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Nummerierung der Verbindungen
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und die Verbindungen in den jeweiligen Unterkapitgletrennt voneinander nummeriert.
Werden Verbindungen in einem Unterkapitel hinzuggfidie nicht in einer Publikation
enthalten sind, dann werden diese im entsprechelkdpitel entweder neu nummeriert oder
die Nummerierung knupft an der letzten erwahntemhier einer vorhandenen Publikation
an. Die Bezeichnung setzt sich jeweils aus der Nemder dritten Uberschriftsebene und
einer durchlaufenden Nummer zusammen, sodass Dmpp@inungen, vor allem im
experimentellen Teil, vermieden werden. Beispielswetragt die 2. Verbindung aus
Unterkapitel 4.1.2 die Nummér1.2-2. Fir stark verallgemeinerte Strukturen aus Schemat
die etwa Reaktionsprinzipien verdeutlichen, wurdé eine Nummerierung verzichtet. Alle
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Struktur der Doktorarbeit

1. Struktur der Doktorarbeit

Die vorliegende kumulative Doktorarbeit besteht dres eigenstandigen Themengebieten.
Dabei bilden die Transformationen von Carbonsawten Hauptteil der Arbeit und die
Sandmeyeranalogen Trifluormethylierungen und Trifluormethwytilierungen, sowie die

selektive Monoarylierung primarer Amine jeweils iklginere Projekte.

Aufgrund der kumulativen Promotionsform enthéltsgieAusarbeitung sieben englische
Originaltexte und drei Manuskriptentwirfe eigeneissenschatftlicher Veroffentlichungen,
sowie erganzende deutschsprachige Passagen, draldigationen thematisch einleiten, im
Gesamtkontext einordnen und wichtige, unveréffehté Ergebnisse darlegen.

Kapitel 2 besteht aus einer Einleitung, in der deih Hauptteil der Arbeit eingegangen
wird. Dabei werden Carbonsauren zunachst als wirtBubstanzklasse vorgestellt und ihr
Einsatz in decarboxylierenden Kreuzkupplungen undyli@rungsreaktionen gezeigt.
Weiterhin werden Nickekatalysierte €O Aktivierungen gezeigt. Im Anschluss werden die

Zielsetzung und Aufgabenstellung der Doktorarbargélegt.

Im Ergebnis und Diskussionsteil werden zunachst die im Rahdcieser Arbeit erzielten
Fortschritte in der Palladiurkatalysierten decarboxylierenden Allylierung unchBgierung
beschrieben, woraufhin Nickeétatalysierte Varianten der Allylierungsreaktion urlgr
decarboxylierenden Biarylsynthese vorgestellt werdas Gebiet der Carbonsauren wird mit
der Isomerisierung von Allylestern abgeschlossearabfhin folgen die Abschnitte der
Sandmeyeranalogen Reaktionen und der Monoarylierung primé&ailine jeweils mit
kurzer Einleitung direkt im Kapitel. Alle Themengete werden in Kapitel 5

zusammengefasst.

Kapitel 6 umfasst den experimentellen Teil diesetbedt und enthadlt neben den
Spezifikationen  der  eingesetzten = Messinstrumente ch au alle  verwendeten
Versuchsvorschriften und die Charakterisierungen \derbindungen. Das Kapitel wurde
teilweise auf Englisch verfasst, da es zum gro3fexl aus dem Material der

englischsprachigen Supporting Informations besteht.

Im Anschluss folgen die kristallographischen Datdas Literaturverzeichnis und ein

kurzer Lebenslauf.



Einleitung

2. Einleitung

Die Entwicklung nachhaltiger Methoden zur@ und C-Heteroatom Bindungsknipfung
gehort zu den Hauptzielen der modernen organisch&ynthesechemié?
Ubergangsmetatkatalysierte Kupplungsreaktionen sind dabei besendfiziente und
vielseitige Werkzeuge zum Aufbau komplexer Molekiilkturen. In klassischen
redox-neutralen Kreuzkupplungsreaktionen werden Organgealide, als
Kohlenstoffnukleophile, regioselektiv. mit KohlenS8&dekrophilen, meist praformierte
Organometallverbindungen der Elemente Bokupfer¥ Magnesiunt® zink® oder zin#"
gekuppelt (Gleichung 1, X = Halogenid). Die verwetath Abgangsgruppen bilden neben den
eigentlichen Kupplungsprodukten stets Nebenprodukieist Metallsalze. Innerhalb der
letzten Dekade wurden zahlreiche Strategien zunwbdung solch inharenter Limitierungen
entwickelt, sodass die Praformierung sensibler rwgeetallischer Reagenzien, sowie
Okologisch bedenklicher Organohalogenide und dmidaerbundene Salzfracht umgangen

werden kann.

R—M + R=X —— RYR® + MX 1)

R—H RE=X ——> R-R’ + HX @)
o)

Rl)J\OM + R=X —— R=R® + MX + CO, (3

o)

R—M + AK TOR? —= R=—R’ + AKCOM 4)
9 2

Rl)J\o’R — R=R’ + cCo, (5)

Eine dieser Strategien basiert auf der Kreuzkumplazider Kohlenwasserstoffe mit
Kohlenstoffelektrophilen (Gleichung 2). Dieses Kept der GH-Aktivierung ermdglicht
eine hohe Atomokonomie. Die regiaind chemoselektive Kontrolle dieser Reaktionen ist
allerdings oft nur mit speziellen Substraten, e@azolen, oder mit dirigierenden Gruppen

moglich!®-3!



Einleitung

Eine regioselektive Alternative zu traditionellen rekizkupplungsreaktionen sind
decarboxylierende  Kupplungen, bei denen leicht Ogivhre und lagerstabile
Carbonsaurederivate anstelle der Organometallvdubigen als Kohlenstoffnukleophile
verwendet werden (Gleichung 35:2% Dieses Konzept findet unter anderem Anwendung in
der regioselektiven Synthese von Biarfi&1” und Arylketonen?®>% sowie der Einfiihrung
von Allyl- und BenzylgruppeR®? Eine weitere Strategie involviert die Nutzung von
Carboxylaten anstelle der Organohalogenide in  derreukkupplung  mit
Organometallverbindungen (Gleichund#?* Ein bekanntes Beispiel dafiir sind Tsijiost
Allylierungen (R = Allyl).?>3% Beide Konzepte werden in der decarboxylierenden
Allylierung praformierter Allylcarboxylate vereinigbei der lediglich Kohlenstoffdioxid als
Nebenprodukt generiert wird (Gleichung!8J.Auf die Nutzung von Carbonsauren in der
organischen Synthese und insbesondere in der katabll im Folgenden naher eingegangen

werden.
2.1. Eigenschaften und Darstellung von Carbonsauren

2.1.1. Eigenschaften von Carbonsauren

Die Carboxygruppe gehort zu den am héaufigsten varkenden Funktionalitaten
organischer Molekile. Weiterhin sind Carbonsauremmerziell in grof3er struktureller
Vielfalt verfiigbar®®3¥ Die chemischen Eigenschaften von Carbonsaurenenerd3geblich
von der Carboxygruppe bestimmt, deren Carbonylfonkginen starken elektronenziehenden
Effekt auf die Hydroxygruppe ausubt und diese eetdpend polarisiert. Unter basischen
Bedingungen kommt es zur Deprotonierung und Aushild des resonanzstabilisierten
Carboxylats. Im sauren Medium kann der nukleophilangriff an das
Carbonylkohlenstoffatom erfolgen, der zur Subsbtutder Hydroxygruppe fuhrt und so z. B.
die Synthese von Estern ermdglicht. Durch Umwargllmam Saurechlorid, Anhydrid oder
Aktivester sind aul3erdem Derivate zuganglich, dieere nukleophilen Angriff des
Kohlenstoffatoms auch im  Basischen erlauben und st8ubonen  durch

Additions-Eliminierungs-Reaktionen ermoglicher?’
2.1.2. Traditionelle und grof3technische Darstellung von @e@nsauren

Die Synthese von Carbonsauren kann auf verschisieng§V/egen aus diversen
Substanzklassen erfolgEf>® Traditionell werden Carbonsauren oft durch die tejyse

3



Einleitung

von Nitrilen erhalten (Schema 14), die ihrerseits Uber die KolbBlitrilsynthese aus
Alkylhalogeniden oder die votRichter-Reaktion aus Nitroaromaten und Kaliumcyanid
zuganglich sind®“% weitere klassische Zugange sind die Oxidation #tehyden B),
Alkoholen () oder AlkylgruppenD) mit Kaliumpermanganat oder Silberoxid im Basisthe
oder Natriumdichromat in Gegenwart von Schwefels&tlr Olefine sind unter solch
oxidativen Bedingungen oft nicht stabil und zersetsich unter oxidativer Spaltung in die
entsprechenden Carbonsaurg).®® Halogenierte Verbindungen kénnen mit Magnesium in
die GrignaréVerbindungen tberfiihrt und mit G@arboxyliert werdenR).2® Auf einem
ahnlichen Prinzip basiert auch die Koltsehmitt-Reaktion, bei der Natriumphenolate mit
CO; in Salicylsauren tberfiihrt werdéh?*? Die Hydrolyse von Amiden, Estern, Anhydriden
oder SaurechloridenG) ist eine weitere Darstellungsméglichkéft. Dariiber hinaus
disproportionieren Aldehyde im stark basischen Mediin der Cannizzardreaktion zu
Carboxylaten und AlkoholerH() und in der Haloformreaktion reagieren Methylketamit

Halogenen im Basischen zur Carbonsaure und Tribalgthanl(.283

R-CN
H,O, H*
oder |- NH,;
o 1) X,, OH- H,0, OH- o
k 2) H*/ H20 KMnO,, OH- Jig
R -HCX, A oder R* H
X =Cl, Br, | ' 5 Ag,0, OH-
o) OH- KMnO,, OH-
H 4 PN
R OH RJ\ oH € Na,Cr,0, H,S0,
1) HZO' OH- % \
o) 2) H,0, H* D KMnO,, OH-
)J\ R-CH,
R Y =
E
Y = OR’, NR'R", OAc, CI KMnO,, OH-
oder
CO,, HX 1) Og, 2) H,0, ,
_ ’ xR
R-MgX con RN
- MgX, 2

X=Cl, Br

Schema 1: Traditionelle Synthesemethoden von Caéhoean.

GrolR3technisch von Bedeutung sind vor allem abfalimierte Prozesse, wie etwa

Oxidationsreaktionen ~ mit  Luftsauerstoff oder  Candmmungen  organischer
4
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Verbindungen?¥! Die Spaltung von Erdgas und Naphtha erméglicht ldihten Zugang zu
Ethylen und damit einem der wichtigsten Grundbanste grol3technischer
Direktoxidationsverfahren, etwa dem WacKdoechst Prozess, bei dem Ethen mit
Luftsauerstoff in Gegenwart eines Palladium/Kupkatalysators zum Acetaldehyd oxidiert
wird (Schema 2¥¥ Acetaldehyd ist ein besonders vielseitiges Zwisphedukt, da es zur
Darstellung zahlreicher organischer Grundbaustgemutzt werden kann. Dazu zahlen die
Essigsaure und deren Derivate, beispielsweise &thtdt und Acetanhydrid. Ein weiterer
Zugang zur Essigsaure besteht in der OxidationAl&anen und Alkenen. British Distillers
entwickelten ein Verfahren zur Oxidation leicht®ader Rohdldestillate im 4£Cg
Bereich!*® Die Luftoxidation erfolgt dabei in der Flussigpbadei 166200 °C und
40-50 bar radikalisch und ohne zusatzlichen Katalysa@im Celanesd PO-Verfahren
(liquid phase oxidation) wird Butan bei 175 °C Wwwlbar in Gegenwart von Cobaltacetat zur
Essigsaure, oder, je nach Prozessfuhrung, aucimderen Produkten wie Methylethylketon
umgesetzt.

AO

Z,
HCI, H,0
)/, Pd©) PdCl, i;
cl.,

., |
y O/Pd 2 cucl, 2 CuCl “pd’
CH3

u/ ~||
W
12 0,

+H,0, - CI
cl., '.H
OH c. ¥V cl

Schema 2: Mechanismus der WacKexidation.

Die Oxidation von Toluolmeta- oderpara—Xylol zur Benzoesaure, Isophthalsédure bzw.
Terephthalsaure erfolgt analog im Ametterfahren’® Dieser Prozess verlauft mit einer

KatalysatorKombination aus Cobaltund Manganacetat in Essigsaure bei-29% °C und
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15-30 bar Luftsauerstoff in Gegenwart der Cokatalygsto Ammoniumbromid und

Tetrabromethal!

Die katalytische Oxidation von Propen ermdglichtiterdin den Zugang zur wichtigen
Basischemikalie Acrylsdure. Die Prozessfihrung adtl entweder einstufig mit einem
VierkomponentenKatalysator bei 200 °C und bis zu 10 bar direkt Aarylsdure, oder im
Zweistufen-Prozess (iber das Intermediat Acroféth.Bis in die 1960er Jahre wurde
alternativ auch das Reppéerfahren eingesetzt, bei dem Acetylen in Gegenwamt\Wasser

carbonyliert und in die Acrylsaure tiberfiihrt witd.

Besonders atomokonomisch ist die Carbonylierung Atlkoholen, wie es grofdtechnisch
im MonsanteProzess erfolgt (Schema '8)*®! Dabei werden Methanol und CO bei
30-60 bar und 150-200 °C Rhodiukatalysiert zur Essigsdure umgesetzt. Seit seiner
Einfihrung in den 1960er Jahren wurde der Monsdhaozess stets weiterentwickelt,
beispielsweise zum Iridiurkatalysierten CativaProzes$!! Dieser ermoglicht die
Verringerung der im Prozess bendtigten Wassermandedamit einhergehend den Aufwand
zur anschlieBenden Trocknung. Weiterhin wird dadiet Menge der Nebenprodukte, etwa
Propionsaure, reduziert und die Wasser§aift Reaktion unterdriickt. Mit dem verwandten
Rhodium-katalysierten TennesseeastmarProzess steht eine Moglichkeit zur Synthese von

Essigsaureanhydrid aus Methylacetat und CO zuriidarfg!*®

CH,
I, | co
‘Rh
" | Sco
CH,OH CH,| |
>< l., .CO ..., Rh\\COCH3
H,O Rh
HI>—<2 I/ \CO l/! \CO
CH;CO,H CH,COI ’& | co
l, | .COCH,
'Rh
oc” | “co
|

Schema 3: Monsanto Essigsauresynthese.

Von industrieller Bedeutung ist weiterhin die Ke€teaktion zur Synthese gesattigter,

tertiarer Carbonsauren aus leicht verfigbaren uimstggen Olefinen, Kohlenstoffmonoxid
6
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und Wasse¥®! Neben der chemischen Synthese erméglicht auchxiiative Fermentation
aliphatischer Alkohole den Zugang zu kurzkettigeari®nsaurel{®>" Viele Carbonséauren,

vor allem Fettsauren, sind dartiber hinaus auchmatislichen Quellen zuganglich.
2.2. Carbonsauren in katalytischen Reaktionen

In den vergangenen Jahren wurde eine Vielzahl Gbggmetattkatalysierter
Transformationen entwickelt, bei denen Carbonsauamkn vielseitige Synthesebausteine
eingesetzt werden und ein breites Spektrum untexdiathster Substanzklassen zugénglich
macherf!"1%52%3 Ausgehend von den freien Carbonsauren unterscheidan im

Allgemeinen vier Aktivierungsmodi:

Die Decarboxylierung eines Metafjlebundenen Carboxylats fuhrt zur Ausbildung einer
Kohlenstoff-Metall Bindung ohne die Erhéhung der Oxidationszaés Metallkatalysators
(Schema 4Pfad I). Dieser Redoxneutrale Schritt ermdglicht den intermedidren Zggan
Kohlenstoffnukleophilen, die in Gegenwart von Preo zum protodecarboxylierten Produkt
fuhren, oder mit Elektrophilen gekuppelt werden k@m Die Metallcarboxylate selbst
konnen auch Metatkatalysiert funktionalisiert werden, beispielsweiderch Addition an

Alkene oder Alkine unter Ausbildung der entspreacenEster.

(0]
<~ “OH ortho-
Pt Funktionalisierung
- R
’ Pfad IV
" Q Pfad | Q Q Q
S~o Sl Sso Sl +2
A fLOMn<+_M_ ~ OH__, ﬁxﬂ, ]:\/lLM”
L H - C02 .- L H - H .- 4 H Pfad |” .- ! H - X - L H
Kohlenstoff- Pfad || X =ClI, O,CAr, OR
nukleophil + M, [O] -CO
(0]
. . OMn+2 . Mn+2
) <o, T
-~ H -~ H
Kohlenstoff-
elektrophil

Schema 4: Carbonsauren in katalytischen Transforneat.
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Unter oxidativen Bedingungen fuhrt die Decarboxyliieg zu einem Intermediat mit
erhohter Oxidationszahl des Metdllatalysators Pfad 1lI). Die entstandene Spezies
entspricht einem Intermediat, das auch bei der atixidn Addition von
Kohlenstoffelektrophilen gebildet wird. Die Mdglickiten zur weiteren Funktionalisierung
sind analog und beinhalten He¢keaktionen und Kupplungen mit Kohlenstoffnukleoghil
Die Kohlenstoffelektrophile kdnnen dartber hinated&-neutral durch die Insertion eines
Metall-Katalysators in die C(AcyhO Bindung aktivierter Benzoesaurederivate, etwa
Saurechloride, Anhydride oder Ester, und anschhid@e Decarbonylierung der
Acyl-Metall-Spezies entstehefad Il ). Wird die Decarbonylierung unterdrtickt, kdnnen
diese AcytMetall-Spezies auch anders funktionalisiert werden: Dievégenheit von
Protonen fuhrt zu Aldehyden und die Kupplung mithkemstoffnukleophilen erméglicht den
Zugang zu Arylketonen. Alle diese Strategien sinthglementér und erlauben die vielfaltige
ipso-Funktionalisierung der Carboxygruppe. Eine weite@ption ist die dirigierte
ortho—Metallierung und Funktionalisierung aromatischerd@asaurenifad V), bei der die

Saurefunktion fir weitere Modifikationen erhaltdaibt.>*>"]

Relevant fur die vorliegende Arbeit ist vor allene dedox-neutrale Decarboxylierung
unter Bildung von Kohlenstoffnukleophilen. Auf dReaktivitat von Metallcarobxylaten,
deren Protodecarboxylierung und Kupplung mit Kobteffelektrophilen soll nachfolgend

naher eingegangen werden.
2.2.1. Katalytische Protodecarboxylierung

Lebende Organismen entwickelten im Laufe der Evwauteffektive enzymatische
Strategien zur Decarboxylierung ubiquitdrer Verbimgen, mit denen Carboxylate in
Aldehyde oder hohermolekulare Verbindungen Ubetfillerden kénnen. Ein Beispiel dafur
ist die enzymatische Decarboxylierung von Pyrug2a?.(—1), dem Endprodukt der Glykolyse
(Schema 5§® Der enzymgebundene Cofaktor Thiamindiphosphat @;h22.1-4) wird
zunéchst deprotoniert und greift das Pyruvat danmeophil an. Das gebildete Intermediat
wird daraufhin, je nach Enzym, entweder in Acethlde(2.2.1-2) Gberfuhrt oder auf andere

Elektrophile Gbertragen.
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/[(i ThDP-Carbanion )(J)\
COZ_ - CO, H
2.2.1-1 R"\ 2.2.1-2
N
4& .
s~ R
-
HN— N
R R, NN
N
>/« ) R }/«& ' :
HO S HO s” R

co.
s
3-
OP,0,
R, ThDP
|>14§\ " 22.1-4
co, %S R
T8, o
BT
OH
2213

Schema 5: Enzymatische Decarboxylierung von Pyruvat

In der klassischen Synthesechemie erfolgt die Bidruvon CQ meist thermisch oder
unter sauren Bedingungen aus aktivierten organiscBabstanzen. Malonsaurederivate
beispielsweise decarboxylieren bei Hitzeeinwirkloggonders leicht, da sie einen gunstigen
sechsgliedrigen Ubergangszustand ausbilden konrRie Aktivierungsbarriere des
Decarboxylierungsschritts wird dadurch enorm veem und die Extrusion von GO
begiinstigt®

Zu den klassischen Decarboxylierungsreaktionent zudh die Hammick Reaktion, bei
der a-Picolinsduren 4.2.1-5) mit Carbonylverbindungen in-Pyridylalkohole 2.2.1-8)
Uberfihrt werden (Schema [83'.60] Thermisch induziert kommt es zur Ausbildung einer
Wasserstoffbriicke zwischen dem Pyrigtickstoff und dem S&ureproton. Die darauf
folgende Decarboxylierung fihrt zum Pyridibarben 2.2.1-6, das nukleophil an die
Carbonylfunktion des Aldehyds angreift und so eitkoholat 2.2.1-7 bildet, welches

rearomatisierend zum-Pyridylalkohol fihrt.

I EN o S

2.2.1 5 2.2.1-6 2.2.1-7 2.2.1-8
Schema 6: Mechanismus der Hammick Reaktion.
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Dass bisortho-substituierte Benzoesauren unter stark sauren Bexdgen bei 60 °C
decarboxyliert werden konnen, zeigten Hay und Tayloereits 1966 Diese
Saure-katalysierte Protodecarboxylierung wurde spéatergfatiig durch Chuchev und
BelBruno untersucHt? Die Zugabe von Wasser gentigt bei PytPetarbonsaurer2(2.1-9)
bereits zur Saurdatalysierten Protodecarboxylierung und der Bildung Kohlensaure, die
irreversibel CQ freisetzt (Schema 7 Im wassrigen Milieu und unter
Mikrowellenbestrahlung zeigten weiterhin auch iches Flissigkeiten eine hohe Aktivitat in

der Protodecarboxylierung einigerHeteroaryt+ und Arylcarbonsaurefi”

0 H OH +
@/lLOH H*/H,0 +C})(OH “ )CJ)\H .

n — > H,0 + CO
\_NH \_NH OH @\lH HO  OH : 2!

2.2.19 2.2.1-10 2.2.1-11

Schema 7: Decarboxylierung von Pyt@tcarbonsauren durch Zugabe von Wasser.

Neben diesen teilweise rauhen und limitierten Meémo ist besonders die
Ubergangsmetatkatalysierte Protodecarboxylierung von groRem &gse. Diese ermdglicht
die kontrollierte und vollstandige Entfernung ei@arboxygruppe und bietet dariiber hinaus
auch  die  Mdoglichkeit zur  Kupplung intermediarer  Bl&grganyle — mit
Kohlenstoffelektrophile®®”®®! Die Protodecarboxylierung ist zudem eine ideale
Modellreaktion zur Entwicklung neuer und effektigseiKatalysatoren des oft begrenzenden
Decarboxylierungsschritts solcher Kreuzkupplunddieaen. Sie stellt so oft den Schlussel
zur Absenkung der Reaktionstemperatur dar und kbadein Zugang zu einem breiteren

Substratspektrum ermdoglichen.

Bereits 1930 berichtete Shepard die Protodecarlyuyly halogenierter
Furancarbonsauren in Gegenwart stdchiometrischergste Kupfef®® Basierend auf diesen
Arbeiten erfolgten Protodecarboxylierungsstudienrcdu Nilsson***! Sheppard” und
Cohe®®% an Nitrobenzoesauren und einigen heteroaromatis€bonsauren. Die erste
katalytische Version der Protodecarboxylierungdieakwurde 2007 von Gool3eet al.
beschriebeH” Eine Kombination von 5 mol% GO und 10 mol% 1,16Phenanthrolin fir
aktivierte,ortho—subsituierte Benzoesauren bzw. 10 mol%-Bjphenyt1,10-phenanthrolin
fur meta- und para—substituierte Substrate zeigte sich bei 170°C imere
Lésungsmittelgemisch bestehend aus NMP und Chin@lih) als besonders effektiv, um
funktionalisierte Carbonsauren zu decarboxyliefchéma 8). Basierend auf diesen Arbeiten
folgte zwei Jahre spater ein Mikrowellenprotokdis die Protodecarboxylierung zahlreicher

10
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Aryl- und Heteroarylcarbonsduren innerhalb weniger Minumit 5 mol% CgO und
10 mol% Phenanthrolin ermoglicht!  Erst kiirzlich beschrieben Cahiegt al. ein
Katalysatorsystem bestehend aus 5 mol%QCCund 10 mol% TMEDA, mit dem zahlreiche
ortho-substituierte  Benzoes&aurederivate innerhalb  einetund® bei 140 °C

protodecarboxyliert werden konnEf.
5 mol% Cu,O

CO,H . H
10 mol% Ligand
NMP/Chinolin 3:1

170 °C, 12-24 h
2.2.1-12 2.2.1-13

Schema 8: Kupfeikatalysierte Protodecarboxylierung.

Neben diesen KupfeBystemen wurden auch Silb€F"® und Gold-katalysiert€” "8
Varianten entwickelt. Dabei ermdglichen 10 mol% AgQund 15 mol% KCOs; in NMP die
vollstanige Protodecarboxylierung bereits bei 126’ 0.2 mol% des GoleKatalysators
[Au(SIPr)(O,CAd)] protodecarboxyliert aktivierteprtho-substituierte Benzoesauren und
heteroaromatische Carbonsauren in Toluol ebenfais120 °C, bendtigt bemeta- und
para—substituierten Benzoesauren aber -18b °C, das Ldsungsmittel DMAc und eine

hohere Katalysatorbeladung von 5 ma(Gh.

Besonders elektronenreiche, meist —bitho-substituierte aromatische Carbonsduren
(2.2.1-14) lassen sich auch Palladitkatalysiert bei milden Temperaturen decarboxylieren
Kozlowski et al. beschrieben die Palladium@Ratalysierte Protodecarboxylierung solcher
Verbindungen sogar schon bei milden 70 °C, allgslinnter Verwendung von 20 mol%

einer teuren PalladiunQuelle und einem Uberschuss Trifluoressigsauregi@aho)’ %%

OMe 20 mol% Pd(0,CCFy), ~ Me
COH 10 Aquiv. CF.CO,H
/ + COz*
5% DMSO/DMF
OMe  70°c 24 OMe
2.2.1-14 22.1-15

Schema 9: Pekatalysierte Protodecarboxylierung elektronenrei®@enzoesaurederivate.

Neben Palladium bietet auch Rhodium die Moglichkeiir Decarboxylierung
elektronenreicher Benzoesauren, Indolcarbonsaured Nitrophenylessigsaurétf In
Gegenwart einer Base ermdglicht die Kombination fesd)Rh(OH)} und dppp eine
Protodecarboxylierung bei 9010 °C.

11
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Da Palladium und Rhodium zu den am haufigsten silgeen Ubergangsmetallen in
katalytischen ~€C-Bindungskipfungen gehoréh, sind solche Palladium und
Rhodium-katalysierten Decarboxylierungsreaktionen besonaltraktiv. Sie ermdglichen die

direkte Kupplung intermediarer Metallorganyle ohvibteren Transmetallierungsschritt.

2.2.2. Decarboxylierende Allylierungen und Benzylierungen

Etwa 30 Jahre nach Claisens Bericht zur thermisboh&agerung von Allylvinylethern in
y,o-ungesattigte Carbonylverbindunégéh veroffentlichte Carroll 1940 die Synthese
y,o-ungesattigter Ketone2(2.2-4) durch thermische decarboxylierende Allylierungnvo
Allyl -B—ketocarboxylaten 22.2-1) in Gegenwart einer Base (Schema [H0§” Die
Reaktion verlauft dabei Uber ein intermediares Ehal2-2, welches eine elektrozyklische

Claiser-Umlagerung eingeht und anschlieRend,@®isetzt.

/U\/I\J\) M /u\i‘\/OH —_— )H\/
2.2.2-1 2.2.2 2 2.2.2-3 2.2.2-4
Schema 10: Mechanismus der thermischen Catdafilagerung.

Anfang der 1980er Jahre beschrieben Tdff und Saeguéd unabhangig voneinander
Palladium-katalysierte Varianten dieser Transformation unterneutralen
Reaktionsbedingungen (Schema 11). Die besten Atebdieferten dabei 1 mol% Pd(OAc)
mit 4 mol% PPk in THF bei 65 °C. Mechanistisch fuhrt die oxidatiAddition einer
Palladium(0)ySpezies zur Ausbildung einezAllyl —-PalladiumcarboxylatKomplexes ),
welcher CQ bereits bei Raumtemperatur freisetzt und zum &ialta(ll)enolat fihrt [] ). Das

Produkt wird schlie3lich reduktiv eliminiert undrdealladium-Katalysator regeneriertl( ).

o) [PdO]

2.2.2-6 2 2.2-5

(5 iﬁ*“

Co2

Schema 11: Palladiurkatalysierte decarboxylierende Allylierung vfaKetocarboxylaten.

12
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Der Vorteil dieser C—C Bindungskniipfungen bestedrtng dass die Startmaterialien aus
der einfachen Veresterung freier Carbonséuren thitatkoholen zuganglich sind und keine
Organometallverbindungen oder Halogenide bendtigerden. Die Erzeugung der
Kohlenstoffelektrophile undnukleophile erfolgt bei diesem Reaktionstiypsitu durch die
Insertion des Palladiums in die C(Allyld Bindung des Esters. Da diese reaktiven
Intermediate nur in kleinen Mengen im Reaktionsmedivorkommen, besteht eine hohe
Toleranz gegenuber funktionellen Gruppen. Als Nebedukt der Kupplung wird dartber
hinaus lediglich Kohlenstoffdioxid freigesetzt. Eiweiterer Vorteil ist die grol3e
kommerzielle Verfuigbarkeit der Allylalkohole, diach in der Natur weit verbreitet sind.

Durch umfangreiche Arbeiten von Tunge und Stoltzdeudieses Reaktionskonzept zur
synthetischen Reife gebradff. So beschrieben Tungest al. beispielsweise die
decarboxylierende Allylierung von Cumarinderiva@®.2-7)"®! (Schema 12) und anderen

Heteroaromatét’ oder auch asymmetrische Allylierundgef.

0O

©\/i[u\o/\/ 10 mol% Pd(PPh,), @(i\/ ?
- + Co,
N6 CH,Cl,, 50 °C, 12 h 06
2.2.2-7 2.2.2-8

67%

Schema 12: Decarboxylierende Allylierung von Cumari

Ausgehend von relativ einfachen und racemischegledtern nutzten Stoltet al. die
decarboxylierende Allylierung als Schlisselscimitth enantioselektiven Aufbau quarternarer
Stereozentren zahlreicher komplexer Naturstoffgerisdarunter beispielsweise das

Eudesmangerist des Terpens-GarissoneZ.2.2-11, Schema 1372

0 2.5 mol% Pd,(pmdba),
0" 6.25 mol%(R)-BUPHOX =
—
PhS 0 Toluol, 50 °C PhS 0 0
OH
2.2.29 2.2.2-10 2.2.2-11
racemisch 85%, 92% ee (+)-Carissone

Schema 13: Die Decarboxylierende Allylierung in Neturstoffsynthese.

Auch die Decarboxylierung von Propiolaten ist staegtinstigt und Palladiurkatalysiert
bereits unter sehr milden Reaktionsbedingungen5B8eiC mdéglich. Tungeet al. konnten
durch die Decarboxylierung entsprechender Propiotsilylester 2.2.2-12) einen einfachen

Zugang zu 14Enin-Verbindungen erméglichen (Schema £3)Die oxidative Addition des
13
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Palladium(0O)}Katalysators fuhrt auch hier zur Ausbildung eines
Allyl —Palladium-Carboxylats, das bereits bei 75 °C decarboxylied das Enin2.2.2-13

durch reduktive Eliminierung freisetzt.
o)

AN 10 mol% Pd(PPh3)4 =
Ph Toluol, 75°C,2h  Ph
2.2.2-12 2.2.2-13

80%

Schema 14: Palladiurkatalysierte decarboxylierende-sp* Kupplung.

Neben den Allylierungsreaktionen kann das Konzapthaauf die decarboxylierende
Benzylierung praformierter Benzylester Ubertragemmden, da der Palladiumatalysator
auch hier in die C(BenzyfD Bindung insertieren und einen stabilisierten

BenzyPalladiumkomlex ausbilden kaHf%!

Der Nachteil der beschriebenen Allylierurgaind Benzylierungsreakionen ist die
Limitierung auf Substrate, die nach der oxidativehddition besonders leicht

Palladium-katalysiert decarboxylieren und dadurch in stabitehlenstoffnukleophile, wie

[99] [102]

beispielsweise Enolat® Alkinyl -, Benzy+,*®  a-Iminoyl-, a-Cyano-, 1%

a-SulfonyH'%! oder Nitrotolylanione®® tiberfiihrt werden konnen.
2.2.3. Decarboxylierende Kreuzkupplung aromatischer Carlsduren

Basierend auf der Vermutung, dass die klassischendoh-Kupplund®® und die
Kupfer-vermittelte Protodecarboxylierung aromatischer Gagduren Uber die gleichen
Kupfer-Organyle verlaufen, entdeckte Nilsson 1966 dieeeksteuzkupplung aromatischer
Carbonsduren mit Aryliodiden in siedendem Chin8fild® Aufgrund der hohen
Kupfermengen, der teuren Aryliodide und hohen Reaktemperaturen erregte dieser
Meilenstein in der Entwicklung nachhaltiger Kuppsreaktionen nur wenig Aufsehen und

geriet als Variante der UllmanrKupplung zunachst in Vergessenheit.
2.2.3.1. Bimetallische Kupfer/PalladiunmKatalysatoren

Erst die Kombination der Kupfersysteme mit eineniddaum-Katalysator ermdglichte
unserer Arbeitsgruppe die Entwicklung eines potentad breit anwendbaren, bimetallischen
Katalysatorsystems zur decarboxylierenden Kreuzkungparomatischer Carbonséuren. Mit
2 mol% Pd(acae) 6 mol% PhP(Pr) und stochiometrischen Mengen CuCkdnnen vor

14
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allem 2-Nitrobenzoesaure mit zahlreichen elektronenreialmah—armen Arylbromiden bei
120 °C in NMP in die entsprechenden Biaryle tibetfirerden™® Der Zusatz des bidentaten
N-Donorliganden 1,18Phenanthrolin ermdglicht eine Verringerung der kKupfenge und
erlaubt die effektive decarboxylierende Kreuzkupgluzahlreicherortho-substituierter
Benzoesauren mit 10 mol% CuBr/1;Hhenanthrolin und 3 mol% PdBrei 170 °C (Schema
15).[16,106]

3 mol% PdBr,

10 mol% [Cu] ,
COH 10 mol% Phen O R
+ R' — + CO,4
R Br 1 Aquiv. K,CO4

NMP/Quin 3:1 R
MS 3A, 170 °C, 24 h 2233

2.2.3-1 2.2.3-2

Schema 15: Decarboxylierende Kreuzkupplung von Besauren mit Arylbromiden.

Mechanistisch startet die Reaktion mit der Salzthete des Kaliumbenzo#<2.3-4 und
der Kupferspezies zum Kupferbenzoat (Schemal 6% Die Extrusion von C@fiihrt zur
Aryl-Kupfer-Spezies I{ ), die ihren Arylrest auf einen ArPalladiumKomplex Utbertragt
(Il1'), der seinerseits aus der oxidativen Addition deglhalogenids2.2.3-5 an eine
Palladium(0)Spezies entstehi\(). Dieser Transmetallierungsschritt fihrt zur Resgesrung
des Kupferkatalysators und zur Ausbildung einesryi®alladium-Komplexes, der das
Produkt2.2.3-3 durch reduktive Eliminierung bildet und die Pallad(0)>-Spezies freisetzt

(V).
Co, M]
& & =
R' R
X
I L,Pd IV 2.2.35
X
MI*Q

O

R
| e
M X- L,Pd O o
O O

R [M*]=[Cu"F]*, [CU'L,]*, [Ad], ...; X =1, Br, Cl
2.2.3-4 L = Phosphin, Phenanthrolin, Solvens, ...

