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I. Zusammenfassung

Untersuchungen inkontinuierlichen Durchfluss (Continuoddow Chemistry) gewinnen
immer mehr an Bedeutung fur die organische Syntlusssje einige Vorteile gegenuber der
klassischen Synthese im Kolben mit sibningen Um Reaktionen im kontinuierlichen
Durchfluss zu untersuchenhat sich ein Setup auswvei miteinander verknipftetdPLC-
Anlagenetabliert wobei die erste HPL@nlage furdie Reaktionsfihrung (erste Dimension)
und die zweite fur die Analytik der Reaktionslésung (zweite Dimension) verwandetin

der ersten Dimensidpefindet sich der Reaktauf welchem die Reakticstattfindet In dieser
Dimensionkann dieFlussrate ud somit die Reaktionszeauf dem Reaktor eingestellerden.

Ein 2-Positioner6-Wege Ventil hinter dem Reaktoverbindet die beidetHPLC-Anlagen
miteinander und ermoglicheinen Teil der Reaktionslosung von der ersten in die zweite
Dimension zu tberfuhre In der zweiten Dimension findet die Trennung der Substasaane
derenQuantifizierungstatt, welchdiber eine externe Kalibrierumgmaoglicht wird Reaktionen

im kontinuierlichen Durchfluss lassen sianVergleich zu der klassischen Synthese im Kolben
deutlich einfacher automatisierddadurch wirdeine héhere Reproduzierbarkeit erhalten und
der Mitarbeitemwird von arbeitsaufwandigen, repetitiven Schritten befreit, wodurch er die Zeit
bereits zum Auswerten und Interpretieren der Ergebniss@eder Planen von weiteren
Untersuchungen verwenden katmdieser Arbeit werden zwei Gebiete vorgestailtdenen

der kontinuierliche Durchfluss effizient genutzt werden kann.

Bei demerstenGebiet handelt es sichm die photochemische Katalydgeziehungsweise
photochemische Reaktionen generell. Hierbei wird ein Katalysator (oder das Substrat) durch
Licht einer bestimmten Wellenlangengeregt, wodurch eine chemische Reaktion gestartet
wird. Durch die Synthese imoktinuierlichen Durchfluss wird es ermdgliciReaktoren zu
verwenden,die einen sehr geringen Kanaldurchmessaben und somit eine geringe
Eindringtiefe fir das Licht aufweisen. Dadurch entstehte@teezu homogene Bestrahlung der
Reaktionslosung wodurch die Reaktion besser kontrolliert und die Bildung von
Nebenprodukten minimiert werden kann. Durch die Fortschritte in der Entwicklund=&er
Technologiehaben auch die photochemischen Umsetzungen an Bedeutung gewonnen, da nun
vielseitige Lichtquellen zw Verfligung stehen, welche wenig Energie benétigen und
kostengunstign der Anschaffung sind. Viele photochemische Umsetzungen lasseausich

mit Sonnenlicht durchfiihren, wodurch sie im Hinblick auf Green Chemistry sehr attraktiv
geworden sind.Bei phota@hemischen Untersuchungen wird jedoch oft vernachlassigt,
inwiefern sich die Wellenlange des emittierten Lichtes auf die Reaktion auswirkt,
beziehungsweiswie sichdie Reaktiordurch Bestrahlung von Licht einer anderen Wellenlange
beeinflussen lasstDie Kapitel 1 und 3 beschaftigen sich mit der Untersuchung von
photochemischen Umsetzungen auf deren Wellenlangenabhangigkeit, wobei es sich bei
Kapitel2 um ein direktes Folgeprojekt aus Kapitelhandelt, das durch das gute
Zusammenspiel zwischen Reaktiortgiing und instrumenteller Analytik ermdglicht wurde.

Das zweite Gebiet, welches sich sehr guttfiitersuchungen irkontinuierlichen Durchfluss
eignet ist die heterogene Katalyse. Hierbei wird ein Katalysator auf einem Tragermaterial
(meist Silikapartikel immobilisiert unddas Material in eine Séaule gepadRiese Saule stellt




nun den Reaktor daDa keine weitere Reaktion stattfindet, sobald die Lésung den Reaktor
verlassen hat, eignesich die heterogene Katalyse sehr gut fiintersuchungen im
kontinuierlichen Durchfluss. Hierbei muss die Reaktion weder gequencht, noch der Katalysator
abgetrennt werden, da er sich lediglich station&r im Reaktor befindet, wodurch sich auch die
Reaktionszeit sehr gut Uber die an den Reaktor eggeFlussrate steuern ladsin grofes
Problem bei der heterogenen Katalyse stellt die Katalysatorvergiftung (Katalysatorpoisoning)
dar, wodurch die Aktivitdt des Katalysators und somit der Umsatz der Reaktiatelbei
mehrfacherVerwendung des Katalysaosinkt.Im kontinuierlichen Durchfluskdnnen relativ
schnell hintereinander verschiedene Reaktionsbedingungen mit demselben Reaktor untersucht
und der Einfluss der Katalysatorvergiftung minimiert werderKapitel 4 und SverdenOlefin
Metathese Realdnen mit einem Grubbs Katalysator im kontinuierlichen Durchfluss
untersucht. Hierbei wird der Katalysator lediglich innerhalo der Pore(60A
Innendurchmesser)des Silikas immobilisiert wodurch der Einfluss der raumlichen
Beschrankung der Pore auf die @tueselektivitdt der Reaktion untersucht werdi@mn Im
Folgenden werden deinzelnerKapitel dieser Arbeit kurz zusammengefasst.

Kapitel 1 bildet den Grundstein fur digystematischéJntersuchung von photochemischen
Reaktionen auf die Abhéangigkeit der Wgaldnge des einstrahlenden Licht&gir dieses
Projektwerden B baugleicheLED-Arrays entwickelt, wobei sich auf jedem Array 12 LEDs
befinden, welche Lichim selben Wellenlangenbereiemittieren. MitdiesenArrays ist der
Bereich zwischen 365 und 6%h so kleinschrittig wie mdglich abgedeckim die
héchstmdgliche Auflosunei der Untersuchung déwWellenlangenabhéngigkeit der Reaktion
zu erhalten Zusatzlichwird ein Mikroreaktorentwickelt welcher gut auf die.ED-Arrays
abgestimmt ist, damit dasdht effizient genutzt werden kann ubatersuchungen bei hohen
Lichtintensitaten ermdglicht werden. Dartber hinaus weide geringe Kanaltief@d.5mm)
gewdahlt, um eine mdglichst homogene Bestrahluray erhalten und zusatzlich die
Reaktionszeiten so geg wie moglich zu halten Als Beispielreaktion wd die
Perfluoralkylierung von 2Methylindol mit EosinY als Photoredox Katalysator und
Diazabicycloundecen (DBU) als Bagezeigt Die Reaktion wurdén der Literaturlediglich
mit weildem Lichtuntersuchtln diesemProjektwird der gesamte Wellenlangenbereich des
sichtbaren Lichtes zwischen 365 und T0 untersuchtum mogliche Unterschiede bei der
Reaktion feststellen zu kénneBin wichtiger Punkt diesetntersuchungenwelcherdiese
Arbeit auchdeutlichvon anderen Wellenlangenuntersuchungen abls¢blie Kalibrierung der
unterschiedlichen LED Arrays. E@rd eine Methodentwickelt die es erméglichtmit einem
Spektroradiometedie Anzahl der Photonen, welche auf den Reaktor auftretferoemieren.
Dadurch verandert sich bei der Untersuchung nur die Wellenldnge der Phabaemlie
Anzahl der Photoneulie auf den Photoreaktor trifthleibt nahezu gleich (Abweichung von ca.
3%). Dadurch kann ausgeschlossen werden, daskEfRArray bessere oder schlechtere
Ergebnisse aufgrund einer héheren oder niedrigeren Photonenanzahllhieflern Bereich
zwischen 430 und 55m korreliert der Umsatz der Reaktion mit dem Absorptionsspektrum
des Eosiri¥s. Es ist allerdings auffallig, dass in déiellenlangenbereich unter 40@n, in
welchem EosirY keine Absorption aufweist, die hochsten Umsatze erhalten wesdeainer
weiteren Untersuchung ohi@talysatorkonnten die Ergebnisse reproduziert werden, wobei




I. Zusammenfassung

die Umsatzein dem Bereichin welchemEosinY absorbiert ausgebliebersind Bei einer

dritten Untersuchunglie ohne eine Base durchgefihrt wikénn derselbe Trend, wenn auch

mit deutlich niedrigeren Umsatzdastgestellt werderZusatzlichkommt es zu einer Anderung

der Regioselektivitdder Reaktion (zwischen der 3 und 4 Positievgs darauf schlie3en lasst,
dass es sich hierbei um unterschiedliche Reaktionsmechanismen handelt. Es kénnen also durch
die Wahl der Edukte und der Wellenlange drei unterschiedliche Reaktionsmechanismen
selektv angesteuert werden. Im Wellenlangenbereich zwischen 430 unairbeffolgt die
Reaktion Uber die Photoredétatalyse des Eosiv Katalysators. In dem Wellenlangenbereich
unter 430hm dominiert der ElektroneDonorAkzeptor (EDA) Komplex zwischen d@&ase

DBU und Perfluorbutyliodigdder durch Photoaktivierung freie Perfluoralkylradikale erzeugt.
Bei dem dritten Mechanismus handelt es sich um einen EDA Komplex zwisdhetinglindol

und Perfluorbutyliodid, welcher deutlich schwéacher ausgeprégt isteal£0A Komplex
zwischen DBU und PerfluorbutyliodidHier wird durch Photoaktivierung ein Radikalpaar im
Losungsmittelkafig generiert, wodurch auch die Regioselektivitat der Reaktion beeinflusst
wird. Somit konnten drei unterschiedliche Reaktionsmechaniginerh die systematische
Untersuchung der Wellenlangenabhéangigkeit der Reaktion aufgezeigt werden.

