 mol%)
O N tBuOOBz (2 equiv.)
+ )j\ +
/©/§ H R3 R m NaHCO3 (2 equiv.)
Rz 4 ¥ MeCN (5 mL),
hv, 65°C, 12 h
(0.5 mmol.) (5 equiv.) (3 equiv.)

Scheme64. General formation ob-(indol-3-yl)ketones

Tris(2-phenylpyridinateC2,N)iridium  (lll) (Ir(ppy)s, 1.3mg, 0.004equiv.) and sodium
hydrogencarbonat@4 mg, 1mmol, 2equiv.) were dispersed in dry acetonitrilent®) under Ar
gas atmosphere in a Schlemdundbottomflask (100mL, 0.5mmol scale). Subsequently the
corresponding styrene (Omdmol, lequiv.), N-methylindole (1.5mmol, 3equiv.), aldehyde
(2.5mmol, 5equiv.) and TBPB (Inmol, 2equiv.) were added to the yellow dispersion. The
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reaction mixture was stirred while irradiated with white light \MQOwvhite LED) for 12h. The

irradiationpowerproduceda reaction temperature of around 65°C.

The eaction mixture was diluted, dried under reduced pressure (after addition of some silica) and
the residue was purified by column chromatography using eluent mixtures of hexanes/EtOAc.

Theindole compounds often have showed tootkegose when stored in satwt.

For pivaldehyde the corresponding decarbonylated product has been isolated.

5.2.4 General Procedure thides

O O
Ir(ppy)s (2 mol%) )J\ L
©/\ tBUOOBzZ (2 equiv.) Ph” N7 R,
alkylInitrile R{CN (5 mL) ©)\,R
(0.5 mmol.) hv, 65°C

(aldehyde (5 equiv.)
R = acyl, a-cyanoalkyl, tBu
Scheme65. General formation of imides.

Tris(2-phenylpyridinateC2,N)iridium  (1lI) (Ir(ppy)s, 0.02equiv.) was dispersed in dry
alkylnitrile (1 mL, 0.2mmol scale’5 mL, 0.5mmol scalgrespectivelyunder Ar gas atmosphere
in a Schlenkube (10mL)/Schlenkroundbottomflask (100mL), respectively This was
followed by addingstyrene (lequiv.), (aldehyde if required @yuiv.)) and TBPB (2quiv.)to
the yellow dispersion. The reaationixture was stirred while irradiated with white light (40

white LED) for 20h. The irradiatiorpowerproduced reaction temperature of around 65°C.

The reaction mixture was dilutehd transferreddried under reduced pressure (after addition of
some silica) and the residue was purified lplumn chromatography usingixtures of

hexanes/EtOAc as eluent.
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5.3 Synthesis Producend Characterization

5.3.1 Polyacrylamide Products
Polyacrylamide LBO8

HCI (1.1mol%)
artemisinin (0.5mol%)
AN 2-mercapto acetate (0.5 mg mL™")

CONH,

H o

. 5,0 (1 mL), 37°C H,NOC

(6.3 mmol, 1 equiv.)

17.5 h: 89% conv.

94% conv.: M,, = 476000 Da, PDI =4.74

Scheme66. Acrylamide polymerization wh HCI and low transfer agent concentration.

The generaprocedure for polymerization of acrylamide usingaxueous solution of HCI (37
wt%, 6L, 1.1 mol%) as acid andodium2-mercapto acetate in a concentration of@mbL™” as
chaintransferagent led to the conversion of 89% of acrylamide to polyacrylamide aften17.5
After reaching 94% conversion thamsple was send t8olymer Standard Solutions for analysis
by GPC.The polyrmer sample featurelll,, = 100000Da, M,, = 476000Da, M, = 1620000Da and
aPDI=4.74.

Polyacrylamide LB0O10

HCI (1.1mol%)
artemisinin (0.5mol%)
AN 2-mercapto acetate (2.5 mg mL™")

CONH,

H o
(6.4 mmol, 1 equiv.)
17.5 h: 87% conv.
99% conv.: M,, = 102000 Da, PDI = 3.25

Scheme67. Acrylamide polymerization with HCIl and high transfer agent concentrati

The general procedure for polymerization of acrylamide using an aquelotisrs of HC| (37
Wt%, 6L, 1.1mol%) as acid andodium2-mercapto acetate in a concentration of@mbBL™ as
chaintransferagent led to the conversion of 87% of acrylamide to polyacrylamide afteh17.5

After reaching 99% conversion the sample wasdsto Polymer Standard Solutions for analysis
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by GPC. The polymer sample featured #31400 Da, M,, = 102000Da, M, = 208000Da and a
PDI=3.25

Polyacrylamide LB080

o-benzodisulfonimide (1mol%)
artemisinin (0.5mol%)
B 2-mercapto acetate (0.5 mg mL™")

CONH,

H o

. 50 (1 mL), 37°C H,NOC

(6.4 mmol, 1 equiv.)

17.25 h: 87% conv.

99% conv.: M, = 1010000 Da, PDI = 4.48

Scheme68. Acrylamide polymerization witlo-benzodisulfonimide.

The general procedure for polymerization of acrylamide usibgnzodisulfonamide (1#hg,
1.0mol%) as acid andsodium 2-mercapto acetate in a concentration of @BL™ as chain
transferagent led to the conversion of 87% of acrylamide to polyacrylamide afes H.7After
reaching 9% conversion the sample was send to Polymer Standduid®s for analysis by
GPC. The polymer sample featured #225000Da, M,, = 101000 Da, M, =3990000Da and a
PDI=4.48

Polyacrylamide LB114

methylphosphonic acid (2.5mol%)
artemisinin (0.5mol%)
XX 2-mercapto acetate (0.5 mg mL™")

CONH,

(6.3 mmol, 1 equiv.)

H,0 (1 mL), 37°C H,NOC

16 h: 94% conv.
M,, = 480000 Da, PDI = 3.71

Scheme69. Acrylamide polymerization with methylphosphonic acid (higher conc.).

The general procedure for polymerization of acrylamide using methylphosphonic acich{14.9
2.5mol%) as acidand 2mercapto acetate in a concentration of@mBL™ as chairtransferagent
led to the conversion of 94% of acrylamide to polyacrylamide aftér. Te sample was send to
Polymer Standard Solutions for analysis by GPC. The polymer sample featuret291000Da,

My = 480000Da, M, =1160000Da and a PD+ 3.71.
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5.3.2 2-Cyanoketones Products

4-Methyl-5-oxo-2-phenylheptanenitrile (51)

CN

0]

The general procedufe o fcyarmketonedy using 3pentanone as ketonstyrene as alkerend
amixture of hexane/EtOAc (v/= 7/1)as eluentor column chromatography lead to the isolation
of 5l as colorleswyiscous oil (40.2 mg, 37% vyield) indar.= 1.0:1 & determined by crude NMR
analysis.

'H NMR (501 MHz, CDCls, 1* diastereomere) Wppm7.38i 7.21 (m, 5H), 3.74 (dd] = 11.0,
5.4 Hz, 1H), 2.95 2.80 (m, 1H), 2.57 (dql= 17.8, 7.3 Hz, 1H), 2.40 (dd,= 17.8, 7.3 Hz, 1H),
2.22 (dddJ = 13.7, 10.3, 5.4 Hz, 1H), 1.70 (ddtk 13.7, 11.0, 3.8 Hz, 1H), 1.11 @z 7.2 Hz,
3H), 1.03 (tJ= 7.3 Hz, 3H).

3C NMR (126 MHz, CDCl;, 1% diastereomere) t/ppm 213.7, 135.9, 129.1, 128.1, 127.1,
120.6, 43.838.8, 35.6, 34.9, 18.0, 7.8.

HRMS (ESI) calculatedor [C14H:;NONa]': 238.120233, Found: 238.120330.

'H NMR (501 MHz, CDCls, 2" diastereomere) Ui 7.337 7.24 (m, 3H), 7.21 7.18 (m, 1H),
3.77 (dd,J = 8.7, 7.3 Hz, 1H), 2.61 2.52 (m, 1H), 2.45 (dqg] = 17.9, 7.3 Hz, 1H), 2.34 2.21
(m, 2H), 1.76 (dddj = 14.1, 7.1 Hz, 1H), 1.10 (d,= 7.1 Hz, 3H), 0.95 (tJ = 7.3 Hz, 3H).

3C NMR (126 MHz, CDCls, 2" diastereomere) i 213 . 1, 135 129.4,12D.8,9 .
431, 37.9, 35.0, 34.4,16.8, 7.7.

HRMS (ESI): calculatedor [C14H:sNON4™: 238.120233found: 238.120300 .
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2-(4,4-Dimethyl-3-oxopentyl)heptanedinitrile (73
o)

The general proceduffe o fcyarmketonedy using pinacolon@as ketone, @yanohexl-ene as
alkene andmixture of hexane/EtOAc (v/w 4/1Y 2/1) for column chromatographyled to the

isolation of7aascolorles oil (63.8 mg, 58% yield)

'H NMR (501 MHz, CDCls): Wppm2.73i 2.61 (m, 2H), 2.63 2.52 (m, 1H), 2.32 () = 6.8
Hz, 2H), 1.96i 1.78 (m, 1H), 1.87 1.52 (m, 7H), 1.10 (s, 9H).

3C NMR (126 MHz, CDCly): tippm214.49, 121.41, 119.22, 44.18, 33.53, 31.76, 30.73126
26.31, 26.29, 24.94, 17.04.

HRMS (ESI): calaulated for [C14H2oN,ONE™: 257.16243 1found: 257.162500.

2-1sopentyl-6,6-dimethyl-5-oxoheptanenitrile (7b)
CN
\(\)\/\(’)*
The gener al -cganoketoeaby usiag pinacolones ketone, Hnethylhexl-ene as

alkene and a mixture of hexane/EtOAc (#/9/1) for column chromatographjead to the

isolation of7b ascolorlessoil (20.0 mg, 18% vyield)

'H NMR (501 MHz, CDCly): Wppm2.75i 2.59 (m, 2H), 2.55 2.45 (m, 1H), 1.91 1.81 (m,
1H), 1.70i 1.63 (m, 1H), 1.57 1.46 (m, 3H), 1.39 1.31 (m, 1H), 1.30 1.20 (m, 1H), 1.09 (s,
9H), 0.84 (d,J = 2.4 Hz, 3H), 0.83 (d] = 2.4 Hz, 3H).

¥C NMR (126 MHz, CDCl3): t/ppm 214.60, 121.98, 44.18, 36.15, 33.67, 31.21, 30.44227
26.41, 26.39, 22.49, 22.26.

HRMS (ESI): calaulated for [C14H2sNONa]™: 246.182833Found:246.182540
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2-(3-Bromopropyl) -6,6-dimethyl-5-oxoheptanenitrile (79
CN
BfW
O

The general procedufe o fcyarmketonedy using pinacolonas ketone, hromopentl-ene as
alkene and amixture of hexane/EtOAc (v/® 7/1) for column chromatography, deto the

isolation of7cas yellowoil (31.4 mg, 23% vyield)

'H NMR (501 MHz, CDCly): &/ppm3.38 (t,J = 6.4 Hz, 2H), 2.73 2.62 (m, 2H), 2.63 2.55
(m, 1H), 2.11i 1.99 (m, 1H), 1.98 1.84 (m, 2H), 97 1.65 (m, 3H), 1.10 (s, 9H).

¥C NMR (126 MHz, CDCly): W/ppm 214.43, 121.34, 77.30, 77.04, 76.79, 44.18, 33.49, 32.35,
30.96 30.92, 30.21, 29.91, 26.46, 26.42, 26.29

HRMS (ESI): calculatedor [C1,H20NOBrNg*: 296.062058found: 296.062070.

2,6,6trimethyl -2-((R)-4-methylcyclohex3-en-1-yl)-5-oxoheptanenitrile (70

CN
@)

The general procedufe o 1tyarmketonedy using pinacoloeas ketone,R)-limonene as alkene
anda mixture of hexantOAc (v/v= 15/1) for columnchromatographyled to theisolaion of
7d as colourless, viscows! that solidifies upon freezingl(r. = 1:1 from *H NMR, 29.0 mg, 22%

yield).