Schema 16: Mechanismus der decarboxylierenden IByanthese.
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Die Reaktionsbedingungen und Katalysatormengen enisbei einem solchen
bimetallischen System exakt aufeinander abgestims#in, um unerwinschte

Nebenreaktionen der reaktiven Kupferorganyle zumesden.

P(Cy)
: CC (e E z
P(Bu), P(p-Tol), 5, pr i Ak~
o Y
iPr

2.2.3-6 2.2.3-7 2.2.3-8 2.2.3-9
JohnPhos Tol-BINAP XPhos Imidazolylphosphane
(Arylchloride) (Aryltriflate) (Aryltosylate) (Arylmesylate)

Schema 17: Liganden zur Aktivierung von Arylchl@mdund-sulfonsaureestern.

Ausgehend von diesen Arbeiten entstanden in degefadiren zahlreiche Protokolle zur
Erweiterung der Anwendungsbreite und AbsenkungRisaktionstemperatli’! Der Einsatz
maldgeschneiderter Ligandensysteme des Palladiatalysators ermoglicht beispielsweise
die Kupplung der Carbonsauren mit zahlreichen waiteKohlenstoffelektrophilen: Der
Einsatz des elektronenreichen und sterisch gehgrddohnPhoed.iganden 2.2.3-6) erlaubt
so die Aktivierung der €CI Bindung zahlreicher nichaktivierter Arylchloride®®®! Mit der
Verwendung von TeIlBINAP (2.2.3-7) konnten erstmals Aryltriflate eingesetzt werrdeie,

im Transmetallisierungsschritt keine Kupferhalogenibilden, sondern nur ein schwach
koordinierendes Triflat auf den Kupfdfatalysator Ubertragen, welches leicht gegen
Benzoate ausgetauscht werden KM% Mit dieser Weiterentwicklung konnte die
Limitierung auf ortho-substituierte Benzoeséuren Uuberwunden werden, da kaine
komplexierenden Gruppen zur Erleichterung der Selathese nétig sind. Mit dem
Buchwald-Liganden XPhos 2.2.3-8) wurden die glinstigeren Aryltosyl&8& und mit
mal3gefertigten Imidazolylphosphkibiganden 2.2.3-9) schlief3lich auch die unreaktiven

Arylmesylate fir die decarboxylierende Kreuzkupgjenschlossef*”

2.2.3.2. Bimetallische Silber/PalladiuraKatalysatoren

Die Gruppe um Becht entwickelte ein Protokol zucatboxylierenden Kreuzkupplung
aromatischer Carbonsauren mit Aryliodiden, bei & mol% PdCl und 60 mol% AsPhin
Kombination mit einem Uberschuss von 3 Aquivalent8itbercarbonat zum Einsatz

kommen'?? Dieses Verfahren wird durch die enormen Mengenteleren Metallsalze und
16
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eine geringe Anwendungsbreite limitiert. Ebenfallmiter Verwendung solch hoher
Silbermengen beschrieben Lat al. erst kirzlich die Synthese von Allylbenzolen dudié
decarboxylierende Allylierung elektronenreichasrtho-substituierter Benzoesauren mit
Allylhalogeniden in Gegenwart eines komplexen Rilim/Kupfer-Katalysatorsystems bei
110 °C (Schema 18!

10 mol% Pd(OAc),
1 mol% Cu,O

3 Aquiv. Ag,CO,
5% DMSO/Toluol
2.2.3-10 22311 110°C,2h 2.2.3-12
X = Cl, Br

Ar/U\OH xS AN+ CO,A

Schema 18: Decarboxylierende Allylierung elektraeéher Silberbenzoate.

DFT Berechnungen und umfangreiche experimentelleli& zur Silberkatalysierten
Protodecarboxylierudg ' fihrten schlieRlich auch zur Entwicklung eines dtaflischen
Silber/PalladiumKatalysatorsystems zur decarboxylierenden Kreuzkungpbei 126130 °C
(Schema 19) und damit einer Temperaturabsenkung ®OTC gegenliber den

Kupfer/PalladiurrKatalysatorer?™

5 mol% Ag,CO,; 3 mol% PdClI,

o 9 mol% PPh,
20 mol% 2,6-Lutidin '
Ar)J\OK + TfO\Ar, 0 Ar/Ar + COZ*
NMP, 130 °C, 16 h
2.2.3-4 2.2.3-13 2.2.3-3

Schema 19: Silber/Palladiutkatalysierte decarboxylierende Kreuzkupplung.

Das grof3e synthetische Potential der decarboxyliene Kreuzkupplung aromatischer
Carbonsauren und die Reife der bestehenden Venfalwgden in den Synthesen der
Blutdrucksenker Valsartdi und Telmisartah*? und Biarylsynthesen im praparativen
MaRstab demonstrieft®! Praktische Mikrowellenprotokolf® und Reaktionen im
kontinuierlichen Durchflussreakfdt”! bereichern das Repertoire der Prozessfiihrung

bimetallisch katalysierter decarboylierender Kraygiungen.
2.2.3.3. Monometallische Katalysatorsysteme

Monometallische Katalysatorsysteme zur decarbosghiden Kreuzkupplung besonders
reaktiver Polyfluorbenzoate22.3-14) beschrieben Liuet al. 2009 und 2010 (Schema
20)241151 Dabei katalysiert entweder ein reiner Kupf€atalysator oder ein

Palladium-Katalysator sowohl den Decarboxylierungsschritt alsch die anschliel3ende
17
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Kupplung. DFFStudien dieser stark limitierten Kreuzkupplungemtan, dass die oxidative
Addition den geschwindigkeitsbestimmenden Schrigr &upferkatalysierten Variante
darstellt und dass das Palladitf@ystem durch den Decarboxylierungsschritt begreunzt.
Wahrend das KupfeSystem nur die Kupplung mit Aryloromiden urtbdiden ermaéglicht,

kann der PalladiurKatalysator auch Arylchloride unttriflate aktivieren und umsetzen.

20 mol% Cul/Phen
DMAc, 150-160 °C

F F
COK Ar

R + ArX R + CO, A
= 1-4 mol% Pd(OAc), F

223.14 PCy, oder P(o-Tol), 223.15

Diglyme, 130-160 °C

Schema 20: Decarboxylierende Kreuzkupplung vonliretienzoaten.
2.2.3.4. Decarboxylierende Kreuzkupplung aktivierter Hetenmmaten

Bilodeau und Forgione beschrieben erstmals die réalladiunrkatalysierte
decarboxylierende Kreuzkupplung heteroaromatis€@a@bonséuren mit Arylhalogeniden bei
170 °C. (Schema 213" Aufgrund der regioselektiven <€ Bindungskniipfung besitzt
diese Heterobiarylsynthese grol3e Vorteile gegendéedirekten €H-Arylierungen, bei der

auch andere €H-Bindungen funktionalisiert und dadurch Produktgedmeserhalten werden.

5 mol% Pd(P'Bus),
1 Aquiv. TBAC*H,0

X o X
H COH 1.5 Aquiv. Cs,CO, H Ar
O e e ARRERE T T L coy
Y Y
R R

pW, DMF, 170 °C

2.2.3-16 2.2.3-2 2.2.3-17
X=0,S,NMe; Y=CH,N; R=Me, H

Schema 21: Decarboxylierende Kreuzkupplung heteratischer Carbonsauren.

Der genaue Mechanismus ist allerdings noch immestutten. Wahrend die Autoren
selbst eine Decarboxylierung vor dem eigentlichemppungsschritt postulieren, beschreibt
Steglich eine analoge intramolekulare ReaktionVa@sante der HeckReaktion, bei der die
Decarboxylierung erst nach derC Bindungskniipfung erfoldt*” Fir diese zweite These
spricht der Befund, dass lediglich Heteraromateh aer Carboxyfunktion in 2Position

reagieren und Fura—carbonsauren keinerlei Reaktion zeigen. Zudem 8efirsich die
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Carboxygruppe stets an der Position, die auch ev®rzugte Position einer Heeknalogen

Reaktion ware.

Die Palladiumkatalysierte decarboxylierende Kreuzkupplung votlolr2—carbonséuren
(2.2.3-18) mit Arylhalogeniden erfolgte durch Miuet al. und erméglicht die Synthese von
Diarylindolen @.2.3-19). Die Reaktion verlauft dabei zunachst dber die
ortho—-Funktionalisierung der Carboxygruppe und anschhdi&ber die decarboxylierende

ipso-Arylierung der Indot2-carbonsauren (Schema 29

5 mol% Pd(OAc),

10 mol% PCy, Ar
4 Aquiv. Cs,CO
N—coH + Arbr d 273 S—ar + co,4
N o-Xylol N
\ ° \
b 144°C, 4 h b
2.2.3-18 2.2.3-2 2.2.3-19

Schema 22: Decarboxylierende Kreuzkupplung vonlkiacarbonsauren.

Erst kdrzlich beschrieben Wwet al. die decarboxylierende Kreuzkupplung von
Picolinsdure Z.2.3-20) mit zahlreichen Aryt und Heteroarylbromiden bei 150 °C (Schema
23) 11 Die Kupfervermittelte Decarboxylierung der giinstigen Picalim® fihrt zunachst
zur instabilen und daher sonst nur schwer zugdmglic2-Pyridyl-Kupferspezies, die nach
der Transmetallierung des Pyridylrestes auf Palladizu wertvollen 2Aryl- und

2-Heteroarylpyridinen fuhrt.
5 mol% PdCl,

6 mol% BINAP
| S 0.5 Aquiv. Cu,0 | S
P + ArBr Pz + CO,\
N~ ~CO,H DMAC N~ Ar
150 °C, 24 h
2.2.3-20 2.2.3-2 2.2.3-21

Schema 23: Decarboxylierende Kreuzkupplung vonlirg#ure.
2.2.3.5. Decarboxylierende Kreuzkupplung von Arylglyoxylateimd Oxalaten

Das Konzept der decarboxylierenden Kreuzkupplunginkavon aromatischen und
heteroaromatischen Carbonsaurederivaten auch aylfjlyoxylate @.2.3-22) ubertragen
werden und ermdglicht den Zugang zu Arylketon8r2.3-24, Schema 247% Klassisch
erfolgt  die Darstellung  solcher  Verbindungen neberder  klassischen
Friedet-Crafts-Acylierung!*?” bei der die Produkte meist als Isomerengemischstesren,

vor allem durch die Reaktion aktivierter Carbonsauyretwa WeinrebAmide ™Y mit
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Organometallverbindungen. Weiterhin sind Ubergaredatirkatalysierte Verfahren mit
OrganozinkVerbindungeh?®? oderin situ aktivierten Carbonsauréf??®'und Boronsauren
bekannt. Im Gegensatz dazu ist die decarboxylierddpplung eine breit anwendbare,
regioselektive und einstufige Alternative, die gudformierte metallorganische Reagenzien
verzichtet. Die verwendeten Arylglyoxylsduren sindls Zwischenprodukte der

Aminosauresynthese teilweise grol3technisch verfiigba

1 mol% Pd(F-acac),

o 2 molf’f;J Péo-ToI)3 o
15 mol% CuBr
OK  Br 15 mol% Phen
+ : + CO)
(0] NMP/Quin 3:1
170°C, 16 h
2.2.3-22 2.2.3-23 2.2.3-24

99%

Schema 24: Arylketonsynthese ausgehend von Phgoylgaten.

Der Mechanismus der Arylketonsynthese (Schema 2%ylawft analog zur
decarboxylierenden Biarylsynthese. Nach Anionerzaussh am
Kupfer/1,16-PhenanthrolirKatalysator () wird das Glyoxylat2.2.3-22 decarboxyliert I )
und der Acylrest auf eine ArPalladium(ll>-Spezies transmetalliertll(), die aus der
oxidativen Addition von Arylhalogeniden an einenll&@dium(0)-Komplex hervorgegangen
ist (IV). Die reduktive Eliminierung setzt das ProduRi2.3-24 frei und regeneriert
gleichzeitig den urspriinglichen Palladium{Ratalysator ¥). Bei dieser Transformation
wird die elektrophile  OxeGruppe formal in ein  Kupfestabilisiertes
Acylanioner-Aquivalent umgepolt.

002 o Br

[Cu] ArBr
2.2.3-2

[CU]+

)\[(x/ L,Pd©
KBr [Cul*Br- %

R)S(OK 2.2.3 24

O
2.2.3-22

Schema 25: Mechanismus der Arylketonsynthese aasdgelon Phenylglyoxylaten.
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Die traditionelle Umpolung einer Carbonylfunktiomfagt durch Umwandlung eines
Aldehyds in das entsprechende CyanhyHfith Acetal*?® Thioacetd!*” oder Hydrazoh-*”
Nachteile dieser Vorgehensweisen sind die zushtalic Derivatisierungs und
Hydrolyseschritte, sowie der Einsatz starker Basém. Vergleich dazu wird das
Acyl-Nukleophil bei der decarboxylierenden Kreuzkupplungitu am Kupferkatalysator

gebildet und bendétigt keine Schutzgruppen.

Ein weiteres Beispiel, bei dem die DecarboxylierumgAcylanionen fahrt, ist die rein
Palladium-katalysierte decarboxylierende Kupplung von Kalitimytoxalat @.2.3-26) mit
Arylbromiden und-chloriden bei 150 °C (Schema 28). Die Kombination von 43 mol%
Pd(TFA) und den sterisch anspruchsvollen, bidentaten digardppp oder dCypp fihrt in
NMP zu Benzoesaureesterr2.4.3-27) und bietet eine praktische Alternative zur

Carbonylierung aromatischer Halogenide.
3 mol% Pd(TFA),

O O
6 mol% dCypp
OEt
ArCl + Ko)k[( Ar/U\OEt + CO,4

NMP
0] 150 °C, 24 h
2.2.3-25 2.2.3-26 2.2.3-27

Schema 26: Synthese aromatischer Ester ausgehar@xadaten.

2.2.4. Carbonsaureester als Kohlenstoffelektrophile

Neben Arylhalogeniden haben sich vor allem auch fo8séureester als
Kohlenstoffelektrophile in Kreuzkupplungsreaktionetabliert. Aufgrund ihrer besonders
hohen Reaktivitdt und der leichten Palladiuminserin die C(Aryl)-O Bindung umfassten
frihe Arbeiten zunéchst nur Alkemylund Aryltriflate®**"! Die Entwicklung besserer
Katalysatorsysteme zur -©-Bindungsaktivierung fuhrte zur ErschlieBung glrestyg
Tosylate, Mesylate und Phosphonate, die sich niehit durch eine einfachere Synthese

auszeichnen, sondern auch eine weitaus hohere Kyestabilitat besitze*> !

In den letzten 20 Jahren erlebten, neben den Ratta&atalysatoren, vor allem auch die
gunstigeren NickelKatalysatoren eine rasante Entwickldhig-*"! Umfangreiche Studien
belegen, dass NickeKatalysatoren bei €C, C-N und C-P Bindungsknipfungen einiger
Kohlenstoffelektrophile sogar vielseitiger und taerggsfahiger sind als vergleichbare

Palladium-Komplexe.
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Die erste Nicketkatalysierte SuzukiMiyaura Kupplung von Phenolderivaten erfolgte
1995 durch Perceet al. mit der Umsetzung von Arylboronsauren mit Arylsuméten. Als
Katalysator dienten 10 mol% Nigdippf) in Gegenwart von 1.7 Aquivalenten Zinkpulads
Reduktionsmittel. In den Folgejahren beschriebernyaMia et al. weiterhin auch die
Umsetzung von Arylmesylaten mit Buthyllithium alsdriktionsmittel**?! Die Kupplung von
Aryltosylaten @.2.4-2) erfolgte durch Monteireet al. mit 1.5-3 mol% NiChL(PCys), und
6-12 mol% PCy bei 130 °C auch ohne externes ReduktionsniftéIDie Generierung der
Ni(0)-Spezies erfolgt dabei durch Transmetallierung deroBsaure 4.2.4-1) mit der
Nickel-Vorstufe und anschliel3ender reduktiver Eliminierdes Homokupplungsprodukts.
Ausgehend von diesen Arbeiten entwickelten Hu urohgl schlie3lich ein sehr mildes
Kupplungsverfahren, bei dem das aktive Katalysgttesn aus 3 mol% Ni(cog)und

12 mol% PCy gebildet wird (Schema 27>+
3 mol% Ni(cod),

12 mol% PCy,
B(OH), OSOAr 3 Aquiv. K,PO, O R"
R’ + R"
THF, 1t, 8-12 h R’

2.24-1 2.2.4-2 2.2.4-3
16 Beispiele
Ar =p-Tol, Ph 86-99%

Schema 27: Nickekatalysierte SuzukiMiyaura-Kupplung von Aryltosylaten.

Einer der grofiten Vorteile Nickdbasierter Systeme ist aber die Fahigkeit zur
C(Aryl)-O-Bindungsaktivierung ansonsten inerter Phenoldexjvatwa Arylether—ester,
—carbonate,—carbamate und-sulfamate. Besonders nachhaltig ist die Verwenduog
Arylestern als Kohlenstoffelektrophile, da diese ratiu einfache Veresterung leicht
verfiigbarer Substrate zuganglich sind und bei dilbrgangsmetatkatalysierten Kupplung
lediglich organische Carboxylate freisetzen. Dasbm dieses Konzepts liegt in der
selektiven GO Aktivierung der Arylester, da die Bindungsdissominsenergie der
C(Aryl)-O Bindung (106 kcal/mol) deutlich tber der eineAG(l)—O Bindung (80 kcal/mol)
liegt.**"! Bereits 1980 erfolgten erste Pionierarbeiten difamamotoet al. zur selektiven
Spaltung von Arylcarboxylaten. Dabei konnte gezeigirden, dass die Selektivitat der
Nickel(O)-Insertion in gewissem Malfe durch die Wahl der Reakbedingungen gesteuert
werden kanit*? Basierend auf diesen Arbeiten entwickelten dieekgyruppen um Shi und

Garg schlie3lich 2008 unabhangig voneinander Patliok zur Nicketkatalysierten
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Suzuki-Miyaura Kreuzkupplung von Arylesterr2..4-4) mit Arylboronsauren (Schema
28).[33’34]

5-10 mol% [NiCl,(PCys,),]
@/B(OH)Z @O 4-9 Aquiv. K,CO, oder K,PO, O R'
R + R’
O Toluol oder Dioxan R O
80-130 °C, 24 h
2.2.4-1 2.2.4-4 2.2.4-3

Schema 28: Nickekatalysierte Kreuzkupplung von Arylpivalaten mitysoronsauren.

Wahrend sich die Arbeiten von Garg auf Arylpivaléteschranken, beschreibt Shi die
Aktivierung verschiedener Carboxylate, wobei dagaRit ebenfalls die besten Ausbeuten
ermoglicht. In beiden Protokollen werden die Estatr Arylboronsauren in Gegenwart von
5-10 mol% NICh(PCy), und KPO, oder KPO, als Base in Toluol oder Dioxan bei
80-130 °C umgesetzt. Einzig der verwendete Pgand ermdglichte dabei hohe Umsatze,

andere Phosphane fihrten zu nicht anndhernd gutsibefsten.

Der vorgeschlagene Mechanismus startet mit der IRieduder Nickel(ll>-Quelle zur
aktiven Nickel(0ySpezies (Schema 29). Die oxidative Addition desldempoxylats2.2.4-4
bildet ein AryFNickel(ll)carboxylat (), das durch eine Transmetallierung mit der Boraresa
(I & 111') in eine DiarytNickel(Il)-Verbindung tbergeht. Die reduktive Eliminierungzset
das Kupplungsprodui.2.4-3 frei und regeneriert den Nickel(atalysator (V).

[NICI,(PCys,),]

lReduktion
" (@] R'
R . ~
> Ay
Ar (e)
2.2.4-3 Y. | 2.2.4-4
a y
Y T
R" r
Ar o

" |
0. R I
o) /- B(OR), 2.2.4-1

Schema 29: Mechanismus der Kreuzkupplung von Arglpten mit Arylboronsauren.
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Wie auch schon bei frilheren Arbeiten von Wenké&#tDankwardt*® und Tobist#*” zur
selektiven Aktivierung von Arylmethylethern zeigel und 2-Naphtholderivate eine
besonders hohe Aktivitat. Diese kdnnte darin beggtisein, dass die-© Aktivierung Uber
ein dearomatisiertes Intermediat, etwa einéfKomplex oder einen Meisenheimanalogen
Komplex, verlauff*” In beiden Fallen ist die Aktivierung der Naphthelrivate gegentiber
Benzolderivaten beginstigt, da die Aromatizitat 8abstrats teilweise erhalten bleibt.

Kurz nach Veroffentlichung dieser Arbeiten folgtamich die ersten mechanistischen
Untersuchungen durch Liet al™® Diese zeigen, dass die oxidative Addition einer
Nickel(0y-Spezies in die C(AcybO Bindung viel leichter erfolgt als in die C(Arylp
Bindung. Berechnungen deuten aber darauf hin, dhssBarriere der Ruckreaktion
energetisch sehr niedrig ist und der erhaltene Atigkel-Komplex nur schlecht mit der
Boronsaure transmetalliert (Schema 30). Im Gegerdatu ist die C(AryhO Aktivierung
irreversibel, da die Ruckreaktion energetisch nichbglich ist. Zudem erfolgt die
Transmetallierung des AryiNickel(ll)carboxylats mit den Boronsauren leichtendurch die

Reaktion schliel3lich zu den gewinschten Biaryldmtfu

=106 =80
kcal/mol  kcal/mol
P NiPCy) ] Lo INi(PCys),) PCy,
/N|\ -~ Ar, 77‘/ _— _Ni
Ar o langsam 0 schnell  ArO
o irreversibel 2244 reversibel 0
Ar—B(OH), l l Ar—B(OH),
ar ar-C  nicht detektiert
2.2.4-3 2.2.4-5

Schema 30: Selektivitat der Nick&htalysierten €0 Aktivierung von Arylcarboxylaten.
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3. Aufgabenstellung

Die Zielsetzung dieser Arbeit bestand in der EntWicg neuer, Kkatalytischer
Transformationen zur nachhaltigen, regioselekti@€ Bindungsknipfung. Als Substrate
sollten ubiquitdare Carbonsaureester dienen, diechdueinfache Veresterungsprozesse
verfugbar sind. Fur diese Verbindungen sollten gyeste Katalysatorsysteme zur selektiven
C-O Bindungsaktivierung, Decarboxylierung und ansfb#nden effizienten -
Bindungsknipfung entwickelt werden, sodass ledigheO, als fliichtiges Nebenprodukt
freigesetzt wird. Das Reaktionskonzept selbst kenbereits erfolgreich an besonders
aktivierten SB-Ketocarbonsaureallylestern demonstriert werdén, bei denen ein
Palladium(OyKatalysator sehr rasch in die C(Allyl Bindung insertiert, die aktivierten

[-Ketocarboxylate decarboxyliert und schlief3lich @eC Bindungsknipfung ermaoglicht.

Aufbauend auf meiner Diplomarbeit sollte zunachetdicarboxylierende Allylierung von
a-Ketocarbonsaureallylestern weiter untersucht urel Ainwendungsbreite der Reaktion
bestimmt werden. Anschlielend sollte geprift werdet diese decarboxylierende
Funktionalisierung auch auf andere nicht aktivieBebstrate, etwa Oxalséureester oder
Benzoesaureester, tbertragen werden kann. Dallieinsoeben Allylierungsreaktionen auch

Benzylierungen untersucht werden.

Die Kombination aus selektiver C(ArykD Aktivierung und Decarboxylierung leicht
verfligbarer Benzoesaurearylester kénnte weiterbimregioselektiven Biarylsynthese und
damit zur atomodkonomischen und salzfreien Alteugatzu traditionellen, abfallintensiven
Kreuzkupplungsreaktionen fihren. Da solche C(A@)Bindungen bisher nur mit speziellen
Nickel(0O)y-Katalysatoren aktiviert und funktionalisiert werdeonnten, sollte die Reaktivitat

dieser NicketVerbindungen nun auch in decarboxylierenden Kupgdunnevaluiert werden.

Im Erfolgsfall sollte jeweils auch untersucht wardeb die Reakionen direkt ausgehend
von Alkoholen und den freien Carbonsauren erfolgénnen. Eine vorgelagerte, reversible
Veresterung sollte die Estén situ zumindest in geringen Mengen bilden und durch die
selektive Palladium oder Nickelinsertion zum Metallcarboxylat fihrevelches irreversibel

decarboxyliert und zum Produkt gekuppelt wird.

In einem weiteren Teilprojekt sollten neue Syntlhresahren trifluormethylierter

Verbindungen entwickelt werden. Basierend auf degeBnissen der Nickekatalysierten
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Decarboxylierung sollte eine decarboxylierende HKupg von Trifluoracetaten mit
Arylelektrophilen entwickelt werden. Unabhangig dav sollte aufbauend auf der
Kupfer-katalysierten  Trifluormethylierung von Aryliodidenauch weiterhin  ein
Sandmeyeranaloges System zur Funktionalisierung von Aryldraamsalzen realisiert
werden. Diese beiden Verfahren haben nicht nurgvedive Vorteile gegeniber etablierten
Transformationen, sondern ermdglichen dartber Binauch einen neuen synthetischen

Zugang zu pharmakologisch relevanten Verbindungen.

Weiterhin kam es im Laufe der Arbeit zu einer Kogpen mit Umicore, die an neuen,
effizienten Kreuzkupplungskatalysatoren interessierd. Daraus entstand ein gemeinsames
Projekt, dessen Ziel die Entwicklung eines Katalyssazur hochselektiven Monoarylierung
primarer Amine war. Im Hinblick auf eine techniscidutzung zur Synthese von
OLED-Materialien sollten dabei aquimolare Substratmenden einer konzentrierten
Reaktionslésung umgesetzt werden. Ausgehend vobliestan Syntheseverfahren solcher
Verbindungen sollte nicht nur die benétigte Katatgsmenge stark reduziert, sondern auch
die als Nebenreaktion stattfindende doppelte Amyhig komplett unterdriickt werden.
AbschlieRend sollte die Anwendungsbreite der Reaktianhand representativer

Verbindungen bestimmt werden.
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4. Ergebnisse und Diskussion

4.1. Nachhaltige Transformationen von Carbonsauren undhren Derivaten

4.1.1. Hintergrund

Im Rahmen meiner Diplomarbeit erfolgten bereits teersUntersuchungen, ob
Palladium-katalysierte decarboxylierende  Allylierungsreakénon lediglich auf
Allyl —--ketoester ung-keto-ahnliche Systeme beschrankt sind, oder ob das kboreaeh
auf andere, nicht aktivierte Substrate Ubertagerdeve kann. Unser Interesse richtete sich
dabei zunéchst auf die Umsetzung \mtKetosauren, die decarboxylierend in hochreaktive
Acylanionen tberfuhrt und mit Kohlenstoffelektrolgm gekuppelt werden konn&fl. Dieses
Reaktionskonzept stellt eine Alternative zu klagseh Umpolungsreaktionen dar, bei denen
eine Carbonylfunktion in ein Cyanhydrin, Acetal,iddcetal oder Hydrazon tberfuhrt werden
muss2"723% purch die decarboxylierende Generierung der Adglzen entfallen solche
Schutzgruppen und die damit verbundenen zusétrlicHeerivatisierungs und

Hydrolyseschritte

Wahrend Palladium(6Katalysatoren bereits bei milden Temperaturen iilg) —O
Bindungen insertieren undB-Ketosauren decarboxylieren konr&h, verlauft die
Kupfer-katalysierte Decarboxylierung von Phenylglyoxylatdlerdings nur bei sehr hohen
Temperatureff® Anhand der Umsetzung praformierter Allylester tsohiun ein effizientes,
monometallisches Palladiutatalysatorsystem zur decarboxylierenden Allyligrumon

Phenylglyoxylaten entwickelt werden.

o) Py © L,Pd° 0
4123 Vo 41202 " O 4121
.—_\\ —/\\
/ L, Pd!
L, Pd! o

Schema 31: Mechanismus der decarboxylierendeniéilyig von Phenylglyoxylaten.
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Bei einer solchen Reaktion sollte der Palladiumi@talysator zunachst in die C(AllyD
Bindung des Allylesters insertieren und damit eAllyl —Palladium(ll)carboxylat bilden
(Schema 31)). Die Decarboxylierung fuhrt zur AcyPalladium(ll>Spezies I{ ), die das
S y-ungesattigte Keton reduktiv eliminiert und den &dilim(0)-Katalysator regeneriert
(I11). Unter den gegebenen Reaktionsbedingungen sidlitesolierte Doppelbindung rasch in
die konjugierte Position isomerisieren, wodurch as& Bildung des entsprechenden
Vinylketons kommt KV). Als einziges Nebenprodukt der Reaktion wird d¢didh CO,

freigesetzt.
4.1.2. Decarboxylierende Allylierung praformierter Phenylgpxylsaureester

Zur Entwicklung eines effizienten Katalysatorsyssemvurde der Allylester der
Phenylglyoxylsaure als Modellsubstrat gewahlt. Bieaktivitat dieser Verbindung wurde
unter den typischen Reaktionsbedingungen zur dexglibrenden Allylierung von
Allyl —--ketoestern ndher untersucht. Dabei zeigte sicls, d@asin Toluol geloste Ester nach
12 h bei 100 °C und in Gegenwart von 2.5 mol%(éahy und 10 mol% PPhin 14%

Ausbeute zun@r, f~ungesattigten Keton umgesetzt werden konnte (Tatiekintrag 2).

Tabelle 1: Ligandeneinfluss auf die Palladitkatalysierte decaboxylierende Allylierung.

o) o)
o\/\ Pd-Quelle, Ligand —
o Toluol, 100 °C, 12 h
4.1.2-1aa 4.1.2-3aa
Eintrag Pd-Quelle Ligand 4.1.2-1aa [%] 4.1.2-3aa [%]
1 Pd(dbay - quant. -
2 " PPh 68 14
3 " P(-Tol)s 56 21
4 " P(p-CFs-Ph) 79 7
5 ! P-Tol)s 98 2
6 " dppm 94 -
7 " dppp 39 1
8 " XantPhos 75 2
9 Pd(PBus), - 73 4

Reaktionsbedingungen: 0.50 mmol Allylester, 5 m&#dladium, 10 mol% eines monodentaten Liganden bzw.
5 mol% eines bidentaten Liganden, 2 mL Toluol, 100 12 h. Ausbeuten wurden gaschromatographisch mit
n-Dodecan als interner Standard bestimmt und mit &esgfaktoren der Reinsubstanzen korrigiert.
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Es folgte die rationale Katalysatoroptimierung, der zunachst die Effekte elektronisch
und sterisch unterschiedlicher Phosphanliganderersuntht wurden. Dabei fiihrte das
elektronenreichere, monodentat@-Xol); zu deutlich h6heren Produktausbeuten (Tabelle 1,
Eintrag 3), wahrend elektronendrmere Liganden meregeringeren Umsatz ermdglichen
(Eintrag 4). Weiterhin erfolgt die Produktbildungitmsterisch anspruchsvollen oder

bidentaten Liganden nur in sehr geringen Ausbe(Eerirage 59).

Loésungsmittel, die in decarboxylierenden Biaryléygsen meist sehr hohe Umsatze
ermdoglichen, zeigten bei dieser Reaktion keinerom@sren Effekt und fuhrten eher zu
schlechteren Ausbeuten (Tabelle 2, Eintrage 2 & B)hoht man die Menge des
Phosphanliganden auf 25 mol%, steigt die Produkeute auf 63% an (Eintrag 6). Die
Verdinnung des Reaktionsgemischs ermdglichte ®ildireeine quantitative Umsetzung des

Startmaterials (Eintrag 8).

Tabelle 2: Optimierung der decarboxylierenden Adigingsreaktion.

o) 2.5 mol% Pd,(dba), o)
O\/\ P(p-Tol), =
o) Solvens
100 °C, 12 h
4.1.2-1aa 4.1.2-3aa

Eintrag Solvens Ligandenmenge Solvensmenge 4.1.2-1aa [%] 4.1.2-3aa [%]

1 Toluol 10 mol% 2 mL 61 11
2 NMP ! " 71 11
3 DMF " " 96 2

4 Toluol 15 mol% ! 40 29
5 20 mol% " 2 49
6 25 mol% ! 5 63
7 3mL - 78

8 " " 4 mL - quant.

Reaktionsbedingungen: 0.50 mmol Allylester, 5 m&t@ladium, Pg-Tol)s, Solvens, 100 °C, 12 h. Ausbeuten
wurden gaschromatographisch mitDodecan als interner Standard bestimmt und mit &esgfaktoren der
Reinsubstanzen korrigiert.

Um die besondere Rolle des Phosphans naher zwsudben und um zu klaren, ob es sich,
wie bei der enzymatischen Pyruvatdecarboxylierwnrg, eine organokatalytische Reaktion

handelt (vgl. Schema 5, S. 9), folgten Protodecaylerungsstudien der freien
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Phenylglyoxylsaure (Tabelle 3). Diese bestatigt#ass die Decarboxylierung keineswegs
durch das Palladium erfolgt, sondern allein vomdphan katalysiert wird (Eintrag 4).

Tabelle 3: Protodecarboxylierung der Phenylglyoayle.

o] 0
©/H\H/OH Pd-Quelle, F:hosphan ©)LH + col
o) Toluol, 100 °C, 12 h
4.1.2-4a 4.1.2-5a
Eintrag Pd-Quelle Phosphan 4.1.2-5a [%]
1 Pd(OAC) _ _
2 Pd(dba} - -
3 " P(p-Tol)s 26
4 - " 56

Reaktionsbedingungen: 0.50 mmol Phenylglyoxylsébimmpl% Palladium, 25 mol% p{Tol)s, Toluol, 100 °C,
12 h. Ausbeuten wurden gaschromatographisch mabodecan als interner Standard bestimmt und mit
Responsefaktoren der Reinsubstanzen korrigiert.

Alle Optimierungsarbeiten zur decarboxylierenderylidrung praformierter Allylester,
sowie die Untersuchungen zur Anwendungsbreite wrd Reaktionsmechanismus sind in
der nachfolgenden Publikation aufgefuhrt. Die Eokiuing des Katalysatorsystems fuhrte ich
zum Grol3teil eigenstandig im Rahmen meiner Dipldre@rdurch und erfolgte erst gegen
Ende unter Aufsicht von Dr. Nuria Rodriguez Garribese Ergebnisse wurden bereits in
meiner Diplomarbeit niedergeschrieben. Wahrend eseimdustriepraktikums bei Novartis
Pharma in Basel erfolgten durch Herrn Dr. Costa haeistische Untersuchungen zur
Protodecarboxylierung und auch die ersten Reaktiomen Kaliumcarboxylaten mit
Allylhalogeniden. Die ,crossover‘—Experimente wurden schlieBlich wieder von mir
durchgefuhrt. Die Isolierung der synthetisierigft-ungesattigten Ketone erfolgte zu gleichen

Teilen durch die Arbeit von Herrn Dr. Costa und.mir

Die hier gezeigten Resultate wurden 2011 in CheynisA European Journal, Vol. 17,
13688-13691 publiziert. Die Publikation wurde flieses Manuskript angepasst und mit
Erlaubnis der John Wiley & Sons, Inc. beigefigt.

This copyrighted material is owned by or exclusMaensed to John Wiley & Sons, Inc.

or one of its group companies (each a"Wiley Company handled on behalf of a society
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Synthesis of o,f3-Unsaturated Ketones by Pd-Catalyzed Decarboxylative
Allylation of a-Oxocarboxylates

Nuria Rodriguez, Filipe Manjolinho, Matthias F. Griinberg, and Lukas J. GooBen*!*!