Das zweite Kapitel ist direkt aus der Thematik des ersten Kapitels entstanden. Bereits im ersten
Kapitel konnte beobachtet werden, dasdeieiner langene Lagerung des Produktgemisches

von 1-Methyl-3-(Perfluorbutyl}1H-Indol und tMethyl-4-(Perfluorbutyl}1H-Indol zu einer
Hydrolyse von 1-Methyl-3-(Perfluorbutyl}1H-Indol an der U-Position des perfluorierten
Restes kommwvohingegen Methyl-4-(Perfluorbuyl)-1H-Indol stabilist. Diese Beobachtung

ist sehr ungewdhnlich, da es sich bei deF®indung um eine sehr stabile Bindung handelt,
welche in der Regel nur durch harsche Reaktionsbedingungen aktiviert werden kann. Ein
weiterer grofRer Vorteil bei dem Zammmenspiel aus der Reaktionsfihrung und der
instrumentellen Analytik liegt darin, dass alle Daten aufgenommen und gespeichert werden.
Somit konnte mit Hilfe der Daten aus Kapitelherausgefunden werden, dadas
Hydrolyseprodukt bereits bei allen Untersungen mit DBU als Base zu einem sehr geringen
Anteil entstanden ist (weniger als 1%r geringe Anteil lasst sich dadurch erklaren, dass bei
den Untersuchungen HPEGsungsmittel verwendetvurden welche nur einen geringen
Wasseranteil besitzen. Die Réan liel3 sich mit einer Base (Natriumhydrid) und unter Zugabe
von Wasser im Kolben reproduzier@vobeieine Ausbeute von 37% Uber zwei Stufen erhalten
wurde Durch den elektronenziehenden Rest alleZhylindol kann die Aminofunktion
deprotoniert werdenyodurch E abgespalten und die Addition eines Nukleophils anl#er
Position des perfluorierten Restes ermoéglicht wilburch die Verwendung von
Natriumethanolat als Base lasst sich auch der Ethanolatrest in das Molekul einbringen. Analoge
Reaktionen lassesichzudemmit 2-Phenylindol statt Methylindol durchfiihren, wobei die
Ausbeuten mit 44% bis 54% Uber zwei Stufen etwas hoher ausfallen. Die Reaktion lasst sich
dariiber hinausuch mit Heptaflue2-lodpropan, einem sekundéaren perfluorierten lodalkan,
durchfihren (49% Uber zwei Stufen). Hierbei wird als Hydrolyseprodukt jedoch der Alkohol
und nicht das Keton erhaltdfs konnte eine Methode entwickelt werden, welche die indirekte

Ci F Aktivierung an deld-Position einer perfluorierteBeitenkette an derPosition von H-

Indolen unter milden Reaktionsbedingungen ermoglicht. Hierbei sind-slibs3ituierten 2




Phenyl Indole hervorzuheben, welche vielversprechende Strukturen fur die medizinische
Chemie darstellen.

In demdritten Kapitel, dasthematischebenfalls amlas erste Kapitel anschliel3t, wiads Setup

fur die Untersuchung von photochemischen Reaktionen auf ihre Wellenlangenabhaogakeit

die Intensitat der Lichtquelle komplettieHierfir wird das Setup um eselbstentwickiées

Modul erweitert, welches es ermdéglicht di&D-Arrays und somit die auf den Reaktor
einstrahlende Wellenlange, sowie auch ihre Intensitat automatisiert zu andern. Bei dem Modul
handelt es sich um einen Linearantriabf dem ein Schlitten befestigttjsder bis zu 1QED-

Arrays tragen kann.Die LED-Arrays lassen sich allerdings problemlos untereinander
austauschen. DakED-Array, dasin Betrieb isf befindet sich immer direkt unter dem
Mikroreaktor Uber eine Software lasst sich steuern, weldnEB-Array zum jeweiligen
Zeitpunktfur eine beliebige Dauer aktiv ist. Anschliel3end kann die IntensitidtEBRsArrays
geandert werden, oder es wird ein anderes-ERy fur die nachste Untersuchung verwendet.
Somit lassen sich nun in Kombination mit den HPA@lagen sowohl die Reaktionsfihrung,

als auch die Analytik sowie die Quantifizierung der entstanden Verbindungen von
photochemischen Reaktionen im Hinblick auf ihre Wellenlangenabhangigkeit und die Intensitat
der Lichtquelle vollstandig automatisiert ursiechen, was zu einer sehr zeiteffizienten
Aufnahme von Reaktionsdaten fuh#lls Testreaktion fur das System wird die Umsetzung
eines Arylazosulfonsowohl mit dem Losungsmittel (Wasser/Acetonitril {¥8v)), als auch

mit einem Dioxaborolan alkdditiv, verwendet. Die Reaktion ist sehr vielversprechend, da sie
bereits in der Literatur auf ihre Wellenlangenabh&ngigkeit untersucht und bei verschiedenen
Wellenlangen ein unterschiedliches Verhaltnis zwischen den Produkten erhalten wurde.
Allerdings wude die Reaktion lediglich bei zwei unterschiedlichen Wellenlangenn(@6énd
450nm) und bei weillem Licht bei unterschiedlichen Intensitdten und Bestrahlungsdauern
untersuchtin diesem Kapitel wird die Reaktion systematisch in dem Wellenlangenbereich vo
373 bis 522hm (12 LEDArrays) untersucht. Da bereits duigbstrahlen des Substrates in dem
Losungsmittel drei unterschiedliche Produkte entstehen sollerde dasAdditiv zunachst
weggelasserum die Reaktion Uberschaubarer zu halten. Bei der Untarsgainter Schutzgas
entsteht Uber alle Wellenlangen lediglich Methoxybenzol als Produkt. (6@ bei der
kurzesten Wellenlange Allerdings kann bei der Reaktion in Luftatmosphére ein weiteres
Produkt (4Methoxybenzoldiazonium Methansulfonat) beobacimetden, welches durch die
Reaktion mit Luft gebildet wird. Diese Verbindung lasst sich salnwerbeobachten, da das
Absorptionsspektrum des Produktes sehr ahnlich zu dem des Substrates ist und es ebenfalls zu
denselben Produkten umgesetzt wircass DAbsorpionsspektrum des Zwischenproduktes ist
gestauchtwobei sich das Maximum um ungefahr in den kiirzeren Wellenlangenbereich
verschiebt.Dadurch ist es mdglichdurch Verwendung einesED-Arrays, mit welchem
lediglich das Substrat aber nicht das Zwisgredukt, angeregt wirdjie Reaktion auf der

Stufe des Zwischenproduktes zu stoppen. Nun kann das Zwischenprodukt als Substrat
eingesetzt und die Reaktion ebenfalls auf die Abh&ngigkeit der Wellenl&ange untersucht werden.
Hierbei ist ein deutlich hoherernfeil an 4Methoxyacetanilid entstandeMéthoxybenzol

45%, 4Methoxyacetanilid 15%). Das-Methoxyacetanilid wird also lediglich aus dem
Zwischenprodukt und nicht direkt aus dem Substrat gebildet. Anschliel3end stellt sich die Frage,




I. Zusammenfassung

ob die Reaktion mit da Dioxaborolan ebenfalls durch das Zwischenprodukt beeinflusst wird.
Die Untersuchung unter Schutzgas und in Luftatmosphéare fihren zu sehr &hnlichen
Ergebnissen (45% Produkt,iZB% Methoxybenzol), was darauf zuriickzufthren ist, dass die
Reaktion mit demAdditiv deutlich schneller ablaufals die Bildung des Zwischenproduktes.