'H NMR (300 MHz, CDCls, 2 diastereoisomers)i/ppm5.50i 5.09 (m, 1H), 2.72 2.50 (m,
2H), 2.171 1.77 (m, 6H), 1.73 1.52 (m, 1H), 1.59 (br, 3H), 1.451.27 (m, 1H), 1.21 (s, 3H of
1% diastereoisomer), 1.19 (s, 3H df Bliastereoisomer), 1.10 (s, 9H).
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13C NMR (75 MHz, CDCls, 2 diastereoisomes): tppm 214.59 (C, two diastereoisomers) ,
134.40 (C=CH, diastereocisomer 1), 134.12CHCH, diastereoisomer 2), 123.89 (CN,
diastereoisomer 1), 123.73 (CN, diasteoisomer 2), 11LCH-C, diastereoisomer 1), 119.46
(CH=C, diastereoisomer 2), 44.48 (Cotdiastereoisomers), 41.12 (C, diastereoisomer 1), 40.79
(C, diastereoisomer 2), 40.00 (CH, diastereosiomer 2), 39.90 (CH, diastereoisomer 1), 32.32
(CH,, diastereoisomer 1), 32.29 (gHliastereoisomer 2), 31.02 (gHliastereoisomer 2), 30.78
(CH,, diastreoisomer 1), 30.74 (GHdiastereoisomer 2), 30.50 (gHliastereoisomer 1), 27.46
(CH,, diastereoisomer 1), 26.60 (gHwo diastereoisomers), 26.26 (&Hliastereoisomer 2),
25.16 (CH, diastereoisomer 2), 24.14 (gHliastereoisomer 1), 23.31(gHliasterecisomer 1),

23.29 (CH, diastereoisomer 2), 21.12 (gHliastereoisomer 2), 20.47 (gHliastereoisomer 1).

HRMS (ESI): calaulated for [C17H27NON4™: 284.198483found: 284.198700.

2-(2-oxopropyl)-2,3-dihydro -1H-indene-1-carbonitrile (18)
CN
o)

The generaproceduref o fcyarmketonedy using acetonas ketone, indene as alkeaed a

mixture of hexankEtOAc (v/v=7/1Y 5/1)for columnchromatographyled to theisolaion of two

diastereomerd 8, eachas colourles®il (minor diastereomer: 238g, 0.12mmol, 23%; major
diastereomer: 5éhg, 0.27mmol, 54%).

From 'H NMR analysis of the crude reaction mixture a d8.6:1 from GC analysis

d.r.= 3.26:1 was procured.
Minor Diastereomer (cis):

'H NMR (501 MHz, CDCls): Wppm7.38 (d,J = 6.7 Hz, 1H), 7.31 7.21 (m, 3H), 85 (d,J =
7.7 Hz, 1H), 3.22 3.08 (m, 2H), 3.02 (dd] = 18.4, 7.8 Hz, 1H), 2.872.73 (m, 2H), 2.23 (s,
3H).

3C NMR (126 MHz, CDCls): /ppm206.8, 142.1, 137.1, 128.9, 127.6, 125.2, 124.9, 118.8,
45.7,39.1, 37.7, 37.4, 30.5.
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HRMS (GC-CI): calculatedor [C13H13N:01+H]": 200.106989found: 200.106890.
Major Diastereomer (trans):

'H NMR (501 MHz, CDCly): i 77. 788 (m, 1H), 7.30 7.21 (m, 3H), 3.88 (d] = 9.1 Hz,
1H), 3.35 (dd,) = 15.8, 7.8 Hz, 1H), 3.183.07 (m, 1H), 2.96 (dd, J = 17.5, 4.8,HH), 2.73
(dd,J=17.5, 8.8 Hz, 1H), 2.62 (dd, J = 15.8, 8.8 Hz, 1H), 2.22 (s, 3H).

3C NMR (126 MHz, CDClL,): i 206 .3, 142.0, 136.8, 128.9,
41.8,40.2, 37.7, 30.4, 26.7.

HRMS (GC-EI): calculated for [GzH13N104]": 199.09164 found: 199.099250.

5.3.3 b-(Indol-3-yl)ketone Products
3-(3,3-Dimethyl-1-phenylbutyl)-1-methyl-1H-indole (19

/
O \
VY

The general procedufer b-(Indol-3-yl)ketonesusing pivaldehyde in the reaction and a solvent
mixture of hexanes/EtOAc (v/v = 200/1) as eluen column chromatography lead to the

isolation of this product as pale yellow oil (6%, 0.20mmol, 39%).

'H NMR (501 MHz, CDCls): Wppm7.60 (d,J = 7.9 Hz, 1H), 7.37 (d] = 7.6 Hz, 2H), 7.28
7.23 (m, 3H), 7.18 (i) = 7.6 Hz, 1H), 7.14 () = 7.3Hz, 1H), 7.06 (1] = 7.4 Hz, 1H), 6.77 (s,
1H), 4.34 (ddJ = 7.9, 5.3 Hz, 1H), 3.71 (s, 3H), 2.19 (dd= 14.1, 5.3 Hz, 1H), 2.09 (dd,=
14.1, 7.9 Hz, 1H), 0.88 (s, 9H).

3C NMR (126 MHz, CDCly): t/ippm 147.0, 137.3, 128.4, 128.2, 127.2, 126.1, 1252.,.6,
120.9, 119.5, 118.7, 109.3, 50.1, 39.6, 32.8, 31.7, 30.4.

HRMS (ESI): calculated for [GHosN+H]™: 292.2060; found: 292.2060.
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3-(1-Methyl-1H-indol-3-yl)-1,3-diphenylbutan-1-one 0a)

The general procedufer b-(Indol-3-yl)ketonesusing a solvet mixture of hexanes/EtOAc (v/v =
4 0/ 25M) as eluent in column chromatograghgd to the isolation of thproduct20a as
yellow oil (120mg, 0.34mmol, 68%).

'H NMR (501 MHz, CDCls): Wppm7.61i 7.55 (m, 2H), 7.42 7.35 (m, 2H), 7.39 7.31 (m,
1H),7.29i 7.21 (m, 2H), 7.21 7.13 (m, 4H), 7.15 7.08 (m, 1H), 6.99 (d] = 8.1Hz, 1H), 6.91
i 6.83 (M, 1H), 6.86 (s, 1H), 4.01 (@z= 14.1 Hz, 1H), 3.73 (d] = 14.1 Hz, 1H), 3.66 (s, 3H),
1.98 (s, 3H).

¥C NMR (126 MHz, CDCls): t/ppm 200.1, 148.3, 138, 137.8, 132.2, 128.2, 127.9, 127.9,
126.9, 126.7, 126.3, 126.1, 122.3, 121.4, 121.3, 118.7, 109.3, 48.5, 42.2, 32.7, 28.3.

HRMS (ESI): calculated for [GsH23NONa]': 376.1672; found: 376.1671.

3-(1-Methyl-1H-indol-3-yl)-3-phenyl-1-(p-tolyl)butan -1-one R0b)

/
O N
g

@)

J 7

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 25/1) lead to the isolation of theroduct20b as yellow oil (99mg, 0.27mmol, 54%).

'H NMR (501 MHz, CDCls): Wppm7.51 (d,J = 8.2 Hz, 2H), 7.41 7.34 (m, 2H), 7.24 (1) =
7.6Hz, 2H), 7.21i 7.12 (m, 2H), 7.15 7.08 (m, 1H), 7.02 6.95 (m, 3H), 6.89 6.84 (m, 1H),
6.86 (s, 1H), 3.94 (dl = 14.3 Hz, 1H), 3.72 (d] = 14.3 Hz, 1H), 3.67 (s, 3H), 2.30 (s, 3H), 1.98
(s, 3H).
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¥C NMR (126 MHz, CDCls): t/ppm 199.5, 148.3, 143.0137.8, 135.9, 128.6, 128.2, 128.1,
126.9, 126.7, 126.4, 126.0, 122.5, 121.31, 121.30, 118.6, 109.3, 48.5, 42.2, 32.7, 28.3, 21.6.

HRMS (ESI): calculated for [GsH2sNONaJ": 390.1828; found: 390.1825

1-(4-(Tert-butyl)phenyl)-3-(1-methyl-1H-indol-3-yl)-3-phenylbutan-1-one 0¢

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 22/1) lead to the isolation of th@oduct20cas yellow oil (79ng, 0.29mmol, 39%).

'H NMR (501 MHz, CDCly): Uppm7.54i 7.48 (m, 2H), 7.39 (dd] = 8.2, 1.1 Hz, 2H), 7.28
7.22(m, 2H), 7.19 7.13 (m, 4H), 7.13 7.08 (m, 1H), 6.98 (d] = 8.2 Hz, 1H), 6.89 6.85 (m,
1H), 6.84 (s, 1H), 4.01 (d,= 14.0 Hz, 1H), 3.67 (dl = 14.0 Hz, 1H), 3.63 (s, 3H), 1.96 (s, 3H),
1.27 (s, 9H).

3C NMR (126 MHz, CDCls): t/ppm 199.8, 155.7, 48.5, 137.8, 135.8, 128.2, 127.8, 126.9,
126.8, 126.4, 126.0, 124.7, 122.2, 121.31, 121.30, 118.6, 109.2, 48.4, 42.2, 35.0, 32.6, 31.2, 28.4.

HRMS (ESI): calculated for [GoH3:NONa]'": 432.2298; found: 432.2296.

1-(4-1sopropylphenyl)-3-(1-methyl-1H-ind ol-3-yl)-3-phenylbutan-1-one 0d)
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The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 22/1) for column chromatography and a solvent mixture of hexanes/DCM (v/v = 50/50)
for a subsequent thin layer chromatgdmalead to the isolation of th@oduct20d as white solid
(132mg, 0.36mmol, 67%).

'H NMR (501 MHz, CDCls): Wppm7.49 (d,J = 8.2 Hz, 2H), 7.38 7.34 (m, 2H), 7.23 () =
7.6 Hz, 2H), 7.17 7.13 (m, 2H), 7.1% 7.07 (m, 1H), 6.97 (dd] = 14.5, 8.2 Hz, 3H), 6.87
6.83 (M, 1H), 6.83 (s, 1H), 3.97 @= 14.1 Hz, 1H), 3.66 (dJ = 14.1 Hz, 1H), 3.64 (s, 3H), 2.82
(h,J=6.9 Hz, 1H), 1.95 (s, 3H), 1.18 (@= 6.9 Hz, 6H).

¥C NMR (126 MHz, CDCls): t/ppm 199.8, 153.6, 148.4, 137.8, 136.3, 128.2, 128.1, 126.9,
126.8, 126.4, 126.0, 125.9, 122.3, 121.3 (2C8.4,1109.3, 48.4, 42.2, 34.2, 32.7, 28.4, 23.84,
23.80.

HRMS (ESI): calculated for [GgH2o0NONa]'": 418.2141; found: 418.2140.

1-([1,1'-Biphenyl]-4-yl)-3-(1-methyl-1H-indol-3-yl)-3-phenylbutan-1-one 0&

/
O N
/

o)

0 Q.

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 25/1) for column chromatogrhay lead to the isolation of thgroduct20e as yellow oil
(68 mg, 0.16mmol, 31%).

'H NMR (501 MHz, CDCl3): Wppm7.62i 7.56 (m, 2H), 7.55 7.49 (m, 2H), 7.48 7.41 (m,
2H), 7.42i 7.36 (m, 3H), 7.36 7.31 (m, 2H), 7.29 7.22 (m, 2H), 7.21 7.14 (m, 1H), 7.16
7.08 (m, 2H), 6.97 (d] = 8.0 Hz, 1H), 6.88 (ddd} = 8.0, 6.4, 1.6 Hz, 1H), 6.85 (s, 1H), 4.05 (d,
J=13.7 Hz, 1H), 3.69 (dl = 13.7 Hz, 1H), 3.62 (s, 3H), Tgs, 3H).

3C NMR (126 MHz, CDCls): t/ppm 200.0, 148.4, 144.8, 140.2, 137.8, 137.0, 129.0, 128.4,
128.2, 128.1, 127.3, 126.9, 126.8, 126.44, 126.43, 126.1, 122.1, 121.4, 121.3, 118.7, 109.3, 48.5,
42.4,32.7, 28.5.
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HRMS (ESI): calculated for [GgH2o0NONa]'": 452.1985; found: 452.1986.

1-(4-Fluorophenyl)-3-(1-methyl-1H-ind ol-3-yl)-3-phenylbutan-1-one Q0f)

/
O N
Y

O

T

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 13/1) for column chromatography and a solvent mixture of hexanes/EtOAc (v/v = 70/1)
for a subsequent thin layer chromatodrapead to the isolation of thgoduct20f as white solid

(124 mg, 0.33mmol, 67%).

'H NMR (501 MHz, CDCl): Wppm7.55i 7.49 (m, 2H), 7.38 7.32 (m, 2H), 7.27 7.19 (m,
2H), 7.19i 7.13 (m, 2H), 7.14 7.07 (m, 18, 6.93 (d,J = 8.0 Hz, 1H), 6.86 (ddd] = 8.0, 6.9,
1.0 Hz, 1H), 6.84 (s, 1H), 6.816.72 (m, 2H), 3.96 (d] = 13.6 Hz, 1H), 3.65 (s, 3H), 3.63 (4, (
= 13.6 Hz), 1H), 1.93 (s, 3H).

13C NMR (126 MHz, CDCl): t/ppm 198.8, 165.2 (dJ = 253.8 Hz), 148.2137.8, 134.7 (dJ =
3.1 Hz), 130.4 (dJ = 9.1 Hz), 128.3, 126.8, 126.7, 126.3, 126.2, 122.0, 121.A4d8.6 Hz),
118.8, 114.8, 114.7, 109.3, 48.4, 42.4, 32.7, 28.5.