Within recent years, the field of decarboxylative allylation
reactions has undergone tremendous development, with in-
novative contributions that have attracted considerable at-
tention within the chemical community.) The foundations
for this area were laid by Carroll in 1940 with his report that
allyl f-oxocarboxylates extrude carbon dioxide to give v,0-
unsaturated alkyl ketones when heated in the presence of a
base.”) In the 1980s, palladium-catalyzed versions of this
transformation that proceed under neutral conditions were
discovered by Saegusal® and Tsuji (Scheme 1, top).”) This

previous work:

R' R' R'
Rmo\/\ —M>RW/ M‘—)> _,RW\
-CO, -M
o O O o
this work:
(o) (o)

(0]
o M | "
RJ\”/ ~ co, R)@ M )> Yy R)K/\
[¢]

acyl nucleophile

enolate nucleophile

Scheme 1. Decarboxylative allylation of carbon nucleophiles.

concept was decisively advanced by Tunge® and Stoltz.["
For example, Tunge et al. reported an asymmetric decarbox-
ylative allylation of ketone enolates.”! Stoltz et al. utilized
decarboxylative allylations as the key step in enantioselec-
tive syntheses of complex target molecules such as (—)-cyan-
thiwigin F, (+)-carissone and (+)-cassiol. In all these cases,
the carbon nucleophiles generated in the decarboxylation
step of the allylation process are highly stabilized carban-
ions,! that is, enolates, benzyl, a-iminoyl,m a-cyano-,m a-
sulfonyl-,®®) nitronate-,” or nitrotolyl-anions.>¥

Another major step in the development of this reaction
class would undoubtedly be its extension to carboxylates for
which the decarboxylation step would lead to non-stabilized
or even destabilized carbon nucleophiles. Examples of the
latter are acyl anions, generated by extrusion of carbon di-
oxide from a-oxocarboxylates. The proverbial instability of

[a] Dr. N. Rodriguez, F. Manjolinho, M. F. Griinberg,
Prof. Dr. L. J. Goo3en
Department of Chemistry, University of Kaiserslautern
Erwin-Schrodinger-Strasse 54, 67663 Kaiserslautern (Germany)
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these species normally precludes their use in organic synthe-
sis. Instead, synthetic equivalents to acyl anions usually have
to be generated within multistep procedures, for example,
through umpolung of aldehydes by reaction with dithiols
and subsequent deprotonation with strong bases.!""!

a-Oxocarboxylic acid are attractive sources of acyl anions
as they are stable and easy to access.'!! Some derivatives
serve as intermediates in the synthesis of a-amino acids and
are commercially available. Others are accessible by double
carbonylations of aryl halides with CO using Pd,"? Co,” or
Cu catalysts,"¥ by Friedel-Crafts acylations with oxalyl
chlorides," additions of arylmetal reagents to oxalates,"' or
oxidations of acetophenones.['”

We herein report the Pd/phosphine-catalyzed decarboxy-
lative allylation of allyl a-oxocarboxylates as the first exam-
ple of a decarboxylative allylation involving destabilized
carbon nucleophiles (see Scheme 1, bottom). This reaction
provides an expedient synthetic entry to a,f-unsaturated ke-
tones as privileged structures in biologically active natural
products.'¥ Such compounds are traditionally synthesized,
for example, by using aldol condensations, Meyer—Schuster
rearrangement of propargylic alcohols,™” or the hydroacyla-
tion of alkynes.*”)

In the course of our work on redox-neutral decarboxyla-
tive cross-couplings of aryl and vinyl halides with bimetallic
catalysts,®) we successively extended the substrate scope
from heterocyclic and ortho-substituted benzoic acids® to
nonactivated aromatic carboxylic acids’® and finally to a-
imino-?Y and a-oxocarboxylic acids.”) a-Oxocarboxylate
salts proved to be particularly unreactive, extruding CO,
only at 170°C within the coordination sphere of special
copper catalysts. Oxidative decarboxylative couplings of a-
oxocarboxylatic acids proceed at lower temperatures, but
these reactions involve stable electrophilic rather than labile
nucleophilic acyl intermediates.?"

As can be seen in Scheme 2, the targeted decarboxylative
allylation would have to proceed through a different mecha-
nism than bimetallic decarboxylative cross-coupling reac-
tions.l'! Coordination and subsequent oxidative addition of
the substrate to a Pd° precursor (A) lead to the formation of
covalent or ionic m-allyl-Pd-carboxylate complexes (B). Our
initial plan was to tune the ligand environment of palladium
complex A in a way that the next step, an extrusion of CO,
with formation of the acyl m-allyl-Pd complex C, would
become possible. Reductive elimination would then give the
allyl ketone 2, which can be expected to rapidly isomerize

Chem. Eur. J. 2011, 17, 13688 - 13691
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o) (0]
RJ\/\/RI L,Pd©) RHO\/\/R
2 A o}
[Pd]
o

Scheme 2. Postulated mechanism for the synthesis of a,f3-unsaturated ke-
tones through decarboxylative coupling.

to the conjugated vinyl ketone 3 in the presence of palladi-
um.?”

The carboxylates that so far had been employed in decar-
boxylative allylations lose CO, under very mild conditions
even in the absence of a catalyst.m In contrast, the redox-
neutral decarboxylation of a-oxocarboxylates requires much
higher temperatures.”? We were thus surprised to detect
15% of crotonophenone (3aa) when heating our model sub-
strate allyl 2-oxophenylacetate (1aa) in the presence of Pd-
(PPh3); (5 mol%) in toluene to only 100°C (Table 1,
entry 1). Among the side products were benzoic acid and
polyenes resulting from oligomerization reactions of the
allyl residue.

Table 1. Development of the catalytic system.["]

(o} o
©)\n/ov\ Pd source; phosphine ©)J\/\
(o] toluene, 100 °C, 12 h

1aa —Co, 3aa
Entry Pd Phosphine Yield

Source [%]
1 Pd(PPh;), - 15
2 Pd,(dba); PPh; 29
3 Pd,(dba); P(pTol); 37
4 Pd,(dba); BINAP 0
5 Pd,(dba); PCy; 0
6! Pd,(dba); P(pTol), 59
7l Pd,(dba); P(pTol); 79

[a] Reaction conditions: allyl-2-oxo-phenylacetate (1aa; 0.50 mmol), pal-
ladium (5 mol %), phosphine (15mol%; 7.5mol% for bidentate phos-
phines), toluene (4.0 mL), 12 h. Yields were determined by GC analysis
using n-dodecane as the internal standard; [b] P(pTol);; [c] P(pTol)s
(25 mol %)  BINAP =(2,2’-bis(diphenylphosphino)-1,1"~binaphthyl.

We systematically screened various catalysts generated in
situ from palladium precursors and phosphines (Table 1).2*
The choice of the phosphine ligand had a particularly strong
impact on the reaction outcome. The highest yields were ob-
tained with a catalyst generated from tri-p-tolylphosphine
(P(pTol);) and tris(dibenzylideneacetone)dipalladium(0)
(Pd,dba;) (entry 3). Bidentate (entry 4) and sterically more
demanding phosphines such as tricyclohexylphosphine
(entry 5) were almost ineffective. The decisive step towards

Chem. Eur. J. 2011, 17, 13688 -13691
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higher yields was to add the phosphine ligand in excess (en-
tries 6-7). When heating the allyl ester 1aa in the presence
of Pd,dba; (2.5 mol%) and P(pTol); (25 mol%) to 100°C
for 12 h, the product 3aa was isolated in almost quantitative
yields. Control experiments showed no conversion when
leaving out either the palladium or the phosphine.

It did not appear plausible that simple Pd catalysts could
promote the decarboxylation of a-oxocarboxylic acids at
such low temperatures, as only particularly activated carbox-
ylic acids decarboxylate at Pd catalysts.”” Moreover, these
results are in sharp contrast to findings for Pd-catalyzed
cross-couplings in which such high phosphine-to-palladium
ratios would be disadvantageous.” To obtain a better un-
derstanding of the decarboxylation step, we heated a tolu-
ene solution of phenylglyoxylic acid (4a) with various cata-
lysts (Scheme 3). Neither palladium(II) salts nor phosphine-
free Pd’ complexes catalyzed the protodecarboxylation of
4a.

o .
JJ\IrOH cat,, 100 °C J(i cat. Yield [%]
Ph -CO2  pr"H Pdy(dba); | O
4a, O 5a
Pd(OAc), | ©
PR3 Pd,(dba)s/
“PRs ppTon; | 26
R3P OH P(pTol)3 56

OH —— RsPOH

Ph)kn’ —-CO,
Phx H

Scheme 3. Protodecarboxylation of a-oxocarboxylic acids.

In the presence of Pd,dba; and P(pTol); benzaldehyde
was formed in moderate yields. The most effective decar-
boxylation catalyst, however, was tri-p-tolylphosphine alone.
This confirms that the phosphine has a dual function in the
decarboxylative allylation: It acts as an organocatalyst for
the decarboxylation step, and also stabilizes the palladium
cross-coupling catalyst.”) An organocatalytic decarboxyla-
tion step is plausible in the light of the enzymatic pyruvate
decarboxylation mechanism, which also involves the tempo-
rary addition of a nucleophilic group to the carbonyl
carbon.®? An analogous mechanism for the phosphine-cata-
lyzed decarboxylation is outlined in Scheme 3.

We also performed a cross-over experiment in which a
mesitylene solution of two different allyl a-oxocarboxylates
was heated to 150°C in the presence of the optimized cata-
lyst system (Scheme 4).”) A higher reaction temperature
was employed to ensure full conversion even of the less re-

1 0\* e 9
.
Ph)Kr P N
Ph Tol
o, )

9
o 1ab Ed(;g?;)s 3ab (14% 3ba (18%)
- . (0] [0
o
pTol SN Ao, 4 Phk/\+ k)\
O 1ba 3aa (20%) pTol

3bb (9%)

Scheme 4. Decarboxylative allylation cross-over studies.
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active, branched allyl ester 1ab. The fact that all possible
products were formed in comparable quantities shows that
after the oxidative addition step, the carboxylate ions can
dissociate and exchange with other salts, even in the nonpo-
lar solvent toluene.” A control experiment performed in
the absence of catalyst did not show any transesterification,
confirming that the exchange takes place after oxidative ad-
dition. It remains unclear whether the phosphine-mediated
decarboxylation in decarboxylative allylations proceeds
within or outside the coordination sphere of the palladium.

The scope of the new reaction is illustrated by the exam-
ples in Table 2. Many a-oxocarboxylic acid derivatives were
converted into the corresponding o,f-unsaturated ketones in
high yields. Substrates with electron-withdrawing substitu-
ents reacted particularly well, but 3ba and 3la, which repre-
sent moderately electron-rich a-oxocarboxylates, also gave
reasonable yields. Various functional groups were tolerated,
and some heterocyclic derivatives could also be converted.
The reaction also gave a high yield when conducted on
gram-scale for compound 3aa. If the allyl group bears an
additional substituent in the 2-position, the reaction still

Table 2. Decarboxylative synthesis of a,3-unsaturated ketones."

R o, L Pietomisman 5 R
. . pTol)z (25 mol% ,
Ar)L:“/o‘;/K R Ar)Lf/\
01 toluene, 100 °C, 12 h 3
Product Yield Product Yield
[%] [%]
X LR
Q)Li/\ 99 O N 94
3aa 3ca '
[¢] (o]

NN NZaN
3da/©) ‘ 98 3ea<j) - 97
Cl NC

o) o

NN & NN 3

3ba ‘ 3fa ' 7
F,C

(0] o

NEN N
396/@) | ” 3@@) | .
Ph

F O CF, O
3ia ' 3ja '
(0] (0]

~ N2 88

: S N 77
3ka \ ) ' 3la \ s '

o o
sa ©))\ 9plb] 3ac Phi/w/ 201l

NN
- Q)‘ traces

[a] Reaction conditions: allyl a-oxocarboxylate (1; 1.00 mmol), Pd,(dba),
(2.5 mol %), P(pTol); (5 mol %), toluene (8.0 mL), 12 h, 100°C, isolated
product yields. [b] in mesitylene at 150°C. [c] Yield was determined by
GC analysis using n-dodecane as the internal standard.

(e}
3ae PhJLE . Ph traces
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works, albeit at a higher temperature (3ab). However, this
prototype system gives unsatisfactory yields with allyl esters
substituted in the 3-position.

Analogous decarboxylative allylations can also be per-
formed starting from a-oxocarboxylic acids, allyl chlorides
and potassium carbonate as the base (Scheme5). In situ
spectroscopic studies confirmed that under the conditions of
this reaction variant, allyl esters are rapidly formed and

Clio 6a
o] Pd,(dba)s (2.5%) o
R! OH P(pTol)3(25%) R! 5z
o mesitylene, 150 °C
R? K,CO3, 4AMS  R?
4 3aa (R, R2=H): 60 %

3da (R'=H, R2=Cl): 98 %
3ma (R' = OMe, R? = H): 68 %

Scheme 5. Decarboxylative coupling of a-oxocarboxylic acids with allyl
halides.

then slowly decarboxylate.” Further experiments revealed
that the carbonate base required in this reaction variant re-
tards the decarboxylation of the allyl a-oxocarboxylates,
which is why higher temperatures are required. Presumably,
the a-oxocarboxylate has to compete with the carbonate
anion for a coordination site at the palladium.

Ongoing work is directed towards combining the phos-
phine-catalyzed decarboxylation of a-oxocarboxylates with
other synthetic transformations that require acyl anion
equivalents. Ultimately, this strategy may become a general
alternative to established syntheses involving the umpolung
of aldehydes.

Experimental Section

Standard procedure for the synthesis of «,B-unsaturated ketones: A
20 mL crimp cap vessel was charged with tris(dibenzylideneacetone)di-
palladium(0) (5.72 mg, 0.006 mmol) and tri-p-tolylphosphine (19.4 mg,
0.062 mmol). After the vessel was flushed with alternating vacuum and
nitrogen purge cycles, a solution of 1 in toluene (4 mL) was added
through a syringe. The reaction mixture was stirred at 100°C for 12 h and
then cooled to room temperature. The solvent was removed by Kugel-
rohr distillation (6x 10 > mbar) at 30-35°C. The residue was further puri-
fied by flash chromatography (SiO,, ethyl acetate/hexane (1:10)), yielding
the corresponding products 3 in 62-99 %.
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4.1.3. Decarboxylierende Allylierung mit Diallylcarbonat

Ein verbleibender Nachteil des Allylierungsprotdkolist, dass die Praformierung der
Allylester in einem zusatzlichen Reaktionsschritttattindet und bei einigen
Arylglyoxylsauren zudem Kupplungsreagenzien benmnotigerden. Aus diesem Grund
erfolgten weitere Arbeiten an einer intermolekutaf@eaktionsvariante. Erste Reaktionen
zeigten, dass die Ester in Gegenwart von Kaliunmaab auch insitu aus der
Phenylglyoxylsaure und Allylhalogeniden erzeugt diatin weiter umgesetzt werden kénnen.
Da der Decarboxylierungsschritt allerdings durcle dinwesenheit des Kaliumcarbonats
behindert wird, musste die Reaktionstemperaturl&0f°C erhoht werden. Um dies und die
Bildung anorganischer Salze zu umgehen, kamen imge Zdieser Untersuchungen auch

andere, einfache Allylester als Kohlenstoffelekhigzum Einsatz.

Mechanistisch sollte der Palladium{®gatalysator bei einer solchen intermolekularen
Reaktion zunachst in die C(AllyiD Bindung der Allylquelle insertieren und das Camfat
in einem Metatheseschritt gegen das Arylglyoxylatstauschen. Die anschlielRenden
Reaktionsschritte sollten danach analog zur Umsegtzpraformierter Allylglyoxylate
ablaufen. Wahrend der Einsatz von Allylacetat netdem a,/~ungesattigten Keton auch stets
zur Protodecarboxylierung fuhrte, ermdoglichte dadallficarbonat eine selektive
Produktbildung. Mit dem Wechsel von Toluol zu-4Mdoxan konnten so nahezu quantitative

Produktausbeuten erzielt werden.

0 5 mol% Pd(PPh,), e}
OH j)\ 25 mol% P(p-Tol), _ P
R N0 0™ 1,4-Dioxan R +CON + o ™
o 100 °C, 16 h
4.1.3-1a-p 4.1.3-2 4.1.3-3a-p 4.1.3-4
16 Beispiele
52-97%

Schema 32: Decarboxylierende Allylierung mit Di&dbrbonat.

Alle Optimierungsarbeiten und die Untersuchungen Znwendungsbreite sind in der
nachfolgenden Publikation aufgefuhrt. Diese Arbedisiert auf Erkenntnissen, die unter
Aufsicht von Dr. Nuria Rodriguez Garrido und in Aosmenarbeit mit Dr. Filipe Costa
gewonnen wurden. Die Entwicklung der Kupplung fré&@arbonsauren mit Allylhalogeniden
und Allylcarbonaten erfolgte in Zusammenarbeit mierrn Dr. Costa. Die
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A catalyst system consisting of Pd(PPhj), and P(pTol); was
found to effectively promote the intermolecular decarbox-
ylative coupling of a-oxocarboxylic acids with diallyl carbon-
ate to give o,f-unsaturated ketones. The key advantage of
the new reaction protocol is that preformation of the allyl es-
ters is not required. The reaction is believed to proceed via

phosphane-mediated decarboxylation of the a-oxocarboxyl-
ates, leading to acyl anion equivalents that are allylated
within the coordination sphere of the palladium catalyst. Un-
der the reaction conditions, the double bond then migrates
into conjugation with the carbonyl group.

Introduction

Carbon-carbon bond-forming reactions belong to the
most fundamental transformations in organic synthesis,
and new concepts for regiospecific couplings are constantly
sought. In this context, decarboxylative couplings have re-
cently emerged as valuable alternatives to cross-couplings of
organometallic reagents.[’?) Among them, decarboxylative
allylations of allyl B-ketocarboxylate derivatives to give v,8-
unsaturated ketones have received particular attention.’!
This catalytic version of the Carroll rearrangement™ was
first described by Tsujil® and Saegusal® and has further
been developed by Tunge!” and Stoltz.®] However, the
scope of such waste-minimized C-C bond-forming reac-
tions extends only to allyl esters of carboxylic acids that —
upon extrusion of carbon dioxide — form highly stable carb-
anions, for example, enolate, benzyl,’! a-cyano,l® or ni-
tronate anions.'®! All described methods start from pre-
formed allyl esters (Scheme 1).

We have recently shown that decarboxylative allylations
can also be performed with carboxylates for which the ex-
trusion of CO, leads to non-stabilized carbon nucleo-
philes.!!l Tn the presence of a bifunctional catalyst con-
sisting of a palladium complex and an excess amount of
P(pTol)s, allyl a-oxocarboxylates were converted into o,p-
unsaturated ketones via a decarboxylative allylation/
double-bond migration cascade. In this protocol, the de-
carboxylation step is promoted by the phosphane as an or-
ganocatalyst, whereas the C-C bond formation takes place

[a] Department of Chemistry, University of Kaiserslautern
Erwin-Schrodinger-Strasse 54, 67663 Kaiserslautern, Germany
Fax: +49-631-205-3921
E-mail: goossen@chemie.uni-kl.de
Homepage: http://www.chemie.uni-kl.de/goossen

[#] Present address: Departamento de Quimica Organica, Facultad
de Ciencias, Universidad Auténoma de Madrid, Cantoblanco,
28049 Madrid, Spain

] Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201200766.
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This work
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Scheme 1. Approaches to generate acyl anions via decarboxylation.

inside the coordination sphere of the palladium. This reac-
tion is of considerable interest because it is a rare example
of a C-C bond-forming reaction involving unstable acyl
anions as carbon nucleophiles.!'? It constitutes an alterna-
tive to traditional syntheses of a,B-unsaturated compounds,
such as aldol condensations, Wittig or Horner—Wadsworth—
Emmons olefinations,['?! or the Meyer—Schuster rearrange-
ment of propargylic alcohols.['¥ However, from a practical
standpoint, the prototype protocol was limited by the
rather troublesome synthesis of the allyl esters. High yields
were achieved only when using expensive coupling reagents.
Attempts to generate the esters in situ from a-oxocarboxyl-
ate salts and allyl halides led to the formation of large quan-
tities of halide salts that inhibited the reaction, so that the
temperature had to be increased to 150 °C.['1]

We herein describe how this limitation was overcome by
employing diallyl carbonate as the allyl source in an inter-
molecular decarboxylative coupling with a-oxocarboxylic
acids.

According to the proposed mechanism (Scheme 2), a key
intermediate in decarboxylative allylations is believed to be
allylpalladium(Il) a-oxocarboxylate complex C formed by

Eur. J. Org. Chem. 2012, 46804683
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oxidative addition of the ester to palladium(0) species A.
We reasoned that such species could also be generated by
reaction of allylpalladium(II) allyl carbonate species B
formed via the analogous oxidative addition of allyl carb-
onate to palladium(0) in the presence of an a-oxocarboxylic
acid." The release of CO, gas along with allyl alcohol
would render this step irreversible. The decarboxylation of
the a-oxocarboxylate, which was previously shown to be
mediated by an excess amount of phosphane, should give
rise to acylpalladium(II) allyl complex E. The allyl ketone
would then be liberated via reductive elimination and iso-
merize into the a,B-unsaturated compound under the reac-
tion conditions. Even without auxiliary base, competing
protodecarboxylation should be comparatively slow, as the
allyl alcohol should not be sufficiently acidic to promote
protodeacylation of E with formation of the corresponding
aldehyde and an allyl ether. If this mechanistic concept is
viable, it should be possible to convert a-oxocarboxylic ac-
ids into «,B-unsaturated ketones by reaction with diallyl
carbonate in the presence of a palladium/phosphane cata-
lyst.

o
[Pd]
RJ\/\<_ RJ\/\ [\/\O}ZCO
L,Pd° \K\
\ N
N L,Pd
L,Pd 0.0 %
n'
b o /B\jg R)S(OH
PR3 o ¢
\ /\/OH
/ C \ +CO,
LnPd E L, Pd/\\
N

Scheme 2. Proposed decarboxylative allylation mechanism.

Results and Discussion

To search for an effective catalyst system, we chose the
reaction of phenylglyoxylic acid with diallyl carbonate as a
test system and began with the optimized conditions for the
intramolecular decarboxylative allylation of allyl-2-oxoacet-
ate. In the presence of a combination of Pdy(dba); and
P(pTol); in toluene at 100 °C, the desired product was in-
deed formed, albeit in modest yields (Table 1, entry 1).

Systematic studies revealed that the solvent had a pro-
found influence on the reaction outcome. Whereas non-po-
lar solvents gave unsatisfactory yields (Table 1, entries 1 &
2), the use of moderately polar, coordinating solvents and
1,4-dioxane in particular, were substantially more effective
(Table 1, entries 3-5). Strongly polar aprotic (Table 1, en-
tries 6 & 7) or protic solvents (Table 1, entry &) also led to
low conversions. The beneficial effect of 1,4-dioxane may

Eur. J. Org. Chem. 2012, 4680-4683
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Table 1. Development of the catalyst system. (!
o) 0. .0 Pd source o
OH+ Z X phosphane
Ph)kfr \[or 100 °C, 12 h PN

O 1a 2 3a
Entry Catalyst Phosphane Solvent Yield [%]®
1 Pd,(dba); P(pTol), toluene 7
2 Pd,(dba); P(pTol), mesitylene 4
3 Pd,(dba); P(pTol), 1,4-dioxane 77
4 Pd,(dba); P(pTol); diglyme 22
5 Pd,(dba); P(pTol); DMPU 39
6 Pd,(dba)s P(pTol), DMF 13
7 Pd,(dba); P(pTol); DMSO 5
8 Pd,y(dba)y P(pTol); ethanol 0
9 Pd(acac), P(pTol), 1,4-dioxane 44
10 Pd(OAc), P(pTol), 1,4-dioxane 33
11 [(cinnamyl)PdCl], P(pTol); 1,4-dioxane 17
12 Pd(PPh;), P(pTol); 1,4-dioxane 97
13 Pd(PPhs), PPh; 1,4-dioxane 63
14 Pd(PPhj), P(p-F-C4H,);  1,4-dioxane 33
15 Pd(PPhs), PCy; 1,4-dioxane 42
16 Pd(PPh;), BINAP 1,4-dioxane 29
176 Pd(PPhj), P(pTol); 1,4-dioxane 95
18 Pd(PPhj), P(pTol); 1,4-dioxane 89
19 Pd(PPhs), - 1,4-dioxane 36
20 Pd,(dba); — 1,4-dioxane 0
21 - P(pTol), 1,4-dioxane 0

[a] Reaction conditions: phenylglyoxylic acid (1, 1.00 mmol), diallyl
carbonate (2, 1.00 mmol), catalyst (5 mol-%), phosphane (25 mol-
%), solvent (8.0 mL), 12h, 100 °C. [b] Yield determined by GC
analysis using #-dodecane as an internal standard. [c] 4 h. [d] 80 °C.

consist in assisting the coordination of carbon residues, as
reported for Pd-enolates.[>19]

A test of various palladium sources revealed that palla-
dium(0) complexes displayed higher yields than palladi-
um(II) salts. Almost quantitative conversion was reached
with Pd(PPhs)4. This may in part be due to an increase in
phosphane concentration, as the decarboxylation is medi-
ated by the phosphane. The use of PPhs instead of
P(pTol)s led to lower yields (Table 1, entry 13). Further ex-
periments with various phosphanes confirmed that
P(pTol); is the optimal decarboxylation catalyst (Table 1,
entry 12), whereas triaryl phosphanes with different elec-
tronic properties (Table 1, entry 14), trialkyl phosphanes
(Table 1, entry 15), or bidentate phosphanes (Table 1, en-
try 16) gave inferior yields. Further studies revealed that al-
most full conversion could be reached within 4 h at 100 °C
(Table 1, entry 17), and that the yields are only marginally
lower at 80 °C (Table 1, entry 18). With Pd(PPhs),, modest
yields were achieved (Table 1, entry 19), presumably due to
a partial dissociation of phosphanes from the complex. This
was confirmed by a control experiment in which a phos-
phane-free palladium catalyst was used and no additional
phosphane was added (Table 1, entry 20). Without palla-
dium, no conversion was observed (Table 1, entry 21).

We next investigated the scope of the optimized intermo-
lecular decarboxylative allylation protocol. The scope and
limitations (Table 2) are very similar to those observed for
reactions starting from preformed allyl esters.['! Arylglyox-
ylic acids with common functionalities such as halides, cy-
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ano and methoxy groups, as well as heterocyclic derivatives
were converted in good yields into the corresponding a,f-
unsaturated ketones. Arylglyoxylic acids bearing electron-
poor nitro substituents were converted in only 10% yield.
The reason for this low yield could not yet be elucidated.
As observed also for intramolecular reactions, the intermo-
lecular version does not yet allow the conversion of alkyl-
glyoxylic acids.

Table 2. Scope of the intermolecular decarboxylative allylation.[?]

o Pd(PPh3), (5 mol-%) (o]
O 0. P(pTol)3 (25 mol-%
Ar OH + /\/ T \/\ 3. ) Ar)l\/\
02 1,4-dioxane 3
01 100°C, 12 h
Product Yield Product Yield
[%] [%]
(o] o
7 96 7 79
3a 3b
9! i
> =
Ph
(e] (o]
= =
F3C F
(o] (o]
= /
- /@/u\/\ 80 - /@)‘\/\ 5
Cl NC
o o
/@)\/\ 751 \@)\/\ 83
3i 3j
MeO
o CF; O
MeO. = 85 = 83
3k 3l
F o OMe O
A 71 A 5201
3m 3n
(o] (0]
" @/“\/\ 79 5 G,/U\/\ 83
° N\ o P N\s
o o)
=
[c] =
3q©)j\/\ 10 3,./©iu\/\ trace
OoN

[a] Reaction conditions: arylglyoxylic acid 1 (1.00 mmol), diallyl
carbonate (2, 1.00 mmol), Pd(PPh;), (5 mol-%), P(pTol); (25 mol-
%), 1,4-dioxane (8.0 mL), 12 h, 100 °C, isolated yields. [b] 35 mol-
% P(pTol);. [c] Yield determined by GC analysis using #n-dodecane
as an internal standard.

Conclusions

An intermolecular decarboxylative allylation of aryl-
glyoxylic acids with diallyl carbonate has been developed as
an expedient synthetic entry to o,B-unsaturated ketones.
The new protocol is similarly effective as related couplings
4682
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of allyl esters, but obviates the laborious synthesis and puri-
fication of these substrates. It is broadly applicable to aryl-
glyoxylic acid bearing various functional groups. Present
work is directed towards extending this decarboxylative al-
lylation strategy to other carboxylic acid substrate classes.

Experimental Section

Standard Procedure for the Synthesis of «,p-Unsaturated Ketones
from a-Oxocarboxylic Acids: A 20-mL crimp cap vessel was
charged with tetrakis(triphenylphosphane)palladium(0) (57.6 mg,
0.05 mmol) and tri-p-tolylphosphane (77.6 mg, 0.25 mmol). A solu-
tion of the v-oxocarboxylic acid (1.00 mmol) in 1,4-dioxane (8 mL)
and diallyl carbonate (2; 144 pL, 1.00 mmol) were added via sy-
ringe. The reaction mixture was stirred at 100 °C for 12 h and then
cooled to room temperature. The solvent was removed in vacuo
(40 °C, 107 mbar), and the remaining residue was further purified
by flash chromatography (SiO,; ethyl acetate/hexane, 1:10) to yield
products 3a—p (52-99%).

Synthesis of (E)-1-Phenylbut-2-en-1-one (3a): Compound 3a [CAS:
495-41-0] was prepared following the standard procedure, starting
from phenylglyoxylic acid (1a; 150 mg, 1.00 mmol). After purifica-
tion, 3a was isolated as a yellow oil (145 mg, 99%). 'H NMR
(400 MHz, CDCl;): 6 = 7.92 (m, 2 H), 7.56 (m, 1 H), 7.45 (m, 2
H), 7.07 (m, 1 H), 6.93 (dq, J = 1.6 Hz, 1 H), 1.99 (dd, J = 6.8,
1.6 Hz, 3 H) ppm. *C NMR (101 MHz, CDCl;): § = 190.7, 144.9,
137.8, 132.5, 128.4 (4 C), 127.5, 18.5 ppm1. C1oH ;60 (146.19): caled.
C 82.16, H 6.19; found C 82.19, H 6.22.

Supporting Information (see footnote on the first page of this arti-
cle): Characterization data for all compounds, copies of the 'H
NMR and 3C NMR spectra.
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4.1.4. Decarboxylierende Allylierung mit Allylalkohol

In  weiterfGhrenden Studien sollte nun untersuchtrdee, ob der benétigte
Arylglyoxylsaureallylester unter den gegebenen Reakbedingungen auch direkt situ
durch eine reversible Veresterung der freien Apggylsdure mit Allylalkohol gebildet
werden kann. Selbst geringe Mengen des Esters emolloxidativ an den
Palladium(OyKatalysator addieren und das gewinschte Produkh rmm irreversiblen
Decarboxylierungsschritt freisetzen, sodass lechighVasser und CQals Nebenprodukte

gebildet werden.

Auf der Suche nach einem effektiven Katalysatoeystvurden die Modellverbindungen
Phenylglyoxylsaure und Allylalkohol mit Pd(dbajnd Pp-Tol)s; in Toluol fir 16 h auf
100 °C erhitzt. Unter diesen Bedingungen wurdedilhgs nur die Protodecarboxylierung der
Saure beobachtet. Es folgte ein umfangreiches Ig$suittelscreening, bei dem nur
1,4-Dioxan eine Produktbildung ermdglichte. Weitere Heewversuche zeigten, dass ein
in situ aus 5 mol% Pd(dbaund 35 mol% PPhgebildetes Katalysatorsystem zu den besten
Produktausbeuten fuhrt (Schema 33).

(0] 5 mol% Pd(dba), (@]
OH 35 mol% PPh P>
/\/ 3
R{j)l\”/ + HO 1,4-Dioxan R«©)l\/\ + COJ +H,0
O 100 °C, 16 h
4.1.4-1a- 4.1.4-2 4.1.4-4a-
12 Beispiele
63-96%

Schema 33: Decarboxylierende Allylierung mit Alljdahol.

Alle Resultate der Katalysatoroptimierung und digddsuchungen zur Anwendungsbreite
sind in der nachfolgenden Publikation aufgefiihriede wurde 2013 im Journal of
Organometallic Chemistry, Vol. 744, 140-143 vendffieht, fir dieses Manuskript angepasst
und mit Erlaubnis von Elsevier beigeflugt.

Reprinted from the Journal of Organometallic Chémjsv/ol 744, Matthias F. Griinberg,
Lukas J. GoolRRen, Decarboxylative allylation of glybxylic acids with allyl alcohol,
140-143, Copyright (2013), with permission from Elsevi®R APPLICABLE SOCIETY
COPYRIGHT OWNER].
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A decarboxylative allylation of arylglyoxylic acids with allyl alcohol has been developed. In the presence
of catalytic amounts of Pd{dha); and PPhs, the substrates are in an esterification equilibrium with the
allyl arylglyoxylates, which are continuously decarboxylated to give «,f-unsaturated ketones along with
C0s and water as the only byproducts.

2013 Elsevier B.V. All rights reserved.

1. Introduction

Within the last decade, decarboxylative cross-coupling re-
actions have evolved into effective tools for C—C and C—heteroatom
bond formation [ 1,2]. This reaction concept compares favourably to
traditional cross-coupling reactions in that it involves using easily
available carboxylic acids as carbon nucleophiles in place of
organcmetallic reagents. Decarboxylative allylations, in which allyl
esters of activated carboxylic acids extrude CO;, are particularly
efficient [3]. Carroll was the first to describe the thermal rear-
rangement of allyl §-ketocarboxylates into the corresponding v,5-
unsaturated ketones [4]. Tsuji [5] and Saegusa [6] disclosed a cat-
alytic version of the Carroll reaction which proceeds under mild,
neutral conditions. This concept was extended to various other
substrates and led to synthetic maturity by Tunge [ 7], Stoltz [8] and
others [9]. However, in all these cases, the substrates employed are
esters of carboxylic acids that decarboxylate with the formation of
highly stabilized carbanions such as enclate, benzyl [10], «-cyano
[6], or nitronate species [9a] {Scheme 1).

The first example of a decarboxylative allylation of non-
activated allyl carboxylates was the Pd/phosphine-catalyzed con-
version of arylglyoxylic acid allyl esters to allyl ketones, which
immediately isomerize to give the «p-unsaturated ketones [11].

* Cerresponding authoer. Tel: +49 631 205 2046; fax: +49 631 205 3921
E-mgil address: goossen@chemie.uni-klde (L]. GooRen).

0022-328%/$% — see front matter @ 2013 Elsevier B.V. All rights reserved.
http:/fdx.doi.org/10.1016/j jerganchem. 2013.06.004
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The decarboxylation of the arylglyoxylates leads to an intermediate
formation of synthetic equivalents to unstable acyl anion equiva-
lents and is promoted by tri{p-tolyl}phosphine. These are then
allylated within the coerdination sphere of the palladium.

We have also shown that the allyl ester substrates can be
generated in situ from arylglyoxylic acids and diallyl carbonate [12].
Liu et al have recently disclosed the decarboxylative allylation of
silver benzoates with allyl halides in the presence of a complex
palladium/copper catalyst system, which is another example of a
catalytic allylation of non-activated carboxylic acids [13].