Mit dem vorgenerierten Zwischenprodukt werden hingegen nur 38% Produkt, 17%
Methoxybenzol und i31% des 4Vlethoxyacetanilids erhalten. Der Umsatz ist hier allerdings
auch etwas gerirgg, da die Reaktion langsamer abladiidem ist sehr auffallig, dass die
Ausbeute bei hoheren Wellenlangen tber alle Untersuchungen hinweg sinkt. Allerdings sinkt
die Ausbeutein Bezug auf das Produkbei Verwendung des Zwischenproduktdsutlich
langsamer. Bei einer Wellenlange von 48t werden mit dem Zwischenprodukt immer noch
30% Produkt generiert, wobei mit dem Substrat lediglich 17% Produkt beimM3feneriert
werden. Somit bietet sich der Weg tiber das Zwischenprodukt vor allem bei Reaktipben an
welchen die héhere Energie des kurzwelligen Lichtes vermehrt zu Nebenprodudédezu

der Zersetzung des Substrates fiihrt. Zusammenfassend wird in dieser Studie ein Setup
prasentiert, das eine photochemische Reaktion bei drei unterschiedlichen
Reakionsbedingungen (unter Schutzgasn Luftatmosphare, mit vorgeneriertem
Zwischenprodukt) innerhalb vomeun Stunden auf ihre Anhangigkeit gegeniber der
Wellenlange des einfallenden Lichtes|Istandig automatisierintersuchen kantm Rahmen

dieser Unérsuchungen wurdéber das geschickte Wahlen der eingesetzten Wellenlange ein
Zwischenprodukt selektiv generiert, welches eine vollig andere Reaktivitat als das Substrat
aufweist. Somit konnte gezeigt werden, dass der Wellenlange der verwendeten Lehtquell
deutlich mehr Aufmerksamkeit geschenkt werden sollte und bereits ein geringer Unterschied
der Wellenlange des verwendeten Lichtes einen gro3en Einfluss auf die Reaktion haben kann.

In Kapitel 4 wird das Gebiet der photochemischitersuchungen verlassend das Gebiet

der heterogenen Katalyse betretetierfir wird eine OlefiAlMetathese Reaktion mit einem
Hoveyda Grubbs Katalysator untersughtei welcher ein Dien als Edukt verwendet wird. Das
gewulnschte Produkt resultiert aus dd@ramolekularen Reaktigrbei der ein Ring gebildet

wird. Als Konkurrenzreaktion kann es allerdirgfsenfallszu einer intermolekularen Reaktion
kommen, wodurclein Dimer, Trimer oder Oligomer aus dem Substrat erhaliesh Es ist eine
etablierte Method mit sehr gering konzentrierten Losungen zu arbeiten, um die
intramolekulare Reaktion gegenuber der intermolekularen Reaktion zu begunstigen. Dies hat
allerdings den Nachteil, dass eine grof3e Menge an Losungsmittel verwendet werden muss, um
eine geringe Mnge an Produkt herzustellen. In diesem Projekt wird ein anderer Ansatz
gewahlt um den Ringschlusgegeriiber der Oligomerisierung zu priorisierdda das Dimer
deutlich mehr Platz bendtigt um gebildet werden zu kénnen, wird der Katalysator lediglich
innethalb der Poren von Silikapartike{(60 A Innendurchmessgimmobilisiert wodurch die
Reaktion raumlich eingeschrankt und die Bildung des Ringes beginstigt ied.
Silikapartikel werden in eine S&ule gepackt, auf welcher die Reaktionen im kontinurerliche
Durchfluss, bei unterschiedlichen Temperaturen und unterschiedlichen Flussraten
beziehungsweise Reaktionszejtentersucht werden. Dabei lassen sich bei allen Temperaturen
ahnliche Trends erkennen. Der Umsatz sinkt erwartungsgemal bei niedrigereorileeaitén.

Der Verlauf der Selektivitat, welche das Verhaltnis zwischen dem Produkt aus der




Ringschlussmetathese und den Oligomeren angibt, ist deutlich komplexer. Sowohl bei der
Ringschlussmetathese, als auch bei der Oligomerisierung wird Ethen fraigeséthes bei

einem frei zuganglichen Katalysator in einem Kolben schnell entweidtwnte und somit

keinen grofRen Einfluss auf das Gleichgewicht hatteideemFall liegt der Katalysator aber

in den Poren vor und die S&aule ist (bis dief Anschliissgin sich abgeschlossen, wodurch das
Ethen deutlich langsamer entweichen kann und in das Gleichgewicht mit einbezogen werden
muss.Durch das Ethylen kann der bereits gebildete Ring wieder gedffnet werden, was zu einer
geringeren Selektivitdfihrt. Zusatzlch kann das Dimer mit sich selbst reagieren, wodurch
ebenfalls das gewlnschte Produkt gebildet wildiese Reaktion lauft allerdings
verhaltnismafig langsam ab, da hierfir zunachst das Dimer gebildet werden muss. Mit diesen
Zusammehangen lasst sich auckedVerlauf der Selektivitat in dem Experiment erklaren. In
dem Bereichn demdie Ausbeuten hoher sind (Uber 2%) steigt die Selektivitat mit steigenden
Flussraten an. iBs ist darauf zurtickzufiihren, dass bei hoheren Flussraten das Ethen schneller
abtranspdiert werden kann, wodurch die Riickreaktion (die Ring6ffnung) eingeschrankt wird.
Bei niedrigen Umsatzen (unter 2%) werden nur geringe Mengen an Ethylen gewederth

die Ruckreaktion keinen grof3en Einfluss auf die Selektivitat hat. In diesem Bstegihdie
Selektivitat mit sinkender Flussrate (steigender Reaktionszeit), da das Dimer nun genug Zeit
hat mit sich selbst zu reagieren und ebenfalls das gewlnschte Produkt auszultden.
raumlichem Einschlugsdonnen zudenhohere Selektivitdten im Vgleich zu der Reaktion im
Kolben erzieltwerden(Selektivitat von 57% statt 47%). Zuséatzlich entstehen deutlich kleinere
Oligomere im raumlichen Einschluss. Mittels MALIDDOF konnte gezeigt werden, dass
lediglich das Dimer und Trimer gebildet werden (9%% 5%), wohingegen bei dem frei
zuganglichen Katalysator im Kolben Oligomere bis zum Hexamer beobachtetnwerde
Zusammenfassend konnte mit der Studie gezeigt werden, dass die raumliche Einschrankung
Vorteile fir die Selektivitat der Reaktiomit sich brind. DarUber hinaus konnte der Einfluss

des entstandenen Ethylens auf den Mechanismus beobacittdReaktionsbedingungen
gefunden werden, bei welchem die Selektivitat der Reaktion maximal ist (ca. 60% Selektivitat
bei 2% Umsatz).

Das funfte Kapitel beschaftigt sich ebenfalls mit der Olefin Metathese unter raumlichen
Einschluss. Bei diesem Projekt liegt der Schwerpjeddachnicht auf der Selektivitat zwischen

dem Produkt aus der Ringschlussmetathese und den Oligomeren, sondern auf der Untersuchung
einer weiteren Nebenreaktion, der Bildung von Isomeren. FiUr diese Untersuchung wird
derselbeKatalysator wie in Kapitel 4 verwelet (Grubb$ Hoveyda) der auch dafir bekannt

ist, dass er Isomere aus dem Edukt bilden kann. In diesem Projekt wird untersucht, welche
Isomere bei der Reaktion entstehen kénnen und wie sich die Bildung der Isomere beeinflussen
l&sst. Im Gegensatz zu Kagdit wird in diesem Falein Edukt verwendetlasein aromatisches
System beinhalteDadurch ist es méglich sowohl das Edukt als auch alle Prqaudtsheaus

diesem entsteheonline mit einenDAD zu verfolgen und zu quantifiziereBusatzlich wurde

ein Massenspektrometer (E®IS) angeschlossemas dabei hilft einen Uberblick tiber die
entstehenden Nebenprodukte zu erhalten. Die Katalysatorvergiftung spielt eine wichtige Rolle
fur die Isomerisierung. Zunachst reagiert der aktive Rutheniumkatalysatdttingien zu
Hydriden, welche wiederum fur die Isomerisierung verantwortlich sind. Dazu muss zunachst