1F NMR (471 MHz, CDCl3): 1i-106.85.

HRMS (ESI): calculated for [GsH2,NOFNa] : 3941578; found: 394.1576.

3-(1-Methyl-1H-indol-3-yl)-3-phenyl-1-(4-(trifl uoromethyl)phenyl)butan-1-one 09
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The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
100/1Y 15/1) as eluent in column chromatographyldeked by a preparative thin layer
chromatography with an eluent of hexanes/EtOAc (v/v = 70/1) lead to the isolation of the product
20gas colourless oil (12ihg, 0.30mmol, 60%).

'H NMR (501 MHz, CDCls): Wppm7.46 (d,J = 8.1 Hz, 1H), 7.36 (d] = 7.5 Hz,1H), 7.25 (tJ
= 8.5 Hz, 2H), 7.18 (t) = 7.2 Hz, 1H), 7.13 7.05 (m, 1H), 6.91 6.83 (m, 1H), 6.78 (s, OH),
4.09 (d,J = 12.9 Hz, OH), 3.59 (d] = 15.1 Hz, 1H), 1.89 (s, 1H).

13C NMR (126 MHz, CDCly): W/ppm200.4, 148.2, 140.9, 137.8, 133.2 Jg; 32.5 Hz), 128.46,
127.87, 126.9, 126.8, 126.41, 126.40, 124.5 (3.7 Hz), 121.7, 121.3 (2C), 119.0, 109.4, 48.7,
42.5,32.7, 28.8

% NMR (282 MHz, CDCls): W/ppm-63.09.

HRMS (ESI): calculated for [GsH2:FsNONa]': 444.1546; found: 444.1546.

1-(4-Methoxyphenyl)}-3-(1-methyl-1H-indol-3-yl)-3-phenylbutan-1-one 0h)

/
O N
Y

o)

0.

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 9/1) as eluent in column chromatography lead to the isolation of the p2@luas whie
solid (150mg, 0.39mmol, 78%).

'H NMR (501 MHz, CDClg): Wppm7.55 (d,J = 8.9 Hz, 2H), 7.38 7.34 (m, 3H), 7.23 (1) =
7.6 Hz, 2H), 7.19 7.13 (m, 2H), 7.10 (t) = 7.6 Hz, 1H), 6.97 (d] = 8.0 Hz, 1H), 6.88 6.83
(m, 2H), 6.63 (dJ = 8.9 Hz, 3H) 3.91 (d,J = 14.0 Hz, 1H), 3.77 (s, 3H), 3.66 (s, 3H), 3.65Xd,
= 14.0 Hz, 1H), 1.95 (s, 3H).

3C NMR (126 MHz, CDCls): t/ppm 198.5, 162.9, 148.4, 137.8, 131.5, 130.2, 128.2, 126.9,
126.7,126.4, 126.0, 122.5, 121.35, 121.34, 118.7, 113.0, 109.3482542.3, 32.7, 28.3.

HRMS (ESI): calculated for [GsHosNO>Na]™: 406.1777; found: 406.1773.
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3-(1-Methyl-1H-indol-3-yl)-1-(4-(methylthio)phenyl)-3-phenylbutan-1-one Q0i)

/
O N
Y

O

0.,

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexes/EtOAc (viv =
40/1Y 9/1) as eluent in column chromatography lead to the isolation of the p2@itag white
solid (142mg, 0.36mmol, 71%).

'H NMR (300 MHz, CDClg): Wppm7.48i 7.42 (m, 2H), 7.41 7.32 (m, 2H), 7.28 7.20 (m,
2H), 7.20i 7.14 (m, 2H) 7.147 7.07 (m, 1H), 6.98 6.91 (m, 3H), 6.89 6.83 (m, 1H), 6.83 (s,
1H), 3.94 (d,J = 13.8 Hz, 1H), 3.64 (s, 3H), 3.64 (= 13.8 Hz, 1H), 2.43 (s, 3H), 1.94 (s, 3H).

3C NMR (75 MHz, CDCls): Wppm 199.2, 148.3, 144.6, 137.8, 134.7, 128.3, 12828.9,
126.8, 126.4, 126.1, 124.4, 122.2, 121.4, 121.3, 118.7, 109.3, 48.3, 42.4, 32.7, 28.4, 14.9.

HRMS (ESI): calculated for [GsH2sNOSNa]: 422.1549; found: 422.1546.

1-(3,5-Dimethylphenyl)-3-(1-methyl-1H-indol-3-yl)-3-phenylbutan-1-one @0j)

The gewral proceduréor b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 20/1) for column chromatographpd a solvent mixture of hexanes/DCM (v/v = 70/30) for
a subsequent thin layer chromatqama lead to the isolation of theroduct20j as yellow oil
(101mg, 0.26mmol, 53%).

'H NMR (501 MHz, CDCls): Wppm7.40i 7.35 (m, 2H), 7.28 7.21 (m, 2H), 7.21 7.13 (m,
2H), 7.14i 7.07 (m, 3H), 7.00 6.94 (m, 2H), 6.87 (ddd} = 8.0, 7.0, 0.9 Hz, 1H), 6.82 (s, 1H),
4.00 (d,J = 13.7 Hz, 1H), 3.64 (s, 3H),&3 (d,J = 13.7 Hz, 1H), 2.13 (s, 6H), 1.94 (s, 3H).
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¥C NMR (126 MHz, CDCls): t/ppm 200.8, 148.5, 138.4, 137.8, 137.5, 133.8, 128.2, 126.9,
126.8, 126.5, 126.0, 125.8, 122.2, 121.4, 121.3, 118.7, 109.2, 48.6, 42.2, 32.7, 28.4, 21.1.

HRMS (GC-CI): calculded for [G7H2sNO+H]": 382.2165; found: 382.2166.

3-(1-Methyl-1H-indol-3-yl)-3-phenyl-1-(thiophen-2-yl)butan-1-one QOK)

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 9/1) as eluent in column chrotography lead to the isolation of the prodB6k as white
solid (133mg, 0.37mmol, 75%).

'H NMR (501 MHz, CDCl3): &Wppm7.41 (dd,J = 4.9, 1.0 Hz, 1H), 7.38 7.34 (m, 2H), 7.25
7.18 (m, 3H), 7.18 7.13 (m, 1H), 7.13 7.09 (m, 1H), 7.04 (dd] = 3.8,1.0 Hz, 1H), 6.94
6.92 (m, 1H), 6.92 (s, 1H), 6.896.82 (m, 1H), 6.73 (dd] = 4.9, 3.9 Hz, 1H), 3.85 (d,= 13.4
Hz, 1H), 3.68 (s, 3H), 3.61 (d,= 13.4 Hz, 1H), 1.96 (s, 3H).

¥C NMR (126 MHz, CDCly): t/ppm 192.6, 148.1, 145.9, 137.9, 133.2, 131198.3, 127.6,
126.9, 126.8, 126.4, 126.1, 122.1, 121.4, 121.3, 118.7, 109.3, 49.6, 42.6, 32.8, 28.5.

HRMS (ESI): calculated for [GHxNOS+H]: 360.1417; found: 360.1413.

2-(1-Methyl-1H-indol-3-yl)-2-phenylheptan4-one 14
/
i
7 o
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The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
40/1Y 22/1) as eluent in column chromatography lead to the isolation of the pradthuets
yellow oil (84mg, 0.26mmol, 53%).

'H NMR (501 MHz, CDCls): Wppm7.33i 7.29 (m, 2H), 7.28 7.23 (m, 3H), 7.21 7.14 (m,

2H), 7.16i 7.11 (m, 1H), 6.95 (d) = 8.1 Hz, 1H), 6.94 (s, 1H), 6.896.84 (m, 1H), 3.75 (s,
3H), 3.38 (dJ = 12.8 Hz, 1H), 3.15 (d] = 12.8 Hz, 1H), 1.88 (s, 3H), 1.79 (dt= 17.4, 7.0 Hz,
1H), 1.69 (dtJ = 17.4, 7.1 K, 1H), 1.31 1.23 (m, 2H), 0.57 (tJ = 7.4 Hz, 3H).

¥C NMR (126 MHz, CDCls): t/ppm 210.9, 148.2, 137.8, 128.2, 126.7, 126.6, 126.3, 126.1,
121.8, 121.5,121.2, 118.7, 109.4, 52.8, 46.7, 42.0, 32.8, 28.4, 16.8, 13.5.

HRMS (ESI): calculated for [G;H2sNONa]J'": 342.1828; found: 342.1823.

2-Methyl -5-(1-methyl-1H-ind ol-3-yl)-5-phenylhexan-3-one @1b)
/
i
7 0o
The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =

40/1Y 25/1) as eluent in column chromatography lead to the isolation of the pratiicts
yellow oil (54mg, 0.17mmol, 34%).

'H NMR (501 MHz, CDCl3): lppm7.32i 7.28 (m, 1H), 7.28 7.21 (m, 3H), 7.18 7.14 (m,
1H), 7.14i 7.10 (m, 1H), 6.9% 6.90 (m, 2H), 6.87 6.82 (m, 1H), 3.76 (s, 3H), 3.43 (@= 13.4
Hz, 1H), 3.23 (dJ = 13.4 Hz, 1H), 1.94 1.83 (m, 4H), 0.78 (d] = 6.9 Hz, 3H),0.70 (d,J=6.8
Hz, 3H).

3C NMR (126 MHz, CDCly): t/ippm 214.4, 148.3, 137.8, 128.2, 126.8, 126.5, 126.3, 126.1,
122.2,121.4,121.2,118.7, 109.4, 51.1, 42.0, 32.8, 28.3, 18.1, 17.6.

HRMS (ESI): calculated for [G:H,sNONa]J'": 342.1828; found: 342.1827.
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1-Cyclopentyl-3-(1-methyl-1H-indol-3-yl)-3-phenylbutan-1-one 10

v

The general procedufer b-(Indol-3-yl)ketonesusing a solvent mixture of hexanes/EtOAc (v/v =
50/1Y 25/1) as eluent in column chromatography lead to the isolation of the p&ihas pale
yellow oil (65mg, 0.19mmol, 38%).

'H NMR (501 MHz, CDCls): Wppm7.34i 7.30 (m, 2H), 7.28 7.23 (m, 3H), 7.21 7.13 (m,
1H), 7.13 (ddd,J = 8.1, 7.1, 1.0 Hz, 1H), 6.96 (d,= 8.0 Hz, 2H), 6.94 (s, 1H), 6.86 (ddi=
8.0, 7.0, 0.9 Hz, 1H), 3.76, 3H), 3.44 (dJ = 13.7 Hz, 1H), 3.26 (d] = 13.7 Hz, 1H), 2.25
2.15 (m, 1H), 1.90 (s, 3H), 1.531.43 (m, 5H), 1.39 1.27 (m, 3H).

¥C NMR (126 MHz, CDCls): t/ppm 212.9, 148.2, 137.8, 128.2, 126.5, 126.3, 126.0, 122.3,
121.4,121.2, 118.6, 109.32.7, 52.5, 42.0, 32.8, 29.0, 28.4, 28.3, 26.0.

HRMS (ESI): calculated for [G4H,sNONaJ": 368.1985; found: 368.1982.

3-(4,4-Dimethyl-2-phenylpentan-2-yl)-1-methyl-1H-indole (22)
/
Uy
Y

The general proceduréor b-(Indol-3-yl)ketonesusing pivaldehyde in theeaction and a solvent
mixture of hexanes/EtOAc (v/v = 200/1) as eluent in column chromatography, and a mixture of
hexanes/DCM (v/v = 30/1) for a subsequent thin layer chromatography lead to the isolation of

this product?2 as pale yellow oil (584ng, 0.27mmol, 55%).

'H NMR (501 MHz, CDCls): Wppm7.44i 7.40 (m, 2H), 7.28 7.22 (m, 3H), 7.19 7.10 (m,
2H), 7.04 (d,) = 8.1 Hz, 1H), 6.93 (s, 1H), 6.86 (ddtk 8.1, 7.1, 0.9 Hz, 1H), 3.77 (s, 3H), 2.43

(d,J=14.1 Hz, 1H), 2.34 (dl = 14.1 Hz, 1H), 1.92 (s, 3H), 0.79 (s, 9H).
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¥C NMR (126 MHz, CDCl3): t/ppm149.8, 137.9, 127.9, 127.7, 126.8, 126.11, 126.05, 125.6,
121.9,121.2, 118.4, 109.2, 53.7, 43.3, 32.9, 32.8, 32.1, 28.8.

HRMS (GC-El): calculated for [GH27N]": 305.2138; found: 305.2138.