In continuation of our search for concepts for the activation of
carboxylic acids for catalytic coupling reactions [14], we herein
present the decarboxylative allylation of arylglyoxylic acids with
allyl alcohol as a new, sustainable allylation method. In this inter-
molecular C—C-bond forming process, the allyl ester substrates are
generated in situ via esterification, so that CO, and water are the
only byproducts.

2. Results and discussion

A combination of an esterification process and a decarboxylative
coupling of the resulting allyl ester should be possible following the
mechanistic hypothesis outlined in Scheme 2. Upon mixing an
arylglyoxylic acid 1 with allyl alcohel 2, at least small quantities of
the allyl ester should form in a reversible esterification. Once
formed, the allyl esters should oxidatively add to the palladium(0}
species A with formation of an allylpalladium(1l) «-oxocarboxylate
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Tsuji, Saegusa, Tungs, Stoliz and othets

R, P R4 Ry
YNGR S
0o O €O Pd 5
Goolten et al.
? [Pd])/PR 2
R)l\n’o\/\ — ) ) —-R)l\/\
o -CO; -{Pd]
This work
T [Pd/PPh
3
R NP 3 N
o -H20

Scheme 1. Decarboxylative allylations.

complex B. The phosphine should then add to the carbonyl group of
the arylglyoxylate (C), promoting the extrusion of CO; with the
formation of the acyl palladium complex D. In a reductive elimi-
nation step, the allylketone 3 would be released, regenerating the
initial palladium(0) complex A. The product would then immedi-
ately isomerize to the stabilized (F)-configured «,p-unsaturated

M.E Griinberg, LJ. Goofen [ Journal of Grganometallic Chemistry 744 (2013) 140-143 4
Table 1
Optimization of the reaction conditions.®
(o) Pd-source 0
OH + oz Phosphine _ - I~
PnJJI( HO ™ oo 16n Ph
12 2 - CO,, -H,0 4a

Entry Pd source Phosphine Sclvent Yield [%]
1 Pd(dba), P(pTel)s Toluene 0
2 Pd(dba); P(pTells 1,4-Dicxane 50
3 Pd(dba); P(pTellz Aniscle 0
4 Pd(dba); P(pTel)s Diglyme 0
5 Pd(dba); P(pTel); NMP 0
6 Pd(dba); P(pTel)s DMF 0
7 pd(dba), F(pTel)s DMSO 0
8 Pd(PPhz), P(pTellz 1,4-Dicxane 79
9 PdCl; P(pTel)s 1,4-Dicxane 0
10 Pd(OACc); P(pTol)s 1.4-Dioxane 23
11 Pd(acac); P(pTel)s 1,4-Dicxane 29
12 Pd(dba), PPh3 1,4-Dicxane 84
13 Pd(dba); P(p-F-CeHy )z 1,4-Dicxane 64
14 Pd(dba); P(p-OMe-CgHy )z 1,4-Dicxane 0
15 Pd(dba), Plo-Tol)s 1.4-Dioxane 0
16 Pd(dba), P(fur)z 1.4-Dicxane 0
17 Pd(dba); PCys 1,4-Dicxane 0
18 Pd(dba); JohnPhos 1,4-Dicxane 0
19° Pd(dba), PPhs 1,4-Dicxane 89

ketone (4).

In search for an effective catalyst system, we used phenyl-
glyoxylic acid and allyl alcohol as the moedel reaction and evaluated
various palladium complexes in combination with several phos-
phines [11,12]. Under the optimal reaction conditions for the con-
version of preformed allyl esters (Pd{dba},/P(pTol};, toluene,
100 °C, 16 h), only protodecarboxylation of the phenlglyoxylic acid
was observed (Table 1, entry 1). A screening of various solvents
revealed that 14-diocxane was uniquely effective for the desired

O Pd-source
phosphlne
R)H‘/OH + Ho/\/ -COZ )l\/\
10 2 4
‘u H,O T[Pd]
0 o]
R 0\/\ RJJ\/\
o 3
L,Pd©@
j A
Pa
L,Pd ;\
\ L,Pd

.

\ L,Pd
0.0
+ -
PR3
R O

Scheme 2. Proposed mechanism of the decarboxylative allylation.

* Reaction conditions: phenylglyoxylic acid {1a) (0.50 mmel), allyl alcohol (2)
(0.75 mmel), Pd-scurce (5 mel%), ligand (30 mol%), 4 mL solvent, 100 °C, 16 h.

P vields were determined by GC analysis, with z-tetradecane as an internal
standard.

¢ 35 mol% PPhs.

process. Whereas in this solvent, product 4a was ohtained in an
encouraging 50% yield {entry 2}, preduct formation was chserved
neither in less polar nor in strongly polar solvents (entries 3—7}.
Among the palladium precursors tested, the Pd{0) complex
Pd(PPhs)4 gave the best result (entry 8), and almost no conversion
was achieved for palladium(ll) complexes (entries 9—11). The
screening of various phosphines revealed that simple PPh;3 is the
most active cocatalyst, with optimal donating ability and steric
demand (entries 12—18). This is an interesting finding, since for
other protocols P(pTol)z was by far the most effective phosphine
cocatalyst. Using a catalyst generated in situ from 5 mol% Pd{dba);
and 35 mol% of PPh,, the desired product was finally obtained in
89% yield when stirring a mixture of the phenylglyoxylic acid and
1.5 equivalents of allyl alcohol in 1,4-dioxane at 100 °C for 16 h
{entry 19).

Having thus found an efficient reaction protocol, we next
investigated the scope of the new transformation. As can be seen
from the examples in Table 2, various aromatic and hetercaro-
matic glyoxylic acids were converted in good yields into the
corresponding  o,f-unsaturated ketones. Several functional
groups, e.g., methexy-, chloro- and fluore-groups were tolerated.
The reaction is not yet applicable to alkylglyoxylic acids, to par-
ticularly sterically demanding aromatic substrates such as mesi-
tylglyoxylic acid, and to arylglyoxylic acids bearing strongly
electron-withdrawing substituents such as nitro-groups in para-
position.

3. Conclusion

In conclusion, a decarboxylative cross-coupling of arylglyoxylic
acids with allyl alcohol was developed. It constitutes the first
example of a C—C bond forming reaction starting from carboxylic
acids and alcohols. The simplicity of the catalyst system, which is
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Table 2
Scope of the reaction.?
o 5 mol% Pd{dba}, o
35 mol% PPh
RJYOH + Ho/\/ #-_ R)l\/\
1,4-dioxane
o 100°C, 16 h
1ad 4a-
Preduct Yield [%] Pmductn Yield [%]
o y
=
a8 O a
N ®
Q O
& a1 Z 86
« L
S I
P 87 F 86
O de ol o
o} o}
4h
F 49 F
O (o]
MeC - 77 T - 80
4 N0 4
(o] (o]
P
o = 73 Vi ] 63
“_§ 4k g 4

@ Reaction conditions: arylglyoxylic acid (1.00 mmol), allyl alcohol (1.50 mmol),
Pd(dba)z (5 mol%), PPhs (35 mol%), § mL 1,4-dioxane, 100 °C, 16 h.

formed in situ from easily available Pd{dba}, and PPhs, as well as
the mild reaction conditions are particular advantages of this re-
action protocol. This is a first step towards a new generation of salt-
free cross-coupling reactions, in which the substrates are generated
in an equilibrated esterification process that releases only water as
byproduct, combined with a regiospecific coupling reaction, in
which only CO; is released. If this concept could be extended, e.g.,
to biaryl couplings, the sustainability of such processes could
dramatically be improved (Scheme 3).

4. Experimental section
4.1. General methods
All reactions were performed in oven-dried vessels equipped

with teflon-coated stirrer bars and septa using degassed solvents
under a nitrogen atmosphere. 14-Dioxane was used without

\
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further purification. All reactions were monitored by GC using n-
tetradecane as an internal standard. Response factors of the prod-
ucts with regard to n-tetradecane were cbtained experimentally by
analyzing known quantities of the substances. GC analyses were
carried out using an HP-5 capillary column (phenyl methyl siloxane,
30 m|320|0.25, 100/2.3-30—-300/3) and a time program beginning
with 2 min at 60 °C followed by 30 °Cfmin ramp to 300 °C, then
3 min at this temp. Column chromatography was performed using a
Combi Flash Companion-Chromatography-System (Isco-Systems)
and Grace Reveleris packed flash columns (12 g). Melting points
were determined with a Mettler FP61. NMR spectra were obtained
on a Bruker AMX 400 system using CDCl; as solvent, with proton
and carbon rescnances at 400 MHz and 101 MHz, respectively.
Infrared spectra were recorded on a Perkin Elmer Fourier transform
spectrometer. Mass spectral data were acquired on a GC—MS Saturn
2100 T (Varian). CHN—elemental analysis was performed with a
Hanau Elemental Analyzer vario Micro cube. Compounds 1b [CAS:
5449-21-8], 1c [CAS: 7163-50-0], 1d [CAS: 14289-45-3], 1e [CAS:
26153-26-4], 1f [CAS: 7099-88-9], 1g [CAS: 2251-76-5], 1h [CAS:
79477-86-4], 1i [CAS: 26767-10-2] and 11 [CAS: 39684-36-1] were
synthesized in 61-98% yield following known synthetic procedures
[2a,15]. All other compounds were commercially available and used
without further purification.

4.2, Standard procedure for the synihesis of a,5-unsaturated
ketones from a-oxocarboxylic acids

A 20 mL crimp-cap vessel was charged with bis{dibenzylide-
neacetone )palladium(0) (28.8 mg, 0.05 mmol} and triphenylphos-
phine (91.8 mg, 0.35 mmol). A solution of the g#-oxocarboxylic acid
{1a—1) {1.00 mmol) in 14-dioxane {8 mL) and allyl alcchol (2}
(104 pL, 1.50 mmol) were added via syringe. The reaction mixture
was stirred at 100 °C for 16 h and was then cocled to room tem-
perature. The solvent was removed in vacuo (40 °C, 100 mbar) and
the remaining residue was further purified by flash chromatog-
raphy (Si0;, ethyl acetatefhexane (1:10)), yielding the corre-
sponding ketones 4a—1 (63—96%).

4.2.1. Synthesis of (E)-1-phenylbut-2-en-1-one (4a) [CAS: 495-41-0]
Compound 4a was prepared following the standard procedure,
starting from phenylglyoxylic acid (1a) {155 mg, 1.00 mmol). After
purification, 4a was isolated as colourless oil {129 mg, 88%). The
spectroscopic data matched those reported in the literature.

4.2.2. Synthesis of (E)-1-({1,7’-biphenylJ-4-yD)but-2-en-1-one (4b)
[CAS: 71823-67-1]

Compound 4b was prepared following the standard procedure,
starting from 4-biphenylglyoxylic acid (1b) (226 mg, 1.00 mmel).
After purification, 4b was isolated as beige solid (189 mg, 85%). The
spectroscopic data matched those reported in the literature.

4.2.3. Synthesis of (E)-1-(4-tolyl)but-2-en-1-one (dc) [CAS: 3837-
95-4]

Compound 4c was prepared following the standard procedure,
starting from 4-tolylglyoxylic acid (1c) {164 mg, 1.00 mmol). After
purification, 4c was isolated as colourless oil {129 mg, 81%). The
spectroscopic data matched those reported in the literature.

o Z :_R2 R2
o R cat. iy e
- COZ R T =

Scheme 3. “Dream reaction” for biaryl synthesis.
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4.2.4. Synthesis of (E)-1-(naphthalen-2-yl)but-2-en-1-one (4d)
[CAS: 128113-44-0]

Compound 4d was prepared following the standard procedure,
starting from 2-napththylglyoxylic acid (1d) (200 mg, 1.00 mmaol}.
After purification, 4d was isolated as colourless solid {168 mg, 86%).
The spectroscopic data matched those reported in the literature.

4.2.5. Synthesis of (E)-1-(naphthalen-1-yl)but-2-en-1-one (4e)
[CAS: 128113-46-2]

Compound 4e was prepared following the standard procedure,
starting from 1-napththylglyoxylic acid (1e} (200 mg, 1.00 mmaol}.
After purification, 4e was isolated as yellow solid (170 mg, 87%}. The
spectroscopic data matched those reported in the literature.

4.2.6. Synthesis of (F)-1-(4-chlorophenyl)but-2-en- 1-one (4f) [CAS:
67864-02-2}

Compound 4f was prepared following the standard procedure,
starting from 4-chlorophenylglyoxylic acid (11} (185 mg, 1.00 mmol }.
After purification, 4f was isolated as colourless solid (156 mg, 86%).
The spectroscopic data matched those reported in the literature.

4.2.7. Synthesis of (F)-1-(4-fluorophenyl )but-2-en-1-one (4g) [CAS:
28122-15-8]

Compound 4g was prepared following the standard procedure,
starting from 4-flourcphenylglyoxylic acid (1g)( 168 mg, 1.00 mmol}.
After purification, 4g was isolated as colourless 0il { 158 mg, 96%). The
spectroscopic data matched those reported in the literature.

4.2.8. Synthesis of (E)-1-(2-fluorophenyl )but-2-en-i-one (4h)
[CAS: 79477-86-4]

Compound 4h was prepared following the standard procedure,
starting from 2-flucrophenylglyoxylic acid (1h)} (168 mg,
1.00 mmol). After purification, 4h was isolated as colourless oil
(135 mg, 82%). The spectroscopic data matched those reported in
the literature.

4.2.9. Synthesis of (E)-1-(3-methoxyphenyl)but-2-en-1-one (4i)
[CAS: 1087399-25-4]

Compound 4i was prepared following the standard procedure,
starting from 3-methoxyphenylglyoxylic acid (1i) (180 mg,
1.00 mmol). After purification, 4i was isolated as yellow cil (135 mg,
77%). The spectroscopic data matched those reported in the
literature.

4.2.10. Synthesis of (E)-1-(furan-2-yl)but-2-en-1-one (4j) [CAS:
131323-45-0]

Compound 4j was prepared following the standard procedure,
starting from furanyl-2-glyoxylic acid (1j} (140 mg, 1.00 mmaol}.
After purification, 4j was isolated as yellow solid {109 mg, 80%}. The
spectroscopic data (NMR, IR) matched those reported in the
literature.

4.2.11. Synthesis of (E )-1-(thiophen-2-yl)but-2-en-1-one (4k) [CAS:
13196-29-7]

Compound 4k was prepared following the standard procedure,
starting from thiophenyl-2-glyoxylic acid (1k) (156 mg, 1.00 mmaol }.
After purification, 4k was isolated as yellow oil {111 mg, 73%). The
spectroscopic data {(NMR, IR) matched those reported in the
literature.

4.2.12. Synthesis of (E)-1-(thiophen-3-vi)bhut-2-en-1-one (41) [CAS:
1308249-57-1]

Compound 41 was prepared following the standard procedure,
starting from thiophenyl-3-glyoxylic acid (11} ( 156 mg, 1.00 mmaol }.

After purification, 41 was isclated as colourless solid (95.5 mg, 63%).
M.p. = 42.6 °C; 'H NMR (400 MHz, CDCl3) § = 8.05 (dd, J = 2.8,
1.2 Hz, 1H), 7.58 (dd,J = 53.1,1.3 Hz, 1H}, 7.31 {dd, = 5.1, 2.8 Hz, TH),
7.08 (dq,J=15.1,6.8Hz,1H}, 6.79 {dq,J=15.3,1.4 Hz, 1H}, 1.97 ppm
{dd, ] = 6.8, 1.5 Hz, 3H); '3C NMR (101 MHz, CDCl5) 5 = 183.9, 144.0,
142.6,131.8,127.9, 127.3,126.2, 18.3 ppm (2C; CHz); IR v = 3105 (s),
2909 (m), 1667 (vs), 1619 (vs}, 1511 (m}), 1443 (m), 1411 {(m}, 1291
{m}, 1231 (m), 1179 cm ! (m); MS (lon trap, EI): mjz (%) = 152 (20),
151 (100), 136 (27), 91 (11), 69 (25), 45 (20}, 41 (20); elemental
analysis calcd (%) for CgHgOS: C 63.13, H 5.30, § 21.07; found: C
63.43, H 5.50, § 20.90.
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4.1.5. Decarboxylierende Benzylierung von Oxalaten

Das Konzept der reversiblen Veresterung mit ansBehder decarboxylierender Kupplung
sollte nun auch auf andere Substanzklassen erweiterden. Dazu erfolgten zunachst
Studien zur decarboxylierenden Benzylierung vonniglggyoxylsduren. Diese Reaktionen
fuhrten allerdings zu keiner Produktbildung, sondediglich zur Protodecarboxylierung der
Carbonséaure.

Es folgten Untersuchungen zur Reaktivitat prafortereAllyl- und Benzyloxalate, die
decarboxylierend einen neuen Zugang zu Acrylséuogler Phenylessigsaurederivaten
ermoglichen kénnten. Die oxidative Addition diegester an einen Palladium{®atalysator
sollte Allyl- bzw. Benzylkomplexe bilden, die im irreversibleedarboxylierungsschritt zu
AlkoxycarbonytPalladium(lly-Spezies fuhren. Die reduktive Eliminierung wuirdee di

entsprechenden Produkte bilden und den Palladiuiié@alysator regenerieren.

(@]
, , [Pd] [Pd]
NP . _OR ™ OR OR
\/T\O)J\IT( ~co, W W
(@] (@]

0]

Schema 34: Decarboxylierende Allylierung und Beigzyhg von Oxalaten.

Als Ausgangspunkt erster Testreaktionen wurden fRwabedingungen gewahlt, unter
denen Fu und Liu Arylhalogenide mit Kaliumethyloxial decarboxylierend kuppeln
konnten®™® Wahrend die Allyloxalate keine Produktbildung zeiy konnte das
Benzylethyloxalat bei 150 °C mit 2 mol% Pd(OAand 3 mol% dppp in NMP erfolgreich in
38% Ausbeute zum Phenylessigsaureethylester unagj@setden. Da nukleophile Additive
bereits einen grof3en Effekt bei der Decarboxyligruan Arylglyoxylsauren zeigten, wurde
nun auch die Reaktivitat verschiedener LeuBiasen untersucht. Die Anwesenheit von
DMAP ermdglichte dabei eine signifikante Ausbeuteigerung auf 64%. Weitere
Testreaktionen zeigten zudem, dass das gemeinsatm&e von Diethyloxalat und
Benzylalkohol bei 150 °C zur sehr raschen Bilduag Benzylethyloxalats fuhrt.

48



Ergebnisse und Diskussion

Im Anschluss an diese Untersuchungen folgten nwdi& zur Kombination von
Transesterifizierung und decarboxylierender Kupgluei der Umsetzung von Diethyloxalat
mit Benzylalkohol ermdglichte bereits der reine I&#um/PhospharKatalysator eine
Produktausbeute von 11%. Auch hier zeigten Aminbaseen besonderen Effekt, sodass die
Ausbeute in Anwesenheit katalytischer Mengen DABS&gar auf 89% gesteigert werden
konnte (Schema 35). Kontrollreaktionen zeigtensdaereits sehr geringe Mengen des freien
Phosphans zur schnellen Equilibrierung der Stadnadieen flihren und DABCO einen sehr

starken Effekt auf die Decarboxylierung der Oxaladsitzt.

2 mol% Pd(OAc),
3 mol% dppp

o) OR'
. OH , )S(OR- 10 mol% DABCO _ L oL} +ROH
RO 3 NMP, 150 °C, 16 h 0 2

4.1.5-1a-q 4.1.5-2a-e 4.1.5-4a-v
22 Beispiele
41-95%

Schema 35: Synthese von PhenylessigsaureesteBeanglalkoholen und Oxalaten.

Die Anwendungsbreite wurde schiedlich an zahlreich&/erbindungen mit
unterschiedlichen funktionellen Gruppen demongtridBesonders Diphenyloxalat und
Bis(2,2,2-trifluorethyl)oxalat erméglichten sogar die Umsetgusehr elektronenarmer und
dadurch unreaktiver Benzylalkohole in guten Ausbeut Weiterhin wurde der
Phenylessigsaureethylester auch im praparativenmb@l Maldstab in 95% Ausbeute

dargestellt.

Alle Resultate der Katalysatoroptimierung und digédsuchungen zum Mechanismus und
zur Anwendungsbreite sind in der nachfolgendeniRatidbn aufgefihrt. Diese wurde 2013 in
Chemistry- A European Journal, Vol. 19, 7334337 veroffentlicht, fir dieses Manuskript
angepasst und mit Erlaubnis der John Wiley & Sbrts,beigeflgt.

This copyrighted material is owned by or exclusMaensed to John Wiley & Sons, Inc.
or one of its group companies (each a"Wiley Company handled on behalf of a society
with which a Wiley Company has exclusive publishiights in relation to a particular work
(collectively "WILEY").

License Number: 3375860761499
License date: Apr 25, 2014
Licensed content publisher: John Wiley and Sons
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Synthesis of Arylacetates from Benzylic Alcohols and Oxalate Esters through
Decarboxylative Coupling

Matthias F. Griinberg and Lukas J. GooBen*!"

The development of sustainable methodologies for
carbon—carbon bond formation is among the key objectives
in modern organic synthesis. Catalytic cross-coupling reac-
tions have proven to be efficient and versatile tools for as-
sembling even complex molecular structures.) In classical
redox-neutral cross-coupling reactions, carbon electrophiles,
for example, aryl halides [Eq. (1); X=halide], are regiospe-
cifically coupled with carbon nucleophiles, for example, or-
ganometallic compounds (M =main-group metal). Along
with the C—C coupling products, byproducts are formed re-
sulting from the leaving groups, usually metal salts. Within
the last decade, several strategies have been developed to
overcome the major limitations of this concept, that is, the
necessity to generate sensitive organometallic reagents in an
extra reaction step, the use of environmentally questionable
organohalides, and the formation of salt waste.

R-M + R2-X — > R-R2 + MX )
o)
R1J\0M + R2-X —— R-RZ + MX + CO, @)
o]
; A _r2 .
R1-M +AK” SO RI-R2 + MO,CAI (&)
o)
2
R1J\O’R — R'-RZ + CO; 4)
o)
3
R1J\0*R *RZOH — R-R? + R¥OH + CO, (©)

One of these strategies consists in replacing traditional
with decarboxylative coupling reactions, which draw on car-
boxylate salts rather than organometallic reagents as the
carbon nucleophiles [Eq. (2)].? This reaction type has
found application, for example, in syntheses of biaryls® and
arylketones” and for the introduction of cither allyl or
benzyl groups.”) Another strategy involves using carboxy-
lates in the place of organohalides in cross-coupling reac-
tions with organometallic reagents [Eq. (3)].’) A prominent
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example is the Tsuji-Trost allylation (R®=allyl).”’ The two
above approaches are combined in catalytic decarboxylation
reactions of allyl carboxylates [Eq.(4); R*=allyl].®) The
allyl carboxylate substrates provide both the electrophilic
allyl group and the carbon nucleophile that is masked ini-
tially, but liberated at the Pd catalyst by extrusion of CO,,
which is the only byproduct generated in the overall process.
This attractive reaction type was discovered by Saegusa and
Tsuji et al.’! and has been led to synthetic maturity by the
research groups of Tunge,['” Stoltz!""! and others.®! Unfortu-
nately, an extra step is required to preform the starting ma-
terial, which often generates a lot of waste. Moreover, the
reaction is known only for allylic and benzylic esters. How-
ever, recent reports by the research groups of both Garg
and Shi, that aryl carboxylates (R*=aryl) can undergo oxi-
dative additions to catalyst metals that are capable of medi-
ating decarboxylative processes indicate that this attractive
concept may soon become more generally applicable,
maybe even to biaryl synthesis.[>!?

To the best of our knowledge, there is still no example of
a regiospecific intermolecular decarboxylative cross-cou-
pling reaction between an alcohol and either a carboxylic
acid or ester [Eq.(5); R®=H or alkyl]."® We envisioned
that this kind of C—C coupling should be achievable by com-
bining a reversible transesterification between an alcohol
and an appropriate alkyl carboxylate with a catalytic decar-
boxylation of the resulting ester. In the overall process, CO,
and an alcohol would be the only byproducts. As a first ex-
ample of such a process, we herein disclose a synthesis of o-
arylacetic acid esters from benzylic alcohols and diethyl oxa-
late (Scheme 1).

a-Arylacetic acids are an important product class because
many of its members possess unique biological and pharma-
ceutical activities (Figure 1).' Well-known representatives
include the nonsteroidal anti-inflammatory drugs, diclofenac
and indomethacin, and the antihistamine, olopatadine. Aryl-
acetic acids are also versatile intermediates used, for exam-
ple, in the synthesis of agrochemicals like spiromesifen and
pinoxaden.

The overall reaction (Scheme 1, top), in which CO, and
ethanol are the only byproducts, compares favorably with
classical arylacetic acid syntheses such as the hydrolysis of
benzyl cyanides and the transition metal catalyzed carbon-
ylation of benzylic halides or alcohols."! It is also a valuable
alternative to modern arylacetic acid syntheses, involving,
for example, the oxidative carbonylation of toluene,'” the

Chem. Eur. J. 2013, 19, 73347337
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Scheme 1. Synthesis of a-arylacetates from benzylic alcohols.

% T

diclofenac olopatadine indomethacin spiromesifen

Figure 1. Biologically active arylacetic acid derivatives.

oxidation of terminal alkynes,!'” the electrocatalytic carbox-
ylation of benzyl halides,'¥ transition metal catalyzed cross-
coupling reactions between aryl halides and enolates," mal-
onates,” cyanoacetates,”! or acetoacetates®? carbene-
transfer reactions from ethyl diazoacetate, and coupling
reactions of a-haloacetate esters,” each of which have their
individual drawbacks.

The mechanistic concept for the development of the new
cross-coupling process is outlined in Scheme 1, bottom. The
benzylic alcohol substrate 1 undergoes reversible transesteri-
fication with diethyl oxalate (2) leading to the benzyl ethyl
oxalate 3, which oxidatively adds to the Pd(0) catalyst, A.
The resulting benzyl complex, B, extrudes CO, to give acyl-
palladium(II) species C. Arylacetic ester 4 is then liberated
by reductive elimination, regenerating Pd species A.

As starting point for catalyst development, we chose reac-
tion conditions similar to those used by Fu, Liu et al. for the
decarboxylative coupling of potassium oxalate monoesters
with aryl halides.*) When heating benzyl ethyl oxalate (3a)
with 2 mol % Pd(OAc), and 3 mol% 1,3-bis(diphenylphos-
phino)propane (dppp) to 150°C, ethyl phenylacetate (4a)
was indeed obtained, albeit in low yield (38 %). Because we
had observed that the presence of nucleophilic additives had
a profound effect on the related coupling of a-oxocarbox-
ylates,™ we screened various Lewis bases and found that
the addition of 4-(dimethylamino)pyridine (DMAP)
creased the yield to 64 %. To confirm that under these reac-
tion conditions, transesterification takes place at a reason-
able rate, diethyl oxalate was heated with benzyl alcohol to
150°C. To our delight, the benzyl ester was detected within
only a few minutes.

Chem. Eur. J. 2013, 19, 7334 -7337
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COMMUNICATION

Table 1. Optimization of the reaction conditions.

Pd source (2 mol%)
phosphine (3 mol%)

OEt additive (10 mol%)
“SOH + EtOJ}( 5
NMP, 150°C, 16 h NMP, 150°C, 16h T COZEt

1a - COy, — EtOH 4a
Entry Pd source Phosphine Additive Yield [%)]
1 Pd(OAc), dppp - 11
2 Pd(OAc), dppp DMAP 70
3 Pd(OAc), dppp t-butylamine 11
4 Pd(OAc), dppp diethylamine 14
5 Pd(OAc), dppp 2,6-lutidine 18
6 Pd(OAc), dppp TMP 39
7 Pd(OAc), dppp DABCO 89
8 Pd(OAc), dppp P(pTol), 20
ol Pd(OAc), dppp DABCO 75
10 [Pd(dba),] dppp DABCO 74
11 [Pd(acac),] dppp DABCO 71
12 Pd(OAc), - DABCO 0
13 Pd(OAc), PPh; DABCO 0
14 Pd(OAc), PCy; DABCO 0
15 Pd(OAc), dppb DABCO 36
16 Pd(OAc), dppe DABCO 75
17" Pd(OAc), dppp DABCO 82
18 Pd(OAc), dppp DABCO 69

Reaction conditions: 0.50 mmol 1a, 0.60 mmol 2a, 2 mol% Pd source,
either 6 mol % monodentate or 3 mol % bidentate ligand, 10 % additive,
1 mL NMP, 150°C, 16 h, GC yields with n-tetradecane as internal stan-
dard. [a] 0.55 mmol 2a; [b] 140°C; [c] 2 mol % dppp. acac = Acetylaceto-
nate, Cy=cyclohexyl, dba=dibenzylidene acetone, dppb=1,2-bis(diphe-
nylphosphino)butane, dppe =1,2-bis(diphenylphosphino)ethane, NMP =
N-methylpyrrolidine, TMP =2,2,6,6-tetramethylpiperidine.

After these successful trial experiments, we systematically
investigated the combined transesterification/decarboxyla-
tion process for the model reaction of benzyl alcohol (1a)
with diethyl oxalate (2a) in the presence of various catalyst
systems (Table 1). Using 2mol% Pd(OAc), and 3 mol %
dppp as the catalysts, the desired product (4a) was obtained
in only 11% yield (Table 1, entry 1). Whereas primary and
secondary amines, sterically hindered pyridines, and phos-
phines had little effect on the reaction outcome, the addition
of strongly nucleophilic tertiary amines led to a marked in-
crease in conversion (Table 1, entries 2-8). The best results
were obtained with the nontoxic inexpensive base, 1,4-
diazabicyclo[2.2.2]octane (DABCO). The highest yields,
based on benzyl alcohol, were obtained when diethyl oxa-
late was used in slight excess (1.2:1; Table 1, entries 7, 9).

Variation of the Pd source revealed that PA(OAc), is most
effective (Table 1, entries 10-11). The properties of the
phosphine ligands have a profound influence on the reaction
outcome (Table 1, entries 12-16). In the absence of phos-
phine or when using monodentate ligands, the product is
formed in trace amounts at best. Similar to other coupling
reactions of oxalates,!*! the reaction is effectively promoted
only by using bidentate phosphines. The reason for this con-
dition is unclear at this stage. Interestingly, the yields strong-
ly depend on the bite angle, the yield being highest when
using dppp. Phosphines bridged by either longer or shorter
carbon chains are less effective. Lowering the temperature
to 140°C still furnished the product in reasonable yield
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(Table 1, entry 17); below this temperature, the rate-deter-
mining decarboxylation of the palladium carboxylate no
longer occurred and the reaction became sluggish.

Further control experiments were conducted to elucidate
the role of the individual components in the catalytic proc-
ess.?! The influence of Pd(OAc), and the basic amine on
the esterification step was found to be minimal. However,
even the presence of small quantities of dppp accelerate the
equilibration.’” This observation explains why better results
are obtained when the phosphine is added in an amount
that is slightly in excess of that of Pd (Table 1, entries 7, 18).
The amine additive strongly affected the decarboxylation of
the oxalate. Both diethyl and benzyl ethyl oxalate decom-
posed with formation of CO, when stirred at 150°C in the
presence of DABCO, presumably through a reversible nu-
cleophilic addition process. This result is in agreement with
the observation that whereas the decarboxylative coupling is
slow in the absence of the amine, in the presence of too
much DABCO, the oxalate undergoes decarboxylation
faster than it undergoes cross-coupling, thus causing un-
reacted benzyl alcohol to be left behind.

The scope of the new transformation was investigated
using the optimized catalyst system, that is, Pd(OAc),
(2mol %), dppp (3 mol%), and DABCO (10 mol%). As
can be seen from the examples in Table 2, various benzylic
alcohols with common functional groups, such as halides
and methoxy groups, were converted in good yields into the
corresponding arylacetic esters. Even alcohol 1m, which
contains two shielding methyl groups in ortho positions and
an exposed chloro substituent in the para position, gave the
desired ester 4m in 56% yield. Heterocyclic derivatives
were also successfully transformed.

Some benzylic alcohols with an electron-withdrawing
group in the para position did not give satisfactory yields in
the reaction with dialkyl oxalates; for example, the transfor-
mation of 4-cyanobenzylic alcohol (1q) led to less than 5%
yield of the expected product. We attributed this result to
the relatively low reactivity of such substrates in the trans-
esterification step. Consequently, we replaced ethyl oxalate
with the more activated derivatives, either diphenyl- or
bis(2,2,2-trifluoroethyl) oxalate. This change did indeed lead
to an increase in the efficiency of the process, so that 4-cya-
nobenzyl alcohol (1q) could also be converted into the cor-
responding arylacetate (4t). The reaction works reliably also
on gram scale. Phenylacetic ester 4a was synthesized in
95% yield on 50 mmol scale in concentrated solution (7.8 g
product/50 g solvent) with only 1 mol% of the Pd catalyst.
As expected, analogous reactions with either simple alka-
nols or phenol did not give C—C coupling products, although
the mixed oxalate esters were formed. In the reaction with
allyl alcohols, only decomposition products were detected.
However, first results indicate that the transformation may
be extendable to a-ketoacids.

In conclusion, a catalyst system consisting of Pd(OAc),/
dppp and DABCO efficiently promotes the decarboxylation
of benzyl oxalates to give arylacetates under reaction condi-
tions allowing the continuous generation of these materials

7336 —— www.chemeurj.org
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Table 2. Scope of the reaction.

Pd(OAC); (2 mol%)
dppp (3 mol%)

DABCO (10 mol%
Ao + RO)H(OR (10 mol%)

OR
— > Ar
NMP, 150°C, 16 h /E
- COy, - ROH

1a—q 2a-e 4a-v

Product Yield [%] Product Yield [%]

o~ SN
o o~

Y °
~
‘ o f » OO o 4 58

Ph o
o
~ 85 ~ m 4 82
o 4g o

o
Crry 0 o
00 4 75 <O S 4 66

|
oY ;
74 m 9
a O 4k F o 4l

mo\/ DR Y
56 P O 4n 41

cl O 4m N
mO\/ O
SI 0 4o 55 o 84

O~ )

0 4q 88 0 4r 42
Cl o o
ono IO -

O 4s NC

0._CF;
RPN

Reaction conditions: 1.00 mmol benzylic alcohol, 1.20 mmol oxalate,
2 mol % Pd(OAc),, 3 mol % dppp, 10 mol % DABCO, 2 mL NMP, 150°C,
16 h.

from benzylic alcohols and dialkyl oxalates. The overall
process represents an intermolecular regiospecific C—C
bond-forming reaction in which volatile alcohols and carbon
dioxide are released as the only byproducts. This process
may lead to the development of a new generation of salt-
free cross-coupling reactions, for example, the dream reac-
tion between alkyl benzoates and phenols to give the corre-
sponding biaryl compound.