I. Zusammenfassung

genug Ethylen entstehen, darsith die Hydridspezies ausbilden kénnen. Daher werden bei
hoheren Flussraten und niedrigeren Eduktkonzentrationen keinerésbew@bachtet. Um den
genauen Einfluss der Katalysatorvergiftung auf die Isomerisierung feststellen zu kénnen wird
ein Reaktor fir 200 Minuten bei einer Eduktkonzentration vonmi®Ound der niedrigsten
Flussratg(0.01 mL/min beziehungsweise 18.6 MinuteeaRtionszeit)die durch die HPLE
Pumpen eingestellt werden kann, untersudmt dieser Zeit kdénnen 18 Messpunkte
aufgenommen werden, wobei drei unterschiedliche Phasen des Reaktors festgestellt werden
kénnen. In der ersten Phdsie 100 Minuten ist die $&ktivitat zu Beginn sehr hoch und nimmt
langsam ab. [@s ist darauf zurlickzufuhren, dass zunachst die Hydridspezies ausgebildet
werden mussen, bevor die Isomerisierungsreaktion stattfinden kann. In der zweiten Phase des
Reaktors zwischen 100 und 1MBnuten ist die Selektivitdt konstant. In diesem Bereich
befinden sich die Bildung und der Verbrauch von Hydridspezies im Gleichgewicht. Nach
145Minuten steigt die Selektivitat rasch an, da aufgrund der Katalysatorvergifgurgmsatz
mittlerweile niedriger st und nichtmehr genug Ethylen gebildet windh eine ausreichende
Menge an Hydridspezies zu bilden. Diese Ergebrsiggmensehr gutmit den Ergebnissen

aus Kapitel 4iberein bei denerebenfalls die besten Selektivitaten erreicht wurden, als die
Aktivit &t des Katalysators sehr gering war. Zusammenfassend konnte in diesem Projekt gezeigt
werden, dass der raumliche Einschluss nicht nur Vorteile mit sich bringt, sondern dass auch mit
einem hoheren Isomerisierungsanteil zu rechnen ist. Darlber hinaus send di
Isomerisierungsprodukte sehr vielseitig, da das Isomer des Substrates ebenfalls einen
Ringschluss oder die Ausbildung von Oligomeren durchfiihren kann. AbschlieRend konnte mit
der Hilfe von NMRExperimenten gezeigt werden, dass sich die NMmRIyse aus
Reaktionsgemischen der Olefinmetathestir die Bestimmung von Umsatzen und
Selektivitaten,nicht gut eignet, da die Signale der Isomere mit den Signalen des Produktes
Uberlappen kénnen und die NMA&halyse aus einem Reaktionsgemisch somit falsche
Ergebnissdiefert. Dennoch ist dies derzeit eine weit verbreitete Methode, welche Uberdacht
werden sollteHierfur wirde sich das in Kapitdl gezeigte 2EL.C/MS System deutlich besser
eignen.

Abschlie3end lasst sich zusammenfassen, dass diese Arbeit gezeige logol3 der Einfluss

der Wellenlange auf photochemische Reaktionen sein kann. Bereits kleine Unterschiede in der
Wellenlange kénnen zu deutlich anderen Ergebnissen fihren. Um die Reproduzierbarkeit einer
photochemischen Untersuchung zu gewadhrlejsteines daher wichtigdie verwendeten
Lichtquellen ausreichend zu charakterisieren. Daflr sollte fur yedwendetelichtquelle
zumindestein Emissionsspektrum angegeben werden. Die Farbe des Lichtes anzugeben ist
nicht ausreichend, da hier bereits je nachllénlangenbereich unterschiedliche Ergebnisse
erhalten werden kénnen. In dem Bereich der Olsfatathese mit GrubbKatalysatoren
konnte gezeigt werden, dass der Katalysatorvergiftung mehr Beachtung geschenkt werden
sollte. Diese beeinflusst nicht nurrdé&msatz der Reaktion, sondern greift direkt in das
Gleichgewicht des Mechanismus dDaher ist es nicht triviaKinetiken aufzunehmen, da die
Katalysatorvergiftung diese verfalschen wirde, wenn sie nicht unterdoiiekt deutlich
eingeschréankiverden kan. Zusatzlich wird im Kolben bei langen Reaktionszeiten immer ein




Ergebnis Uber alle Phasen der Kggatorvergiftung erhalten und es kann keine Phase gezielt
angesteuert werden.

Insgesamt konnte gezeigt werden, dass Untersuchungen im kontinuierlichenflugr
durchaus ihre Vorteile haben. Gerade im Bereich der photochemischen Untersuchungen und
der heterogenen Katalyse konnen deutlich effizienter Messpunkte aufgenommen werden,
wodurch die Ergebnisse schneller erzielt und Mechanismen aufgeldst weradem kivelche

in der klassischen Synthese im Kolben verbogglieben waren




[1. Abstract

Continuousflow chemistryinvestigations are becoming increasingly important for organic
synthesis, as they offer several advantages over classical synthesis in a flask. In order to
investigate reactions in continuefisw, a setup consisting of two linked HPLC systems has
been estblished, whereby the first HPLC system is used for reaction control (first dimension)
and the second for the analysis of the reaction solution (second dimension). The reactor on
which the reaction takes placepigcedin the first dimension. In this dimsion, the flow rate

and thus the reaction time on the reactor can be adjust2ehosition/6port valve located

behind the reactor connects the two systems and allows to transfer a part of the reaction solution
from the first to the second dimensiémthe second dimension, the separation of the substances
takes place and their quantification is made possible via an external calibféugoafore, a

higher reproducibility is obtainednd the employee is freed from labotensive, repetitive

steps, whibh means henay use the time to evaluate and interpret the results or plan further
investigationslin this thesis, two areas are presented in which contirilmuscan be used
efficiently.

The first area deals with photochemical catalysis as well as pleobaocdl reactions in general.

Here, a catalyst (or the substrate) is excited by light of a certain wavelength, which starts a
chemical reaction. Synthesis in continudlasv allowsto use reactorahich have a very small
channel diameter and thus a low peaton depth for the light. This results in an almost
homogeneous irradiation of the reaction solution, which makes it possible to better control the
reaction ananinimizethe formation of byproducts. Due to the progress in the development of
LED technology, photochemical reactions have also gained in importance, as versatile light
sources are now available that requoe energy and are inexpensive to purchase. Many
photbchemical reactions can also be carried out with sunlight, which has made them very
attractive in terms of green chemisthy.photochemical investigations, however, the extent to
which the wavelength of the emitted light affects the reaction, or howetwion can be
influenced by irradiation with light of a different wavelength, is often negleetkdn
investigating photochemical reactions. Chaplerand 3 deal with the investigation of
photochemical reactions regarding their wavelength dependenagbyblkapter? is a direct
follow-up project from chapter 1, which was made possible by the good interaction between
reaction control and instrumental analysis.

The second areavhich is very well suited for continuodfow investigations concerns
heterogemaous catalysis. Here, a catalysinsmobilizedon a carrier material (usually silica
particles) andhe material is packed into a columihis column represents the reactor. Since

no further reaction takes place once the solution has left the reactwmodegteous catalysis is

very well suited for investigations in continuellsw. In this case, the reaction does not have

to be quenched, nor does the catalyst have to be separated, as it is only stationary in the reactor,
which also allows the reaction térmio be controlled very well via the flow rate applied to the
reactor. A major problem in heterogeneous catalysis lies in catalyst poisoning, whereby the
activity of the catalyst and thus the conversion of the reaction decreases when the catalyst is
used sveral times. In continuotffow, different reaction conditions can be investigated
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relatively quickly in succession with the same reactor and the influence of catalyst poisoning
can beminimized In chapters 4 and 5, olefin metathesis reactions with #l6reatalyst are
investigated in continuowfow. Here, the catalyst isnmobilizedonly within the pores (60 A

inner diameter) of the silica, allowing the influence of the spatial confinement of the pore on
the chemoselectivity of the reaction to be iriggged. The individual chapters of this thesis are
briefly summarzed below.

Chapter 1 lays the foundation for the systematic investigation of photochemical reactions on
the dependence of the wavelength of the irradiating light. For this project, kigadiefD

arrays are being developed, with 12 LEDs on each array emitting light in the same wavelength
range.These arrays are used to cover the range between 365 and 670 nm in the smallest possible
steps to achieve the highest possible resolution whelyistuthe wavelength dependence of

the reactionln addition, a microreactor is being developed that is well matched to the LED
arrays so that the light can be used efficiently and investigations at high light intensities are
possible. Furthermore, a small channel depth (0.5 mm) was chosen in ord@iridremost
homogeneous irradiation possitdadto keep the reaction times as short as possible. As an
example reaction, the perfluoroalkylation ofnethylindole with eosin Y as photoredox
catalyst and diazabicycloundecene (DBU) as base is shola.eaction has only been
investigated with white light in the literaturln this project, the entire wavelength range of
visible light between 365 and 700 nm is investigated to determine possible differences in the
reaction. An important point of these intigations, which also sets this work apart from other
wavelength investigations, is the calibration of the different LED arrays. A method is developed
which makes it possible taormalizethe number of photons hitting the reactor using a
spectroradiometerln this way, only the wavelength of the photons changes during the
examination, but the number of photons hitting the photoreactor remains almost the same
(deviation of approx. 3%). This excludes the possibility that an LED array delivers better or
worseresults due to a higher or lower number of photons. In the range between 430 and 550
nm, the conversion of the reaction correlates with the absorption spectrum of ddsinever,

it is noticeable that the highest conversions are obtained in the wavetange below 400

nm, in which eosin Y shows no absorption. In a further investigation with@atalystthe

results could be reproduced, although the conversions in the range inegkioN absorbs

were absent. In a third investigation, which is earout without a base, the same trend can be
observed, albeit with significantly lower conversions. In addition, there is a change in the
regioselectivity of the reaction (between the 3 and 4 position), which suggests that different
reaction mechanisms arevolved.Thus, three different reaction mechanisms can be selectively
controlled by the choice of the reactants and the wavelength. In the wavelength range between
430 and 550 nm, the reaction takes place via photoredox catalysis of the eosin Y tathlyst.
wavelength range below 430 nm, the electron donor acceptor (EDA) complex between the base
DBU and perfluorobutyl iodide dominates, which generates free perfluoroalkyl radicals by
photoactivation. The third mechanism is an EDA complex betwesaretB/lindole and
perfluorobutyl iodide, which is much weaker than the EDA complex between DBU and
perfluorobutyl iodide. Here, photoactivation generates a radical pair in the solvent cage, which
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also influences the regioselectivity of the reaction. Thus, tifesrent reaction mechanisms
were revealed by the systematic investigation of the wavelength dependence of the reaction.