1,3-Bis(4-methoxyphenyl)}3-(1-methyl-1H-indol-3-yl)propan-1-one £6)
/
L
7 0o
MeO I I OMe

The general procedufer b-(Indol-3-yl)ketonesusing solvent mixtures of hexanes/EtOAc (v/v =
30/1Y 7/3) for column chromatography lead to the isolation of the pro26eis white solid
(71 mg, 0.18mmol, 35%).

'H NMR (501 MHz, CDCl3): Wppm7.95i 7.90 (m, 2H), 7.48 7.42 (m, 1H), 7.29 7.23 (m,
3H), 7.21i 7.15 (m, 1H), 7.05 6.99 (m, 1H), 6.93 6.88 (m, 2H), 6.84 6.77 (m, 3H), 5.01 (t,
J=7.2 Hz, 1H), 3.86 (s, 3H), 3.75 (s, 3H), 3.72 (s, 3H), 8.3%52 (M, 2H).

¥C NMR (126 MHz, CDCk): t/ppm 197.3, 163.5, 158.0, 137.5, 136.8, 130.5, 130.4, 128.9,
127.1, 126.3, 121.8, 119.8, 118.9, 118.4, 113.9, 113.8, 109.3, 55.6, 55.3, 45.3, 37.6, 32.8.

HRMS (ESI): calculated for [GsH2sNOsNa]™: 422.1727; found: 422.1725.

3-(4-Methoxyphenyl)-3-(1-methyl-1H-indol-3-yl)-1-phenylbutan-1-one 73

/
O N
VY

O

MeO I I

The general proceduréor b-(Indol-3-yl)ketones using mixtures of hexanes/EtOAc (viv =
40/1Y 20/1) as eluent for column chromatography lead to the isolation of the pradaeis
yellow oil (144mg, 0.38mmol, 75%).
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'H NMR (501 MHz, CDCls): Wppm7.50i 7.44 (m, 2H), 7.28 7.21 (m, 1H), 7.19 7.13 (m,
2H), 7.10i 7.03 (m, 3H), 7.05 6.98 (m, 1H), 6.98 6.90 (m, 3H), 6.78 (ddd] = 8.0, 6.8, 1.2
Hz, 1H), 6.73 (s, 1H), 3.90 (d,= 14.1 Hz, 1H)3.59 (d,J = 14.1 Hz, 1H), 3.55 (s, 3H), 2.20 (s,
3H), 1.85 (s, 3H).

¥C NMR (126 MHz, CDCls): Wppm 200.2, 145.3, 138.4, 137.8, 135.4, 132.2, 128.9, 127.9
(2C), 126.7,126.70, 126.4, 122.4, 121.4, 121.3, 118.6, 109.3 48.6, 41.9, 32.7, 28.4, 21.1.

HRMS (ESI): calculated for [GsH2sNOzNa]": 406.1777; found: 406.1776.

3-(4-(Tert-butyl)phenyl)-3-(1-methyl-1H-indol-3-yl)-1-phenylbutan-1-one @7b)

The general procedufer b-(Indol-3-yl)ketonesusing solvent mixtures of hexanes/EtOAc (v/v =
40/1Y 25/1) for olumn chromatography and a solvent mixture of DCM/hexanes (v/v = 70/30)
for subsequent preparative thin layer chromatography lead to the isolation of the gitulast
white solid (154ng, 0.38mmol, 75%).

'H NMR (501 MHz, CDCl3): /ppm7.567 7.51 (m, 28, 7.35i 7.31 (m, 1H), 7.28 7.25 (m,
2H), 7.24i 7.20 (m, 2H), 7.19 7.14 (m, 2H), 7.14 7.10 (m, 2H), 7.02 (d] = 8.0 Hz, 1H), 6.90

i 6.85 (m, 2H), 3.95 (dJ = 13.8 Hz, 1H), 3.72 (d] = 13.8 Hz, 1H), 3.67 (s, 3H), 1.96 (s, 3H),
1.27 (s, 9H).

¥C NMR (126 MHz, CDCls): t/ppm 200.4, 148.6, 145.0, 138.4, 137.8, 132.1, 127.9, 127.8,
126.7, 126.47, 126.45, 125.0, 122.4, 121.5, 121.3, 118.5, 109.3, 48.8, 42.0, 34.4, 32.7, 31.5, 28.3.

HRMS (ESI): calculated for [GoH3:NONa]'": 432.2298; found: 432.2298.
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3-([1,1'-Biphenyl]-4-yl)-3-(1-methyl-1H-ind ol-3-yl)-1-phenylbutan-1-one 70

/
O \
Y

o

AT T T

The general procedufer b-(Indol-3-yl)ketonesusing solvent mixtures of hexanes/EtOAc (v/v =
40/1Y 25/1) as eluent in column chromatography and a mixture of hexanes/DCM (v/v = 80/20) in
a subsequw preparative thin layer chromatography lead to the isolation of the pradaets

white solid (150ng, 0.35mmol, 70%).

'H NMR (501 MHz, CDClg): Wppm7.63i 7.54 (m, 4H), 7.51 7.42 (m, 4H), 7.45 7.38 (m,
2H), 7.391 7.29 (m, 2H), 7.21 7.15 (m, 3, 7.15i 7.10 (m, 1H), 7.08 (d] = 8.1 Hz, 1H), 6.93
i 6.86 (M, 1H), 6.89 (s, 1H), 4.02 @z= 14.1 Hz, 1H), 3.78 (d] = 14.1 Hz, 1H), 3.68 (s, 3H),
2.02 (s, 3H).

3C NMR (126 MHz, CDCls): t/ppm 200.1, 147.3, 141.0, 138.7, 138.3, 137.8, 132.2, 128.8,
127.9, 127.9, 127.3, 127.1, 127.1, 126.8, 126.7, 126.3, 122.2, 121.41, 121.36, 118.7, 109.3, 48.7,
42.1,32.7, 28.3.

HRMS (ESI): calculated for [GH27NONa]': 452.1985; found: 452.1984.

3-(4-Fluorophenyl)-3-(1-methyl-1H-indol-3-yl)-1-phenylbutan-1-one R7d)

/
O N
Y

o)

JIORA®

The general procedufer b-(Indol-3-yl)ketonesusing solvent mixtures of hexanes/EtOAc (v/v =
40/1Y 22/1) as eluent in column chromatography lead to the isolation of the prdddcts
yellow oil (80mg, 0.23mmol, 43%).
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'H NMR (501 MHz, CDCls): U/ppm7.60 (dd,J = 8.3, 1.2 Hz, 2H)7.40i 7.35 (m, 1H), 7.35
7.30 (m, 2H), 7.22 7.16 (m, 3H), 7.16 7.11 (m, 1H), 6.97 (d] = 8.0 Hz, 1H), 6.94 6.86 (m,
4H), 3.95 (d,J = 14.2 Hz, 1H), 3.72 (dl = 14.2 Hz, 1H), 3.67 (s, 3H), 1.97 (s, 3H).

13C NMR (126 MHz, CDCls): U/ppm 199.8, 1&.2, 160.3, 143.8 (4] = 3.2 Hz), 138.0 (d"J =
50.6 Hz), 132.4, 128.5 (d) = 7.9 Hz), 128.0, 127.9, 126.5, 126.1, 122.3, 121.5, 121.2, 118.8,
114.8 (d2J = 20.9 Hz), 109.4, 48.7, 41.8, 32.7, 28.3.

% NMR (471 MHz, CDCls): UW/ppm-117.7.

HRMS (ESI): calculated for [GsH2,NOFNa] : 394.1578; found: 394.1574.

3-(4-Chlorophenyl)-3-(1-methyl-1H-indol-3-yl)-1-phenylbutan-1-one 7€
/
I
7 0
Cl [ [

The general procedufer b-(Indol-3-yl)ketonesusing solvent mixtures of hexanes/EtOAc (v/v =
40/1Y 25/1) as eluent in colon chromatography lead to the isolation of the prodiret as
yellow oil (107mg, 0.28mmol, 54%).

'H NMR (300 MHz, CDCl): Wppm7.66i 7.57 (m, 2H), 7.42 7.35 (m, 1H), 7.34 7.28 (m,
2H), 7.24i 7.17 (m, 5H), 7.17 7.10 (m, 1H), 7.00 (d] = 8.0 Hz,1H), 6.95 6.88 (m, 1H), 6.86
(s, 1H), 3.97 (dJ = 14.4 Hz, 1H), 3.71 (dl = 14.4 Hz, 1H), 3.67 (s, 3H), 1.96 (s, 3H).

3C NMR (75 MHz, CDCls): W/ppm 199.5, 146.8, 138.2, 137.8, 132.4, 131.8, 128.5, 128.3,
128.0, 127.9 126.6, 126.1, 122.0, 121.5, 12118,8, 109.4, 48.5, 41.9, 32.7, 28.2.

HRMS (ESI): calculated for [GsH2,NOCINa]: 410.1282; found: 410.1282.
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4-(2-(1-Methyl-1H-indol-3-yl)-4-oxo-4-phenylbutan-2-yl)benzonitrile (271)

/
O N
Y

O

AT T

The general proceduréor b-(Indol-3-yl)ketones using mixtures ofhexanes/EtOAc (viv =

9/1Y 4/1) as eluent for column chromatography and a mixture of hexanes/DCM (v/v = 30/70) in
a subsequent preparative thin layer chromatography lead to the isolation of the giticasct
yellow oil (22mg, 0.058mmol, 12%).

'H NMR (500 MHz, CDCl3): Wppm7.66i 7.60 (m, 2H), 7.54 7.45 (m, 4H), 7.43 7.38 (m,
1H), 7.26i 7.18 (m, 3H), 7.14 (ddd] = 8.2, 5.2, 2.9 Hz, 1H), 6.936.84 (m, 3H), 3.97 (d] =
14.9 Hz, 1H), 3.75 (d] = 14.9 Hz, 1H), 3.70 (s, 3H), 1.98 (s, 3H).

3¢ NMR (126 MHz, CDCls): Wppm198.0, 152.8, 137.02, 136.95, 131.9, 131.1, 127.3, 127.1,
127.0, 125.6, 124.9, 120.9, 120.6, 119.9, 118.3, 118.2, 109.0, 108.7, 47.5, 41.6, 31.9, 26.8.

HRMS (ESI): calculated for [GsH2:N,ONaJ : 401.1624; found: 401.1622.

3-(1-Methyl-1H-indol-3-yl)-1,3,3triphenylpropan -1-one (279

The general procedurér b-(Indol-3-yl)ketones using mixtures of hexanes/EtOAc (viv =
17/1Y 12/1) as eluent for column chromatography lead to the isolation of the p@dyets
white solid (128ng, 0.31mmol, 63%). By recrystallization from THF/pentane suitable crystals

for X-ray diffractometry analysis were obtained.
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'H NMR (501 MHz, CDCls): Wppm7.81i 7.76 (m, 2H), 7.50 7.42 (m, 1H), 7.37 7.29 (m,
6H), 7.28i 7.20 (m, 5H), 7.22 7.14 (m, 2H), 7.11ddd,J = 8.1, 6.7, 0.9 Hz, 1H), 6.91 (d=
8.0 Hz, 1H), 6.83 (ddd] = 8.0, 6.8, 1.0 Hz, 1H), 6.75 (s, 1H), 4.49 (s, 2H), 3.70 (s, 3H).

¥C NMR (126 MHz, CDCly): t/ppm 197.8, 146.5, 138.2, 137.7, 132.7, 129.6, 128.9, 128.4,
127.9 (2C), 127.2,126.1,13, 121.2, 121.2, 118.8, 109.4, 51.5, 49.6, 32.9.

HRMS (ESI): calculated for [GoH2sNONa]': 438.1828; found: 438.1832.

3-Cyclopropyl-3-(1-methyl-1H-indol-3-yl)-1,3-diphenylpropan-1-one 7h)

O NMe
y

0]

JA T

The general procedurr b-(Indol-3-yl)ketonesa solvent mikure of hexanes/EtOAc (viv =
200/1) as eluent in column chromatography lead to the isolation of this p@ducs pale
yellow oil (50mg, 0.13mmol, 26%).

'H NMR (501 MHz, CDClg): Wppm7.62i 7.58 (m, 2H), 7.38 7.31 (m, 3H), 7.24 7.19 (m,

2H), 7.19i 7.14 (m, 3H), 7.11 (d, J = 8.2 Hz, 1H), 7.05 (s, 1H), 7.0602 (m, 1H), 6.76 (td, J =

7.5, 6.9, 1.0 Hz, 1H), 6.68 (d, J = 8.2 Hz, 1H), 4.12 (d, J = 13.8 Hz, 1H), 3.83 (d, J = 13.8 Hz,
1H), 3.68 (s, 3H), 2.1# 2.06 (m, 1H), 0.51 0.38 (m, 2H), 0.04 -0.05 (m, 2H).+

3C NMR (126 MHz, CDCls): /ppm 200.2, 144.3, 138.7, 137.4, 132.1, 128.8, 127.87, 127.85,
127.6,127.2, 126.3, 121.7, 121.1, 119.2, 118.6, 109.2, 48.8, 46.3, 32.8, 18.8, 2.1.