Experimental Section

Standard procedure for the synthesis of arylacetic esters: A crimp-cap re-
action vessel was charged with palladium(II) acetate (4.58 mg,
0.02 mmol), 1,3-bis(diphenylphosphino)propane (12.4 mg, 0.03 mmol),
and 1,4-diazabicyclo[2.2.2]octane (11.2 mg, 0.10 mmol). Under an inert
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atmosphere, a degassed solution of the benzylic alcohel (1.00 mmol} and
the oxalate (1.20 mmel} in NMP {2 mL) was added using a syringe. The
reaction mixture was stirred at 150°C for 16 h and then cooled to room
temperature. The slight pressure buildup caused by the partially dissolved
CO, was carefully released by piercing the septum with a syringe needle
before uncapping. Ethyl acetate (20 mL} was added and the mixture was
washed with water {20 mL} and a saturated aqueous bicarbonate solution
{20mL). The organic layer was separated, dried over MgSQO,, and fil-
tered, followed by removal of selvents in vacuo {40°C, 200 mbar}. The
remaining residue was further purified by flash chromatography {SiO,;
ethyl acetate/hexane, 1:10), yielding the corresponding esters 4 {41
95% ).
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Ergebnisse und Diskussion

4.1.6. Decarboxylierende Allylierung von Allylbenzoaten

Wahrend B-Ketocarbonsauren aufgrund eines giinstigen Ubergasgsdes bereits
thermisc® und a-Oxocarbonsauren mithilfe eines Phosphans als Okgaalgsator
aktiviert und decarboxyliert werden koénnen (sieh&.2), ist die Extrusion von GOaus
Benzoesaurederivaten nur mit einem Metallkatalysatdglich (vgl. 2.2.1, S. 8). Da
besonders aktivierte, Bbisrtho—substituierte Benzoesauren mit Palladitfatalysatoren
decarboxyliert werden konnéfi2%1%! folgten im Anschluss an die Transformationen der

Phenylglyoxylate auch erste Untersuchungen zur rbdegglierenden Allylierung von

Benzoesaureestern.
4.1.6.1. Palladium—katalysierte Transformationen von Allylbenzoaten

In Anlehnung an Liu's Palladiunkatalysierte decarboxylierende Kupplung von
Pentafluorbenzoaten  mit  Arylhalogeniden  und  —tefB*  wurde  der
Pentafluorbenzoesaureallylester als Modellsubsgatvahlt und zunachst unter den

Standardbedingungen der Phenylglyoxylsdureesteesetzt (Tabelle 4).

Tabelle 4. Decarboxylierende Allylierung von Pehtafbenzoesaureallylester.

oo 2.5 mol% Pd,(dba), b
F 0™ P(p-Tol), F 7z

Toluol ' COZ*

F F 100 °C, 12 h F F

4.1.6-1 4.1.6-2

Eintrag Ligand 4.1.6-2 [%]

1 50 mol% Pp-Tol)z 4
2 25 mol% Pp-Tol)s 10
3 10 mol% Pp-Tol)s 27

Reaktionsbedingungen: 0.50 mmol des Esters, 5 m@#tadium, 4 mL Toluol, 100 °C, 12 h. Ausbeuten

wurden gaschromatographisch mitTetradecan als interner Standard bestimmt und espBnsefaktoren der
Reinsubstanzen korrigiert.

Bereits unter diesen Reaktionsbedingungen erfagieProduktbildung des Allylbenzols
in 10% Ausbeute (Eintrag 2). Da der Decarboxyligasthritt vermutlich in der
Koordinationssphare des Palladiums und nicht origatadytisch stattfindet, senkt ein

Uberschuss des freien Phosphans die Aktivitit datalysators. Eine Verringerung der
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Phosphanmenge auf 10 mol% fuhrte hingegen zurideeti Ausbeutesteigerung auf 27%
(Eintrag 3).

Neben diesen ersten Reaktionen praformierter Esdplgten zusatzlich auch
Machbarkeitsstudien zur intermolekularen dearbexghden Allylierung der freien
Pentafluorbenzoeséaure mit Diallylcarbonat in Anwbsst einer Base (Schema 36). Mit
Dikaliumhydrogenphosphat konnte das Allylbenzol ewar in 5% Ausbeute gebildet
werden, demonstriert aber auch mit dieser Methaelgatentielle Mdglichkeit zur Synthese

von Allylbenzolen.

2.5 mol% Pd,(dba),

F 0 0 10 mol% P(p-Tol),
F 2 Aquiv. K,HPO F Z
OH , 1.5 \/\OJ\O/\/ 2 4 + Co, A
F F Toluol F F
100 °C, 12 h
F F
4.1.6-3 4.1.6-4 4.1.6-2

5%

Schema 36: Intermolekulare decarboxylierende Adhying von Pentafluorbenzoesaure.

Im Rahmen seiner Diplomarbeit Gbernahm Herr Kastefi an dieser Stelle die weitere
Optimierung der Reaktionsbedingungen. Dabei konete zeigen, dass eine weitere
Verringerung der Phosphanmenge auf 2.5 mol% undVWdechsel auf das Lésungsmittel
1,4-Dioxan einen enorm positiven Einfluss auf die Pkdddildung haben. Mit der Erhdhung
der Reaktionstemperatur auf 110 °C konnte die Meekdindung schlief3lich quantitativ in
das Allylbenzol Uberfihrt werden. Die Anwendungderekonnte Herr Pfister an der

Transformation von 16 Allylestern demonstrieren.
4.1.6.2. Nickel-katalysierte Transformationen von Allylbenzoaten

Da sich das frilhe Ubergangsmetall Nickel zusammi¢Padladium und Platin in der 10.
Gruppe (fruher 8. Nebengruppe) des PeriodensystéensElemente befindet, teilt es,
aufgrund seiner Elektronenkonfiguration, viele mBigghaften mit den anderen beiden
Metallen. Nickel(OyVerbindungen sind daher auch sehr effektive Katdbren in
Kreuzkupplungsreaktionen und haben die Fahigkesioasten inerte €0 Bindungen zu
aktivieren (vgl. 2.2.4, S. 245" *11*lopwohl die Palladiurkatalysierte Decarboxylierung
von Benzoesaurederivaten bereits beschrieben W™ ist nur sehr wenig Uber

Nickel-katalysierte Decarboxylierungen bekaHrit**! Im Rahmen der decarboxylierenden

56



Ergebnisse und Diskussion

Allylierung von Allylbenzoaten sollte nun die Akiidt von NicketKatalysatoren evaluiert

werden.

Tabelle 5: Nicketkatalysierte decarboxylierende Allylierung von Rdhtorbenzoaten.

FE O 10 mol% Ni-Kat.
F o/\/ IZ_IQA?Z]TJ?V Zink =
wr + CO,A
F F T, 16 h F
4.1.6-1a 4.1.6-2a
Eintrag Ni—Quelle Ligand T [°C] 4.1.6-2a [%]

1 NiCl, PPh 120 29
2 " ! 100 43
3 " ! 80 -
4 ! ! 100 5
5 " P(p-Tol)s " 7
6 " P(-F-Ph) " 42
7 " P(p-CFs—Ph), 50
8 P(2-Fur) 69
9 P(-Tol)s -
10 " dppe 60
11 " dppp " 19
12 " BINAP " 82
13 " dppf " 19
14 NiBr, BINAP ! 67
15 Ni(OAc) 60
16 Ni(acac) 55
17° NiCl, 84

Reaktionsbedingungen: 0.50 mmol des Esters, 0.0%Imder Nickelverbindung, 0.05 mmol eines bidentaten
bzw. 0.10 mmol eines monodentaten Liganden, 1.0@Indink, 2 mL NMP, 16 h. a) 4 mL NMP. b) 0.50 mmaol
Zink. Ausbeuten wurden gaschromatographisch mitetradecan als interner Standard bestimmt und mit

Responsefaktoren der Reinsubstanzen korrigiert.

Analog zur Palladiumkatalysierten Reaktion wurde der Pentafluorbenaoesdlylester

als Modellsubstrat gewahlt, welcher zunachst mInNiPPh und dem Reduktionsmittel Zink
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in verschiedenen Losungsmitteln erhitzt wurde. &rimelle Produktausbeuten wurden bei
120 °C lediglich in den polaaprotischen Losungsmitteln NMP (Tabelle 5, Eintiggund
DMF beobachtet. Eine Absenkung der Reaktiontemperauf 100 °C flhrte zur
Ausbeutensteigerung auf 43% (Eintrag 2), wobeR#aktion bei Temperaturen unter 100 °C

komplett zum Erliegen kam (Eintrag 3).

Ein Ligandenscreening zeigte, dass elektronenrech@onodentate Liganden zu
geringeren Ausbeuten fuhren (Eintrag 5) und Phasphmait elektronenarmen Substituenten
eine Steigerung auf 69% ermoglichen (EintrdgeB)6 Sterisch gehinderte Phosphane
blockierten die Reaktion und zeigten keine Prodidkiing (Eintrag 9). Die besten Ausbeuten
ermoglichte der bidentate Ligand BINAP mit 82% (g 12). Wahrend andere
Nickel(Il)-Salze leicht schlechtere Ausbeuten ergaben (Emti#gl6), konnte die Menge
des Reduktionsmittels von 2 auf 1 Aquivalent vayeirt werden, ohne die Produktbildung
negativ zu beeinflussen (Eintrag 17). Unter dennogden Reaktionsbedingungen konnte das

entsprechende Allylbenzol schliel3lich in 82% Augbasoliert werden.

Tabelle 6: Nicketkatalysierte decarboxylierende Allylierung von-Zéfluorbenzoaten.

E O 10 mol% NiCl, =
(i[ N T%\?]T,I(ijv. Zink @f\/ . co
E NMP, T, 16 h E
4.1.6-1d 4.1.6-2d
Eintrag Ligand T [°C] 4.1.6-2d [%]
1 10 mol% BINAP 120 Spuren
2 150 10
3 170 14
4 10 mol% dppp 150 9
5 10 mol% dppe " 39
6 10 mol% dppm ! -
7 20 mol% Pp-Tol)s ! Spuren

8 20 mol% P(2Fur) ! -

Reaktionsbedingungen: 0.50 mmol des Esters, 10 n\il%h, 10 mol% eines bidentaten bzw. 20 mol% eines
monodentaten Liganden, 0.50 mmol Zink, 1 mL NMP,hl16Ausbeuten wurden gaschromatographisch mit
n-Tetradecan als interner Standard bestimmt und ggpBnsefaktoren der Reinsubstanzen korrigiert.
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Mit diesem Katalysatorsystem erfolgte nun auch Wilesetzung anderer Ester, darunter
das 2,6Difluorbenzoat, 2Methoxybenzoat und das 2Bimethoxybenzoat. Eine
Produktbildung konnte allerdings bei keinem dieSabstrate beobachtet werden. Um dies
naher zu untersuchen, folgten weitere Reihenveesunit dem 2,6Difluorbenzoesaure-
allylester (Tabelle 6). Eine Erhohung der Reaktiemperatur fiihrte bei 120 °C zu
Produktspuren (Eintrag 1) und bei einer weitereeigetung auf 150 °C oder 170 °C zu
Ausbeuten von 10% bzw. 14% (Eintrage 2 & 3). EiscltieRendes Phosphanscreening
resultierte in einer maximalen Ausbeute von 39%tf&Qg 5).

Diese Ergebnisse weisen deutlich darauf hin, da@ssPdntafluorbenzoesaure aufgrund
ihrer besonderen elektronischen Eigenschaften 8oralerstellung unter den Benzoesauren
besitzt. Die funf Fluorsubstituenten stellen demon@atischen System eine hohe
7Elektronendichte zur Verfigung, wahrend die elekgativen Ringsubstituenten durch
einen starken induktiven Effekt aber auch gleictgadine Absenkung der Elektronendichte
bewirken. Gegenuber der unsubstituierten Benzoedéhrt dies zur enormen Steigerung der
Saurestarke (s Benzoesaure = 4.2Kp Pentafluorbenzoesaure = 14%)>3und erméglicht

sowohl die Palladiumals auch die Nickekatalysierte Decarboxylierung bereits bei 100 °C.

Weitere Einblicke Uber die Substituenteneffekte tdme Liu’s Untersuchungen zur
Palladiunmr-katalysierten Kreuzkupplung von Polyfluorbenzoatait Arylhalogeniden und
—triflaten (siehe Schema 20, S. 18§ wahrend das 2;®ifluorbenzoat bei 136160 °C
decarboxylierend gekuppelt werden kann, ermdglidd#s 2Fluorbenzoat lediglich
Produktspuren. Ein zusatzlicher Chloroder Trifluormethylsubstituent in der zweiten
ortho—Position fihrt erneut zu guten Umséatzen und zdeags ein gewisser-Elektronenzug

zur effizienten Decarboxylierung bendtigt wird.

Alle Ergebnisse zur Ubergangsmetahtalysierten decarboxylierenden Allylierung von
Allylbenzoaten sind im nachfolgenden Manuskriptanfwenthalten. Die Optimierung des
Palladium-Katalysators und die Untersuchungen zur Anwenduegsb erfolgten durch
Herrn Pfister. Mein Beitrag bestand in den ersteachbarkeitsstudien dieser Reaktion und
der anschlieenden Entwicklung des Niek@atalysators. Das Verfassen des Manuskripts

erfolgte gemeinsam.
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Abstract. A catalyst system consisting of Pdy(dba); and
P(p-Tol); was found to efficiently promote the
decarboxvlation of allyl benzoates with formation of allyl
arenes. This catalytic C—O activation followed by extrusion
of CO, and C-C bond formation represents a sustainable
alternative to traditional waste-intensive cross-couplings.
The scope of the transformation includes allyl and
cinnamyl esters of various ortho-substituted benzoic acids.
For particularly activated substrates, the palladium catalyst
can optionally be replaced by an inexpensive nickel
complex.

Keywords: allylation; decarboxylation; homogenaous
catalysis; nickel; palladium

Over the past decades, transition metal-catalyzed
cross-coupling reactions have become established as
powerful tools for the regioselective formation of
C—C bonds!" In redox-neutral transformations,
coupling occurs between a carbon electrophile and a
carbon nucleophile, wusually an organometallic
reagent. However, the synthetic value of such
transformations depends on the availability and
stability of the starting materials, which are normally
synthesized in additional, waste-intensive steps. In
recent years, the interest in sustainable and salt-free
alternatives has grown considerably, and the use of
cheap and casily available carboxylic acids as
coupling partners has received tremendous
attention.!

In decarboxylative couplings, organometallic
reagents are replaced by simple carboxylates as the
nucleophilic coupling partner. This concegt has found
application in the synthesis of biaryls™! and aryl
ketones, ! and for introducing allyl and benzyl
groups. &) The catalytic activation of C—O bonds has
allowed  replacing  ccologically  questionable
organochalides by ethers or carboxylates as the carbon
electrophiles. Prominent examples include Tsuji-
Trost allylations of allyl esters,® as well as Ni-
catalyzed cross-couplings of amsoles or aryl pivalates
with organometallic reagents.”
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The two mnovative concepts of C-O activation
and decarboxylative coupling are combined in the
catalytic decarboxylation of allyl carboxylates
(Scheme 1, top). ThlS reactlon type was ploneered by
the groups of Tsuji’® and Saegusa,” and led to
synthetic maturity by Tunge"' Stoltz!"! and
others. However, its scope has long remained limited
to activated structures that, upon decarbox;rlatmn
lead to stabilized carbanions, e.g. enolates.”! Such
carboxylate substrates, e.g. ﬁ-oxoesters or dialkyl
malonates, readily extrude CO; cven without a
catalyst. Only recently, the reaction concept was
extended to a class of non-activated carboxylates.
Thus, a combmation of palladivm and nucleophilic
organocatalysts was shown to catalyze the conversion
of allyl v-oxocarboxylates mto the corresponding
o, -unsaturated ketones in a
decarboxglatlonhsomerlzatlon sequence (Scheme 1,
center).!

previous work:
Tsuji, Saegusa, Tunge, Stoltz and others:

o O o]
[Pd] P
A P & T G A
1 -[Pd] 1
R R
our group:
2 o]
R\H)L o LAIPRy Re: B B N
-CQ, | -[Pd] R CH
o] Q 3
this work:

decarboxylation of allyl benzoates:
j\ [Pd] o\ Pl )
=z T -
o7 Ar/]\o €0,
-[Pd]

Ar
Scheme 1. Decarboxylative allylation of allyl esters.

It would be highly desirable to usc a related
reaction concept also for the decarboxylative
allylation of non-activated carboxylic acids, e.g.
simple benzoic acids. The allyl benzene scaffold is a
common structural motif,"* and the allyl moiety is a
versatile anchor for further derivatization."
However, the only example of an allyl arene
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synthesis via decarboxylative coupling is the reaction
of dimethoxybenzoates with allyl halides by Liu et al.,
which calls for an elaborate palladium/copper catalyst
system and three equivalents of silver carbonate [**)

We herein present the first example of a
decarboxylative allylation of benzoates that requires
only a catalytic amount of metal and no
stoichiometric additive, thus generating volatile CO,
ag the only byproduct.

We started the catalyst development by using allyl
pentafluorobenzoate as a model substrate, since this
benzoic acid decarboxylates easily in the presence of
palladium catalysts that are also known to efficiently
insert into allyl-C—O bonds."*) With Liu’s catalyst
system, the allyl benzene was observed in only 31%
vield, along with pentafluorobenzene. The
monometallic palladium catalyst that had been
employed in the decarboxylative allylation of o-
oxocarboxylates (2.5 mol% Pd,(dba); / 25 mol% P(p-
Tol)) gave only 7% yicld (Table 1, entry 1).

Table 1. Optimization of the reaction conditions.!

F o F
F o [Pd], PR, F /
F F 100 °C, 24 h F F
F F
1a 2a

i Catalyst PR; (mol%) Solvent Yield
[%][b]

1 Pdy(dba); P{(p-Toly (25)  toluene 7

2 " P(p-Tol) (10) " 29

3 " P(p-Tal)y (5) " 34

4 " P(p-Toly(2.5) " 42

5 n - n 29

6 Pd(PPhy), - " 7

7 Pd(OAc), P(p-Tol)y " 28

8 PdCl, " " 0

9 Pd(acac), " " 0

10 Pdy(dba); " anisole 50

11 " " 1,4-dioxane 73

12 " " diglyme 34

13 " " NMP 43

14 " " DMSO 21

15 " PPhy 1.4-dioxane 35

16 " P(p-F-CsH, ) " 27

17 " P(p-MeO-CgHy); " 25

18 " P2-furyl) " 58

19 " PCy; " 15

20 " P(iBu), " 9

216 P(p-Tol) " 99

20l " " 13

23 - P{p-Tol) " 0

2a were obtained. Even lower phosphine amounts
gave inferior results (Table 1, entries 1-3). Systematic
variation of the Pd catalyst revealed that Pd,(dba), is
optimal, although Pd(PPh;), and Pd(OAc), are also
active (Table 1, entries 6-9). Control experiments
confirmed that the reaction does not take place in the
absence of palladium (Table 1, entry 23).

Changing the solvent to 1.4-dioxanc gave a
decisive step-up in the yields, whereas other solvents
were less effective (Table 1, entries 10-14). In
comparison to other triaryl phosphines (Table 1,
entries 15-18) and trialkyl phosphines (Table 1,
entries 19-20), P(p-Tol); gave the best results. The
reaction temperature also has a profound influence on
the reaction outcome. At the optimum temperature of
110 °C, 2a was obtained in near-quantitative yield
(Table 1, entry 21). It is remarkable that double-bond
migration, as occurs quantitatively in the case of o-
oxocarboxylates, is not observed.

Having thus identificd an efficient catalytic system,
we next investigated the scope of the new reaction.
Ag can be seen from Table 2, various substituted allyl
benzoates could be converted to the corresponding
allyl benzenes in good to excellent yields. It is not
surprising that the scope with regard to the benzoic
acids remains limited to substrates that can be easily
decarboxylated with palladium catalysts.!"™ ortho-
Nitro benzoates and other substrates bearing only one
substituent in the ortho-position were unreactive.
Polyfluorinated arenes gave particularly high vields,
and methoxy-substituted arenes were also smoothly
converted (2f, g).

On the allyl side, several substituents were
tolerated both in the 2- and 3-positions. Bulky
substituents such as 3-cyclohexyl groups (2m, q)
secem to hamper the reaction, whereas 3-phenyl
groups lead to even better yields.

Table 2. Scope of the decarboxylation.[”!

AR

o Pd,(dba), (2.5 mol%) 1

P(p-Tol); (2.5-5 mol%) R
2a-r

oI Reaction conditions: 1a (0.50 mmol), palladium (5
mol%), PR3 (2.5 mol% unless specified), solvent (2.5 mL),
N, atmosphere, 100 °C, 24 h. blyields were determined by
GC analysis using #-tetradecane as internal standard.
110°c.Wooec.

However, the yields increased when lowering the
amount of P(p-Tol)s, so that with 2.5 mol%, 42% of

R o an AR
1a-r R
3a-r
Product Yield Product Yield
[%o] (%]
(2:3) 2:3)
F F
F o F e
88 O O 99
Fm (=99:1) F F (=99:1)
F2a F 2j
F F
ol e e S
F (=99:1) F F CH, (>99:1)

F
2b
F F cl
= F =
U7 w70 n
F F (97:3) F F (99:1)
2c F
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F F
= F =
@\A/ ) 2
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2Ze F 2n
F F
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In conclusion, the advantageous concept of
formmmg C-C bonds by catalytic ester
decarboxylation was successfully employed for
benzoic acid substrates. In the presence of a Pdy(dba),
/ P(p-Tol);, catalyst, various allyl arenes were
synthesized in good yiclds, along with CO, as the
only byproduct. Particularly activated substrates can

(>99:1) also be converted by inexpensive nickel catalysts.

Further catalyst development aiming at extending this
sustainable transformation to the entire range of allyl
benzoates is currently underway.

Experimental Section

General procedure for the palladium-catalyzed
decarboxylative allylation: A 20 mf vessel was charged
with Pdy(dba), %2 9 mg, 0025 mmoR1 and tri-p-
tolylphosphine (7.76 mg, 0.025 mmol) and the vessel was
brought under an atmosphere of dry nitrogen. 1,4-dioxane
(4 mL) and allyl 2,3.4,56-pentafluorobenzoate (1a, 252
mg, 1.00 mmol) were added via syringe and the mixture
was stirred at 110 °C for 24 h. After cooling to room
temperature, the mixture was diluted with n-pentane (20
mL), washed with aqueous IN NaOH (3 x 20 ml), water
20'mL) and brine (20 mL), dried over MgSO, and filtered.
he solvent was removed at ambient pressure and the
products 2a-r were isolated from the residue by flash
column chromatography (SiO,, Et;O/n-pentane gradient).

oI Reaction conditions: Allyl ester la-p (1.00 mmol),

Pdy(dba); (2.5 mol%), P(p-Tol); (2.5 mol%), 1,4-dioxane

(4 mL), Ny atmosphere, 110 °C, 24 h, isolated yields,

product ratios were determined by “F-NMR and GC

analysis. °1 4 mol% P(p-Tol). ' 5 mol% P(p-Tol);. 193.75

fgol% P(p-Tol). ! 5 mol% Pd,(dba)s, 5 mol% P(p-Tolk.
130 °C.

Double-bond migration with formation of 3 was
observed in less than 4% yield for substrate 21, which
bears a cyclohexyl-substituted allyl group, and in
even smaller amounts for all other products.

We next investigated whether this transformation
is restricted to palladium catalysts only. Nickel(0)
complexes appeared to be promising candidates,

since they had successfully been used in C-O
activation.”! Indeed, a systematic survey revealed that
allyl pentafluorobenzoate can efficiently be

decarboxylated by a Ni° catalyst generated i situ
from nickel(Il) chloride, BINAP, and zinc powder
(see the Supporting Information, Table S1). With this
system, 2a was obtained in 82% vield at 100 °C in

NMP (Scheme 2).
P9 onas (zmamy |
mol
F o™ Zn (1 equiv) F o
+ co,t
NMP
F F 100°C,16 h F F
F F
1a 2a

82%

Scheme 2. Nickel-catalyzed decarboxylative allylation of
pentafluorobenzoates.
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Synthesis of allyl 2,3,4,5,6-pentafluorobenzene (Zag:
Following the general procedure, compound 2a [CAS:
1736-60-%] was synthesized from allyl 2,3,4.5,6-
pentafluorobenzoate (1a, 252 mg, 1.00 mmol). The product
was obtained as a colorless liquid (183 mg, 879 umol,
88 %). "H-NMR (400 MHz, CDCl,): § = 5.82°- 5.96 (m, 1
H), 5.03-5.16 (m, 2 H). 3.45 (dt,/=0.4, 1.7 Hz, 2 H) ppm.
BENMR (101 MHz, CDCL): 8 = 145.1 gmg) 139.8 (m),
137.2§m), 132.9(s), 116.8 - 117.2 (m3), 112.8 - 113.4 (m),
26.3 (d, J=1.47 Hz) ppm. ®F-NMR (376 MHz, CDCl,): 8
=-14423 - -144.05(m, 1 ¥), -157.73 - -157.38 (m, 1 ), -
163.04 — -162.75 (m, 1 F)%pm IR (NaCly v = 1655, 1643,
1503, 1443, 1415, 1315, 1299, 1219, 1123, 1011, 983, 911,
895, 752, 692, 624 em™. HRMS-EI (TOF) m/z: [M]] Caled.
for CoHsF5: 208.0311. Found 208.0319." Anal. Caled. for
CoHsF5: C, 51.94; H, 2.42. Found C, 52.20; H, 2.59.

Nickel-catalyzed decarboxylative allylation of la: A
crimp-cap reaction vessel was charged with nickel(TT
chloride (13.0 mg, 0.10 mmol), BINAP (76.2 mg, 0.1
mmol) and zinc powder (65.4 mg, 1.00 mmol). Under an
mert atmosphere, degassed NMP (2 mL) and 1a (252 mg,
1.00 mmol, 183 pL) were added via syringe. The reaction
mixture was stirred at 100 °C for 16 h and then cooled to
room temperature. The slight pressure build-up caused by
the partially dissolved CO, was carefully released by
piercing the septum with a syringe needle before
uncapping. Pentane (20 ml.) was added, and the mixture
was washed with water (2 x 20 mL) and brine (20 mL),
dried over MgSO,, filtered and concentrated (40 °C). The
crude product was further purified b flash
chromatography (510,, pentane), yielding the all rbenzene
2a as colorless liquid (171 mg, 0.82 mmol, g2%). The
analytical data matched those described for allyl 2,3.4,5,6-
pentafluorobenzene [CAS: 1736-60-3].
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4.1.7. Nickel—katalysierte decarboxylierende Biarylsynthese

Zur genaueren Untersuchung der Niekaltalysierten Decarboxylierung aromatischer
Benzoesauren und zur Evaluierung geeigneter Swbstfdr die decarboxylierende
Kreuzkupplung erfolgten nun zunachst Protodecarienxyngsstudien freier Carbonsauren
mit Nickel(ll)-Katalysatoren. Da Nickel(BKatalysatoren in C(AllypyO und auch
C(Aryl)-O Bindungen insertieren kdnnen (siehe 2.2.4, S. 1) nun auch erstmals die
Nickel-katalysierte Decarboxylierung aromatischer Benzaesa beobachtet wurde, sollte
anschlie3end die Entwicklung eines monometallisddekel-Katalysators erfolgen, der die
decarboxylierende Biarylsynthese ausgehend von adieh Benzoesaurearylestern

ermoglicht.

4.1.7.1. Protodecarboxylierung aromatischer Carbonséauren

In ersten Reaktionen konnte Frau Dr. Florence €obereits zeigen, dass die
bis—ortho—substituierte 2,6Dimethoxybenzoesaure mit NiPMe;), protodecarboxyliert
werden kann. In eigenen Untersuchungen wurde diesd0 mol% NiCh(PMe;), in NMP
bei 170 °C quantitativ zum LBimethoxybenzol umgesetzt (Tabelle 7, Eintrag 1).

Die bereits bei der Nickekatalysierten decarboxylierenden Allylierung umdetse
2,6-Difluorbenzoesaure (siehe 4.1.6, S. 55) konnte rudiesen Reaktionsbedingungen
ebenfalls fast vollstandig umgesetzt werden (Egh#a Die 2-Fluor-6—-Methoxybenzoeséaure
lieferte hingegen lediglich eine Ausbeute von 21Ein{fag 3) und die monosubstituierte
2-Methoxybenzoesaure zeigte keinerlei Reaktion (Bq#). Unter den monosubstituierten
Benzoesauren decarboxylierte nur die(methylamino)benzoesaure und lieferte das
N,N-Dimethylanilin in 45% Ausbeute (Eintrag 5). Nitrotmmeséuren und auch die getesteten
Nicotin— und Isonicotinsduren zeigten unter den gegeberdmBungen keinerlei Reaktivitat

(Eintrage 69).

Mit dem Zusatz organischer Sauren konnte die Peatatboxylierungsrate signifikant
gesteigert und die Ausbeute dé§N-Dimethylanilins in Anwesenheit von 10 mol%
Trifluoressigsaure auf 83% gesteigert werden (Bmtil). Dies deutet darauf hin, dass
maoglicherweise nicht die Decarboxylierung selbsipndern die Protonolyse des
Aryl—-Nickel-Intermediates entscheidend fir die Bildung derdttetarboxylierungsprodukte

ist.
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Tabelle 7: Nicketkatalysierte Protodecarboxylierung aromatischebGasauren.
10 mol% NiCl,(PMe;),
/U\ 10 mol% Additiv

A OH \MmP, 170°C, 16 h

Ar/H + CO, *

4.1.7-1 4.1.7-2
Eintrag Carbonséaure Additiv 4.1.72 [%]
1 2,6-Dimethoxybenzoeséaure - quantitativ
2 2,6-Difluorbenzoesaure - 88
3 2-Fluor-6-Methoxybenzoesaure - 21
4 2-Methoxybenzoesaure - -
5 2—(Dimethylamino)benzoesaure - 45
6 2-Nitrobenzoesaure - -
7 4-Nitrobenzoesaure - -
8 Pyridin—3—carbonsaure - -
9 Pyridin—4—carbonsaure - -
10 2—(Dimethylamino)benzoesaure HOAc 62
11 2—(Dimethylamino)benzoesaure TFA 83

Reaktionsbedingungen: 0.50 mmol der Carbonsaudg, @mol NiCh(PMe;),, 0.05 mmol Additiv, 1 mL NMP,
170 °C, 16 h. Ausbeuten wurden gaschromatographistim—Tetradecan als interner Standard bestimmt und
mit Responsefaktoren der Reinsubstanzen korrigiert.

Da die 2,6Dimethoxybenzoesdure im ersten Screening die hé&dRsbktivitat zeigte,
wurde der Einfluss des Losungsmittels und des ldgasystems an dieser Modellverbindung
naher untersucht (Tabelle 8). Wahrend die Protategglierung in DMF ebenfalls
quantitativ verlauft (Eintrag 2), gibt sie im unpmn Mesitylen, welches gewoéhnlich fur
Nickel-katalysierte €O Aktivierungen genutzt wird, eine deutlich schliech Ausbeute von
nur 49% (Eintrag 3). Zudem kommt es zur unerwiresthC-O Aktivierung des
Methoxysubstituenten, wodurch das Startmateriadém inaktiven Methylester Uberfiihrt
wird. Vollstandig verlauft die Protodecarboxyliegim Losungsmittelgemischen aus NMP
und Mesitylen (Eintrage 4 & 5), wobei die Ausbeuder Protodecarboxylierung bei
niedrigeren Temperaturen abnimmt und bei 150 °Ckgare Reaktion mehr zu beobachten
ist (Eintrage 6 & 7).

Im Gegensatz zur decarboxylierenden Allylierung gieei ein  umfangreiches
Ligandenscreening, dass die Protodecarboxylierungr nn Gegenwart kleiner,
elektronenreicher Phosphanliganden verlauft (Tabdll Eintrdge 8 & 9). Entgegen des
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Trends filhrte allerdings auch das sterisch gehied@Bus zu geringen Produktausbeuten
(Eintrag 12), wahrend die Liganden R@wnd dcype, die gewohnlich in Nickddatalysierten
Kreuzkupplungsreaktionen verwendet werden (vgl.42.3. 21), und aucN—-Donorliganden
fast ausschlieBlich die Bildung des Methylesters glbbstigen und in der
Protodecarboxylierung zumeist inaktiv sind (Eingagl, 1416). Monc- und bidentate
Arylphosphane wurden ebenfalls getestet, zeigtierdahgs keine Reaktivitat und wurden

deshalb auch nicht in der Tabelle erwéhnt.

Tabelle 8: Nicketkatalysierte Protodecarboxylierung der-Démethoxybenzoesaure.

Ve 10 mol% Ni-Kat. QMe 1
@fu\OH 20 mol% Ligand @\ N COA . @fu\OMe
ome  Sovens. T OMe OMe
4.1.7-1a 4.1.7-2a 4.1.7-3
Eintrag  Ni—Quelle Ligand Solvens T[°C] 4.1.72a[%] 4.1.7-3[%)]

1 NiCl(PM&), - NMP 170 quant. -
2 " - DMF ! guant. -
3 ! - Mes ! 49 10
4 - NMP/Mes 1:1 guant. -
5 - NMP/Mes 1:3 quant. -
6 ! - ! 160 47 -
7 ! - ! 150 - -
8 NiCl, P'Bus 170 47 12
9 PE&Ph 39 17
10 PPr3 - 32
11 PCy - 28
12 " PBus " " 8 -
13 ! dmpe " ! 8 24
14 " dcype ! ! - -
15 TMEDA - 24
16 bipy - 16
17 ! - ! ! - -

Reaktionsbedingungen: 0.50 mmol 2Bmethoxybenzoesaure, 10 mol% der—Quelle, 20 mol% eines
monodentaten Liganden bzw. 10 mol% eines bidentdiganden, 1 mL L&sungsmittel, 16 h. Ausbeuten
wurden gaschromatographisch mitTetradecan als interner Standard bestimmt und espBnsefaktoren der

Reinsubstanzen korrigiert.
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4.1.7.2. Transformationen von Naphthylbenzoaten

Eine besonders nachhaltige Alternative zur tradégien Kreuzkupplung
organometallischer Verbindungen ist die Transforomatvon Carbonsaureestern, bei der
lediglich CQ als leichtfliichtiges Nebenprodukt freigesetzt wiRleses Reaktionskonzept
wurde bereits in den vorherigen Kapiteln am Beisgexarboxylierender Allylierungen und
Benzylierungen demonstriert. Mit den gewonnenenegmknissen der Nickekatalysierten
Allylierung und Protodecarboxylierung erfolgten numtersuchungen zur Biarylsynthese
ausgehend von Benzoesaurearylestern. Mechanisudith der Nickel(OyKatalysators dabei
zunachst in die C(AryhO Bindung der Esterfunktionalitat insertieren (Sohe37,1). Die
anschlieBende Nickekatalysierte Extrusion von CGOfthrt zur DiarykNickel(Il)-Spezies

(1), die das gewiinschte Biaryl reduktiv eliminiertuten Nickel(OyKatalysator regeneriert

4.1.7-4

4175

2 L, NIII
L, N|”

oy

Schema 37: Mechanistische Uberlegungen zur Niglegdlysierten Biarylsynthese.

Da die 2,6Difluorbenzoesaure in Gegenwart von NickeWerbindungen bei 170 °C
fast vollstandig decarboxyliert und NaphBrylester besonders gute Substrate zur
Nickel-katalysierten C(AryBO Aktivierung darstellen (vgl. 2.2.4, S. 2137 wurde der
2,6-DifluorbenzoesaurenaphtB-ylester als Modellsubstrat anschliel3ender Studeswaglt.
Diese Verbindung besitzt neben der Esterfunktitéialiudem keine weiteren aktivierbaren

C-0 Bindungen, wie es etwa beim 2[@methoxybenzoat der Fall ist.

Erhitzt man diesen praformierten Ester in Gegenwartdes
Protodecaroxylierungskatalysators NiEMe;), fur 16 h auf 170 °C, beobachtet man

lediglich die energetisch beguinstigte, aber unesgfite C(Acyl>O Aktivierung (siehe 2.2.4)
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und die damit verbundene Bildung voaNaphthol in 17% Ausbeute (Tabelle 9, Eintrag 1).
Zur effektiven Reduktion der Nickel(ll) Verbindumgurde Zink zugesetzt. Dies flhrte neben
der Bildung von Naphthol auch in 2% Ausbeute zumigeschten Produkt (Eintrag 2).