The second chapter arose directly from the thematic of the first chapter. It was already observed
in the first chapter that if the@duct mixture of imethylt3-(perfluorobutyl}1H-indole and 1
methyt4-(perfluorobutyl}1H-indole is stored for a longer period, hydrolysis ei&thy}3-
(perfluorobutyl}1H-i nd ol e o c eositi® ofahte petflnoenatéfroup whereas 1
methyt4-(perfluorobutyl} 1H-indole is stable. This observation is very unusual, aCitie

bond is a very stable bond that can usually only be activated by harsh reaction conditions.
Another great advantage of the interacti@tweernreaction control and instrumental analysis

is that all data are recorded and stored. Thus, with the help datadrom chapter 1, it was
discovered that the hydrolysis product was already formed in a very small proportion (less than
1%) in all investigations with DBU as the ba$ke low proportion is explained by the fact that
HPLC solvents were used in the istigations, which have only a low water contehlhe
reaction could be reproduced with a base (sodium hydride) and with the addition of water in a
flask, whereby a yield of 37% was obtained over two steps. The eleutimirawinggroup

on the 2methylindde allows the amino function to be deprotonated, resulting in the cleavage
of F and the addition of a nucleophile at ti@osition of the perfluorinategroup By using
sodium ethanolate as a base, the ethanglatgp can also be introduced into the malle.
Analogous reactions can also be carried out wigfh@nylindole instead of-thethylindole,

with slightly higher yields of 44% to 54% over two steps. The reaction can also be carried out
with heptafluorez-iodopropane, a secondary perfluorinated alkiane (49% over two steps).

In this case, however, the alcohol and not the ketone is obtained as the hydrolysis product. A
method could be developed which allows the indireidE @ctivation at théJposition of a
perfluorinated side chain at theg@ostion of 1H-indoles under mild reaction conditions. Here,

the 3substituted Zhenyl indoles should be highlighted, which represent promising structures
for medicinal chemistry.

In the third chapter, which is linked thematically to the first chapter, #tepsfor the
investigation of photochemical reactions regarding their wavelength dependence and the
intensity of the light source is completed. For this purpose, the setup is extendesglby a
developednodule that enables the LED arrays and thus the leragth irradiating the reactor

as well as the intensity of the light source to be changed automaftidatlynodule consists of

a linear drive on which a carriage is mounted that can carry up to 10 LED arrays. However, the
LED arrays can be interchangediaut any problems. The LED array that is in operation is
always located directly under the microreactor. A software is used to control which LED array
is active at any given time for any given duration. The intensity of the LED array can then be
changedor another LED array can be used for the next examination. Thus, in combination with
the HPLC equipment, both the reaction control and the analysis as well as the quantification of
the compounds formed from photochemical reactions can now be investigateduily
automated manneegardingheir wavelength dependence and the intensity of the light source,
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resulting in a very timefficient recording of reaction dathe reaction of an arylazo sulphone

with the solven{water/acetonitrile 1/9v/v)) as well as with a dioxaborolane as an additive is
used as a test reaction for the system. The reaction is very promising as it has already been
studied in the literature for its wavelength dependence and a different rateeehehe products

has been obtained at different wavelengths. However, the reaction has only been studied at two
different wavelengths (366 nm and 450 nm) and with white light at different intensities and
irradiation durations. In this chapter, the reattis systematically investigated in the
wavelength range from 373 to 522 nm (12 LED arrays). Since three different products are to be
formed by irradiating the substrate in the solvent, the additive was initially omitted in order to
keep the reaction simgl. In the investigation under inert gas, only methoxybenzene is formed
as a product over all wavelengths (max 60% at the shortest wavelength). However, during the
reaction in air atmosphere, another produemg@thoxybenzenediazonium methanesulfonate)
canbe observed, which is formed by the reaction with air. This compound is difficult to observe
because the absorption spectrum of the product is very similar to that of the substrate and it is
also converted to the same products. The absorption spectrima iotermediate product is
shifted with a maximum of about 50 nm into the shorter wavelength rdimjge.makes it
possible to stop the reaction at the intermediate stage by using an LED array with which only
the substrate but not the intermediate is exciThis enables to use the intermediate as substrate
and to investigate the reaction for the dependence of the wavelength. Here, a significantly
higher proportion of 4nethoxyacetanilide was produced (methoxybenzene 45%, 4
methoxyacetanilide 15%). Therethoxyacetanilide is thus only formed from the intermediate
and not directly from the substrate. The question which arises subsequently is whether the
reaction with the dioxaborolane is also influenced by the intermediate. The investigation under
inert gasand in air atmosphere lead to very similar results (45% producg82®
methoxybenzene), which is due to the fact that the reaction with the additive proceeds much
faster than the formation of the intermediate. With thegemerated intermediate, on thther

hand, only 38% product, 17% methoxybenzene add@63of the 4methoxyacetanilide are
obtained. However, the conversion is also somewhat lower because the reaction proceeds more
slowly. In addition, it is very noticeable that the yield decreases hehigavelengths across

all investigations. However, the yield decreases much more slowly when the intermediate is
used. At a wavelength of 430 nm, 30% product is still generated with the intermediate, whereas
only 17% product is generated with the substeat430 nmThus, the path via the intermediate

is particularly advantageous for reactions in which the higher energy of light at short
wavelengths leads increasingly to-pgoducts or to the decomposition of the substrite.
summary, this study presersetup that can investigate a photochemical reaction under three
different reaction conditions (inert gas, air atmosphere, with prgenerated intermediate
product) withinnine hours in a fully automated manner for its dependence on the wavelength
of the incoming light. During these investigations, an intermediate which shows a completely
different reactivity than the substrate was selectively generated by carefully choosing the
wavelength used. It could thus be shown that the wavelength of the ligb¢ ssed should be

given significantly more attention and that even a small difference in the wavelength of the light
used can have a major influence on the reaction.
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Il. Abstract

Chapter 4 leaves the field of photochemical investigations and enters the fieldofdet®us
catalysis. For this purpose, an olefin metathesis reaction using a HoGeybas catalyst is
investigated, in which a diene is used as the reactant. The desired product results from the
intramolecular reaction in which a ring is formed. Howewsarintermolecular reaction can also
occur as a competing reaction, resulting in a ditnengr, or oligomer from the substrate. It is

an established method to work with very low concentrated solutidagdothe intramolecular
reaction over the internhecular reaction. However, this has the disadvantage that a large
amount of solvent must be used to produce a small amount of product. In this project, a different
approach is taken tprioritize ring closing over oligomerization Since the dimer requires
significantly more space to be formed, the catalyistmsobilizedonly within the pores of silica
particles (60 A inner diameter), thus spatially confining the reactiofeandngthe formation

of the ring. The silica particles are packed into a colemmvhich the reactions are studied in
continuousflow, at different temperatures and different flow rates, which lead to different
reaction times. Similar trends can be seen at all temperatures. As expected, the conversion
decreases with lower reaction times. The course of the selectivity, which isdicateatio
between the product of ringJosing metathesis and the oligomers, is clearly more complex.
Both ringclosingmetathesis andligomerizatiorrelease ethene, which could quickly escape if

the catalyst were freely accessible in a flask and thusddanmot have much influence on the
equilibrium. Inthis case, however, the catalyst is present in the pores and the column is sealed
(except for the inlet and outlet), which means that the ethene releases much more slowly and
must be included in the equoium. The ethylene can reopen the ring that has already been
formed, which leads to a lower selectivity. In addition, the dimer can react with itself, whereby
the desired product is also formed. However, this reaction takes place relatively slowly, since
the dimer must first be formed. These processes can also explain the course of the selectivity in
the experiment. In the range where the yields are higher (above 2%), the selectivity increases
with increasing flow rates. This is because at higher flove ithie ethene can be removed more
quickly, limiting the back reaction (the ring opening). At low conversion rates (below 2%), only
small amounts of ethylene are generated, so the back reaction does not have much influence on
the selectivity. In this rangehe selectivity increases with decreasing flow rate (increasing
reaction time), as the dimer now has enough time to react with atsefiorm the desired
product. Under spatial confinement, higher selectivities can also be achieved compared to the
reaction in the flask (selectivity of 57% instead of 47%). In addition, significantly smaller
oligomers are formed in spatial confinement. With MALDDF it was shown that only the

dimer and trimer are formed (95% to 5%), whereas with the freely accessiblestcatalye

flask oligomers up to the hexamer are observed. In summary, the study showed that the spatial
restriction has advantages for the selectivity of the reaction. Furthermore, the influence of the
ethylene formed on the mechanism was observed antibreaonditions were found at which

the selectivity of the reaction is maximal (approx. 60% selectivity at 2% conversion).