HRMS (ESI): calculated for [G;H,sNONaJ': 402.1828; found: 402.1833.
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3-(1,5Dimethyl-1H-indol-3-yl)-1,3-diphenylbutan-1-one 83
/
N
(L s

The general procedufer b-(Indol-3-yl)ketonesusing column chromatography with an eluent of
hexanes/EtOAc (v/iv = 40¥127/1), followed by a preparative thin layer chromatography with
eluent hexanes/DCM (v/v = 75/25) lead e isolation of the produ@8aas yellow oil (112ng,
0.30mmol, 61%).

'H NMR (501 MHz, CDCls): Wppm7.59 (ddJ = 8.4, 1.2 Hz, 2H), 7.4D 7.32 (m, 3H), 7.27
7.20 (m, 2H), 7.20 7.13 (m, 3H), 7.06 (d] = 8.3 Hz, 1H), 6.93 (dd] = 8.3, 1.3 Hz, 1H)6.80i
6.75 (m, 2H), 3.96 (d] = 14.3 Hz, 1H), 3.73 (d] = 14.3 Hz, 1H), 3.63 (s, 3H), 2.27 (s, 3H), 1.96
(s, 3H).

¥C NMR (126 MHz, CDCls): t/ppm 200.1, 148.2, 138.4, 136.3, 132.2, 128.2, 127.9, 127.9,
127.7,126.9, 126.8, 126.5, 126.0, 123.0, 121.8,0.2109.0, 48.7, 42.2, 32.7, 28.2, 21.7.

HRMS (ESI): calculated for [GsH2sNONa]": 390.1828; found: 390.1822.

3-(5-Bromo-1-methyl-1H-indol-3-yl)-1,3-diphenylbutan-1-one 28b)
/
N
(L) <
Br

The general procedufer b-(Indol-3-yl)ketonesusing column chromatographyittv an eluent of
hexanes/EtOAc (v/v = 40¥118/1), followed by a preparative thin layer chromatography with
eluent hexanes/DCM (v/v = 75/25) lead to the isolation of the pr@&8icas yellow oil (114ng,
0.26mmol, 53%).
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'H NMR (501 MHz, CDCls): Wppm7.59i 7.53 (m, 1H), 7.37 7.31 (m, 2H), 7.28 7.23 (m,
2H), 7.20i 7.14 (m, 4H), 7.05 (d] = 1.8 Hz, 1H), 7.00 (d] = 8.7 Hz, 1H), 6.85 (s, 1H), 3.96 (d,
J=14.1 Hz, 1H), 3.66 (d] = 14.1 Hz, 1H), 3.62 (s, 2H), 1.93 (s, 2H).

¥C NMR (126 MHz, CDCls): t/ppm199.9, 147.8, 138.3, 136.4, 132.3, 128.4, 128.04, 128.01,
127.95, 127.85, 126.7, 126.3, 124.3, 123.6, 121.7, 112.1, 110.8, 48.3, 42.1, 32.9, 28.5.

HRMS (ESI): calculated for [GsH2:BrNONa]': 454.0777; found: 454.0773.

3-(1-Benzyt1H-indol-3-yl)-1,3-diphenylbutan-1-one 8¢

The general proceduréor b-(Indol-3-yl)ketones using mixtures of hexanes/EtOAc (viv =
40/1Y 27/1) as eluent for column chromatography lead to the isolation of the pr28iels
white solid (93mg, 0.21mmol, 44%).

IH NMR (501 MHz, CD,Cl,): Wppm7.68i 7.62 (m, 2H), 7.43 7.37 (m 3H), 7.34i 7.23 (m,
5H), 7.26i 7.14 (m, 2H), 7.14 (d] = 8.3 Hz, 1H), 7.07 (s, 1H), 7.066.97 (m, 4H), 6.87 6.80
(m, 1H), 5.25 (s, 2H), 4.03 (d,= 14.2 Hz, 1H), 3.76 (d = 14.2 Hz, 1H), 1.96 (s, 3H).

13C NMR (126 MHz, CD.Cl,): t/ppm199.7, 1488, 138.6, 138.3, 137.7, 132.6, 129.1, 128.37,
128.35, 128.2, 127.8, 127.2, 127.0, 126.9, 126.5, 126.3, 123.2, 121.8, 121.5, 119.1, 110.2, 50.3,
48.3, 42.4, 28.4.

HRMS (ESI): calculated for [G;H,NONaJ: 452.1985; found: 452.1989.
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3-(1H-benzol[d][1,23]triazol-1-yl)-1,3-diphenylbutan-1-one R9)

The general procedufer b-(Indol-3-yl)ketonesusing benzotriazole as nucleophile instead of an
indole and mixtures of hexanes/EtOAc (v/v =¥/4/1) as eluent for column chromatography,
followed by a preparative thin layer chromatography with eluent DCM lead to the isolatian of th
product29 as white solid (83ng, 0.24mmol, 49%).

'H NMR (501 MHz, CDCls): /ppm8.04 (d,J = 8.4 Hz, 1H), 7.9G 7.83 (m, 2H), 7.53 7.48

(m, 1H), 7.41i 7.36 (m, 2H), 7.34 7.28 (m, 3H), 7.28 7.24 (m, 3H), 7.18 (dddl = 8.0, 7.0,

1.0 Hz, 1H), 6.2 (d,J = 8.5 Hz, 1H), 4.61 (dJ = 16.7 Hz, 1H), 4.32 (d] = 16.7 Hz, 1H), 2.41
(s, 3H).

3C NMR (126 MHz, CDCls): t/ppm 196.1, 146.9, 142.4, 137.5, 133.3, 132.1, 128.9, 128.6,
128.3,128.1, 127.0, 126.4, 123.9, 120.1, 112.3, 66.7, 49.2, 26.1.

HRMS (ESI): calculated for [GH1oN3ONaJ : 364.1420; found: 364.1421.

5.3.4 Imide Products
N-Acetyl-N-(3-cyclopentyt3-oxo-1-phenylpropyl)benzamide @0a)

Ph)ol\NJol\

The general procedurtor imide synthesisusing for column chromatography an eluent of
hexanes/EtOAc (v/v = 100/¥085/15), combined with a further purification by preparative thin
layer chromatography an eluent of DCM/hexanes (v/v = 95/5) lead to the isolation of the product.

The substanc80awas obtained as colourless oil (8@, 0.17mmol, 34%)
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'H NMR (300 MHz, CDCl3): U Ti. 7656 (m,2H), 7.55i 7.48 (m, 1H), 7.48 7.37 (m,4H),
7.357 7.28 (m, 2H) 7.27 i 7.19 (m 1H), 6.07 (ddJ = 9.5, 5.3 Hz, 1H), 3.86dd,J = 18.0, 9.5
Hz, 1H), 3.25 (ddJ = 18.0, 5.3 Hz, 1H), 2.952.80 (m, 1H), 1.89 (s, 3H), 118 1.63 (m,4H),
1.62i 1.47 (m,4H).

¥C NMR (75 MHz, CDCl): Wppm 210.7, 174.6, 173.9, 139.7, 136132.8, 129.1, 128.9,
128.6, 127.8, 127.7, 56.3, 51.8, 44.4, 29.1, 28.9, 27.7, 26.1, 26.0.

HRMS (ESI): calculated for [GsH2sNOsNa]™: 386.1727; found: 386.1726.

N-Acetyl-N-(3,3-dimethyl-1-phenylbutyl)benzamide (30b)

Ph)O]\NJOj\

The general proceduror imide synthesisusing pivaldehyde in the reaction, acetonitrile as
solvent and a mixtures of hexanes/EtOAc (v/v = ¥5/85) as eluent in chromatography lead to
the isolation 6 this substanc&0b as white solid (0.Inmol scale: 17 mg, 0.058mol, 53%;
0.5mmol scale: 79ng, 0.24mmol, 49%)

'H NMR (501 MHz, CDCls): Wppm7.53i 7.44 (m, 5H), 7.38 7.31 (m, 2H), 7.28 7.21 (m,
2H), 7.21i 7.14 (m, 1H), 5.85 (dd] = 7.0, 5.4 Hz1H), 2.44 (dd, = 14.7, 7.0 Hz, 1H), 2.17 (dd,
J=14.7,5.4 Hz, 1H), 1.73 (s, 3H), 0.90 (s, 9H).

¥C NMR (126 MHz, CDCly): Wppm174.7, 172.9, 141.0, 137.3, 132.9, 129.0, 128.92, 128.87,
128.3, 127.6, 57.9, 45.8, 31.0, 20.0, 28.1.

HRMS (ESI): calculatel for [CoHasN1O,Na]+: 346.1777; found: 346.1776.

148



N-Acetyl-N-(3-(4-methoxyphenyl)-3-oxo-1-phenylpropyl)benzamide B0
O O
oA

Sf o}

The general procedurtor imide synthesisusing for column chromatography an eluent of
hexanes/EtOAc (v/v = 6X1.7/3) lead to thesolation of the product. The substarB@c was
obtained as palgellow oil (104mg, 0.26mmol, 52%).

'H NMR (501 MHz, CDCly): Wppm 8.01i 7.94 (m, 2H), 7.62 7.57 (m, 2H), 7.55 7.47 (m,
3H), 7.37 (tJ = 7.6 Hz, 2H), 7.33 (t) = 7.6 Hz, 2H), 7.27 7.21 (m, 1H), 6.95 6.88 (m, 2H),
6.26 (dd,J = 9.2, 5.3 Hz, 1H), 4.39 (dd,= 17.6, 9.2 Hz, 1H), 3.85 (s, 3H), 3.72 (dd= 17.6,
5.3 Hz, 1H), 1.88 (s, 3H).

3C NMR (126 MHz, CDCls): t/ippm 196.2, 174.7, 173.9, 163.8, 139.7, 136.8, 132.8, 130.6,
129.9, 12.0, 128.9, 128.6, 127.8, 127.7, 113.9, 56.7, 55.6, 40.9, 27.7.

HRMS (ESI): calculated for [GsH23NO4Na]™: 424.1519; found: 424.1520.

N-(3-Cyano-1-phenylbutyl)-N-propionylbenzamide (33a)
O O

\)]\N)]\Ph

<pu

From product mixture after column chromatograptry ~1.4/1

The general procedurdor imide synthesisusing propionitrile as solvent and a mixture of
hexanes/EtOAc (v/v = 19¥16/1) as eluent in column chromatoghy lead to the isolation of the

substanceas colourless oil (0..amol scale: d.r. 1.4/1, 8@g, 0.24mmol, 50%).
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Via preparative HPLC ( CQDO002a 25arank Chifdalpak, 30nnme m,
diameter, eluent:-heptane/ethanol (v/v = 99/1)) the major diastereoisoBfawas separated as
colourless oil (19ng, 0.057mmol, 11%).

Major Diastereoisomer:

'H NMR (501 MHz, CDCls): Wppm7.55i 7.51 (m, 3H), 7.49 7.44 (m, 2H), 7.42 7.37 (m,
2H), 7.34i 7.29 (m, 2H), 7.29 7.23 (m, 1H), 5.86 (dd] = 10.1, 6.0 Hz, 1H), 2.84 (ddd,=
13.9, 10.1, 5.6 Hz, 1H), 2.762.67 (m, 1H), 2.44 (ddd] = 13.9, 9.4, 6.0 Hz, 1H), 2.131.99
(m, 2H), 1.40 (dJ = 7.0 Hz, 3H), 0.89 () = 7.3 Hz, 3H).

¥C NMR (126 MHz, CDCly): tippm 177.9, 174.5, 138.5, 136.6, 133.3, 129.2, 128.9, 128.8,
128.29, 128.25, 122.4, 58.5, 37.2, 33.5, 23.4, 18.2, 9.9.

HRMS (ESI): calculated for [GH2:N0,Na]™: 357.1573; found: 357.1574.

N-(3-Cyano-3-methyl-1-phenylbutyl)-N-isobutyrylbenzamide @3b)

AA
<!

CN

The gemrral procedurdor imide synthesisusing isobutyronitrile as solvent and a mixture of
DCM/hexanes (v/v = 95/5) as eluent in column chromatdyrégad to the isolation afubstance
33bas colourless oil (0..amol scale: 64ng, 0.18mmol, 35%).

'H NMR (300 MHz, CDCl3): Wppm 7.59i 7.48 (m, 5H), 7.43 7.36 (m, 2H), 7.34 7.21 (m,
3H), 5.96 (ddJ = 7.5, 5.6 Hz, 1H), 2.77 (dd,= 14.8, 7.5 Hz, 1H), 2.62 (dd,= 14.8, 5.6 Hz,
1H), 2.16 (hept) = 6.6 Hz, 1H), 1.42 (s, 3H), 1.29 (s, 3H), 0.73J&; 6.6 Hz 3H), 0.71 (d,) =

6.6 Hz, 3H).

¥C NMR (75 MHz, CDCls): Wppm 181.9, 173.9, 139.0, 137.0, 133.0, 129.3, 129.1, 128.9,
128.6, 128.4, 124.6, 57.7, 43.7, 39.0, 31.6, 28.0, 26.9, 19.6, 18.9.