Tabelle 9: Nicketkatalysierte Aktivierung praformierter Naphthylaste

10 mol% Ni-Kat.

F O 20 mol% Ligand F
2 Aquiv. Reduktans
o DMF * ¥
HO
F F

170 °C, 16 h
4.1.7-4a 4.1.7-5 4.1.7-6 4.1.7-7
Eintr.  Ni-Quelle Ligand Reduktans 4'[%/'(5_5 4'[%/'(5_6 4-[%/-0?7

1 NiCh(PMey), - - - 17 -
2 " - Zink 2 31 -
3 " P'Bus " 5 28 4
4 " PCy " 8 39 _
5 " PCyPh " 9 34 3
6 deype 6 35 10
7 NiCl, PCyPh " - 11 —
8 PCyPh + PMg 5 27 _
9 Ni(cod) PCyPh - 4 7 _
10 " PMe - 2 9 _
11 " PCyPh + PMe - 5 14 -

Reaktionsbedingungen: 0.50 mmol des Naphthylest&&mol% der NickelQuelle, 20 mol% eines
monodentaten oder 10 mol% eines bidentaten Ligarid®0 mmol des Reduktionsmittels, 1 mL DMF, 170 °C
16 h. Ausbeuten wurden gaschromatographisch miftetradecan als interner Standard bestimmt und mit

Responsefaktoren der Reinsubstanzen korrigiert.

Die Anwesenheit zuséatzlicher elektronenreicher moader bidentater Alkylphosphane
ermoglicht eine leichte Ausbeutensteigerung auf(B#trage 3-6), wobei nun auch geringe
Mengen Naphthalin als weiteres Nebenprodukt derr@JAO Spaltung detektiert wurden.
Die Kontrollreaktion mit einenin situ generierten Katalysatorsystem aus Ni@hd PCyPh
zeigte keinerlei Produktbildung (Eintrag 7), walteter Zusatz von PMeerneut zu 5%
Ausbeute fuhrt und auf eine besondere Rolle bdidgandensysteme hindeutet (Eintrag 8).

Umgeht man den Reduktionsschritt der NickeiU prstufe durch den direkten Einsatz von
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Ni(cod),, erhalt man vergleichbare Produktausbeuten um B&oebenfalls die Bildung von
2-Naphthol (Eintrage911).

Da das Losungsmittel DMF zu deutlich homogeneréarekh Reaktionsgemischen flhrte,
wurden die Reaktionen der Naphthylbenzoate niciNMP durchgefiihrt. Dennoch erfolgten
stets auch Kontrollreaktionen in NMP bzw. Ldsungtgfgemischen von NMP und
Mesitylen. Diese fuhrten mit reinem NMP meist zuiggfligig schlechteren Ausbeuten und

mit den Loésungsmittelgemischen nur zur Nebenprdailgking.

Erhoht man die Menge des Nick&latalysators, so steigt die Produktausbeute und die
Menge des detektierter-RBaphthols ebenfalls proportional an (Tabelle 1@tiag 1). Bei der
Absenkung der Reaktionstemperatur kommt es niche¢, wermutet, zum Erliegen der
Reaktion, sondern zur Steigerung der Produktausb&elbst bei 70 °C kdnnen mit einer

Katalysatormenge von 20 mol% Ausbeuten von 25%kmierden (Eintrag 4).

Tabelle 10: Temperaturabhangigkeit der Niekekalysierten Esteraktivierung.

20 mol% NiCl,(PMe,),

E (o) 40 mol% PCy3 E
2 Aquiv. Zink
O DMF, T, t * *
T HO
F

=

4.1.7-4a 4.1.7-5 4.1.7-6 4.1.7-7
Eintrag T [°C] Zeit 41.75[%] 4.1.7-6[%]  4.1.7-7 [%]
1 170 16h 18 46 5
2 100 " 20 32 2
3 80 " 27 27 -
4 70 " 25 27 -
5 60 " 10 16 -
6 50 48h 17 20 -
7° 70 16h 38 47 -

Reaktionsbedingungen: 0.50 mmol des Esters, 20 nii@b,(PMe;),, 40 mol% PCy, 1 mL DMF, 16 h. a)
50 mol% NiCh(PMe&),, 0.50 mmol PCy 1.00 mmol Zink, 2mL DMF. Ausbeuten wurden
gaschromatographisch mit-Tetradecan als interner Standard bestimmt und nespBnsefaktoren der
Reinsubstanzen korrigiert.

Die extrem niedrige Reaktionstemperatur deutet a@inen alternativen
Reaktionsmechanismus hin, der keinen Decarboxylggschritt enthalt. Da das Startmaterial

komplett umgesetzt und-Rlaphthol stets in aquimolaren Mengen gebildet wi@hnte die
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Produktbildung madglicherweise zwei Estermolekile ndiggen, die an jeweils
unterschiedlichen €0 Bindungen der Esterfunktioalitat aktiviert unchdayekuppelt werden.
Das eine Substratmolekil koénnte so an der C(AEI) Bindung gespalten und
decarbonylierend in eine AryNickel-Spezies Uberfihrt werden, wahrend das zweite
Molekul an der C(Aryl-O Bindung aktiviert wird. Eine anschlieRende redigkiKupplung

kénnte, analog zur reduktiven Kupplung zweier Aajtigenide, zum Biaryl fiihref®

Vergleicht man die Studien zur reduktiven, Nickeltalysierten Homokupplung von
Arylhalogeniden, stof3t man auf eine Vielzahl pasttér Mechanismen mit unterschiedlichen
Elektronentransferprozessen und Oxidationsstufen Kigtalysator§=>® Die Arbeiten von
Bontempelliet al. beschreiben einen Mechanismus, der sowoh! dieaBigitsstufen NNi"
als auch NiNi"" enthalt (Schema 38) und in &hnlicher Form auctdbeiTransformation der
Arylester vorliegen konnt€®¥ Eine Nickel(0)Spezies soll dabei zunachst oxidativ in ein
Arylhalogenid insertieren und ein Arlickel(ll)halogenid bilden I(). Dieses wird durch
Zink zur Aryl-Nickel(l)-Verbindung reduziert I(), welche ein weiteres Arylhalogenid
aktiviert und zur DiarytNickel(lll) -Spezies reagiertl( ). Die reduktive Produkteliminierung
fuhrt zum Biaryl und einer Nickel#Verbindung [V ), die mit Zink zum Nickel(G)Komplex
reduziert wird ¥) oder ein weiteres Substratmolekdl aktiviaft;, Weiterfuhrende Arbeiten
durch Amatore und Jutand untermauern diesen Mestmasi mit umfangreichen

elektrochemischen UntersuchundEn.

0.5 ZnX, _ ArX
L;Ni©
L
0.52Zn
Vv
L L
oL
L—Ni=X A<A UL Ar—Ni'-X
\/
L Vi Ar—rlxliLx L
X
Ar—Ar | 0.52zn, L
IV zn, L
ZnX,
L L L |L 0.5 ZnX,
Ar—Ni*-Ar Ar—lTli'—L
[
L ArX

X = Halogenid, Sulfonat

Schema 38: Mechanismus der reduktiven KupplungAmgthalogeniden.
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Ob die Umsetzung der Arylbenzoate nun decarboxyii@roder tber einen solchen
alternativen Mechanismus mit den OxidationsstuféfiNil' und NI/Ni"' verlauft, missen
weiterfuhrende  Studien zeigen. Die eigenen Arbeitetur Umsetzung der
Benzoesaurearylester wurden an dieser Stelle ahgestellt, um die decarboxylierende
Kupplung von Kaliumbenzoaten mit Arylhalogenidendursulfonaten zu untersuchen, bei

denen der NickelKatalysator keinen Carbonséaureester aktivieren muss

4.1.7.3. Decarboxylierende Kupplung mit Sulfonaten

Am Beispiel der decarboxylierenden Allylierung vdxlylbenzoaten konnte gezeigt
werden, dass NickeKatalysatoren nicht nur gute Kupplungskatalysat@ied, sondern auch
die  Decarboxylierung aromatischer Carbonséuren @lioiin. Diese duale
Katalysatorfunktion sollte nun bei der decarboxgielen Kreuzkupplung von
Kaliumbenzoaten 4.1.7~8) mit Arylsulfonaten 4.1.7~9) und —halogeniden 4.1.7.10
eingehender untersucht werden und zur Entwickluimgse effizienten monometallischen

Katalysatorsystems fihren.

Mechanistisch wirde diese Reaktion mit der Aktwiey des Arylhalogenides oder
—sulfonats beginnen und eine Ariickel(ll)-Verbindung bilden (Schema 39). Ein
Anionenaustausch zum ArNickel(ll)—carboxylat [I ) mit anschlieRender Decarboxylierung
wirde dann zur DiaryNickel(Il)-Spezies fuhrenll{ ), die das gewlnschte Biaryl reduktiv

eliminiert und den Nickel(6)Katalysator regeneriert\().

“/‘ \&4179/10
4.1.7-5

R
L, N|II
2

L, N|“

4.17-8
002

X = Sulfonat oder Halogenid

Schema 39: Mechanismus der NicKadtalysierten Kreuzkupplung von Kaliumbenzoaten.
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Die breits im vorherigen Kapitel angesprochene k&de, Nickelkatalysierte
Homokupplung von Arylhalogeniden odesulfonaten sollte die dabei am haufigsten zu
beobachtende Konkurrenzreaktion darstellen (siafinei8a 38), welche durch die Wahl der
Reationsbedingungen oder Ligandensysteme unterdvigiden muss. Da die Rate solcher
Homokupplungen enorm stark von der Natur der Abggngpe abhangt(> -Br > -Cl| >>
—-0OSOR), wurde das-2Naphthyltriflat zunachst als Modellsubstrat gewahlt

Erhitzt man dieses Triflat mit dem Kaliumsalz de8-Difluorbenzoesaure in Gegenwart
des besten Protodecarboxylierungskatalysators irPNiut 16 h auf 170 °C, erhalt man das
gewinschte Biaryl4.1.75 in 4% Ausbeute, zusammen mit erheblichen Mengen de
unerwinschten Spaltprodukte-Naphthol @.1.7~6) und Naphthalin 4.1.7~7), sowie dem
Homokupplungsprodukt 2,2Binaphthalin 4.1.7~11) (Tabelle 11, Eintrag 1).

Der Zusatz mone oder bidentater Phosphane fiihrte zwar zur teibveislistandigen
Unterdrickung der Naphtholbildung, erhdht aber ojieeitig auch die Ausbeuten an
Naphthalin und Binaphthalin (Eintrage-2). Der Wechsel vom Ni@lPMes), hin zum
simplen NiC} fihrte direkt zur signifikanten AusbeutesteigerBmtrag 6), sodass auch mit
dieser NicketQuelle ein umfassendes Ligandenscreening erfolgjtérége 6-18). Wahrend
leicht elektronenreiche monodentate Phosphane hlectteren Produktausbeuten flihren
(Eintrag 9), ermdglichen elektronenarmere Phosplgégiehe Produktverteilungen wie PPh
(Eintrag 8). Liganden mit zusatzlichemDonoreigenschaften unterdriicken zwar die
Naphthalin- und Binaphthalinbildung, fihren aber daflr zurst@kten Freisetzung von
Naphthol (Eintrag 9). Ein erhohter sterischer Aasprresultiert ebenfalls in einer verstarkten
Nebenproduktbildung, blockiert die Produktbildurtgeanicht komplett (Eintrage 10 & 11).
Der Einsatz des bidentaten Liganden BINAP, der sictler decarboxylierenden Allylierung
als besonders aktiv zeigte, fihrt zu einer Proderk&lung, bei der das Biaryl und die
Nebenprodukte jeweils in nahezu gleichen Mengetiegan (Eintrag 12). Dies &ndert sich
bei den anderen bidentaten Phosphanen, die dievilnechte Naphtholbildung komplett
unterdriicken, dafur aber das Binaphthalin verstatéen (Eintrage 1316). Eine umgekehrte
Reaktivitat wird bei derN-Donorliganden Bipyridin und Terpyridin beobachteie neben
dem gewinschten Biaryl nur die Naphtholbildung eghotien und die Naphthahknund
Binaphthalinbildung blockieren (Eintrage 17 & 1&ontrollreaktionen mit NiGl alleine

fuhrten ebenfalls zur Bildung des gewiinschten Bsary7% Ausbeute, aber auch zu den drei
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Nebenprodukte (Eintrage 19 & 20). Die Nickelmengs Habei keinen Einfluss auf die

Produktverteilung.

Tabelle 11: Nicketkatalysierte decarboxylierende Kupplung mit Arylaten.

F (@] 10 mol% Ni-Kat.
TiO ng_anql _ F + 4.1.7-6
OK | 2 Aquiv. Zink
- VP O + 4.1.7-7
41.7-8 4.1.7-9 170°C, 16 h Fa175 * 41711

Eintr.  Ni-Quelle Ligand  4.1.75[%] 4.1.7-6 [%] 4.1.7-7 [%] 4.1.7-11 [%]

1  NiCL(PMe), - 4 18 28 34
2 PCy 2 - 9 69
3 " dcype 4 7 20 50
4 " PPh 10 6 40 44
5 " dppe 3 - 8 a7
6 NiCl, PPh 20 13 38 16
7 " P(-Tol)s 9 19 40 7
8 P@p-F-Ph) 19 13 34 16
9 P@-Fur) 3 53 7 5
10 " P-Tol)s 10 28 32 33
11 " JohnPhos 5 41 26 31
12 " BINAP 21 11 32 23
13 " dppp 6 - 29 59
14 dppb 15 - 19 64
15 dppf 9 - 32 57
16 " XantPhos 12 - 22 55
17 " bipy 3 61 - -
18 terpy 15 41 7 -
19 - 7 21 36 25
20° ! - 8 9 56 34

Reaktionsbedingungen: 0.50 mmol des Benzoats, Bu@! des Triflats, 10 mol% der Nicke&uelle, 0.10
mmol eines monodentaten oder 0.05 mmol eines kAtEmtbzw. tridentaten Liganden, 1.00 mmol Zink, 11 m
NMP, 170 °C, 16 h. a) 30 mol% NiClAusbeuten wurden gaschromatographischrailtetradecan als interner
Standard bestimmt und mit Responsefaktoren dersRestanzen korrigiert.

Nachfolgende Studien erfolgten mit dem bidentategahden dppb (Tabelle 12), wobei

zunachst das Substratverhaltnis untersucht wurdbeixeigte sich, dass ein Uberschuss des
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Aryltriflats keinen positiven Effekt auf die gewighde Biarylbildung hat, sondern die
Ausbeuten eher noch verschlechtert (Eintrage3).1 Wird das Benzoat hingegen im
Uberschuss eingesetzt, erhalt man das Biaryl in 28&beute, zusammen mit Naphthalin
und Binaphthalin in 12% bzw. 38% (Eintrag 4). EMerdiinnung des Reaktionsgemisches
fuhrte insgesamt zu geringeren Ausbeuten (Eint&a@e6) und der Zusatz von Molsieben
fuhrte zu keinerlei Biarylbildung (Eintrag 7). DeoHtrollexperimente mit NiG¢6H,O oder
Wasser als Additiv ebenfalls nur zu sehr geringed&ktausbeuten fuhrten, ist der drastische
Effekt der Molsiebe hdchstwahrscheinlich nicht aefne bendtigte Wassermenge

zurickzufiuhren.

Tabelle 12: Optimierung der Nickedatalysierten Kupplung.

F O 10 mol% NiCl,
@f‘\OK +Tfo O O EZArSL?iI\‘/’{o dopd o F OO +Naphthalin 4.1.7-6
- “ Solvens. T, 16 h O +Naphthol 4.1.7-7
4.1.7-8 4.1.7-9 F 4175 +2,2'-Binaphthalin 4.1.7-11
Eintr. \?eur?:atlrtiti; Solvens Reduktans T [°C] é [lo/z]_ 2 [1%7]_ L;[1%7]_ fil[;()_]
1 1:2 NMP Zink 170 15 8 57 72
2 1:1.5 ! " ! 18 - 40 65
3 11 " " " 19 - 10 54
4 1.5:1 " " " 38 - 12 38
5 ! ! ! " 29 - 16 39
6° ! ! ! " 7 26 20 13
7 " NMP + MS4A " " - 28 31 5
8 " DMF " " 44 - - 48
9 " DMSO " " 2 _ 5 4
10 " Diglyme ! " 4 - 23 39
11 " Mesitylen " ! - - 14 23
14 " NMP Mangan " 21 - 11 36
15 " " Magnesium ! 4 - 11 21
12 " " Zink 160 26 - 7 61
13 " " ! 150 13 - 6 75

Reaktionsbedingungen: 0.50 mmol Ansatzgrof3e, 0.080ImNiCl,, 0.12 mmol dppb, 1.00 mmol des
Reduktionsmittels, 1 mL Lésungsmittel, 16 h. a) 2 nNMP. b) 3 mL NMP. Ausbeuten wurden
gaschromatographisch mit—-Tetradecan als interner Standard bestimmt und naeispBnsefaktoren der
Reinsubstanzen korrigiert.
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Die Variation des Losungsmittels zeigte, dass aétakion in DMF zu einer noch besseren
Produktausbeute von 44% fuhrt und neben dem Biawyldas Binaphthalin gebildet wird
(Eintrag 8). In anderen Losungsmitteln, darunter &M Diglyme und Mesitylen, wurde nur
eine geringe, oder Uberhaupt keine Produktbilduemphchtet (Eintrdge-21). Auch andere
Reduktionsmittel wie Mangan und Magnesium fuhrtensghlechteren Ausbeuten (Eintrage
12 & 13).

Wahrend die Produktbildung bei einer Absenkung dRaaktionstemperatur rasch
abnimmt, steigt die Ausbeute der reduktiven Homgkupg unterhalb von 150 °C stark an
(Eintrage 5 & 6). Diese stets konkurrierende Nebaktion stellt damit ein inharentes
Problem der gewtinschten Kupplung dar, weshalb neleem Aryltriflat nun auch weitere
Kupplungspartner evaluiert wurden. Dabei zeigtenltdsylate und-sulfamate eine etwa
gleiche Produktverteilung wie die Aryltriflate ureéi Reaktionen mit Arylmesylaten konnte
keine Produktbildung, sondern lediglich die Spaijtdes Naphthols beobachtet werden.

Die Verwendung von Ni(cod)als Nickel(0yQuelle fiihrte ohne das Reduktionsmittel
Zink nur zu geringen Umsatzen mit ebenfalls vegyibaren Produktverteilungen. Auch das
schnelle Aufheizen im Mikrowellenreaktor oder dersdtz von Hilfbasen, darunter Chinolin,
DBU, DABCO oder DMAP, filhrten zu keiner Ausbeuteigérung. Da die Liganden immer
nur eine der Nebenreaktionen unterdricken konntemrden die Studien zur

decarboxylierenden Kupplung mit Phenolderivateuiaser Stelle beendet.
4.1.7.4. Decarboxylierende Kupplung mit Aryloromiden

Da die reduktive Homokupplung bei denen zur effekii Decarboxylierung benétigten
Temperaturen stets als Hintergrundreaktion ablawfiyden nun direkt Arylhalogenide
eingesetzt, bei denen kein Alkohol als Nebenproditér unselektiven Substrataktivierung
gebildet werden kann. Da die Homokupplung der Aifidte bereits effektiv durch den
Einsatz von Bipyridin und Terpyridin unterdriickt nden konnte, erfolgten nun

Reihenversuche mit Arylbromiden als Kupplungspartne

Erhitzt man das Kaliumsalz der 2[Bifluorbenzoesdure mit -Bromnaphthalin in
Gegenwart von 10 mol% Nigund Bipyridin in NMP fur 16 h auf 170 °C, erhaliamdas
gewinschte Produkt nur in geringen Mengen und dhaldgenierte Naphthalin in etwa 80%
Ausbeute (Tabelle 13, Eintrage4). Eine ganz andere Produktverteilung ergibt sreénn
man Terpyridin als Ligandensystem wahlt: Mit 10 $%adNiCl, und 5 mol% Terpyridin wird

das gewinschte Biaryl in 53% Ausbeute gebildet (3&8kerte Ausbeute), aber zusammen
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mit Naphthalin und Binaphthalin in jeweils etwa 2%&ntrag 5). Erhéht man die Menge des
Terpyridins auf 10 mol%, sinkt die Ausbeute desrfds@mauf 29% (Eintrag 6). Wahrend das
Naphthalin sogar in 66% gebildet wird, findet nureakeine reduktive Homokupplung zum
Binaphthalin statt. Eine weitere Erhdhung der Lammmenge auf 15 mol% setzt diesen
Trend fort und fiahrt nur noch zu einer Produktausbevon 14% und 83% des
dehalogenierten Naphthalins (Eintrag 7). Die Veraerg des Hexahydrats Nige&b H,O oder
auch der Zusatz von 20 mol% Wasser fuhrte zum kettgnl Erliegen der Kupplungsreaktion

und zur quantitativen Dehalogenierung deB@mtoluols.

Tabelle 13: Nicketkatalysierte decarboxylierende Kupplung miB2omnaphthalin.

10 mol% NiCl,

F O
Br Ligand F _
oK , 1 Aquiv. Zink + Naphthalin 4.1.7-6
F NMP O +2,2'-Binaphthalin 4.1.7-11
F

4.1.7-8 417100 1O7C16D 4.1.7-5
Eintrag Ligand 41.75[%] 4.1.7-6[%] 4.1.7-11 [%)]
1 - - 20 -
2 10% bipy 3 79 12
3 20% bipy 4 82 13
4 30% bipy 7 73 16
5 5% terpy 53 28 25
6 10% terpy 29 66 -
7 15% terpy 14 83 -

Reaktionsbedingungen: 0.75 mmol Benzoat, 0.50 nfmBlomnaphthalin, 0.05 mmol Nig10.50 mmol Zink,
2 mL NMP, 16 h. Ausbeuten wurden gaschromatograhhisit n—-Tetradecan als interner Standard bestimmt

und mit Responsefaktoren der Reinsubstanzen kertigi

Dieses Ergebnis wirft die Frage auf, wieso ein thuieuss des Liganden zu hodheren
Produktausbeuten fuhrt. Dies kdnnte einerseits tamiammenhangen, dass unterschiedliche
Nickel-Spezies zur effektiven Produktbildung bendétigt veerdetwa ein Nickel(IBSystem
zur Decarboxylierung und eine von Terpyridin koardite Nickel(0OySpezies zur
Aktivierung und selektiven Kupplung des Arylbromid&eiterhin besteht die Mdglichkeit,
dass mehrere Nickelatome von einem mehrzahnigesntgnsystem koordiniert werden und
es nur so zur direkten Interaktion der aktiven FEmkommen kann. Fest steht, dass ein von

drei N-Donoratomen koordinieres Nickelzentrum keine réaahdi Moglichkeit zur
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reduktiven Homokupplung der Arylbromide bietet undie Dehalogenierung als

Nebenreaktion damit enorm an Bedeutung gewinnt.

In weiteren Ligandenscreenings wurden daher viedgschiedene Bipyridin und
Phenanthrolinderivate, sowie Terpyridédhnliche Substanzen auf ihre Reaktivitat in der
decarboxylierenden Kreuzkupplung hin untersuchbddaeigte sich Terpyridin aber stets am

aktivsten und auch am selektivsten.

Die Kupplung anderer Arylbromide flihrte selbst mé@m Liganden Terpyridin nur zu
geringen oder gar keinen Produktausbeuten. Weptenierungsarbeiten zeigten aber, dass
auch 4Bromtoluol @.1.7~10b) mit 20 mol% Ni(cod) und 10 mol% Terpyridin in 41%
Ausbeute in das entsprechende Biakyll. ~12 tberfuhrt und isoliert werden kann (Schema
40).

F o
Br 20 mol% Ni(cod),
OK | \@\ 10 mol% terpy
F NMP
41.7-8 417100 1o0°C.16h 4.1.7-12

41%

Schema 40: Nickekatalysierte decarboxylierende Kreuzkupplung mirbmtoluol.

Zukunftige Arbeiten mussen zeigen, ob die Niekakalsierte decarboxylierende
Kreuzkupplung zur synthetischen Reife gebracht emrkiann. Dabei wird die Entwicklung
neuerN-Donorliganden eine zentrale Rolle spielen. Nur efiektive Unterdriickung aller
Nebenreaktionen kann zur selektiven Produktbildumgl damit zur Entwicklung einer
ressourcenschonenden Alternative klassischer Kugayptiingsreaktionen fuhren.
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4.1.8. Palladium—katalysierte Isomerisierung von Allylestern
4.1.8.1. Hintergrinde

Erstmals beschrieben Mingogt al. 1996 die Synthese des Broewerbriickten
Palladium(l}-Dimers [Pdf~Br)(PBus)], (Schema 414.1.8-17).15¢%8 Dje Kristallstruktur-
analyse deutet, aufgrund des geringen AbstandsiaefPdPd Bindung hin, die durch zwei
verbrickende Bromatome stabilisiert wird. Die Varhing ist ein charakteristisch grtner,
kristalliner Feststoff, der in deuteriertem Benewi einziges Signal imf'P-NMR-Spektrum
bei 87.0 ppm aufweist und itH-NMR-Spektrum lediglich ein Singulett bei 1.33 ppm

zeigt™®® In chlorierten Losungsmitteln zersetzt sich dentex rasch und bildet eine gelbe

LOsung.
Br
. /7 N\
(cod)PdBr, + Pd,(dba); + 4 P'Bu, m tBU3P—Pg—fd—PtBU3
Br

4.1.8-17, 60%
Schema 41: Synthese des Palladiuriiliners [Pdf~Br)(P'Bus)]».

In Kreuzkupplungsreaktionen erwiel3 sich das Palladi)-Dimer als sehr aktiv und
anderen Katalysatorsystemen oft tiberlég&hMit 0.5 mol% Katalysatorbeladung konnten
Hartwig et al. so beispielsweise sterisch gehinderte ArylbronmdeBoronsauren bereits bei
Raumtemperatur kuppeft?® Neben GN°% ynd G-S Bindungskniipfungéfi®
ermdglicht der Komplex weiterhin auch die-Vinylierung von Ketonen und Esteffi? die
a-Arylierung von Estern und Amidétf>***!sowie die Cyanierung von Arylhalogeni&f
in sehr guten Ausbeuten. Die besonders hohe A&tider Komplexverbindung wird oft in
der raschen Ausbildung der hochreaktiven, einfadordinierten 12Elektronenspezies
[Pd(PBus)] erklart, diein situ entweder durch Disproportionierung oder direktediiion
des DipalladiumKomplexes in Gegenwart des Substrats und einer Besggt (Schema
42)_[158]

© "
418-17 —— Bu,P—Pd + Pd—PBu,
/s
Br
Br
Substrat /4 ©)
4.1.8-17 Foveann 2 Bu;P—Pd”  oder 2 Bu,P—Pd
ase

Schema 42: Aktivierung des PdDimers.
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Aufgrund der geringen Ausbeuten bisheriger Syntioegen erfolgte im Rahmen der
Diplomarbeit eine Kooperation mit Umicore zur ectian, schnellen und abfallminimierten
Synthese des Palladium{Dimers. In Zusammenarbeit mit Herrn Dr. Matthias\dtrwurde
eine Komproportionierungsreaktion gefunden, bei dare Losung des homoleptischen
Pd(PBus), in Toluol zu einer Suspension aquimolarer MengdBrPin Toluol zugetropft
wird und spontan zur Bildung des griinen Dimerstf{fichema 4351.67]

PdBr, + Pd(P'Buy), W 4.1.8-17

20 °C, 16 h 87%

Schema 43: Abfallminimierte Synthese des Palladil.#D{mers.

Aktivitatstests in der decarboxylierenden Allyliagu von Arylglyoxylsaureallylestern
fuhrten aber Gberraschend nicht zum erwarteten Dexglierungsprodukt, sondern zu zwei
neuen Produkten mit der Masse des StartmateridiR-f¢épektoskopische Analysen zeigten,
dass es sich bei diesen Verbindungen um die besdemeren Vinylester handelt, die nur aus
der Doppelbindungsisomerisierung der terminalen getpndung hervorgehen konnten
(Schema 44). Weitere Reaktionen mit elektronenegichbis-ortho-substituierten
Benzoesaureestern und dem Fuartarbonsaureester fuhrten bei 100 °C in Toluol eddEnf
zu den entsprechenden Vinylestern mit eine@iZ Verhdaltnis von 1:2. Erste
Optimierungsarbeiten zeigten, dass die Isomerisggraufgrund der thermischen Labilitat

des Katalysatorsystems, bei 50 °C noch hoéhere Amsbeliefert und selbst bei 30 °C

verlauft.
O O
O~ 25 mol% [Pd(wBn(PBu), O,
S Toluol, 100 °C, 12 h 0
4.1.8-3w 4.1.8-4w
73%,E:Z2=1:2

Schema 44: Isomerisierung von Allylglyoxylaten.

Wahrend die Isomerisierung von Alkenen, Allylalktdrg Allylaminen und Allylethern
mit einer Vielzahl unterschiedlicher Ubergangsnietalarunter MolybdaH®® Eisent!®9*"
Rhodium!*"#*" Rutheniunt*™ Iridium,*"® Palladiun®’®*"" und Platin*"®*’® erfolgen
kann, ist die Isomerisierung von Allylestern bisheauf wenige Eisen und

Rutheniumhydridkomplexe beschrafiké?:*"*®Dijes ist darin zu erklaren, dass die meisten
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Ubergangsmetalle in die C(AllYD Bindung des Esters insertieren und stabile

Koordinationsverbindungen bildéfi™!

Die gefundene Reaktion ermdglicht erstmals die adalhn-katalysierte Synthese von
Vinylestern aus leicht verfugbaren Allylestern. Géwnlich erfolgt die Synthese solcher
Vinylestern durch die Umesterung mit Vinylacdt&tdie O-Acylierung von Enolef® oder
die Rutheniumkatalysierte Addition von Carbonsauren an A3, Sie spielen eine
wichtige Rolle bei Polymerisierungsprozes¥&h und als Acylierungsreagenzien in der
Synthese verschiedener Ester und Anfitlé sodass ein nachhaltiger und selektiver Zugang

solcher Enolester besonders wertvoll ist.

Aufgrund meines Industriepraktikums bei Novartis afPha in Basel wurde die
Projektleitung an dieser friihen Stelle an Frau Batrizia Mamone ubertragen, die das
Palladium(l}-Dimer zunadchst mit den besten bekannten Isomaursiskatalysatoren von
Skrydstrup’? und KrompieB®! verglich und eine (iberragende Aktivitat der
Brom-verbrickten Koordinationsverbindung feststellte. In nachfolgenden
Kontrollexperimente konnte sie darlber hinaus auhgen, dassin situ gebildete
Koordinationsverbindungen monometallischer Palladiorstufen mit BBus nur geringe
Ausbeuten unter 10% ermdglichen und dass das Paosgleine keinerlei Aktivitat besitzt.
Studien zur Optimierung der Reaktionsbedingunggatan, dass bei 50 °C in Toluol auch
0.25 mol% [Pd¢Br)(PBus)], zur effizienten Doppelbindungsisomerisierung — des
Benzoesaureallylesters ausreichen. Zudem konntaggexzerden, dass die Reaktion auch in
den Lésungsmittelm—-Hexan, THF, Diethylether und Dichlormethan mit raheyleicher
Selektivitat und Ausbeute erfolgt.

4.1.8.2. [Pd(u-Br)(P'Bus)]. als hochaktiver Isomerisierungskatalysator

Alle Untersuchungen zur Anwendungsbreite, zum Rea&mechanismus und zur
asymmetrischen Hydrierung der Enolester sind innde&hfolgenden Publikation aufgefihrt.
Ein Grol3teil der praktischen Arbeiten wurde dakm ¥rau Dr. Mamone durchgefiihrt. Mein
Beitrag lag in der Entdeckung der Doppelbindungaisdsierung durch [PgéBr)(P'Bus)]z
und den ersten Isomerisierungsreaktionen versangzde Aryl- und
Heteroarylcarbonsaureester in Toluol bei—B00 °C. Weiterhin synthetisierte ich drei
Ausgangsverbindungen, isomerisierte diese und eigeli die entsprechenden Enolester.

AulRerdem Ubernahm ich die Auswertung aller NNBRektren der Supporting Information.
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Herr Dr. Bilal A. Khan synthetisierte zwei chirdister durch die asymmetrische Hydrierung
der entsprechenden Enolester. Herr Andreas Fronmiigtée die DFFRechnungen zur

Aufklarung der katalytisch aktiven Spezies an.

Die hier gezeigten Resultate wurden 2012 in Orgdretters, Vol. 14, 3716-3719
veroffentlicht. Die Publikation wurde fir dieses Meskript angepasst und mit Erlaubnis der

American Chemical Society beigeflugt.

Reprinted with permission from Patrizia Mamone, tiais F. Griinberg, Andreas Fromm,
Bilal A. Khan, Lukas J. GooRe@rg. Lett.2012 14 (14), 3716 — 3719, [Pd{Br)(PBus)]; as
a Highly Active Isomerization Catalyst: Synthesié Bnol Esters from Allylic Esters.

Copyright 2012 American Chemical Society.
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[Pd(x-Br)(P'Bus)], as a Highly Active
Isomerization Catalyst: Synthesis
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of Enol Esters from Allylic Esters

Patrizia Mamone, Matthias F. Griinberg, Andreas Fromm, Bilal A. Khan, and

Lukas J. GooBen*

FB Chemie — Organische Chemie, TU Kaiserslautern, Erwin-Schrodinger-Str. Geb. 54,

67663 Kaiserslautern, Germany

goossen(@ chemie.uni-kl.de

Received June 6, 2012

ABSTRACT

'BuzP—Pd—Pd—P'Bus
\_/

R X g 5
§ 0.25 mol % JI}
3 toluene, 25-50 °C 3
R R
R = aryl, alkyl, alkenyl up to 98%
R? R®=H, alkyl

The dimeric Pd(l)-complex [Pd(.-Br)(P'Bus)], was found to be highly active for catalyzing double-bond migration in various substrates such as
unsaturated ethers, alcohols, amides, and arenes, under mild conditions. It efficiently mediates the conversion of allylic esters into enol esters,
rather than inserting into the allylic C—O bond. The broad applicability of this reaction was demonstrated with the synthesis of 22 functionalized

enol esters.

Enol esters are important precursors in a variety of
organic transformations such as aldol- and Mannich type
reactions,! asymmetric hydrogenations,” cycloadditions,’
or other cyclization reactions to afford, e.g., heterocycles
or chromones.* They are employed as auxiliary reagents in
the desymmetrization of alcohols,” as well as in the synthe-
sis of vinylic amino alcohols and diols.®

Classical approaches to their synthesis involve transes-
terification between alkyl esters and enol acetates, or

(1) (a) Yanagisawa, A.; Matsumoto, Y.; Asakawa, K.; Yamamoto,
H. J. Am. Chem. Soc. 1999, 121, 892. (b) Isambert, N.; Cruz, M.;
Arévalo, M. J.; Gémez, E.; Lavilla, R. Org. Lett. 2007, 9, 4199.

(2) (a) Tang, W.; Zhang, X. Chem. Rev. 2003, 103, 3029. (b) Minnaard,
A.J.; Feringa, B. L.; Lefort, L.; De Vries, J. G. Acc. Chem. Res. 2007, 40,
1267. (c) Erre, G.; Enthaler, S.; Junge, K.; Gladiali, S.; Beller, M. Coord.
Chem. Rev. 2008, 252, 471.

(3) Urabe, H.; Suzuki, D.; Sasaki, M.; Sato, F. J. Am. Chem. Soc.
2003, 125, 4036.