The fifth chapter also deals with olefin metathesis under spatial confinement. In this project,
however, the focus is not on theesglvity between the product from riregpsing metathesis
and the oligomers, but on the investigation of another side reaction, the formation of isomers.

13



For this investigation, the same catalyst as in chdpierused (Grublisloveyda), which is

also know to form isomers from the reactant. This project investigates which isomers can be
formed during the reaction and how the formation of the isomers can be influencedtrast

to chapted, this time a reactant is used that contains an aromatic syi$tas .both the reactant

and all the resulting products can be tracked and quantified online with a lD/ABDdition, a

mass spectrometer (E®IS) was connected, which helps to obtain an overview of the by
products formed. Catalyst poisoning plays an ingrtrtole forisomerization First, the active
ruthenium catalyst reacts with ethylene to form hydrides, which in turn are responsible for
isomerizationFor isomerization to take place, enough ethylene must first be produced in order
to form the hydride gries.Therefore, no isomers are observed at higher flow rates and lower
reactant concentrations. In order to determine the exact influence of catalyst poisoning on
isomerizationa reactor is examined for 200 minutes at a reactant concentration of 100 mM and
the lowest flow rate (0.01 mL/min or 18.6 minutes reaction time), which can be set by the HPLC
pumps. During this time, 18 measuring points are recorded and three diffeasesof the
reactor are detected. In the first phase up to 100 minutes, the selectivity is very high at the
beginning and decreases slowhhe reason for this is that the hydride species must first be
formed before the isomerization reaction can takeepllm the second phase of the reactor
between 100 and 145 minutes, the selectivity is constant. In this range, the formation and
consumption of hydride species is in equilibrium. After 145 minutes, the selectivity increases
rapidly because the conversianlower due to catalyst poisoning and not enough ethylene is
formed to form enough hydride species. These results fit very well with the results from chapter
4, where the best selectivities were also achieved when the activity of the catalyst was.very low
In summary, this project has shown that spatial confinement has not only advantages, but also
that a higheisomerizatiorrate can be expected. Furthermore,iffoenerizationproducts are

very versatile, as the isomer of the substrate can also undeggdasing metathesier the
formation of oligomersFinally, with the help of NMR experiments, it was shown that NMR
analysis from reaction mixtures of olefin metathesis, is not well suited for the determination of
conversions and selectivities, since #gnals of the isomers can overlap with the signals of
the product, and NMR analysis from a reaction mixture thus provides false results.
Nevertheless, this is currently a widely used method, which should be reconsidered.-The 2D
LC/MS system shown in chtgr 5 would be much better suited for this purpose.

In conclusion, this work has shown how great the influence of wavelength on photochemical
reactions can be. Even small differences in wavelength can lead to significantly different
results. In order toresure the reproducibility of a photochemical investigation, it is therefore
important to sufficientlycharacterizehe light sources used. For this purpose, an emission
spectrum should bprovidedat least for each light source used. It is not sufficiergpecify

the color of the light, as different results can be obtained depending on the wavelength range.
In the field of olefin metathesis with Grubbs catalystajasshown that more attention should

be paid to catalyst poisoning. It does not only iefice the conversion of the reaction, but
directly interferes with the equilibrium of the mechanism. Therefore, it is also not trivial to
record kinetics, because they would be falsified by catalyst poisoning if it cannot be suppressed
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Il. Abstract

or significantly limted. In addition, with long reaction times in the flask, a result is always
obtained over all phases of catalyst poisoning and no phase can be specifically targeted.

Overall, it was shown that investigations in continueilew do have their advantages.
Especially in the area of photochemical investigations and heterogeneous catalysis,
measurement points can be recorded much more efficiently, which means that results can be
obtained more quickly and mechanisms can be resolved that would have remained hidden in
the classical synthesis using a flask.
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[1l. Introduction

1.1 Continuous-flow chemistry

In continuousflow investigations, the reaction does not take place in a flask, instead one or
more reaction solutions are pumped into a reactor, capillary, or polymer tube where the reaction
takes place.There are different experimental setupsinvestigatereactions in continuous

flow. One possibility is to use a syringe pump and a polymer4@yginge pumps have the
advantage that they are inexpensive to purchase, but cannot be automated thidbeaesilsr,

HPLC systems can also be used for contindtmys investigations'® HPLC systems are
normally used to separate aadalyzechemical mixtures. A simple HPLC system consists of
four modules. One of these modules is a thermostatted column oven in which the
chromatography column is locatéthis is where the separation takes place, as the different
analytes interact with the separation column to varying degrees and therefomoehge or

later. Another module is the pump, which continuously pumps the eluent through the
chromatography colummin autosampler between the pump and the column oven enables the
analyte to be injectedVith a detector behind the chromatography columa, amount of
substance or the concentration of the analytes can be quantified by an external calibration. A
diode array detectavhich measures the absorption of light at different wavelengths is suitable
for this purpose.

An HPLC system provides everythingededor continuousflow investigationsThe pump is

used to transfer the reactant solutions into a reactqolpmertube or a reactor milled in
stainless steel can be used as a redédihe reactor only needs a connectfonthe HPLC
system. Especially in the field of photochemical catalystdymertubes are very popular
because they are cheap to obtain and available in different materials with different inner
diameters. Since the reaction solution is only mixed by diffusioppotymertube with a small

inner diameter is usually choseiowever, polymer tubes have the disadvantage that the
temperature cannot be controlled, which makes it difficult to work under isothermal conditions,
as the reaction solution heats up over time due to light irradiation anddigy @f exothermic
reactions is poorly dissipated

In the field of heterogeneous catalysis, other reactors are known. There is the possibility of
immobilizing the catalyst on a carrier material such as silica and sealing the particles in a
columni®i! Afterwards, the chromatography column located in the temperatntolled
column oven can be replaced by the reactor, allowing direct control of the temperature for the
reaction.The reaction time can be determined by the volume of the reactor and the dpplied f
rate The DAD behind the reactor monitors the reaction solution by absorbing light at different
wavelengthsAlthough the substances from the reaction solution arrive at the detector together
and not separated in time, it can already be seen whetbaction has taken place. When the
reaction solution reaches the DAD, the absorbance of the solution changes because the substrate
has a different absorbance than the solWfiten a reaction has occurred in the reactor, the
absorbance of the solution clg@s if the absorbance of the reactants and the product are
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111.1 Continuousflow chemistry

different. This may already be sufficient to determine the conversion of the re&ttion
Otherwise, two HPLC systems can be connected with a valve, which is placed behind the
reactor of the first HPLC systerfihe valve contains a capillary that isddl with the reaction
solution and can be switched to inject the solution from the capillary into the second HPLC
system, replacing the autosampléhe second HPLC system is an ordinary HPLC system,
which makes it possible to separate and quantify théioessubstance$The advantage of the
HPLC system in the investigation of continudlev reaction systems ,ighat it is operated

fully automatically and all data are stord@d@netables can be created which allow the flow rate
and thus the reactictime as well as the reaction temperature to be changed at specified times.
Furthermore, the setup can be extended with all modules already known from analytical
chemistry This allows to collect substance for NMR experiments with a fraction collector or
to obtain further information about the reaction mixture with anMSI An exemplary setup

for continuousflow investigations, with fraction collector and EMIIS, is shown in Figure I11.1.