HRMS (ESI): calculated for [GH1,Cl;Na]": 385.1886; found: 385.188
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N-Acetyl-N-(3-cyano-1-phenylpropyl)benzamide (33¢
O O
)LNJ\Ph
o9

The general procedurr imide synthesis using acetonitrile as solvent and a mixture of
hexanes/EtOAc (v/v = 95%580/20) as eluent in column chromatograpéad to the isolation of
substanc@&3cas colourless oil (0.tamol scale: 7.4ng, 0.024mmol, 24%).

'H NMR (400 MHz, CDCly): Wppm7.56i 7.48 (m, 3H), 7.46 7.41 (m, 2H), 7.41 7.36 (m,
2H), 7.337 7.28 (m, 2H), 7.27 7.22 (m, 1H), 5.78 (dd] = 8.8, 7.0 Hz, 1H), 2.90 2.75 (m,
1H), 2.68i 2.54 (m, 1H), 2.50 2.36 (m, 2H), 1.83 (s, 3H).

13C NMR (101 MHz, CDCly): t/ppm 173.6, 171.8, 136.8, 135.3, 132.5, 128.2, 128.0, 127.8,
127.4,118.1, 58.1, 27.3, 26.5, 14.3.

HRMS (ESI): calculated for [GoH1sN202Na]™: 329.1260; found: 329.1257.

N-Acetyl-N-(1-phenylpropyl)benzamide (34
O O
)LNJLPh

o

The general proceduréor imide synthesisusing acetonitrile as solvent and a mixture of
hexanes/EtOAc (v/iv = 95/5) as eluent in column chromatography, and a mixture of
hexanes/EtOAc (v/iv = 98/2) for a subsequent pipag thin layer chromatogphy lead to the
isolation ofsubstanc&4 as colourless solid (Orimol scale: 6.6ng, 0.23mmol, 23%).

'H NMR (501 MHz, CDCly): Uppm 7.63i 7.57 (m, 2H), 7.56 7.49 (m, 1H), 7.47 (d] = 7.4
Hz, 2H), 7.44 7.37 (m, 2H), 7.33 7.26 (m, 2H), 7.26 7.18 (m, 1H), 5.67 5.59 (m, 1H), 2.46
i 2.33 (m, 1H), 2.33 2.20 (m, 1H), 1.84 (s, 3H), 1.00 J= 7.4 Hz, 3H).
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13C NMR (126 MHz, CDCly): Uppm 174.6, 173.4, 139.9, 137.0, 133.0, 129.0 (2C), 128.39,
128.38, 127.6, 62.3, 27.7, 25.3, 11.9.

HRMS (ESI): calculated for [GgH1oN1O,Na]™: 304.1308; found: 304.1306.

N-Acetyl-N-(2-(tert-butoxy)-1-phenylethyl)benzamide (3%
O O
)LNJ\Ph
( j O\|<

The general mcedurefor imide synthesisusing acetonitrile as solvent and a mixture of
hexanes/EtOAc (v/iv = 95/5) as eluent in column chromatography, and a mixture of
hexanes/EtOAc (v/v = 98/2) for a subsequent preparative thin layer chromatpégagd to the
isolation ofsubstanc&5 as colourless oil (0.tamol scale: 3.Ing, 0.009mmol, 9%).

'H NMR (501 MHz, CDCly): Wppm7.77i 7.71 (m, 2H), 7.5 7.44 (m, 3H), 7.39 7.34 (m,
2H), 7.29i 7.24 (m, 2H), 7.23 7.16 (m, 1H), 5.62 (dd] = 10.5, 5.1 Hz, 1H), 4.08 (dd= 10.5,
9.2 Hz, 1H), 3.66 (dd] = 9.2, 5.1 Hz, 1H), 1.80 (s, 3H), 0.97 (s, 9H).

3C NMR (126 MHz, CDCls): tippm 174.3, 173.1, 138.4, 137.1, 132.8, 129.7, 128.7, 128.5,
128.2,127.7, 73.7, 61.6, 61.4, 27.4, 27.2

HRMS (ESI): calculated for [GiH2sN;OsNa]": 362.1727; found: 362.1727.
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5.3.5 Other Roducts
2,3,4,4a,5,6,6a,11,11a,14decahydro-1H-indeno[1,2-c]quinolin -5-ium chloride (15)

A stock solution of hydrogen chloride in methanol (IM20.50mL) was prepared by dropwise
addition of acetylchloride (5¢ L) t o stirrmld. met hanol (0.50

The stock solution of hydrogen chloride (0rbQ, 5.6equiv.) was added totert-butyl
1,2,3,4,4a,6,6a,11,11a,tlecahydrebH-indeno[1,2c]quinoline-5-carboxylate  14) (8.8mg,
0.027mmol, 1.0equiv.). The resting solution was stirred for B at r.t. The yieldedwhite
precipitate (7.Ing, 0.027mmol, 97%) was sepated by filtration, driedin vacuo and
recrystalized fromMeOH/EtO by gas phase diffusion. The single crystafs15 (6.2 mg,
0.024mmol, 82%)weresuitablefor X-ray diffractometry.

'H NMR (501 MHz, CDCl3): tippm7.30i 7.23 (m, 1H), 7.23 7.12 (m, 3H), 4.58 (s, 1H), 4.01
(dd,J = 11.3, 3.5 Hz, 1H), 3.56 3.45 (m, 1H), 3.20 (td) = 12.0, 3.6 Hz, 1H), 3.16 3.06 (m,
1H), 2.76 (dJ = 9.2 Hz, 2H), 2.34 2.16 (m, 2H), 2.07 1.65 (m, 5H), 1.64 1.48 (m, 2H), 1.48
i 1.36 (m, 1H).

¥C NMR (126 MHz, CDCly): Wppm 144.46, 142.44, 128.37, 127.51, 126.00, 123.02, 58.30,
52.47,49.45, 40.74, 37.88, 88, 29.86, 25.79, 22.29, 20.80.

HRMS (ESI): calalated for GigHooN* [M-CI™: 228.174674,dund: 228.74490.

1-(1-(tert-butylperoxy)-2,3-dihydro-1H-inden-2-yl)-3,3-dimethylbutan-2-one (17)

OOtBu
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In a 10mL-Schlenk tube indene (839L , mfol, 3.0equiv.) was dissolved in MeCN (2n0L)
underAr gas atmosphere. Pinacolone (314 , mol, %0 equiv.) anda sdution of TBHP
(5.5M in decane, 364 L , mthol,@0equiv.)were added. After the addition of catalytic
pTsOH (10.4mg, 0.054mmol, 0.11equiv.) the reaction mixture was stirred at 50°C foh13

By HPLC separation a diasteremer ratio of 1.73:1 wasrebddrom the crude reaction mixture.

For a comparable reactionxture by crude NMR a d.k 1.7:1 was olained.

The cooled down mixture was diluted and all volatiles were remiovealcuo(after the addition

of some silica). The collected residue wasffd by column chromatography using a mixture of
hexanes/EtOAc as eluent (v/v = 994 94/6). The diastereomen$ 17 were each obtained as
colourless oil (I diastereomer: 2ghg, 0.072mmol, 14%; 2 diastereomer: 5ing, 0.17mmol,
34%).

1% Diastereorar (minor, cis):

'H NMR (500 MHz, CDCl3): i 7 . 457.4(Hd, 1H), 7.29 7.22 (m, 1H), 7.23 7.16 (m,
2H), 5.35 (dJ=5.7 Hz, 1H), 3.14 (dd} = 18.3, 6.9 Hz, 1H), 3.082.92 (m, 2H), 2.7T7 2.67
(m, 2H), 1.19 (s, 9H), 1.15 (s, 9H).

“CNMR (126 MHz,CDClL) : U 215.6, 144.4, 141.2, 128.
39.3,37.1, 36.2, 26.9, 26.6.

HRMS (ESI): calculated for [GoH2g03Na]": 327.193064found: 327.193080.
2" Diastereomer (major, trans):

'H NMR (300 MHz, CDClg): &17.47 (ddJ = 8.0, 1.3 Hz, 1H), 7.31 7.17 (m, 3H), 5.17 (d] =
4.1 Hz, 1H), 3.35 (dd] = 16.3, 7.9 Hz, 1H), 3.062.93 (m, 1H), 2.91 (dd}= 17.4, 4.1 Hz, 1H),
2.62 (dd,J = 17.4, 9.9 Hz, 1H), 2.39 (dd= 16.3, 5.1 Hz, 1H), 1.26 (s, 9H), 1.14 (s, 9H).

13C NMR (75 MHz, CDCls): 11214.9, 143.7, 139.9, 129.1, 126.5, 126.3, 125.2, 91.8, 80.4, 44.2,
41.0, 40.2, 37.1, 26.7, 26.6.

HRMS (ESI): calculated for [GoH2g0sNa]": 327.193064found: 327.193600.
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N-Acetyl-N-(tert-butyl)benzamide (39

Phj\Nj\
A

This product was derivedin attempted difuationalization reactions with 1,3,5
trimethoxybenzene as nucleophile instead of indales pivaldehyde according to the general

procedurdor b-(Indol-3-yl)ketones Far a discussion, seshapter3.3.4above

Tris(2-phenylpyridnatoC2,N)iridium  (lll) (1.4 mg, , 0.02quiv.) was dispersed in dry
acetonitrile (5mL) under Ar gas atmospheirea Schlenkoundbottomflask (100mL, 0.5mmol
scale) Then, Umethylstyrene (65L, 0.5mmol, lequiv.), 1,3,8rimethoxybenzene (2529,
1.5mmol, 3equiv.), pivaldehyde (274L, 2.5mmol, 5equiv.) and TBPB (19AL, 1.03mmol,
2 equiv.) were added to the yellow dispersion. The reaction mixture was stivdad-adiated
with white light (40W white LED) for 20h. The irradiationpower prodiced a reaction

temperature of 65°C.

The reaction mixture was dilutettansferred andried under reduced pressuretéafaddition of
some silica).The residue was purified by column chromatography using eluent mixtures of
hexanes/EtOAc (v/v = 19¥14/1). The product36 was yielded as colourless oil (148,
0.54mmol, 52%)

'H NMR (300 MHz, CDCl3): Wppm8.05i 7.95 (m, 2H), 7.71 7.59 (m, 1H), 7.58 7.46 (m,
2H), 1.84 (s, 2H), 1.50 (s, 7H).

3C NMR (75 MHz, CDCl3): Wppm176.5, 168.5, 135.8, 134.6, 130129.4, 58.6, 28.6, 26.0.
>N NMR (HMBC, 51 MHz, CDCl3): W/ppm-212.8.

HRMS (ESI): calculated for [GsH17NO+H]*: 220.1332; found: 220.1333.
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(Benzoyloxy)(4methoxyphenyl)methyl 4-methoxybenzoate (3Y

The product was isolated as a side product irsyimthesis olN-acetykN-(3-(4-methoxyphenyb
3-oxo-1-phenylpropyl)benzamidg0c It was obtainetby column chromatography with a mixture
of hexanes/EtOAc (v/v = 13¥16/1) as eluentThe dicarboxylate37 is a yellow oil (24mg,

0.061mmol, 6%).For a discusion on the formation see chapBB.5above.

'H NMR (501 MHz, CDCl3): Wppm8.14 (s, 1H), 8.12 8.08 (m, 2H), 8.07 8.02 (m, 2H), 7.65
(d,J = 8.7 Hz, 2H), 7.57 (t) = 7.4 Hz, 1H), 7.44 (t) = 7.8 Hz, 2H), 6.97 (dd] = 9.3, 2.2 Hz,
2H), 6.92 (d,) = 8.9 Hz, 2H), 3.85 (s, 3H), 3.83 (s, 3H).

¥C NMR (126 MHz, CDCls): t/ppm 164.6, 164.3, 164.0, 160.8, 133.6, 132.3, 130.2, 129.5,
128.6, 128.4 (2C), 121.7, 114.2, 113.9, 90.7, 55.6, 55.5.

HRMS (ESI): calculated for [GsH2006sNa]": 415.1152; found: 415.1157.
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5.4 Crystallographic @&ta

X-Ray St r UBGCDECI878410T h e
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Table 1. Crystal data and structure refinementof 15.

Identification code
Empirical formula
Color

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

drange for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with I>8(1)
Completeness td= 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodnesf-fit on F2
Final R indices [I>2% (1)]

R indices (all data)
Largest diff. peakrd hole

CCDG1878410

Ci16H22CIN

colorless

263.79 g - mot

100(2) K

0.71073 A

MONOCLINIC

P2/n, (no. 14)

a=11.4837(13) A a=90°.
b =7.6493(9) A b= 90.774(2)°.
c=31.513(4) A g=90°.
2768.0(5) &

8

1.266 Mg - m?

0.259 mmt

1136 e

0.051 x 0.042 x 0.023 mm
1.292 to 31.26°.