(4) (a) Basso, A; Banfi, L.; Galatini, A.; Guanti, G.; Rastrelli, F.;
Riva, R. Org. Lett. 2009, 11, 4068. (b) SzEI, T. J. Chem. Soc. C1967,2041.

(5) Trost, B. M.; Malhotra, S.; Mino, T.; Rajapaksa, N. S. Chem.—
Eur. J. 2008, 14, 7648.

(6) (a) Keinicke, L.; Fristrup, P.; Norrby, P.-O.; Madsen, R. J. Am.
Chem. Soc.2005, 127,15756. (b) Lombardo, M.; Morganti, S.; Trombini,
C. J. Org. Chem. 2003, 68, 997. (c) Liu, M.; Sun, X.-W.; Xu, M.-H.; Lin,
G.-Q. Chem.—Eur. J. 2009, 15, 10217.

10.1021/01301563g  © 2012 American Chemical Society
Published on Web 07/02/2012
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O-acylation of enolates.” However, these require stoichio-
metric amounts of bases, acids, or toxic mercury salts.
Modern, catalytic syntheses of enol esters include the
Zr-catalyzed methylalumination of alkynes,® the Cu-
catalyzed oxidative esterification of aldehydes with
S-dicarbonyl compounds,” the Au-catalyzed intramolecu-
lar rearrangements of propargylic esters and alcohols,™
the Fe-catalyzed asymmetric coupling of ketenes with
aldehydes,'! and the addition of carboxylic acids to al-
kynes catalyzed by Ru,'? Ru—Re,"* or Rh complexes.'*

(7) Smith, M. B.; March, J. Advanced Organic Chemistry, 5th ed.; John
Wiley & Sons, New York, 2001; p 486.

(8) DeBergh, J. R.; Spivey, K. M.; Ready, J. M. J. Am. Chem. Soc.
2008, 730, 7828.

9) Yoo, W.-I; Li, C.-I. J. Org. Chem. 2006, 71, 6266.

(10) (a) Wang, S.; Zhang, L. Org. Lett. 2006, 8, 4585. (b) Marion, N.;
Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2750. (d) Angew. Chem.
2007, 119,2806. (c}Peng, Y.; Cui, L.; Zhang, G.; Zhang, L. J. Am. Chem.
Soc. 2009, 131, 5062.

(11) Schaefer, C.; Fu, G. C. Angew. Chem, Int. Ed. 2005, 44, 4606.
Angew. Chem. 2005, 117, 4682.

(12) (a) Gooflen, L. J.; GooBen, K.; Rodriguez, N.; Blanchot, M.;
Linder, C.; Zimmermann, B. Pure Appl. Chem. 2008, 80, 1725. (b)
Dragutan, V.; Dragutan, I.; Delaude, L.; Demonceau, A. Coord. Chem.
Rev. 2007, 251, 765. (c) Dixneuf, P. H.; Bruneau, C.; Dérien, S. Pure
Appl. Chem. 1998, 70, 1065.
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Scheme 1. Synthesis of Enol Esters via Catalytic Isomerization

[o] o) o
H* cat.
+ G — —
R)LOH HO R)I\o/\/ RJJ\O/\J,,.F
1 2 3 4

The catalytic isomerization of allylic esters to enol esters
would be an attractive alternative to the above approaches,
because the starting materials are easily accessible by
esterification of carboxylic acids (Scheme 1). However,
because of the weak thermodynamic driving force for the
double-bond migration and the tendency of many metal
catalysts to insert into the C(allyl)—O bond with formation
of stable carboxylate complexes,'” this reaction is beyond
the performance limit of most isomerization catalysts.
Even for unsubstituted allyl esters, only two reports of
double-bond migrations exist. Iranpoor et al. found that
stoichiometric amounts of Fe3(CO),, promote this reaction
when irradiated with UV light.'® Krompiec et al. achieved
up to eight catalytic turnovers for the double-bond
migration, along with C(allyl)-~O bond cleavage, using
the ruthenium hydride complex RuCIH(CO)(PPh;)s."”
Mechanistic studies by Tokunaga et al. confirmed the
low catalytic activity of Ru complexes for this type of
substrate.'®

In the context of our research on isomerizing functio-
nalizations of fatty acids,'” we had thoroughly investi-
gated the activity of various isomerization methods
involving acid®® or base mediators,?' as well as metal
catalysts reported for the isomerization of alkenes,
allylic benzenes,*® allylic ethers,'>** allylic silyl ethers,*

(13) Ye, S.; Leong, W. K. J. Organomet. Chem. 2006, 691, 1216.

(14) Lumbroso, A.; Koschker, P.; Vautravers, N. R.; Breit, B. J. Am.
Chem. Soc. 2011, 133, 2386.

(15) Kuznik, N.; Krompiec, S. Coord. Chem. Rev. 2007, 251, 222.

(16) (a) Iranpoor, N.; Imanieh, H.; Iran, S.; Forbes, E. J. Synth.
Commun. 1989, 19, 2955. (b) Iranpoor, N.; Mottaghinejad, E.
J. Organomet. Chem. 1992, 423, 399.

(17) Krompiec, S.; Kuznik, N.; Krompiec, M.; Penczek, R.;
Mrzigod, J.; Torz, A. J. Mol. Catal. A: Chem. 2006, 253, 132.

(18) Four days at 80 °C were required to achieve 92% conversion of
allyl benzoate: Nakamura, A.; Hamasaki, A.; Goto, S.; Utsunomiya,
M.; Tokunaga, M. Adv. Synth. Catal. 2011, 353, 973.

(19) Ohlmann, D. M.; GooBen, L. J.; Dierker, M. Chem.—Eur. J.
2011, /7, 9508.

(20) Lee, P. H.; Kang, D.; Choi, S.; Kim, S. Org. Lett. 2011, 13, 3470.

(21) For examples, see: (a) Sagoet, O.; Monteux, D.; Langlois, Y.;
Riche, C.; Chiaroni, A. Tetrahedron Lett. 1996, 37, 7019. (b) Su, C.;
Williard, P. G. Org. Lett. 2010, 12, 5378.

(22) For examples, see: (a) Harrod, J. F.; Chalk, A. J. J. Am. Chem.
Soc. 1966, 88, 3491. (b) Casey, C. P.; Cyr, C. R. J. Am. Chem. Soc. 1973,
95, 2248. (c) Grotjahn, D. B.; Larsen, C. R.; Gustafson, J. L.; Nair, R.;
Sharma, A. J. Am. Chem. Soc. 2007, 129, 9592.

(23) For examples, see: (a) Lastra-Barreira, B.; Francos, J.; Crochet,
P.; Cadierno, V. Green Chem.2011, 13,307. (b) Golborn, P.; Scheinmann,
F.J. Chem. Soc., Perkin Trans. 1 1973, 2870. (c) Mayer, M.; Welther, A.;
von Wangelin, A. J. ChemCatChem 2011, 3, 1567.

(24) For examples, see: (a) Yamamoto, Y.; Fujikawa, R.; Miyaura,
N. Synth. Commun. 2000, 30, 2383. (b) Carless, H. A.; Haywood, D. J.
J. Chem. Soc., Chem. Commun. 1980, 980. (c) Crivello, J. V.; Kong, S.
J. Org. Chem. 1998, 63, 6745.

(25) Sodeoka, M.; Yamada, H.; Shibasaki, M. J. Am. Chem. Soc.
1990, 712, 4906.

(26) (a) Van der Drift, R. C.; Bouwman, E.; Drent, E. J. Organomet.
Chem. 2002, 650, 1. (b) Uma, R.; Crévisy, C.; Grée, R. Chem. Rev. 2003,
103, 27.

Org. Lett., Vol. 14, No. 14, 2012

alkenyl alcohols,® allylic amines and amides.?” However,
none of these systems permitted to convert our test sub-
strate, oleic acid, into an equilibrium mixture of isomers
within a few hours at catalyst loadings below 1%."°

In our search for new lead structures for highly active
isomerization catalysts, reports by Mingos/Vilar and
Hartwig on the dimeric palladium complex [Pd(u-Br)-
(P'Bus)], caught our attention.?® They discovered that this
unusual, dimeric Pd' species, which has found applica-
tions in catalytic cross-coupling reactions,” can be
converted into hydridopalladium(II) complexes under
remarkably mild conditions. We reasoned that a metal
complex with such strong tendency to form Pd—H species,
which are known to add across C—C double-bonds,>>*°
should also be an excellent catalyst for alkene isomeriza-
tion. Indeed, oleic acid was converted to an equilibrium
mixture of double-bond isomers with only 0.5 mol % of
[Pd(u-Br)(P'Bus)], within less than an hour.*!

The high activity of this one-component system led us to
evaluate the catalytic activity of the Pd' dimer as the
catalyst for double-bond migrations in a range of standard
test substrates. As a reference system, we used a mixture
of Pd(dba),, isobutyryl chloride, and tri(zert-butyl)-
phosphine. This catalyst has been shown by Lindhardt
and Skrydstrup to set new standards with regard to
catalytic activity and functional group tolerance for sin-
gle-carbon migrations of various double bonds.*> The
examples in Scheme 2 demonstrate that the Pd' dimer is
an effective catalyst for double-bond migrations in allylic
arenes (5), amides (7), ethers (9), and alcohols (11 and 13).
In each case, the catalyst loading was reduced to the
minimum effective level, in order to differentiate between
the systems. For all substrate classes, the Pd' dimer com-
pared favorably even to the state-of-the-art Pd-catalyst for
single-carbon migration of the double-bond. It is also able
to move the bond over longer alkyl chains. Thus, hexanal
(14) was obtained from 5-hexen-1-o0l (13) in high yield and
selectivity.

The most striking result obtained in this series of test
reactions was that allyl benzoate (3a) was cleanly con-
verted to the corresponding enol ester 4a. Using only
0.25mol % of Pd"in toluene, near-quantitative conversion
to l1-propenyl benzoate (4a) was achieved within 2 h at
50 °C, with a product (E/Z)-ratio of 1:2. The only other
component detected in the reaction mixture was 2% of the

(27) (a) Krompiec, S.; Krompiec, M.; Penczek, R.; Ignasiak, H.
Coord. Chem. Rev. 2008, 252, 1819. (b) Escoubet, S.; Gastaldi, S.;
Bertrand, M. Eur. J. Org. Chem. 2005, 18, 3855.

(28) (a) Dura-Vila, V.; Mingos, D. M. P.; Vilar, R.; White, A. J.P.;
Williams, D. J. J. Organomet. Chem. 2000, 600, 198. (b) Dura-Vila, V.;
Mingos, D. M. P.; Vilar, R.; White, A. J.P.; Williams, D. Chem.
Commun. 2000, 1525. (c) Barrios-Landeros, F.; Carrow, B. P.; Hartwig,
J. F. J. Am. Chem. Soc. 2008, 130, 5842.

(29) (a) Colacot, T.J. Platinum Met. Rev.2009, 53, 183. (b) Johansson,
C. C. C; Colacot, T. J. Angew. Chem., Int. Ed. 2010, 49, 676. Angew.
Chem. 2010, 122, 686. (c) Proutiere, F; Aufiero, M; Schoenebeck, F
J. Am. Chem. Soc. 2012, 134, 606.

(30) Hartley, F. R. Chem. Rev. 1969, 69, 799.

(31) This reactivity has also been exploited in isomerizing olefin
metatheses: Ohlmann, D. M.; Tschauder, N.; Stockis, J.-P.; GooBen,
K.; Dierker, M.; GoofBen, L. J. submitted for publication (2012).

(32) Gauthier, D.; Lindhardt, A. T.; Olsen, E. P. K.; Overgaard, J.;
Skrydstrup, T. J. Am. Chem. Soc. 2010, 132, 7998.
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Scheme 2. Double-Bond Migration with the Pd" Catalyst
Pd(l)-dimer reference

catalyst system
yield, (E:2) yield, (E:2)

MeO X
D/\/O 05 mol % [Pd Ij/\)ﬂF 96% 49%
HO (>20:1) (>20:1)
6

Tol, 50 °C, 2 h
0
e 03mol%[Pd) NN 91% 77%
; Tol, 50 °C, 4 h (>20:1) 1)
1 mol % [Pd] 94% 38%
PhO ——————— PhO_~
O Et,0, 50 °C, 2 h \1/0‘% (1:2) (12)
OH o)
0.05 mol % [Pd| Y 9
/\)\/ i) /\)l\/ 80% 2%
" Et,0, 50 °C, 0.5 h 12
3 mol % [Pd|
o P SIS 94% %
3 THF, 50°C, 16 h 3
13 14
)OL P 0.5 mol % [Pd] ? o 96% 4%
Ph” 0 g s0°c,2n PhT O (12) @1
4a

3a

starting material 3a, which did not disappear even after a
prolonged reaction time, indicating that the equilibrium
had been reached. In view of the rich chemistry of allylic
acetate activation by palladium catalysts, it was surprising
that no trace of benzoic acid arising from C(allyl)—O bond
cleavage was observed.**!3

Encouraged by the observation that equilibration occurs
so rapidly and that its position lies so far on the side of the
enol esters, we optimized the catalyst loading and reaction
conditions*® and then explored the scope of the reaction
protocol. As can be seen from the examples in Table 1, the
reaction is broadly applicable with regard both to the
carboxylate and allyl alcohol side of the esters.*>

Allylic esters of electron-rich and electron-deficient aro-
matic (4a—i), heteroaromatic (4j,k), aliphatic (4l1—o), and
cinnamic (4p) carboxylates were successfully converted.

A variety of functionalities including alkoxy (4c,d),
hydroxy (4g), amino (4h), nitro (4i), and keto groups
(40) were tolerated. Even halogen-containing substrates
reacted smoothly without any indication of competing
Heck-type reactions (4e,f). In all cases, (E:Z)-ratios be-
tween 1:2 and 1:5 were obtained.

The allyl residue can be linear or branched in the
1- and/or 2-positions (4q—v). Enol esters branched in the
l-position are of considerable interest as substrates for

(33) For details, see the Supporting Information.

(34) Weaver, J. D.; Recio, A., III; Grenning, A.J.; Tunge, J. A. Chem.
Rev. 2011, 111, 1846.

(35) Synthesis of 1-propenyl benzoate (4a): Under a nitrogen atmo-
sphere, a 50 mL vessel was charged with di-u-bromobis(tri-zert-
butylphosphine)dipalladium(I) (27.2 mg, 35.0 umol), allyl benzoate
(3a) (1.76 g, 10.0 mmol), and toluene (20 mL). The mixture was stirred
at 50 °C for 16 h, diluted with diethyl ether (40 mL), and filtered through
a pad of celite (5 g), and the solvent was removed in vacuo (50 mbar,
40 °C). The crude product was purified by column chromatography
(SiO,, diethyl ether/n-pentane gradient) to give prop-l-enyl benzoate
(4a) (1.65 g, 94% yield, E:Z 1:2) as colorless liquid.

(36) (a) Jiang, Q.; Xiao, D.; Zhang, Z.; Cao, P.; Zhang, X. Angew.
Chem., Int. Ed. 1999, 38, 516. Angew. Chem. 1999, 111, 578. (b) Jung,
H.M.; Koh, J. H.; Kim, M.-J.; Park, J. Org. Lett. 2000, 2, 2487. (c) Wu,
S.; Wang, W.; Tang, W.; Lin, M.; Zhang, X. Org. Lett. 2002, 4, 4495.
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Table 1. Isomerization of Allylic Esters to Enol Esters’

0 R,
oo
dav R,

o R,
)J\ )Y [Pd(4-Br)(P'Bu,)],
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“[Pd(u-Br)(P'Bus)]> (0.50 mol %). ® [Pd(u-Br)(P'Bus)] (2.50 mol %).
“Yield and (E/Z)-selectivity was determined by NMR with anisole as
internal standard. 425 °C, 10% of other isomers. ¢[Pd(u-Br)(P'Bus)],
(1.00 mol %). /Reaction conditions: Allylic esters 1a—v (1.00 mmol),
[Pd(u-Br)(P'Bus)], (0.25 mol %), 2 mL of toluene, 50 °C, 16 h, isolated
yields. (E/Z)-selectivity was determined by GC.

enantioselective hydrogenations, but because of their
limited availability, there are only few reports on such
reactions.”>® We were thus pleased to find that compounds
4q—u can be hydrogenated in high yields and enantiomeric
excess (Scheme 3).*” This demonstrates the viability of

(37) Reetz, M. T.; Goossen, L. J.; Meiswinkel, A.; Paetzold, J.;
Jensen, J. F. Org. Lett. 2003, 5, 3099.

Org. Lett, Vol. 14, No. 14, 2012
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Scheme 3. Rh-Catalyzed Asymmetric Hydrogenation of Enol
Esters

o R o R
0.5 mol % Rh(cod),BF,, 16
R'/U\OJ\"N e R')LOJ*\/
CH,Cl,, 30 °C, 20 h, 60 bar H,
4q-u 15q-u

15q: R'=Ph, R2= Me

84% (96% ee)
15r: R' = p-CI-Ph, R2= Me 93% (94% ee)
15s: R'= 2-Naph, R2= Me 88% (98% ee)
15t: R'= Ph, R2= n-Pr 95% (82% ee)

:R1= 2= p- 9 0)
15u: R'=Ph, R2=n-Bu 87% (77% ee) R’)BINOL¥

enantioselective syntheses via a double-bond isomerization/
asymmetric hydrogenation sequence.

In order to evaluate how the catalytically active species
may form from the Pd" dimer, we calculated the standard
Gibbs free energy (ArG®) for the formation of various
Pd-hydride species using the B3LYP density functional. >
The lowest energy expenditure was calculated for the
formation of Pd hydride 19 along with the monomeric
palladacycle 20 (ARG® = 14.9 kcal/mol) (see Table S3
(Supporting Information) and Scheme 4). Since this reac-
tion proceeds via an endergonic pathway, the driving force
for the formation of 19 is the concomitant dimerization of
20 to the stable palladacycle 21 (AgG® = —18 kcal/mol).

The Pd—H complex 19 likely acts as the catalytically
active species, but because of its high reactivity, we were
not surprised to detect the oxidized dimeric palladacycle 21
as major signal when monitoring the catalytic reaction by
"Hand *'P NMR (*'"P NMR: —8.6 ppm). A minor signal at
—9.0 ppm also appeared, which might originate from an
isomer of 21. Itis known that 21 can also form from Pd—H
species 18, with concomitant release of a phosphine and
hydrogen gas.*® Moreover, 21 may result from the decom-
position of 19 after it has achieved the double bond
migration. Another experimental result that supports
19 as the catalytically active species is that upon trapping
with tri-zert-butylphosphine, the more stable bis(zerz-
butylphosphino)palladium hydride complex 18 was de-
tected ("H NMR: triplet at —15.6 ppm).>**

(38) Clark, H. C.; Goel, A. B.; Goel, S J. Organomet. Chem. 1979,
166, C29.

Nrm Lath \Ial 44, NMa 44, 0n4a

Scheme 4. Proposed Activation of the Pd' Dimer

14.9
,BL keal/mol H
'Bu,P-Pd_—Pd-P'Bu, === |'Bu,P- Pd Br + Br—Pd P Bu,
Br
17 active species
-04
P'Bu, kcallmol ~18.0
0.6 kcal/mol kcal/mol
-1.8 kcal/mol

Bu2 Br
'Bu,P— Pd P'Bu, ></Pd\ /pc{/X
1E!sr PtBu, + H, Br PBu

Starting from 19, a possible mechanism for the isomer-
ization reaction would involve an insertion of the alkene
into the Pd—hydride 19 followed by -hydride elimination
with formation of the isomerized olefin and regeneration
of the initial Pd—hydride 19. Further mechanistic investi-
gations to elucidate the origin of the high isomerization
activity of [Pd(u-Br)(P'Bus)], are underway.

In conclusion, the Pd" dimer [Pd(u-Br)(P'Bus)], pos-
sesses a new level of reactivity for catalyzing double
bond migrations in a wide range of unsaturated sub-
strate classes. It even catalyzes the isomerization of
allylic esters to the corresponding enol esters, which
are valuable starting materials, e.g., for asymmetric
hydrogenation.
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4.2. SandmeyerTrifluormethylierung und -Trifluormethylthiolierung

4.2.1. Hintergrund

Aufgrund ihrer hohen Elektronegativitdt fuhren Hisubstituenten zur starken
Bindungspolarisierung in organischen Molekilen wtamit auch zur Veranderung der
chemischen und physikalischen Eigenschdfféh. Solche GF Bindungen sind in
Naturstoffen extrem selten und einer enzymatiscBpaltung gegentiber meist ingff’
Diese Eigenschaft wird in vielen Medikament&n'®%°! und Pflanzenschutzmittétd"
genutzt, um metabolisch labile Positionen einesk®¥affs zu schitzen und den frihzeitigen
Abbau zu verhindern. Der Einbau von Fluorsubstitelerfiihrt zur gesteigerten Lipophilie
und erleichtert damit den Transport durch Lipidmesnlen, was eine erhdhte
Bioverfiigbarkeit zur Folge h8£%!% Neben den Monofluorierungsreaktiofféh*** hat vor
allem auch die Einfihrung von Trifluormethylund Trifluormethylthiogruppen stark an
Bedeutung gewonnen. Aufgrund der hohen Elektromagdtder drei Fluorsubstituenten sind
diese Gruppen stark elektronenziehend und erhélehipophilie aufgrund ihrer geringen

Polarisierbarkeit noch weiter (Hansch Konstanten: 0.14;Ticrs = 0.88;Tiscra = 1.44)12%)

Klassisch erfolgt die Synthese solcher Verbindungkeer die SwartdReaktion, bei der
Alkylhalogenide mit Metallfluoriden unter rauen Ré&ansbedingungen in die
entsprechenden Alkylfluoride tberfuhrt werd@f Aufbauend auf den friihen Arbeiten von
McLoughlin, Yagupolskii, Burton, Chambers, Grushimd anderen zur Reaktivitdt von
Kupfer- und PalladiumCR-Komplexen wurde eine Vielzahl selektiver Reaktionen
entwickelt, mit denen Trifluormethylgruppen selbst hochfunktionalisierte Molekile
eingefiihrt werden kénnen (Schema 4%y

Diese Reaktionen lassen sich in fiinf Kategoriertedam?°®2'4 Zur ersten Kategorie
gehdren Kupplungen von Arylhalogeniden mit nukletgrhTrifluormethylierungsreagenzien
(Schema 45A). Zu diesen zahlen Kupfe€CF; Komplexe, die entweder in stéchiometrischen
Mengen direkt eingeset?11215218  oder insitu aus Kupfersalzen und Rupperts
Reagenz!’~%) Fluoroform!??°) Kalium(trifluormethyl)trimethoxybora?!
Trifluoracetatel*%22-2%! oder Fluorsulfonyldifluoressigsalfie®’ gebildet werden kdnnen.
Grushinf?4! Sanford®®! und Buchwallf?”#%! beschrieben zudem

Trifluormethylierungsreaktionen mit Palladiet@R—-Komplexen.
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"CF,-Quellen:

Hal B(OH), FSO,CF,CO,Me, CF,CO,Na
Et,SICF./KF, K[CF,B(OMe),]
. R CFH, ...
CF, +
u CF, Quellen
C
od. Pd (,:/J
CF,

Cﬁ< \\ /N Me
/ Ej % PO cr,

Cu,[O] R
[ CF Quellen

R@ CF -OTf

CF;SO,CI, CF4l, (CF;S0,),Zn,
CF,SO,Na, Me,;SiCF,, etc.

Schema 45: Strategien zur Einfihrung von Triflucthgkgruppen.

Palladium-Komplexe ermoglichen weiterhin  auch C(ArH#) funktionalisierende
Trifluormethylierungen mit Umemotos Reagenz oderfl@aralkyliodiden 8).2%9%% unter
oxidativen Bedingungen koénnen heteroaromatischebiéungen auch mit nukleophilen

Trifluormethylierungsreagenzien-El-funktionalisiert werdeff>"

Zu den Kupplungen von Arylnukleophilen mit elekthipn
Trifluormethylierungsreagenzien gehoren die vonrSaed Liu beschriebenen Kupplungen
von Arylboronsauren mit Tognis und Umemotos ReaigenfC).>*>%33 Unter oxidativen
Bedingungen  kdnnen diese  Kohlenstoffnukleophile haucmit  nukleophilen

Trifluormethylierungsreagenzien gekuppelt werdeplt>**°!

Aufbauend auf den frlihen Arbeiten von Langlois zuradikalischen
Trifluormethylierund®®2*"! entwickelten Bardff®?*® und MacMilla®®*® zudem moderne

Radikalreaktionen unter Verwendung von Perexader Rutheniuminitiatoreri|.

Von den genannten Reagenzien sind besonders die leophiden
Trifluormethylierungsreagenzien ¢¥iMe; und K[CF:B(OMe)]™ in groRen Mengen und
gunstig verfugbar. Vor kurzem wurde zudem gezalggs sie auch aus Fluoroform, einem
Nebenprodukt der Teflonproduktion, zuganglich $it?*? Die Kupferkatalysierte
Trifluormethylierung von Ary und Heteroaryliodiden mit K[GB(OMe);] wurde 2011 von
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unserer Arbeitsgruppe beschrieben und ermoglicht sslektive Trifluormethylierung in
Gegenwart zahlreicher funktioneller Gruppen (Schég)&>

20 mol% Cul

20 mol% Phen .
Ar—I + 3K[CF,B(OMe)] —— ———= Ar—CF, 24Beispiele
DMSO 52-97%

4.2.1-1 4.2.1-2 60°C, 16 h 4.2.1-3

Schema 46: Kupfekatalysierte Trifluormethylierung von Aryliodiden.
4.2.2. Sandmeyer Trifluormethylierung von Aryldiazoniumszagn

In weiterfihrenden Studien entwickelte Herr Dr. @n§ Danoun die erste
Sandmeyeranaloge Trifluormethylierung praformierter Diazomisalze mit Rupperts
Reagenz und Kupfer(l)halogeniden. In Zusammenangit Herrn Dipl-Chem. Bilguun
Bayarmagnai war ich an der Optimierung der Reakpamameter beteiligt. Gemeinsam

untersuchten wir schlief3lich die AnwendungsbregeRleaktion.

ArN,*BF, (4.2.2-1)

16 h
4.2.2-21 rt, 10 min 4.2.2-2

_ 19 Beispiele
Ar—CF, 40-98%

Schema 47: Sandmeyer Trifluormethylierung von Aiggdniumsalzen.

Mechanistisch verlauft diese Reaktion analog zasdischen Sandmeyer Reaktion, bei der
Aryldiazoniumsalze in die entsprechenden Arylhatode Uberfuhrt werden. In Gegenwart
der Caesiumbase erfolgt aus dem Kupfe&Blz und Rupperts Reagenz zunachst die Bildung
einer TrifluormethytKupfer(l)-Spezies, welche ein Elektron auf das Aryldiazonalms
Ubertragt (Schema 48). Dies fuhrt zu einem Diazoradikal, welches StioKsfreisetzt und
ein Arylradikal bildet [I). Dieses reagiert mit der Trifluormethydupfer(l)-Spezies zum

Benzotrifluorid und regeneriert die KupfeH8peziesl(l ).

+

| N, seT ' N,
Cu—CF; | + —|> Cu—CF, | +
||j
CFy [, . .
cul + o |cu'—cF,

Schema 48: Mechanismus der Sandmeyer Trifluormetioylg.
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Alle Optimierungsarbeiten, sowie die Untersuchemr Zwmwendungsbreite und zum
Reaktionsmechanismus sind in der nachfolgenden ikatibh aufgefiihrt. Die
Katalysatoroptimierung erfolgte dabei durch Herrn Danoun und Herrn Bayarmagnai.
Mein Beitrag bestand in der anteiligen Synthese Blemzotrifluoride. Das Schreiben des
Manuskripts erfolgte durch Herrn Danoun, wahrendh sHerr Bayarmagnai um die
mechanistischen Studien kimmerte und ich eine Mietlzur Isolierung der leichtfliichtigen
Produkte entwickelte. Die anschlielende IsolierdagProdukte erfolgte zu gleichen Teilen
durch Herrn Bayarmagnai und mich. Weiterhin Gbemmath das Auswerten der analytischen

Daten und das Schreiben der Supporting Information.
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Sandmeyer Trifluoromethylation of Arenediazonium

Tetrafluoroborates™*

Grégory Danoun, Bilguun Bayarmagnai, Matthias F. Griinberg, and Lukas J. Gooflen*

The development of methods for the introduction of trifluor-
omethyl groups into functionalized molecules is of great
importance due to their presence in many top-selling
pharmaceuticals, agrochemicals, and functional materials.
Trifluoromethyl groups are known to impart desirable
properties, such as higher metabolic stability, increased
lipophilicity, and stronger dipole moments to druglike mol-
ecules.!) Celecoxib, dutasteride, fluoxetine, and sitagliptin are
some examples of top-selling pharmaceuticals featuring
trifluoromethyl groups, and beflubutamid, diflufenican, and
norfluazon examples of agrochemicals.”) However, tradi-
tional methods to access benzotrifluorides, for example, the
Swarts reaction, typically require harsh conditions and have
a low substrate scope, so that they are confined to the
beginning of a synthetic sequence (Scheme 1a)."!

Building on pioneering work on Cu- and Pd-perfluoro-
alkyl complexes by McLoughlin, Yagupolskii, Burton, Cham-
bers, Grushin, and others, substantial progress has recently

CCly i sources of "CFj:
| FSO,CF,CO,Me,
N I CF3CO,Na, Et;SICF4/KF,
RA i KICF3B(OMe)s], CF3H, etc
Z Hal | sources of * CF3
SbFs :
R A orHF|@ - 7N
T en, PdorCu 2 ©k
o CF, ,/b | BFa” '
; [oN ,,NMez

_CFs S_ _"BF,, CF3 et

HO)2B C% w ' PH \CF 4, 3l, etc
H sources of * CF3
l *CF3| (d) —: _ E@ D FsC N —

B(OH),
I
q LTS
R-r i CF380,Cl, CF3l, (CF380,),Zn
Z ! CF3S0,Na, Me3SiCF3, etc

Scheme 1. Strategies for the introduction of trifluoromethyl groups.
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been made in the development of trifluoromethylation
reactions that allow the selective introduction of CF; groups
into functionalized, late-stage synthetic intermediates.! A
wealth of new reactions has been disclosed, which can be
roughly divided into five categories (Scheme 1b—f)."! The first
are couplings of aryl halides with nucleophilic CF; reagents
(reaction type b), usually copper—CF; complexes in stoichio-
metric amounts.”**® These complexes may also be generated
in situ from copper salts and Ruppert’s reagent (CF;SiMe;),”
fluoroform,® potassium (trifluoromethyl)trimethoxyborate,
trifluoroacetate salts,”*!") methyl trifluoroacetate,!'"! or fluo-
rosulfonyldifluoroacetic acid.'"? Grushin,®¥ Sanford,'” and
Buchwald'¥ also disclosed trifluoromethylations of aryl
halides based on palladium complexes.

Palladium complexes also promote C—H functionaliza-
tions of arenes with trifluoromethylating reagents (reaction
type ¢). Examples are the ortho-trifluoromethylation of
donor-substituted arenes with Umemoto’s reagent described
by Yu et al.’™ and the Pd-catalyzed coupling of arenes with
perfluoroalkyl iodides reported by Sanford et all® C-H
trifluoromethylations of heteroarenes have recently been
reported also with nucleophilic trifluoromethylation reagents
under oxidative conditions.!"”” Examples of couplings of aryl
nucleophiles with electrophilic CF; sources (reaction type d)
include the coupling of arylboronic acids with Togni’s and
Umemoto’s reagent disclosed by Shen and Liu, respec-
tively."¥ Sanford et al. employed a copper/ruthenium photo-
catalyst system to promote a radical trifluoromethylation of
boronic acids.!"”!

The copper-catalyzed syntheses of benzotrifluorides from
boronic acids and CF;SiMe; or K'[CF;B(OMe);]~ developed
by Qing et al.” and ourselves?®! exemplify oxidative cou-
plings of aryl nucleophiles with nucleophilic CF; reagents
(reaction type e). The radical trifluoromethylation of arenes
(reaction type f) was pioneered by Langlois.”” Baran®! and
MacMillan® recently reported modern variants of this
reaction concept based on peroxide or ruthenium initiators.

From a practical standpoint, nucleophilic reagents are
appealing for the introduction of trifluoromethyl groups for
the following reasons. CF;SiMe; and K'[CF;B(OMe);]~ are
available in large quantities for a reasonable price, and are
easy to store and handle. They are accessible not only from
halofluorocarbons, but also from fluoroform, a by-product in
the production of Teflon.””) One of the most widely used
methods for the introduction of halides and related nucleo-
philes is the Sandmeyer reaction.”® Aromatic amines, which
are available in great structural diversity, are diazotized using,
for example, NaNO, or organic nitrites. Upon treatment with
the appropriate copper(I) halides, nitrogen gas is released,
and a halide group is installed regiospecifically in the position

Angew. Chem. Int. Ed. 2013, 52, 7972-7975
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of the former amino group. Based on our experiences with
copper-catalyzed trifluoromethylations of aryl iodides, we
were convinced that a similar strategy should also allow the
synthesis of benzotrifluorides from aromatic amines
(Scheme 2).27

In order to probe the viability of this approach, we treated
4-methoxybenzenediazonium tetrafluoroborate (1) with K*-

Previous work This work
N
X! cFsouce XCF3 cRsource X -N2
T -~ T
N Cu' cat. N Cu' cat. N X

Scheme 2. Trifluoromethylations with nucleophilic reagents.

[(CF;)B(OMe);] ™ in the presence of 20 mol% of Cul and
phenanthroline in DMSO at 60°C, conditions previously
optimized for the trifluoromethylation of aryl iodides.”’ The
trifluoromethylated product was indeed observed in modest
yield, along with the protodediazotization product, anisole.
Encouraged by these results, we systematically optimized the
reaction conditions for this model reaction (Table 1).

A decisive increase in the yields was obtained when the
diazonium salt was added to a trifluoromethyl-copper species
preformed from a copper salt and K*[(CF;)B(OMe);]”
(Table 1, entry1). A combination of Ruppert’s reagent
(TMSCF3)®) and cesium fluoride was found to provide
higher yields than the milder borate reagent (Tablel,
entry 2), which led us to continue our optimization work

Table 1: Optimization of the reaction conditions.?!

h
T
"BFy
[Cu] MeO

u CF3
TMS-CF, —2adiive _ [Cu—CF3]4>1 /©/
CH4CN, RT -N, MeO
2
Entry [Cu] Additive Yield of 2 [96]"!
1 Cul CsF 309
2 Cul CsF 63
3 [Cu(MeCN),]BF, CsF 62
4 CuOAc CsF 81
5 CuSCN CsF 98
6 Cu CsF 0
7 Cu(OAc), CsF 21
8 CuSCN KF traces
9 CuSCN NaF 0
10 CuSCN Cs,CO, 98
1M CuSCN - 0
12 - Cs,CO; 0
130 CuSCN Cs,CO, 98
141 CuSCN Cs,CO, 72

[a] Reaction conditions: 0.75 mmol of TMSCF;, 0.75 mmol of [Cul],

0.75 mmol of additive, 1 mL of MeCN, 10 min, RT, followed by dropwise
addition of 0.50 mmol of 1in 1 mL of solvent, 12 h, room temperature.
[b] Yields were determined by "F NMR spectroscopy using trifluoro-
ethanol as an internal standard. [c] Using KCF;B(OMe); instead of
TMSCF, at 60°C. [d] Yield was determined by '°F NMR spectroscopy
using 1,3-difluorobenzene as an internal standard. [e] Using 0.3 mmol of
CuNCS. [f] With in situ diazotization of p-anisidine using tert-butyl
nitrite/pTSA. TMS = trimethylsilyl, pTSA = p-toluenesulfonic acid.
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with the latter reagent. The desired product was obtained in
63 % yield when a copper(I) iodide solution in acetonitrile
was stirred with TMSCF; and cesium fluoride for 10 min at
room temperature, followed by addition of the diazonium salt
and continued stirring for 12 h (Table 1, entry 2).