Quaternary pump Column oven, T

I——————————————————'; (between 5 °C
|
| l — l | Online DAD }—Q ESI-MS
!. __________________ ! Separation Analytics Product
Binary pump D inline By-producls
I_ __________________ online
| Substrale : Renster B L — Unreacted substrate
—
0 SDIvent : Column oven, T

___________________ (between 5 °C
and 100 °C) @ Pump @ Mixer Valve

1
2) Autosampler

(1) Substrate solution
(@)

(3) Quaternary pump
(4) Binary pump
(5) Valve

(6) Eluents

(7) Online DAD
(8)

8) Thermostate with
C8 column

(9) Thermostate with
reactor

(10) Inline DAD
(11) Fraction collector
(12) ESI-MS

Figure Il .1. Top: Schematic drawing of a 2D/LKIS setup for the investigation of
continuousflow reactions. Bottom: Photograph of the 2DAMS setup. The shown setup is
composed of different modules from Agilent Technologies.
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I1l. Introduction

[11.1.1 Advantages of continuousflow chemistry

Flow chemistry offers several advantages over classical synthesis in a flask, which is why it is
preferable to synthesis in a flask in some aspe&tsiajor advantage is that the temperature of

the reaction in microreactors can be better controlled compared to reactions in a flask. The small
channel diameter of microreactors leads to a high sutfagelume ratio between the reaction
solution and the @mnel wall. As a result, the reaction solution can be heated or cooled very
quickly,** and the heat generated during exothermic reactions is dissipated rapidly. The
permanent control of pressure and temperature also provides a higher degree of safety in highly
exothermic orpotentially explosive reaction® Due to the large surfage-volume ratio of
continuousflow reactors, very short reaction times are also obtained for the study of reactions
between liquids and gases, making them very deitial their investigation& 8 In addition,
continuousflow reactions typically have a higher regucibility because mixing in the
microreactor is much faster due to the small channel diafhatef the reactions can be easily
automated? avoiding errors by the operator. Automation also allows more data points to be
recorded in a shorter time, making continuflogy studies verysuitable for investigating
different input parameters such as reaction times, reaction temperatures or reactarf® ratios
The advantages in the field of photochemical catalysis and heterogeneous catalysis are
discussed in detail ichapters 111.2.1 and 111.3.1.

However, there are also aspects where the investigation in the flask is preferable. The
investigation of the influerecof the solvent on the reaction cannothsily automatedo that

it is easier to carry out the investigations in a fldskaddition, problems arise in continueus

flow as soon as a substance precipitates during the reaction, as this can leadng oloigi
microreactor. Especially if the precipitation of the substance has a positive effect on the
equilibrium of the reaction, it is recommended to carry out the reactmficisk !

It is most efficient to have both options on the screen and to perform part of the investigation
in batch before transferring the system to contintftnvg, where the investigation of input
parameters such as temparatand reaction time can be well automated
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[11.2 Photochemistry

[11.2 Photochemistry

Photochemical catalysis enables completely new reaction pathways and synthesis possibilities,
which is why it is of great interefdr organic synthesi&. There are a variety of catalysts which

can be used for photochemical reactionsaatapted to the corresponding synthesis proBfem.

The catalyst system can usually be selected in a m#matawnly the catalyst absorbs the light

and thus the light has no direct influence on the substrate or additive. There are also versatile
possibilities in the choice of light source. For example, |&SdrEDs,?* or even sunlight can

be used?>?®although all light sources have their advantages and disadvantages. Lasers have a
low bandwidth which makes it possible to set an exantelength. On the other hand, they
irradiate only a small area, making it difficult to upscale reactions with IZ5eEDs irradiate

a larger area, but the intensity of the irradiation decreases sharply with the distance of the LED
from the reaction solution. Placing the DElose to the reaction solution can in turn lead to
thermal problem$® Using sunlight is an elegant, energgving method, but leads to very long
reaction times due to the low light intensity. There are also versatile options in the choice of
reactors, which will be discussedlll.2.1.

Photochemical reactions have the advantage that they can usually be carried out under mild
reaction conditions, since the activation does not take place by high temperatures but only by
excitation by light® Thus, many functional groups can be tolerated, which allows
photochemical reactions to be used in higher steps of a longer synthesis route. Therefore, they
are very popular for use imaturd product synthesiand often form the key stép.

Although the potential of photochemical conversions for new reactibnvpgs and synthesis
opportunities has been known for decatteé€ photochemical conversions have gained even
more importance in recent yed?s’! This development is due to the fact that great progress has
been made in thield of LED developmenrt-*233and in the development of microreais?

LEDs afford the ability to use a relatively inexpensive light source with monochromatic light

at a high intensity to specifically excite the catalyst of the reaction, which is why LEDs have
become workhorsesn modern photochemical synthe¥tsLEDs are also well suited for
studying photochemical reactis for dependence on their light source. For example, Kappe's
group has used a commercially available flow reactor to study photochemical reactions for the
influence of the wavelength of the light sources (f8€e*® However, the reactor used has the
disadvantage that with the light at different wavelengths, there are also different light
intensities** Therefore, it is possible that the observed correlations are due to the light intensity
and not to the wavelength of the lighit avoid this problem, there is a method to meatue
photoreactor with spectroradiometét$® With a spectroradiometer, the light intensity can be
measuredt different locations in the reactor, allowing the light intensity to be adjusted via the
current applied to the LEDs so that the same light intensities are pvdsemtusing light of
different wavelengths.
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I1l. Introduction

[11.2.1 Advantages of continuousflow chemidry for photochemical investigations
There are many possibilities when choosing a reactor for carrying out photochemical
reactions’*! The reaction can be carried out in a flask or a vial. However, it can also be
transferred to continuotflow.?° For the implementation of photochemical agans in
continuousflow, polymer tubes or microreactors milled in stainless steel can be used. In
addition, thefalling film microreactoris also verywell suitedfor photochemical reactions,
especiallywhen reactions between a solvent and a gas arg [simied '8 The main
difference between the reactors is the diameter of the reactor and thus the distance the light has
to travel in the solution for a reaction to take pldoea flask, there is a penetration depth of
seveal centimetersdepending on thehargesize, whereas ipolymertubes and microreactors
the penetration depth is usually less than ondimeter. The BeefLambertBouguer law
describes how this affects the reacffdn
. .. O o
o |1 C’QY 1 (;—O -
A: Absorbance of the solution at a certain wavelenftiiransmission at a specific
wavelengthlo: Initial intensity.l: Intensity of the light after crossing the samjléMolar
absorption coefficient (mdtmY). I: Distance travelled through the solution (cm).
c: Concentration of the absorbing species.

The effect of theBeerLambertBouguerlaw becomes clear with arxample reaction. In a
photocatalytic conversion with Ru(bp@)z (c = 0.5, 1 and 2 mMJ= 13000 critM1), 50% of

the photons are already absorbed after thav to 0.12nm, depending on the chosen
concentrationThe amount the law affects theaction in the respective reactors can be seen in

Figure 111.2.
A 1.0 4

0.8

0.6

% Transmittance

0.4 4
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0.0~ T T T T
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Figure Il .2. A: Example system with Ru(bpygl> as catalyst to illustrate the transmission as
a function of the solution distance to be penetraBedrlask with a volume of 100L and a
diameter of 6@&m. C: Vil with a diameter of 1inm and a solvent level of approximigte
18 mm. D: Microreactor witta channel depth of 0rim (usedn this thesis).
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I11.3 Olefin-metathesis

The continuousdlow allowsto use reactors with significantly lower irradiation depths (from 60

mm for the flasi(Figure IIl.2 A)to less than Inm for the microreactdfigure 1.2 D). As a

result, the reaction times of the photochemical reactions are considerably shortened and many
more measuring points can be recorded in a shorter kmadition, better control over the
system is achieved, limiting the spectrum ofgrpducts by reducinghe probability that
products already formed will decay again during prolonged irradiéitn

[11.3 Olefin -metathesis

Olefin metathesis uses a catalytic amaafra metal complex to realkylidate two double bonds.
Olefin metathesis is widely used to generate new carbon double bonds since it tolerates many
functional groups$®4” With the formation of higher oligomers, olefin metathesis has a major
impact on the development of petrochemié&¥he selection of the catalyst can be very well
adapted to the synthesis problem, since there are many different catalysts for olefin metathesis,
which differ in their reactivity and sensitivity to oxygen and moisture from tif&-2ir

In olefin metathesis, initially a carbenoid is formed between the olefin reactant and the catalyst
used. Subsequently, the metakrbene complex forms a metaiclobutane complex with
another alkeneThe cyclobutaneomplex reopens and the corresponding olefin is obtained. In
addition, the use of reactants with terminal double bonds leads to the elimination of ethene.
Since the reactant for olefin metathesis only needs to have a double bond, the pEasgibles

are very diverse. This is illustrated by the scheme in Figure 1l.3 using a terminal diene.

n-1—
- i
n e
— — ADMET
A
RCM ROM
__ 4
n=— _,4
n
Y
CDP [
n~___ ROMP

Figure lll. 3. Reaction scheme of olefin metathesis based onJardiene. All reaction
pathways can proceed in both direns.RCM: Ring-closing metathesifROM: Ringopening
metathesiSADMET: Acyclic diene metathesi€DP: CyclodepolymerizationROMP: Ring-
opening metathesis polymerizatid@ubstrate equivalents are indicated witi he catalyst is
designated agM=].
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I11. Introduction

Olefin metathesis can be used for a ring closing of a terminal diene (RCM), forming a mixture
of the E- and Z-isomer. However, depending on the reaction conditions, this ring can also
reopen (ROM) (e.g., by increasing the ethene concentration). In adtiitiotramolecular
reactions, there can also be intermolecular reactions with the same or a different reactant, which
can occur multiple times and lead to oligomers (ADMHETe resulting oligomers carleave

off the substrate in the form of a closed rihgough an intramolecular reaction (CDP). The
closed ring can react with another substrate molecule in the presence of the catalyst to form the
corresponding oligomeagain(ROMP). On the one hand, olefin metathesis can be usad in
variety ofways to geneate different products, but on the other hands #lso challengingo
selectively generate the desired product. The choice of catalyst is also importafdThe
generation Grubbs catalydt,as well as the relatednd-generation Grubligioveyda
catalystt?®® which are known for their versatility, agroneto the formation of ruthenium
hydrides and thus to the isonmtion of thedouble bond of the substrat&>’ Since the
resulting isomers can also perform the reaction stepan in Figurell.3, the reaction system
becoms complex very quickly.