-16¢h¢ 16,-11¢k ¢ 11,-46¢ | ¢ 45
73006

8928 [R,;= 0.0750]

6540

100.0 %

Gaussian

1.00 and 0.99

Full-matrix leastsquares on#
8928 /0/373

1.026
R, =0.0444 wR? = 0.0994
R, =0.0717 wR?=0.1108

0.4 and0.3e- A3
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Table 2. Bond lengths [A] and angles [°bf 15.

N(1)-C(1) 1.5127(19) N(1)-C(16) 1.4982(18)
C(1}C(2) 1.525(2) C(1)}C(6) 1.5417(19)
C(2)}C(3) 1.525(2) C(3)}C(4) 1.527(2)
C(4)-C(5) 1.528(2) C(5)-C(6) 1.531(2)
C(6)-C(7) 1.5260(19) C(7)-C(8) 1.5419(18)
C(7)C(15) 1.5381(19) C(8)-C(9) 1.515(2)
C(9)-C(10) 1.3912(19) C(9)}C(14) 1.4048(19)
C(10)C(11) 1.392(2) C(11)C(12) 1.389(2)
C(12-C(13) 1.398(2) C(13)C(14) 1.383(2)
C(14)C(15) 1.5124(19) C(15)}C(16) 1.5111(19)
N(11)}-C(21) 1.5121(19) N(11)-C(36) 1.4961(18)
C(21)C(22) 1.5255(19) C(21)C(26) 1.5369(19)
C(22)C(23) 1.530(2) C(23)C(24) 1.527(2)
C(24)C(25) 1.529(2) C(25)-C(26) 1.532(2)
C(26)C(27) 1.5203(19) C(27)C(28) 1.5407(18)
C(27)C(35) 1.5393(19) C(28)C(29) 1.515(2)
C(29)C(30) 1.3885(19) C(29)C(34) 1.403(2)
C(30)C(31) 1.394(2) C(31)C(32) 1.387(2)
C(32)C(33) 1.402(2) C(33)C(34) 1.387(2)
C(34)-C(35) 1.5119(19) C(35)C(36) 1.5112(18)
C(16)}N(1)-C(1) 114.05(11) N(1)-C(1)-C(2) 109.46(11)
N(1)-C(1)}-C(6) 111.08(11) C(2)-C(1)-C(6) 112.63(12)
C(1)}C(2)}-C(3) 112.90(12) C(2)}C(3)}C(4) 110.49(12)
C(3)}-C(4)-C(5) 110.40(12) C(4)-C(5)-C(6) 111.02(12)
C(5)-C(6)-C(1) 111.73(11) C(7)-C(6)-C(1) 107.23(11)
C(7)-C(6)-C(5) 115.75(11) C(6)-C(7)-C(8) 121.97(12)
C(6)-C(7)-C(15) 112.81(11) C(15)C(7)-C(8) 102.41(11)
C(9)-C(8)-C(7) 100.45(11) C(10)}C(9)-C(8) 129.92(13)
C(10}C(9)}-C(14) 119.97(14) C(14)C(9)-C(8) 110.08(12)
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C(9)}C(10)C(11)

C(11)C(12)C(13)
C(9)-C(14)C(15)

C(13)C(14)C(15)
C(16)}C(15)C(7)

N(1)-C(16)-C(15)

N(11)}-C(21)}C(22)
C(22)C(21)C(26)
C(24)C(23)C(22)
C(24)C(25)C(26)
C(27)C(26)C(21)
C(26)C(27)C(28)
C(35)-C(27)-C(28)
C(30)}C(29)C(28)
C(34)}C(29)C(28)
C(32)C(31)C(30)
C(34)C(33)C(32)
C(33)}C(34)}C(29)
C(34)}C(35)}C(27)
C(36)C(35)C(34)

118.91(13)
120.71(15)
108.30(12)
130.55(13)
110.98(11)
107.56(11)
110.27(11)
112.34(12)
110.85(12)
110.85(12)
107.50(11)
121.80(12)
102.03(11)
129.76(14)
109.95(12)
121.02(14)
118.49(14)
120.96(13)
100.70(10)
120.37(12)

C(12)C(11)C(10)
C(14)C(13)C(12)
C(13)}C(14)C(9)

C(14)C(15)}-C(7)

C(16)C(15)C(14)
C(36)N(11)-C(21)
N(11)}-C(21)C(26)
C(21)C(22)C(23)
C(23)C(24)C(25)
C(25)}C(26)C(21)
C(27)C(26)C(25)
C(26)C(27)C(35)
C(29)C(28)C(27)
C(30)C(29)C(34)
C(29)C(30)C(31)
C(31)C(32)C(33)
C(29)-C(34)C(35)
C(33)}C(34)C(35)
C(36)}C(35)C(27)
N(11)}-C(36)-C(35)
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120.74(13)
118.42(14)
121.15(13)
101.04(11)
119.29(12)
113.38(11)
110.74(11)
11327(12)
111.17(12)
111.61(11)
115.42(11)
113.39(11)
100.52(11)
120.26(14)
118.77(14)
120.47(15)
108.19(13)
130.84(13)
111.60(11)
107.38(11)



Tab3d e @dal eaotrsi omf ahghyl es [ A]

HO-CO-NO-CLP S7@A%R
HO)-CLH-CR-CP 1721
H 0)-C 1)-C 6)-C b) 17311
H0)-C 0)-C6)-H 6) 56(13
H 6)-C 6)-CO-NQ 169196
H 6)-C 6)-C 1)-H Q) 56(13
H 6)-C 6)-C)-C® 671D

H 6)-C 6)-C5)-C &) -6 0(9)2
H?)-CD-C6)-CP) 1749 4
H?)-CT)-C6)-H6) 5213
HO-CD-CLPHL » 179131
HO-CD-CLPCLD 57(8)2
HL$CL PCD-CH) 59(1p
H( G0 x&()-H)X) 178L %
HLHPCLPCLHICL B 9119
HLHCLHCLENQ 631D
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X-Ray structure of27g CCDC No.: 1978887 The substancevas recrystallized from

THF/pentandgsee above).

In addition the structure contained disordered solvantecules which could not be refineth a

satisfactoy manner With the squeeze applicatiothe solvent voids were deleted from the
structure.

The structure shows with the 022 bond a connectivity of an ind8tyl moiety with the

benzylic position of tie former 1,idiphenylethylene
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Table 4. Crystal data and structure refinementof 27g

Identification code
Empirical formula
Color

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

g range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>2 (1)
Completeness tq=61.163°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodnessf-fit on F2
Final R indices [I>2(I)]

R indices (all data)

Largest diff. peak and hole

CCDCNo.: 1978887

CsoHsNO

colorless

415.51 g - mot

100(2) K

1.54178 A

TRICLINIC

P1, (no. 2)

a=8.0782(3) a=84.7090(10)°.
b=12.2475(4) A b=76.419(2)°.
c=13.2367(4) A g=75.461(2)°.
1231.46(7) A

2

1.121 Mg - m?

0.518 mnt

440 e

0.230 x 0.142 x 0.034 min

5.800 to 61.163°.

-9¢h¢9,-13¢k ¢ 13,-15¢1 ¢ 15
30886

3638 [Rnpt = 0.0498

3136

96.0 %

Gaussian

0.99 and 0.94

Full-matrix leastsquares on¥
3638/0/290

1.083
R, =0.0337 wR? = 0.0903

R;=0.0384 WwR2 = 0.0922
0.1 and0.2e - A3
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Table 5. Bond lengths [A] and angles [°pf 27g

O(1}C(12)
N(1)-C(4)
C(1)}C(2)
C(1)C(19)
C(2)-C(3)
C(4)C(5)
C(5)-C(6)
C(7)-C(8)
C(11)}C(12)
C(13}C(14)
C(14)}C(15)
C(16)}C(17)
C(19)}C(20)
C(20}C(21)
C(22)}C(23)
C(25)}C(26)
C(26)}C(27)
C(28)}C(29)

1.2228(15)
1.3780(17)
1.5231(16)
1.5379(17)
1.3683(17)
1.3928(18)
1.377(2)

1.3820(19)
1.5137(17)
1.3975(19)
1.387(2)

1.388(2)

1.3989(18)
1.3835(19)
1.3851(19)
1.3886(18)
1.3916(19)
1.388(2)

N(1)-C(3)
N(1)-C(10)
C(1)}C(11)
C(1)C(25)
C(2)-C(9)
C(4)C(9)
C(6)-C(7)
C(8)-C(9)
C(12)}C(13)
C(13)}C(18)
C(15}C(16)
C(17)}C(18)
C(19)}C(24)
C(21)C(22)
C(23)}C(24)
C(25)C(30)
C(27)}C(28)
C(29)C(30)

1.3749(16)
1.4518(16)
1.5642(16)
1.5500(17)
1.4448(18)
1.4180(17)
1.4033(19)
1.4090(18)
1.5001(18)
1.4000(19)
1.381(2)

1.3826(19)
1.3911(17)
1.3893(18)
1.3868(18)
1.3996(18)
1.383(2)

1.3848(19)

C(3)N(1)-C(4)
C(4)N(1)-C(10)
C(2)-C(1)}C(19)
C(19)}C(1)}-C(11)
C(25}C(1)-C(11)
C(3)-C(2)-C(9)
C(2-C(3)}N(1)
N(1)-C(4)-C(9)
C(6)-C(5)-C(4)
C(8)-C(7)-C(6)

108.43(10)
125.12(11)
111.75(10)
114.02(10)
106.07(9)

105.98(11)
110.92(11)
107.81(11)
117.35(12)
121.31(13)

C(3)-N(1)-C(10)
C(2-C(1)}C(11)
C(2)-C(1)}C(25)
C(19)}C(1)-C(25)
C(3)-C(2)-C(1)
C(9)-C(2)}-C(1)
N(1)-C(4)-C(5)
C(5)-C(4)-C(9)
C(5)-C(6)-C(7)
C(7)-C(8)-C(9)
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126.45(11)
106.73(10)
112.75(10)
105.51(10)
126.91(11)
126.69(11)
129.19(11)
122.99(12)
121.29(13)
119.16(12)



C(4)}C(9)-C(2)
C(8)-C(9)-C(4)
O(1)-C(12)-C(11)
C(13)C(12)C(11)
C(14)C(13)C(18)
C(15)}C(14)}C(13)
C(15}C(16)}C(17)
C(17)C(18)C(13)
C(24)C(19)C(1)
C(21)}C(20)}C(19)
C(23)C(22)C(21)
C(23)C(24)C(19)
C(26)C(25)C(30)
C(25)C(26)C(27)
C(27)C(28)C(29)
C(29)C(30)-C(25)

106.86(11)
117.90(12)
121.70(11)
118.70(11)
118.43(12)
120.78(13)
120.18(13)
120.67(13)
123.80(11)
121.33(12)
119.24(12

121.05(12)
117.82(12)
121.08(12)
119.55(12)
121.35(12)

C(8)-C(9)-C(2)
C(12)C(11)C(1)
O(1)}C(12)C(13)
C(14)}C(13)}C(12)
C(18)}C(13)}C(12)
C(16)}C(15)}C(14)
C(18)}C(17)C(16)
C(20}C(19)}C(1)
C(24)}C(19)-C(20)
C(20}C(21)C(22)
C(22)C(23)C(24)
C(26)C(25)C(1)
C(30)}C(25)C(1)
C(28)}C(27)C(26)
C(30)}C(29)-C(28)
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135.22(12)
116.77(10)
119.55(11)
123.68(12)
117.88(11)
119.92(14)
120.01(14)
118.13(11)
117.80(12)
120.07(12)
120.49(12)
122.89(11)
119.27(11)
120.23(13)
119.89(12)



5.5 Diastereomer Identification
Information from *H,'"H NOESY NMR experiments led to thifferentiation of relative
configurations (sometimes total configuration of one stereogenic center) at the smieog

centers in diastereomers of structut6s11, 12, 13, 16.

For unpublished structurds and 18 the identification of relative configurations in the isolated

diastereomers is shown bBpalogousross signal analysts?
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'H,'H NOESY NMR (500MHz, CDCls) closeup for the major diastereomer o8:

chemical shift/ ppm
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The major diastereomer of structut® showed meaningful cross signdiee figure abovéor
numbering): 2 10,2Z 5b(weak),1Z 5b (weakerbut also COSY artefacts presert, 5a.

In conclusion:2 and 1 are oriented to differesides 2 and10 on the same side of the five

membered ring
The relative configuration of the two (introduced) substituents is stigglgsrans

For the minor diastereomer in turthe two substituentg€an be assigned to a relatives

configuration.
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'H,'H NOESY NMR (501MHz, CsDg) for the £'diastereomer of7

chemical shift/ ppm
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'H,'H NOESY NMR (50IMHz, CDCE) for the 29 diastereomeof 17:

chemical shift / ppm

S'LH

0°L+

079

S°S

0°6

S'v

0"

0°€-

ST

0°¢+

ST+

0T+

widd /g 1ys [eorwayo

=)
01 ST 0T ST 0'€ S'E 0¥ St 0'S 0L S'L
1 1 1 1 1 1 1 1 1 1 1
ST : s’e oo B S
{ 4 801 8 20T | T,
| |
{ |
{ |
m.ma_ | €'qot | : ) €S 2 =
£ €'qer €11 $
o
!
{ |
{ |
t |
! i
[ N~
R ]
M o
0T ‘T | & eo1 ‘8 eor
@
ezr ST | ¥ 434 ezr ‘e I
{ bern h g ezt =
qzT st | qzrioor qzr ‘e qzt T
qo1 ‘ST | q0%.‘qzT L qo1 g W8, g0 &
ﬁu
}
_ e , T'eZr 10T . 5 SR
e st ‘qot st'e = ﬂ
71 STqEI ST I 8
s ezt 9
ST T 90T gZT  IT  eo% € L s
Ty ™ | = J
a o



Diastereomers dftructurel?:

The spectra above show NOESY NMR of th® and 29 diastereomer (referred to elution
sequence) of produdt?7. Although the diastereomers were found in just a ratio of 1.7:1, the
1% diastereomer might be called imor and the
2" diastereomer, major diastereoméFhe relative
s stereochemistry of the alkylation-peroxidaion

products 17 was a bit less cleato assignwhen

o
n

analyzing the NOESY NMRpectra The numbers in

w

the spectrara corresponding to the figure time left-

o
w

handside
10

1 Diastereome( i mi mfdT: 0 )

The 'H,*H NOESY NMR experiment for this diastereomer was carried out in the solvgdy C
due to better signal separations. 10 and 12 sb@xtensive COSY artefacts. Quite significant
cross signals wer observed between 3 and 11. This wagnalication that the diastereomer
featureda relativecis configuration of the two (introduced) substituents on the-finaambered

ring (See also™ diastereomer for more information).
Meaningfulcross signals for*idiastereome¢ i mi fd7: 0 )
3z 11

2" Diastereomef fi ma jofd 7 0 )

The cross signals show also some COSY artefd€tsdees not give convincingnformation

about their surroundings. When comparing both single diastereomers, f8f time 2itstood out

that 3 shows a cross signal witLlOb and 12a,b. 10b shedicross signals with 12lwhile 10a
showed no cross signals with 3, nor 12. This suggeste@® tisadriented to the same side of the
five-membered ring as methylene group 12. In conclusion the two (introduced) substituents on

thering should have a relatiteans configurationin the 2 diastereomer
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MeaningfulNOESY cross signals fo"diastereomer of 7:
3:11, 12a, 12b, 10a

10a: 1, 8

10b: 3, 8, 12b

12a: 1, 3

12b: 3, 10b

5.6 Diastereomer Ratios fromr@deReactionMixtures

Alkylation-Peroxidation of Inden&7:

Productl7 were not detected by GC. The crude reaction mixtures were therefore analyzed using
HPLC (UV/Vis detectorand’H NMR.

HPLC analysis:
Table 6. Conditions of HPLC separation of the reaction mixture of 17.
HPLC coumn: 50 mm Eclipse Plus C18 1}8n, 4.6mm in diameter.
MeOH/H,O gradient: 70%B- 5 095%B
Flow/pressure/temperature0.5mL min'/21 MPa/308K

+ 0.1ml min™ ammonium acetate solution (&@M)

Detector: UV, 220nm
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ChromatogramRetention timers. signal

mAU
1 PDA Multi 1 220nm,4nm
200
] 8
150 l
0
] 2
100 ot
1 27
¢ 16 26
1 23
50 5 S
] 31 8 N
1 hieh |
1 T T T T T T T T T T T T T T T T T T
0.0 2.5 5.0 7.5 10.0

min

Figure13. HPLC chromatogram 017 in reaction mixture.
Signals numbered by 18 and 20 were by mass analysis assigned to the two diastefeloimers

nun

PDA Ch1 220nm
Peak# Ret. Time Area% MName

1 0.43 4.12
2 0.52 0.68

3 0.56 1.18 H,C

4 0.64 3.56 I C%/CH3

5 0.76 0.53 3

6 1.01 0.49 o

7 1.20 2.08 N

8 1.30 1.31 o O CH,4
9 1.65 13.32

10 1.85 0.57

11 2.14 0.80 CH CH,
12 2.35 12.56 3
13 2.49 0.25

14 2.80 8.39

15 3.58 3.71

16 3.72 2.84

17 3.83 2.30 .

18 3.96 21.55 Produkt T m/z322: M+ NH(17)
19 4.16 0.51 173:1

20 4.40 12.42 Produkt

21 4.63 0.52

22 5.01 1.10

23 5.19 0.54

Peak# Ret. Time Area% Name

24 5.34 0.31
25 5.51 1.71
26 5.57 0.46
27 5.65 0.86
28 5.74 1.32
Total 100.00

Figure 14. Signals of chromagram of17 in reaction mixture.
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The two diastereomers showed from dd&tection counts integrals in the ratio 1.73%suming
an identical (similar) UV absorption at the detection waength spectrunmfor the two
diastereomerghisdirectly corresponds to the molar radbbthe isomersn the mixture after full

reaction progress.

'H NMR (501 MHz, CDCL) analysisof crude reaction mixture containing:

T e

—535

534
17

5.1a

-
—

\
NCH

200
L
Fn 100
Lo

E g

1

T T T T T T
540 535 5.30 525|520 515 510 505
chemical $kift [ ppm

T T T T T
4 3.2 3.0 28 26 24
chemical shift { ppm

T T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 E.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 -0.5
chemical shift / ppm

Figure15. "H NMR of 17 in the reaction mixture.

Benzylic protons ofL7 (5.35(d) and 5.17%pm (d), respectively) showed low overlay and hence
their integrals were used to determimemolar ratio between theorrespondingliastereomers
formedin the reactionThe integral ratio suggested a e&r~1.67:1.Theresults for HPLC and
NMR analysisgave similar resultsof a d.r. around 1.7:1 (for particular reaction conditions see

chapters.3.5 for discussion of the results see chaptér3.
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Alkylation-cyanationof Indeng(18):

Samples from a dried reaction mixture of @dkylationcyanationof indene with acetonelg)

were injected to a GC device (as solutiomaaetong

Table 7. Conditions of gaschromatographic analysis of the reaction mixture of 18.
Column: 30m, DB-1 0.250.25df G/701

Temperature: 220°C; 50°C to 220°C (K min™); 220°C to 320°C (K min™); 5 min at 320°C

Pressure:  0.50bar (H)

Chromatogram:

From mas analysis two signglsmarked as 109 and 11# chromatogram were assigned to
diastereomer®f 18. From the signal integrals the molar ratio of the two diastereomers in the

reaction mixture corresponded3®6:1.
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Table 8. Integrals of signals in GEGchromatogram of the reaction mixture containing 18.

CN
@jfo

18, 199.25 u
Signal No. Retention time [min] | Area [%)] Mol. Weight [u]
6 4.6 2.93 130.1
11 6.56 1.34
14 8.01 2.93 142.2
19 8.59 2.05
35 12.37 0.86
59 17.04 8.44
103 24.27 0.95
104 24.44 0.70
109 25.62 8.79 199.3
114 26.49 28.66 199.4
122 27.81 1.84
126 28.62 1.37
133 29.87 10.56
151 33.96 131
159 36.17 0.70
219 42.85 1.56
220 42.93 1.44
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The reaction mixture ol8 was also analyzed b{H NMR (501MHz, CDCL). The benzylic
protons of the two diastereomers skeowlow overlayin the spectrumthus corresponding
integralswere usedo determine their relative molar ratibhe diastereomers showed by NMR
analysis d.r=3.6:1 in the reaction mixture (for particular reaction conditionsdepter5.2.2

for discussion of the results sgR.3.
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Figure16. 'H NMR of 18 in the reaction mixture.
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5.7 Indications for further Difunctionalization Products

Some of the here described spectra were not immaculate and the respective compound therefore
not entirely characterized. By comparison of chemical shiith pure analogue compounof

the samestudy, a anticipation of the structuresd thus nameare given in herith reservation

(see chaptes.3.5.

3-(1-methyl-1H-indol-3-yl)-1-phenyl-3-(p-tolyl)butan-1-one (38a)

'H NMR (501 MHz, CDClg): i / p p mi 7754 6n92H), 7.37 7.32 (m, 1H), 7.27 7.23 (m,
2H), 7.18i 7.13 (m,3H), 7.13i 7.08 (m, 1H), 7.07 7.00 (m, ), 6.90i 6.85 (M, H), 6.82 (s,
1H), 4.00 (dJ = 14.1 Hz, H), 3.68 (dJ = 14.1 Hz, 1H), 3.64 (s, 3H), 2.29 (s, 3H), 1(843H).

¥C NMR (126 MHz, CDCls): tppm 200.23, 145.33, 138.38, 137.80, 135.42, 132.15, 128.90,
127.88 (2C), 126.72, 126.71, 126.41, 122.36, 121.38, 121.32, 118.62, 109.27, 48.58, 41.91,
32.66, 28.41, 21.06.

1-(4-chlorophenyl)-3-(1-methyl-1H-indol-3-yl)-3-phenylbutan-1-one (38b)

'H NMR (501 MHz, CDCly): t/ppm7.437 7.38 (m, 2H), 7.36 7.32 (m, 2H), 7.26 7.21 (n,
2H), 7.191 7.14 (m, 2H), 7.13 7.09 (m 1H), 7.07i 7.03 (m, 2H),6.937 6.90 (m 1H), 6.89i
6.84 (m 1H), 6.81 (s, 1H), 3.96 (d,= 13.5Hz, 1H), 3.64 (s, 3H), 3.61 (d,= 13.5 Hz, 1H), 1.91
(s, 3H).

¥C NMR (126 MHz, CDCly): tppm 199.35, 148.16, 138.49, 137.81, 136.58, 129.21, 128.29,
127.96, 126.79, 126.75, 126.34, 126.21, 121.80, 121.52, 121.25, 118.80, 109.37, 48.40, 42.38,
32.69, 2849.

3-(1-methyl-1H-indol-3-yl)-1-phenyl-3-(4-(trifluoromethyl)phenyl)butan -1-one (38c)

IH NMR (501 MHz, CDClg): U/ppm 7.62i 7.57 (m, 2H), 7.48 (brdH), 7.41i 7.35 (m, 1H),
7.257 7.15 (m, 3H), 7.17 7.10 (m, H), 6.95 (d,J = 8.0 Hz, 1H), 6.91 6.88(m, 1H), 6.87 (s,
1H), 3.98 (d,J = 14.6Hz, 1H), 3.76 (dJ = 14.6 Hz, 1H), 3.69 (s}8, 1.98 (s, 3H)

% NMR (471 MHz, CDCly): U/ppm-62.31.
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N-acetykN-(3-cyclohexyt3-oxo-1-phenylpropyl)benzamide (39)

'H NMR (300 MHz, CDCls): Wppm7.62i 7.56 (m, 28, 7.55i 7.48 (m, 1H), 7.47 7.36 (m,
4H), 7.34i 7.27 (m, 2H), 7.24 7.20 (m, OH), 6.04 (dd] = 9.5, 5.2 Hz, 1H), 3.87 (dd,= 18.1,
9.5 Hz, 1H), 3.22 (ddJ = 18.1, 5.2 Hz, 1H), 1.88 (s, 3H), 1.86L.54 (m, 5H), 1.39 1.08 (m,
8H).

N-isobutyryl-N-(2-((2-methylprop-1-en-1-ylidene)amino)1-phenylethyl)benzamide 40)

'H NMR (300 MHz, CDCls): Wppm7.78i 7.66 (m, 2H), 7.59 7.48 (m, 3H), 7.51 7.39 (m,
2H), 7.407 7.24 (m, 3H), 5.85 (dd] = 103, 5.2 Hz, 1H)4.54 (dd,J = 103, 9.0 Hz, 1H)4.05
(dd,J = 9.0, 5.2 Hz, 1H), 2.30 (hept,= 6.7Hz, 1H), 1.45 (s, 3H), 11(s, 3H), 0.80 (dJ) = 67
Hz, 3H), 0.77 (dJ = 6.7Hz, 3H).

¥C NMR (75 MHz, CDCl3): & 181 . 5, 1,1374, 183, 12943 7290, 128.6, 128.5
128.2, 120.370.8, 65.3, 60,3385, 27.2 26.1, 19.6190.

Below a comparative overview il NMR spectrd300MHz, CDCl) of 33band40is depicted.
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