There are several ways to influence the equilibrium of the reaction. In order to obtain the
oligomer, the reaction is usually carried out at very high substoatentrations, to favor the
intermolecular reaction over the intramolecular reaction. Additionally, if the ethene which is
formed during the oligomerization can be removed from the equilibrium, there is no threat of
a back reaction. However, shifting tbguilibrium in the direction of ringlosing metathesis

is much more difficult. A proven method is to work with very low concentrations to favor the
intramolecular reaction over the intermolecular reacfofiHowever, this leads to much

longer reaction times at the same catalyst concentration, and a comparatively large amount of
solvent is consumed to obtain a small amount of prodte again, removal of the resulting
ethylene from equilibrium is advantageous in suppressingofening metathesns.

[11.3.1 Advantages of continuousflow chemistry for investigations in the field of
heterogeneous catalysis

In heterogeneousatalysis, where a solid phase as well as a liquid phase are present, continuous
flow studies are advantageous because the reaction and purification occur simultarfemusly.
continuousflow studies, the catalyst is immobilized on a support material (usually silica) and
fixed in a columrf®® Therefore, e catalyst is unable to leave the column and does not need

to be quenched or separated to stop the reaction. In addition, the catalyst is protected from the
environment, slowing down the poisoning of the catd#§/dthis allows more studies to be
performed with the same amount of catalyst, making continfiowssery suitable for studying
reaction @rameters such as temperature or reaction‘time.
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[1l. 4 Motivation

Although photochemical reactions and their potential to create new reaction possibilities have
been known and valued for many ye#hs, investigation of reactions regarding the dependence

of the light source used has been rather neglected. Although first studies are known in which
photochemical reactions were investigated for their dependence on the wavelength of the light
source usedthe light sources were not sufficienttharacterizedThe intensities of the light
sources were not adjusted to each other, so that the differences could also be caused by a higher
light intensity, i.e. a higher number of photons hitting the reacta.afim of this work in the

field of photochemical catalysis to develop a setup in which photochemical investigations

can be investigated as efficiently as possible regarding the dependence of the light source used.
For this purpose, it must be ensuredttlonly the wavelength is changed during the
investigations, but the number of photons hitting the reactor remains the same. In order to make
full use of the advantages of continudlesv, the setupis also optimizedso that both the
wavelength and the light intensity used can be changed automatically. Subsequently, example
reactionsare used to show how great the influence of the wavelength can be on the
photochemical conversions and which additional information lmanobtained about the
corresponding reaction mechanisms.

Although olefin metathesis is used in a variety of reactions, the possibilities to influence the
reaction equilibrium in the direction of rirgosing metathesis are limited. Although it is
possible to work at very low reactant concentrations, longer reaction times and a high solvent
consumption must be accepted. The aim of this work in the field of olefin metathesimd

a more efficient way to fituence the selectivity of the reactidfor this purpose, the influence

of spatial confinement on olefin metathesis is investigated, since oligomerization, which results
in larger products, requires significantly more space thardlwgjng metathesis.his should

make it possible to work with high concentrations and still prefergioging metathesis over
oligomerization. The studiesecarried out in continuouow with a Grubbs catalyst to show

the influence of spatial confinement on selectivitd amaction equilibrium in general.
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Abstract

We unfold light ageaction parameter in a continueflsw~ photoreactor, using 16 LED arrays

with different emission bands (35000nm) but identical irradiances. For the
perfluoroalkylation of 2methylindole, three reaction mechanisms are revealed wavelength
selectively andsubsequently transferred into independent synthetic routes: i) photoredox
catalyzed by eosin Y, ii) via amidmsed electron doricacceptor (EDA) complexes (catalyst
free), iii) via indolebased EDA complexes (catalystnd additivefree). The methodology
enables routine and systematic screening of irradiation wavelengths and intensities in
photochemical synthesis.
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Chapter 1Light as a reaction parameiesystematic wavelength screening in photochemical synthesis

1.1 Main text

The proper selection of light sources represents a valuable asset in synthetic photochemistry to
control reactionoutcomes. Specific reaction channels can be addressed precisely by using
appropriate irradiation wavelengths if the underlying reaction mechanisms are adequately
understood:? Unfortunately, elucidating these reaction mechanisms remains an elaborate and
multidisciplinary challenge, especially for complex photochemical reaction systems.
Therefore, it seems reasonable to discover wavelength selectivities and dependencies of
photochemical reactions in their actual synthetic environment by screeningrdiffeadiation
wavelengths systematically, i.e., with the same number of incident photons per time and area
(irradiance) The few reports on wavelength screenings with identical irradiances are limited
to the use of tunable laser systems which, even thpogviding essentially monochromatic
emission, are expensive and difficult to combine with typical photoreactor Setups.

In contrast, higkpower lightemitting diodes (LEDs) have been established as workhorses in
modern synthetiphotochemistry, since they provide relatively narrow emission bands for
many emission maxinm@Accordingly, recent reports describe the wavelength selectivities or
dependencies of reactions by using different LED light sodrblegably, the group of Kappe
could demonstrate wavelenggklective gating of two different reaction channels by screening
six different wavelengths, albeit with significantly differing irradiantésanother approach,
Noél and ceworkers applied luminescent solar concentratorscwitonverted broad solar
irradiation to a narrow wavelength range matched with the absorption maximum of the
photocatalyst to demonstrate wavelergghective effect$. Here, we present the first
systematic wavelength screening with an LED photoreactog tise perfluorobutylation of-2
methylindole as test reaction.

Due to the significance of perfluoroalkylation reactions in drug development, they are well
established in the literature encompassing a variety of photochemical strategies and light
source$ Based on previous work§¢hemel.1 top), we chose the reaction oh®thylindole

(1) with nonafluorel-iodobutane (2) in acetonitrile as a test teac and selected 1,8
diazabicyclo[5.4.0]lunde-ene (DBU) as a base. This reaction has been previously realized
under continuouiow conditions with eosin Y as metfke photoredox catalyst and TMEDA

(N,N,N Nj Xgtramethyll,2-ethanediamine) as amine baSel{emel.1a)? It was also reported

t hat TMEDA as wel |l as DBU act fperflugrealkyt ne pr c
s u b st i-ketaestersdinvdving electron dofiacceptor (EDA) complexes between amine

bases and perfluoroalkyl iodideSahemel.1b).1%12 Moreover, the substraterethylindole

itself was shown tdorm EDA complexes that drive photochemical alkylation reactions
(Schemel.1c).®® Finally, the free radical alkylation of indoles may lead to regioisomeric
products, as seen in the trifluoromethylation of indoles uSinggni 6 s (Schemeg e n't
1.1d).}*1® Considering the various reaction channels of the chosen system and the so far
investigated |l ight sources (mostly white | i ¢
the emismn), a systematic study of the wavelength selectivities of the different reaction
channels appeared promising.
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1.1 Main text

Schemel.l. Top: Previous works on (perfluoro)alkylations through photorezhizlysis or

EDA complexes' !4 Bottom: Schematic experimental setup for the screening of wavelengths
on the reaction of -tnethylindole {) and nonafluorel-iodobutane %) to yield a mixture of
perfluoroalkylated indole regioisome3sand4.

As experimentiesetup Schemel.1 bottom), we employed a twdimensional continuouow
platform® The pump device in the first dimension precisely controls the flow rate in the
photoreactor and enables independent mixing ofubistsates and additives with acetonitrile.
The online coupled HPLC system allows for the separation as well as the quantification of all
reaction partners after external calibration. A detailed description of the setup and the
calibration procedure as wells photographs are available in the Electronic Supplementary
Information (ESI). The LED arrays and the photoreactor were designbéduse and
geometrically matched such that maximum irradiation intensity as well as a high irradiation
homogeneity was ensed, representing a hallmark of continudlasv photochemistry in
generalt’ The continuoudlow photoreactor was developed modularly, which allowed a facile
exchange of individual componentSiqure 1.1). The reaction channel (Omdm irradiation
depth) was meandered into the reactor plate, resulting in an irradiated reactor volume of
0.85mL. The heat generated by the LED arrays was efficiently removed by air fans and heat
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