The main by-product observed was the iodinated arene.
For this reason, we replaced copper iodide by copper salts
with other counterions (Table 1, entries 3-5). Among them,
copper thiocyanate was most effective. The desired benzotri-
fluoride 2 was obtained in almost quantitative yield (Table 1,
entry 5). Using this copper source, neither the proto-dediazo-
tization product anisole nor the aryl thiocyanate were
observed. The only detectable side product was di(p-meth-
oxy)azobenzene (2% yield).

Copper(0) and copper(II) salts were less effective which
supports our theory that this is a Sandmeyer-type reaction
(Table 1, entries 6 and 7). Similarly to related reactions of
diazonium salts, acetonitrile was the most effective solvent
(see the Supporting Information). Several additives besides
CsF were investigated for promoting the transfer of the CF;
group from silicon to the copper. Among the fluoride salts
tested, only CsF was effective (Table 1, entries 5, 8, and 9).
When the counterion on the cesium was varied, we found that
carbonate and fluoride are similarly effective, while other
counterions gave inferior results (Table 1, entries 5 and 10).
Control experiments confirmed that the reaction does not
proceed without either copper or basic additives (Table 1,
entrics 11 and 12). The amount of copper could be decreased
to 60 mol % without negatively impacting the yield (Table 1,
entry 13). With this prototype system, further reduced
catalyst loadings resulted in incomplete conversions. How-
ever, the observation that full conversions can be reached
with substoichiometric amounts of copper nurtures the hope
that this reaction can be made truly catalytic in copper in the
near future. When the p-methoxyaniline was diazotized with
tert-butyl nitrite/p-toluenesulfonic acid (pTSA) and the
resulting diazonium salt solution subjected to the reaction
conditions without intermediary workup, the product was
obtained in 72 % based on the aniline (Table 1, entry 14).

Having thus found an effective protocol for the Sand-
meyer trifluoromethylation, we next investigated its scope.
Various arenediazonium tetrafluoroborates were smoothly
converted into the corresponding benzotrifluorides in high
yields (Scheme 3). Only for some simple, low-boiling sub-
strates, the products could not be isolated in the high yields
observed by in situ spectroscopic analysis due to their
volatility. Both electron-rich and electron-deficient substrates
gave similarly high yields. Many common functionalities were
tolerated including ester, ether, amino, keto, carboxylate,
cyano, and even iodo groups. This demonstrates the utility of
the new reaction for the late-stage trifluoromethylation of
complex, highly functionalized intermediates. Various hetero-
cycles were also trifluoromethylated in good yields. Most
products were obtained in sufficiently pure form to allow for
straightforward isolation. Only for a few substrates was it
necessary to subject the product to elaborate separation
procedures to remove traces of the protodediazotization
products.
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Scheme 3. Scope of the Sandmeyer trifluoromethylation. Reaction con-
ditions: 1.5 mmol of TMSCF;, 0.6 mmol of CuSCN, 1.5 mmol of
Cs,CO;, 2 mL of MeCN, 10 min, RT, followed by dropwise addition of
1.0 mmol of arenediazonium tetrafluoroborate in 2 mL of MeCN, 12 h,
room temperature; yield of isolated product. [a] Yield determined by
'9F NMR spectroscopy using trifluoroethanol as an internal standard.

We assume that the reaction proceeds analogously to
Sandmeyer halogenations of diazonium salts, which are
generally believed to proceed via radical intermediates
(Scheme 4).5% Tt is plausible that the trifluoromethyl cop-
per(I) species, generated from the copper precursor and
TMSCEF; in the presence of the cesium base, transfers one
electron to the diazonium salt. The resulting diazo radical
releases nitrogen with formation of an aryl radical, which
abstracts the trifluoromethyl group from the copper(II)
intermediate to form the trifluoromethylated product along
with a copper(I) species.

In conclusion, the newly discovered Sandmeyer trifluoro-
methylation allows the straightforward synthesis of trifluoro-
methylated compounds from the corresponding aromatic
amines under mild conditions at room temperature. Ongoing
research is directed towards combining the diazotization and

N2 ger N2
| cu-cFs] + ©/ SET> [ cul-cFy) + ©/

TR CF4

_—Ez[@é‘a% ©—> cul o+ ©/

Scheme 4. Proposed mechanism.
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the Sandmeyer reaction into a one-pot procedure, and
towards reducing the amount of copper to truly catalytic
quantites.

Experimental Section

Standard procedure for the synthesis of benzotrifluorides from the
corresponding arenediazonium salts: An oven-dried 20 mL crimp cap
vessel with Teflon-coated stirrer bar was charged with copper
thiocyanate (73.5 mg, 0.60 mmol) and cesium carbonate (489 mg,
1.50 mmol) under an atmosphere of dry nitrogen. Acetonitrile (2 mL)
and trifluoromethyltrimethylsilane (240 pL, 1.50 mmol) were added
by syringe. The resulting suspension was stirred at room temperature
for 10 min and a solution of the arenediazonium tetrafluoroborate
(1 mmol) in acetonitrile (2 mL) was added dropwise by syringe. The
reaction mixture was stirred at ambient temperature for 16 h. The
resulting mixture was filtered through a pad of celite (5 g) and rinsed
with diethyl ether (20 mL). The resulting organic solution was washed
with water (3x10mL) and brine (10 mL). The organic layer was
dried over MgSQO,, filtered, and concentrated (700 mbar, 40°C). The
residue was further purified by flash chromatography (SiO,, pentane/
diethyl ether gradient), yielding the corresponding benzotrifluoride.
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4.2.3. Sandmeyer Trifluormethylierung aromatischer Amine

Nachfolgende Arbeiten unserer Gruppe fuhrten zurtwkEklung einer weiteren
Reaktionsvariante, bei der die Aryldiazoniumsal@hinpraformiert werden missen, sondern
in situ aus den Anilinderivaten gebildet werden (Schema®48)Diese Ergebnisse sind im
nachfolgenden Manuskriptentwurf gemeinsam mit werserersten Protokoll, an dessen
Entwicklung ich beteiligt war, zusammengefasst umdrden als ,Practical Synthetic
Procedure*Artikel in Synthesis veroffentlicht. Mein Beitrageftand im anteiligen Verfassen
des Manuskripts.

Me,Si-CF,
@NHz CuSCN, Cs,CO, @CH
R ——————> R
p-TSA, 'BuONO
CHLCN, rt
.N2

Schema 49: Sandmeyer Trifluormethylierung von Aiérivaten.
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Abhstract: Various benzotrifluorides are conveniently accessible in high yields from broadly available (hetero)aromatic amines and the
inexpensive trifluoromethylating agent TMSCF; via a copper-mediated Sandmeyer trifluoromethylation reaction. Two practical
procedures are presented. In the first one, the diazomum salts are preformed in an extra reaction step, in the second one, the diazotization

and the trifluoromethylating are combined into a one-pot procedure.

Key words: anilines, copper, Sandmeyer reaction, trifluoromethylation, diazomum salts.

NH, N,'BF,  Me,Si—CF, CF, MeSi—CF, NH,
+BUONO CuSCN, Cs,CO,4 CuSCN, Cs,CO,4
—_— —_———— -
R HBF, R CHLCN, .t R p-TSA, £-BuONO R
0°C CH,CN, r.t.
- N2
Process A Process B

Scheme 1 Sandmeyer trifluoromethylation

Introduction

Trifluoromethyl groups impart unique chemical and
physical properties to organic molecules, including
mmproved metabolic stability, better receptor binding
selectivity, higher lipophilicity, and stronger dipole
moments compared to their non-fluorinated analogs.1

Traditional approaches for the synthesis of
be:nzotriﬂuorides,2 such as the Swarts reaction, require
harsh conditions and display limited substrate scope.
Based on pioneering studies by McLoughlin,
Yagupolskii, Burton, Chambers, Grushin and others,
various selective Cu- and Pd-mediated
trifluoromethylation methods were developed within
recent years.3

In  this context, several Sandmeyer-type
trifluoromethylations were almost simultaneously
disclosed by the groups of Fu,* Wang® and us® They
are based on aromatic amines that are widely available
in great structural diversity, which is a distinct
advantage over other trifluoromethylation methods.”
Moreover, most chemists are familiar with Sandmeyer
reactions since their undergraduate laboratory training
and will not hesitate to add such trifluoromethylations
to their chemical toolbox. In the new processes, the
aniline diazotization and trifluoromethylation steps
can optionally be combined into one pot.

Wang and Fu's protocols are based on costly
Umemoto reagent or preformed AgCF,, whereas our

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York

method employs the inexpensive Ruppert-Prakash
reagent TMS-CF;. This reagent has been shown to be
accessible directly from fluoroform, a byproduct in
the Teflon production.®

Sequential Diazotization / Trifluoromethylation

In this procedure, arenediazonium tetrafluoroborates
are synthesized from fert-butyl nitrite (2 equiv.) and
the corresponding amine in aqueous HBF, (2 equiv.)
at 0 °C. After stirring for one hour, diethyl ether is
added to precipitate the diazonium salts, which are
then 1solated by simple filtration.

For their trifluoromethylation, the diazonium salts are
dissolved in dry acetonitrile (2 mlL) and added
dropwise to a solution of 0.6 equiv. copper(l)
thiocyanate, 1.5 equiv. cesium carbonate and 1.5
equiv. TMSCF; in acetonitrile (2 mL), and stirring is
continued for 12 hours at room temperature. The
corresponding benzotrifluorides are obtained in good
to excellent yields following aqueous work-up and
purification (Table 1, Process A). The slow addition 1s
crucial for suppressing both unwanted proto-
dediazotization and the formation of azoarenes and
biaryls, common byproducts in Sandmeyer reactions.
Mechanistic investigations suggest that the actual
trifluoromethylation reagent formed in the reaction of
copper thiocyanate with TMS-CF; and the mild base
Cs,C0; is a Cu(CF, ) species.” The reason for using
copper thiocyanate is that the anion at the copper

2014-07-29 pagel of 6

95



Ergebnisse und Diskussion

SYNTHERIS: PSP

competes with CF; as the nucleophile in the
Sandmeyer reaction. For copper halides, considerable
amounts of haloarenes are formed as byproducts,
whereas at most trace amounts of arenethiocyanates
were observed when starting from  copper
thiocyanates. Another advantage is the high solubility
of this copper precursor in the reaction solvent. The
addition of the mild base cesium carbonate facilitates
the transfer of the CF; group from the silane to the
copper without affecting the reactivity of the
diazonium salts. Due to the hygroscopic character of
this base, the reactions are best performed under a dry
nitrogen atmosphere  to minimize  proto-
dediazotization.

One-Pot Diazotization / Trifluoromethylation

Especially for small-scale reactions and sensitive
diazonium salts,">'" it may be convenient to diazotize
the amine directly in the reaction mixture. This can be
done by adding tert-butyl nitrite (1 equiv.) to a
solution of the  aniline and  anhydrous
p-toluenesulfonic acid (1.5 equiv.) in MeCN. The
absence of water is decisive, the monohydrate of the
acid already leading to reduced yields. After stirring
for 0.5 hours at RT, a suspension of CuSCN (0.5
equiv.), TMSCF; (1.5 equiv.} and Cs,CO;5 (1.5 equiv.)
in MeCN is added to the reaction mixture, and stirring
is continued for 12 hours."> This one-pot process gives
comparable, sometimes even higher yields than the
two-step protocol (Table 1, Process B).

Scope and Limitations

The Sandmeyer trifluoromethylation 1s widely
applicable to various aromatic amines. Due to the
mild reaction conditions, common functionalities such
as ether, ester, ketone or cyano groups are tolerated
(Table 1, entries 1-5). Even basic amino groups and
free carboxylates are tolerated (entries 8—10). Various
heterocycles, such as quinolines and indole, were also
smoothly converted (entries 11-13). Remarkably, the
trifluoromethylation can be performed in the presence
of halo-, even iodo-substituents, so that 1t 1s
orthogonal to many palladium-catalyzed cross-
couplings (entries 6, 7). Most products are obtained
in pure form after aqueous workup and column
chromatography.

In most cases, the isolated yields of both protocols are
comparable. For quinolines, the in situ diazotization
led to the formation of an insoluble precipitate. Even
when redissolving it by adding 0.5 ml acetone, the
vield of protocol B remains lower than that of the two-
step protocol A. For aminoindoles and -benzoic acids,
which give reasonable yields with protocol A, almost
no product was formed in the one-pot procedure B. In
contrast, aminocarbazole, thiophene and
benzothiazole are successfully converted only using

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York
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method B, which may be caused by the instability of
the diazonium salts when isolated. Substrates that lead
to even less stable diazonium salts, such as 2-
aminopyridines, could not be triflucromethylated with
either protocol.

Table 1 Sandmeyer trifluoromethylation
Product Yield (%)* Product Yield (%)
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Isolated wield, A: starting from the arenediazonium
tetrafluoroborate; B: starting from the aniline. © Yield determined
by “F NMR using trifluoroethanol as internal standard.

16 B: 8

Conclusion

The Sandmeyer trifluoromethylation is a beneficial
strategy to access benzotrifluorides from readily
available starting materials and inexpensive reagents.
The reaction is possible either with intermediate
isolation of the diazonium salts, or as a one-pot
procedure starting from the anilines.

Experimental Section

All reactions were performed under a nitrogen
atmosphere in dry glassware containing a Teflon-
coated stirrer bar. Acetonitrile was dried by refluxing
over CaH, and fractional distillation. All reactions
were monitored by GC, spectroscopic yields were
determined by ""F NMR using trifluorocthanol as
internal standard. GC analyses were carried out using
a HP-5 capillary column (Phenyl Methyl Siloxane 30
m x 320 x 0.25) and a time program beginning with 2
min at 60 °C followed by 30 °C/min ramp to 300 °C,

2014-07-29 page 2 of 6
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then 3 min at this temp. Column chromatography was
performed using an Isco Combi Flash Companion
Chromatography System and pre-packed flash
columns (12 g) NMR spectra were obtained using
chloroform-d, methanol-d, or DMSO-d, as deuterated
solvents, with proton, carbon and fluorine resonances
at 400 MHz, 101 MHz and 376 MHz, respectively.
The diazonium salts were prepared from the
corresponding anilines following the procedure below
and were directly used. All other starting materials
were commercially available. All anilines and solvents
were purified by distillation or sublimation prior to
use. The other chemicals were used without further
purification.

Synthesis of Arenediazonium Salts from Anilines;
General Procedure: In a 50 mL round-bottom flask,
the aniline (10 mmol) was dissolved in a mixture of
ethanol (3 mL) and aqueous HBF, (50%, 2.5 mL, 20
mmol). fert-Butyl nitrite (2.7 mL, 20 mmol) was
added dropwise to the solution at 0 °C. The reaction
was stirred at room temperature for 1 h, then diethyl
ether (20 mL) was added to precipitate the
arenediazonium tetrafluoroborate, which was filtered
off and washed with diethyl ether (3 = 10 mL). The
arenediazonium tetrafluoroborate was dried in vacuo
(10® mbar) for 10 minutes, then directly used without
further purification. Some arenediazonium
tetrafluoroborates were recrystallized by dissolution in
acetone, followed by the re-precipitation by addition
of diethyl ether.

Two-Pot Synthesis of Benzotrifluorides from
Arenediazonium Salts: Procedure A: A 20 mL
crimp-cap vessel with Teflon-coated stirrer bar was
charged with copper thiocyanide (73.5 mg, 0.60
mmol) and cesium carbonate (489 mg, 1.50 mmol)
under an atmosphere of dry nitrogen. Acetonitrile (2
mL) and trifluoromethyl trimethylsilane (240 pL, 1.50
mmol) were added wvia syringe. The resulting
suspension was stirred at room temperature for 10
minutes and a solution of the arenediazonium
tetrafluoroborate (1 mmol) in acetonitrile (2 mL) was
added dropwise via syringe. The reaction mixture was
stirred at ambient temperature for 16 h. The resulting
mixture was filtered through a short pad of Celite (5
g) and rinsed with diethyl ether (20 mL). The resulting
organic solution was washed with water (3 x 10 mL)
and brine (10 mL). The organic layer was dried over
Mg30Q,, filtered and concentrated (700 mbar, 40 °C).
The residue was further purified by flash
chromatography  (S510,,  pentane/diethyl  ether
gradient), yielding the corresponding
benzotrifluorides.

One-Pot Synthesis of Benzotrifluorides from
Anilines; Procedure B: A 20 mL crimp cap vessel
with Teflon-coated stirrer bar was charged with the
amine (1.00 mmol), p-toluenesulfonic acid (258 mg,
1.50 mmol) and acetonitrile (2 mL) under nitrogen.
tert-Butyl nitrite (133 pl, 1.00 mmol) was added
dropwise wvia syringe. The resulting solution was

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York

stirred at room temperature for 30 minutes and then
added dropwise to a suspension of copper thiocyanate
(61.0 mg, 0.50 mmol), cesium carbonate (489 mg,
1.50 mmol) and trifluoromethyl trimethylsilane (240
uL, 1.50 mmol) in acetonitrile (2 mL) that was pre-
stirred at room temperature for 10 min. The resulting
suspension was stired at room temperature for
another 12 h. The resulting mixture was filtered
through a short pad of Celite (5 g) and rinsed with
diethyl ether (20 mL). The resulting organic solution
was washed with water (2 * 10 mL) and brine {10
mL). The organic layer was dried over MgSO,,
filtered and concentrated (700 mbar, 40 °C). The
residue was further purified by flash chromatography
(810,, pentane/diethyl ether gradient), yielding the
corresponding benzotrifluorides.

Synthesis of 1-methoxy-4-(trifluoromethyl)benzene
(1) [CAS: 402-52-8]. Prepared from 4-
methoxybenzenediazonium tetrafluoroborate (444 mg,
2.00 mmol) by following Procedure A and isolated as
a colorless liquid (286 mg, 1.62 mmol, 81%). The
product was also prepared from 4-methoxyaniline
(123 mg, 1.00 mmol) by following Procedure B (150
mg, 0.85 mmol, 85%2). The spectroscopic data were
reported previously.®!

Synthesis of 1-methyl-2-(trifluoromethyl)benzene
2) [CAS: 5140-17-6]. Prepared from 2-
methylbenzenediazonium tetrafluoroborate (103 mg,
0.50 mmol) by following Procedure A (75% vyield
determined by 19F NMR spectroscopic analysis). The
product was also prepared from 2-methylaniline (54
mg, 0.50 mmol) by following Procedure B (78% vield
by 19F NMR spectroscopic analysis).>'?

Synthesis of 1-methyl-3-(trifluoromethyl)benzene
3) [CAS: 401-79-6]. Prepared from  3-
methylbenzenediazonium tetrafluoroborate (103 mg,
0.50 mmol) by following Procedure A (98% yield as
determined by 19F NMR spectroscopic analysis). The
product was also prepared from 3-methylaniline (54
mg, 0.50 mmol) by following Procedure B (84% vyield
by 19F NMR spectroscopic analysis).'?

Synthesis of 1-methyl-4-(trifluoromethyl)benzene
@) [CAS: 6140-17-6]. Prepared from 4-
methylbenzenediazonium tetrafluoroborate (103 mg,
0.50 mmol) by following Procedure A (98% yield as
determined by 19F NMR spectroscopic analysis). The
product was also prepared from 4-methylaniline (54
mg, 0.50 mmol) by following Procedure B (98% vyield
by 19F NMR spectroscopic analysis).*'?

Synthesis of methyl 4-(trifluoromethyl)benzoate (5)
[CAS: 2967-66-0]. Prepared from 4-
(methoxycarbonyl)benzenediazonium etrafluoroborate
(250 mg, 1.00 mmol) by following Procedure A and
isolated as a colorless liquid (144 mg, 0.71 mmol,
71%). The product was also prepared from methyl 4-
aminobenzoate (154 mg, 1.00 mmol) by following
Procedure B as a liquid (169 mg, 0.83 mmol, 83%).
The spectroscopic data were reported previously.®'
Synthesis of phenyl(2-
(trifluoromethyl)phenylymethanone (6) [CAS: 727-
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99-1]. Prepared from 2-benzoylbenzenediazonium
tetrafluoroborate (296 mg, 1.00 mmol) by following
Procedure A and isolated as a colorless solid (184 mg,
0.74 mmol, 74%). The product was also prepared
from (2-aminophenyl)phenyl)methanone (201 mg,
1.00 mmol) by following Procedure B (198 mg, 0.79
mmol, 79%). The spectroscopic data were reported
previously. >

Synthesis of 4-(trifluoromethylbenzonitrile (7)
[CAS: 455-18-5]. Prepared from 4-
cyanobenzenediazonium tetrafluoroborate (108 mg,
0.50 mmol) by following Procedure A and isolated as
a colorless solid (58 mg, 034 mmol, 68%). The
product was also prepared from 4-cyanoaniline (118
mg, 1.00 mmol) by following Procedure B (156 mg,
0.91 mmol, 91%). The spectroscopic data were
reported previously.®*?

Synthesis of 1-chloro-4-(trifluoromethyl)benzene
8) [CAS: 98-56-6]. Prepared from 4-
chlorobenzenediazonium tetrafluoroborate (113 mg,
0.50 mmol) by following Procedure A (98% vield as
determined by 19F NMR spectroscopic analysis). The
product was also prepared from 4-chloroaniline (63
mg, 0.50 mmol) by following Procedure B (98% yield
by 19F NMR spectroscopic analysis).*'*

Synthesis of 1-iodo-4-(trifluoromethyl)benzene (9)
[CAS: 455-13-0]. Prepared from 4-
iodobenzenediazonium tetrafluoroborate (649 mg,
2.00 mmol) by following Procedure A and isolated as
a light-yellow liquid (373 mg, 1.37 mmol, 69%). The
product was also prepared from 4-iodoaniline (221
mg, 1.00 mmol) by following Procedure B (166 mg,
0.61 mmol, 61%). The spectroscopic data were
reported previously.®'?

Synthesis of N,N-dimethyl-4-
(trifluoromethyDaniline (10) [CAS: 329-17-9]
Prepared from 4-(dimethylamino)benzenediazonium
tetrafluoroborate (470 mg, 2.00 mmol) by following
Procedure A and isolated as a colorless solid (358 mg,
1.89 mmol, 95%). The product was also prepared
from NN-dimethylbenzene-1,4-diamine (140 mg,
1.00 mmol) by following Procedure B (172 mg, 0.91
mmol, 91%). The spectroscopic data were reported
previously.*"

Synthesis of 3-(trifluoromethyl)benzoic acid (11)
[CAS: 454-92-2]. Prepared from 3-
carboxybenzenediazonium tetrafluoroborate (236 mg,
1.00 mmol) by following Procedure A and isolated as
a colorless solid (139 mg, 0.73 mmol, 73%). The
spectroscopic data were reported previously.®
Synthesis of 2-(trifluoromethyl)benzoic acid (12)
[CAS: 433.97-6]. Prepared from 2-
carboxybenzenediazonium tetrafluoroborate (236 mg,
1.00 mmol) by following Procedure A and isolated as
a colorless solid (166 mg, 0.87 mmol, 87%). The
spectroscopic data were reported previously.®
Synthesis of 6-(trifluoromethyl)quinoline (13)
[CAS: 325-13-3]. Prepared from quinoline-6-
diazonium tetrafluoroborate (243 mg, 1.00 mmol) by
following Procedure A and isolated as a colorless solid
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(136 mg, 0.69 mmol, 69%). The product was also
prepared from quinoline-6-amine (147 mg, 1.00
mmol) by following Procedure B (105 mg, 0.53
mmol, 53%). The spectroscopic data were reported
previously.>™

Synthesis of 3-(trifluoromethyl)quineline (14)
[CAS: 25199-76-2]. Prepared from quinoline-3-
diazonium tetrafluoroborate (243 mg, 1.00 mmol) by
following Procedure A and isolated as a colorless solid
(145 mg, 0.74 mmol, 74%). The product was also
prepared from quinolin-3-amine {146 mg, 1.00 mmol)
by following procedure B (108 mg, 0.55 mmol, 55%).
The spectroscopic data were reported previously.*'?
Synthesis of S-(trifluoromethyl)-1H-indole (15)
[CAS: 100846-24-0]. Prepared from 1H-indole-5-
diazonium tetrafluoroborate (231 mg, 1.00 mmol) by
following Procedure A and isolated as a colorless solid
(85 mg, 0.46 mmol, 46%). The spectroscopic data
were reported previously.’®

Synthesis of 9-ethyl-3-(trifluoromethyl)-9H-
carbazole (16). Prepared from 9-ethyl-9H-carbazol-3-
amine (221 mg, 1.00 mmol) by following Procedure B
and isolated as a colorless solid (234 mg, 0.89 mmol,
89%). The spectroscopic data were reported
previously."?

Synthesis of methyl 3-(trifluoromethyl)thiophene-
2-carboxylate (17). Prepared from methyl 3-
aminothiophene-2-carboxylate (157 mg, 1.00 mmol)
by following Procedure B and isolated as a colorless
solid (145 mg, 0.69 mmol, 69%). The spectroscopic
data were reported previously.'?

Synthesis of 2-(trifluoromethyl)-1,3-benzothiazole
(18) [CAS: 14468-40-7]. Prepared from 2-amino-
benzothiazole (155 mg, 1.00 mmol) by following
Procedure B and isolated as a colorless solid (124 mg,
0.61 mmol, 61%) The spectroscopic data were
reported previously.?
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4.2.4. Sandmeyer Trifluormethylthiolierung

In den vergangenen Jahren wurden neben der Tmfletylierung ebenso einige
Verfahren zur Einfihrung von Trifluormethylthiolgspen in organische Molekile
entwickelt!?**24"1 Erst kiirzlich beschrieben Qirgt al. eine Kupferkatalysierte, oxidative
Trifluormethylthiolierung von Arylboronsauren mileenentarem Schwefel und Rupperts
Reagenz (Schema 56 Das Kupfer(lySalz bildet dabei zunachst einen
Kupfer(l)-Disulfidkomplex, der mit der Boronsaure zum-G&Ar Verbindung reagiert und

mit Rupperts Reagenz unter oxidativen BedingungenAtyltrifluormethylthioether bildet.

10 mol% CuSCN

0, . .
Ar—B(OH), + S, + Me,SICF, 20 mol% Phen Ar—SCF, 15 Beispiele
K;PO,, Ag,CO, 58-91%

4.2.4-24 4.2.4-25 DMF, 1t 4.2.4-26

Schema 50: Oxidative Trifluormethylthiolierung vanylboronsauren.

Zu den redoxneutralen, nukleophilen Trifluormethylthiolierungggehdéren Buchwalds
Palladiumr-katalysierte Trifluormethylthiolierung von Arylhajeniden mit praformiertem
AgSCR;,?*! eine Nicketkatalysierte Variante mit dem vergleichbar empfictun
MesNSCFR; nach Zhang und Vicie” und die Umsetzung mit praformiertem CuSGfach
Huang (Schema 513" Bei diesen Reaktionen erfolgt zunachst die oxigafiddition des
Metalls in die GHalogenid Bindung des Substrats und, in den begtsten Fallen, die
Transmetallierung der SGFGruppe auf das Metall. Das Produkt wird anschlie3éarch

eine reduktive Eliminierung erhalten.

Ar—X + (bipy)Cu—SCF, W Ar—SCF, + (bipy)Cu—X 175%(25‘6%}?@

4.2.4-27 4.2.4-28 110°C,15h 42 426 4.2.4-29

Schema 51: Trifluormethylthiolierung mit praforntiem CuSCE

Der Sandmeyeianaloge Transfer einer Sgfsruppe von praformiertem CuSgRuf
wenige, elektronenarme Diazoniumsalze beschrieberk €t al. bereits 19962 Ausgehend
von unseren eigenen Arbeiten zur Sandmeyer  Trifhediylierung  von
Aryldiazoniumsalze®® erfolgten nun Studien zur analogen Trifluormethiglierung mit
einerin situ gebildeten CuSGFSpezies. Erste Experimente zeigten, dass eine Kainm

aus Kupfer(l)salz, Schwefelquelle und Rupperts Rprag die gewlnschten
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trifluormethylthiolierten Produkte hdchstens in $pu liefern (Schema 52). Erst eine
Sandmeyer Thiocyanierung gefolgt von einer Triffaethylierung mit Rupperts Reagenz
fuhrte schliel3lich zur regioselektiven Umwandlunger dAryldiazoniumsalze in die

Zielverbindungen.

[Cu], "S", TMSCF,

N

CNCBE - S.
Ar—N, BF, Ar” T CF

DN I e

[Cu], NaSCN Ar/s(;CN
TMSCF,, Cs,CO,

3

Schema 52: Strategien zur Sandmeyer Trifluormeghyhg.

Auch dieses Projekt erfolgte in Zusammenarbeit khérrn Dr. Danoun und Herrn
Bayarmagnai. Alle Optimierungsarbeiten, sowie digdgsuchungen zur Anwendungsbreite
und zum Reaktionsmechanismus sind in der nachfdegerPublikation aufgefuhrt. Die
Katalysatoroptimierung erfolgte erneut durch Hebrn Danoun und Herrn Bayarmagnai.
Mein Beitrag bestand in der anteiligen Synthesetdifuormethylthiolierten Produkte. Das
Schreiben des Manuskripts erfolgte durch Herrn Danwéahrend sich Herr Bayarmagnai um
die mechanistischen Studien kimmerte und ich diehtiichtigen Produkte isolierte.
Weiterhin kimmerte ich mich um das Auswerten dexlyischen Daten und das Schreiben

der Supporting Information.

Die hier gezeigten Resultate wurden 2014 in Chdmsmence, Vol. 5, 1312-1316
publiziert. Die Publikation wurde fur dieses Manugk angepasst und mit Erlaubnis der
Royal Society of Chemistry beigeftgt.

G. Danoun, B. Bayarmagnai, M. F. Gruenberg and.LGdossenChem. Sci2014 5,
1312-1316, Sandmeyer trifluoromethylthiolation of arela@dnium salts with sodium
thiocyanate and Ruppert—Prakash reagdmiblished by The Royal Society of Chemistry
(RSC) on behalf of the Centre National de la RedfeScientifique (CNRS) and the RSC
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Sandmeyer trifluoromethylthiolation of arenediazonium salts
with sodium thiocyanate and Ruppert-Prakash reagent

Trifluoromethyl thioethers are obtained directly from aryl

and heteroaryl diazonium salts, sodium thiocyanate and the
inexpensive, easy-to-use trifluoromethylating reagent Me;Si—CF;
in the presence of a copper thiocyanate catalyst. The preparative
utility of this Sandmeyer-type trifluoromethylthiolation is
demonstrated by the synthesis of 22 aryl and heteroaryl
trifluoromethyl thioethers bearing various functionalities from
the corresponding anilines.
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In the presence of copper thiocyanate,
trifluoromethylating reagent MesSi—CF3, diazonium salts are smoothly converted into the corresponding
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sodium thiocyanate and the inexpensive, easy-to-use

aryl trifluoromethyl thioethers. Combined with diazotisation, this convenient and inexpensive method

DOI: 10.1039/c35c53076k

www.rsc.org/chemicalscience corresponding anilines.

Introduction

In recent years, methods for the introduction of fluorine-con-
taining groups into organic molecules have attracted great
attention within organic synthesis, as they can impart desirable
properties to bioactive compounds.® Substantial progress
has recently been achieved in the field of late-stage tri-
fluoromethylations,> whereas the corresponding  tri-
fluoromethylthiolations are less developed.®> In general,
trifluoromethylthio groups induce even higher lipophilicity
than trifluoromethyl substituents (Hansch constant = = 1.44
versus 0.88)," and are more bulky. This allows a more effective
transport of drug molecules through lipid membranes, thereby
increasing their bioavailability. Thus, SCF; groups are often
seen as key functionalities of many pharmaceutical and agro-
chemical products, such as tiflorex, toltrazuril (Baycox®) or
vaniliprole.®

Traditional strategies

As shown in Scheme 1, several access routes exist for the
formation of trifluoromethyl thioethers. Traditional strategies
for the introduction of SCF; groups include halogen-fluorine
exchange reactions of trihalogenomethyl thioethers (A),® as well
as trifluoromethylations of sulfur-containing compounds such
as thiols,” thiocyanates® and disulfides,’ all of which have to be
synthesised in additional steps (B). More modern, one-step
trifluoromethylthiolation methods can be divided into four
main categories: electrophilic (C and D), nucleophilic (E) and
radical (F), as well as oxidative cross-couplings (G). Examples of

FB Chemie-Organische Chemie, TU Kaiserslautern, Erwin-Schrodinger-Str. Geb. 54,
D-67663 Kaiserslautern, Germany. E-mail: goossen@chemie.uni-kl.de; Fax: +49 631
205 3921

1 Electronic supplementary information (ESI) available: procedural and spectral
data. See DOI: 10.1039/c35¢53076k

1312 | Chem. Sci., 2014, 5, 1312-1316

allows the straightforward synthesis of aryl or heteroaryl trifluoromethyl thioethers from the

electrophilic = processes are the reactions of tri-
fluoromethanesulfonamides with aryl-magnesium or lithium
reagents reported by Billard et al (Scheme 1, C)* and the
copper-mediated reaction of arylboronic acids with hypervalent
iodine-SCF; reagents by Lu and Shen (D).** Nucleophilic tri-
fluoromethylthiolations include, for example, the palladium-
catalysed trifluoromethylthiolation of aryl halides with sensitive
AgSCF; by Buchwald et al.,”> and the nickel-catalysed coupling
of aryl halides either with the similarly unstable Me,NSCF; by
Zhang and Vicic,” or with stable, but laborious-to-prepare
copper-trifluoromethylthiolate complexes by Huang (E).** C-H
functionalizations are exemplified by the copper-mediated
ortho-trifluoromethylthiolation of benzamides with CF;S-SCF3
by Daugulis et al (F)."* Oxidative trifluoromethylthiolations
have been reported by Qing et al.,*'” who treated boronic acids
with the Ruppert-Prakash reagent (TMSCF;) and sulfur in the

N sy
R
Pz

Y=H- F,C*
Y=CN—FsC~
Y = SAr - F5C7 FoC

Ph., .SCF, ,
N R [Cu], (F5CS),
o Mec! % Z \ XN
i
R_
©/ [Cu] [P@], AQSCFs
+SCF3 D or [Ni], Me4NSCF3
or (bipy)CuSCF3
B(OH
N (OH), I's
R
—
X=1Br

Scheme 1 Strategies for the introduction of trifluoromethylthio
groups.

This journal is © The Royal Society of Chemistry 2014
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presence of CuSCN and silver carbonate (G). Very recently,
Zhang and Vicic developed a similar oxidative tri-
fluoromethylthiolation using Me,NSCFj; as the source of SCF3.**

Although the above approaches provide viable routes for the
formation of trifluoromethyl thioethers, they all entail short-
comings, such as the laborious multi-step preparation of
starting materials or the use of expensive, air-sensitive or poorly
available reagents. As an alternative, we present a cheap and
straightforward synthesis of trifluoromethyl thioethers via a
Sandmeyer-type reaction.

Sandmeyer trifluoromethylthiolation

In the context of our work on new trifluoromethylation reac-
tions,"*** we have developed an effective synthesis of benzotri-
fluorides via a Sandmeyer reaction.* The key advantage of this
reaction over related processes® is that the Cu-CF; reagents are
generated in situ from simple trifluoromethyl silanes or borates.
An analogous reaction concept, in which easily accessible dia-
zonium salts are converted into the corresponding tri-
fluoromethyl thioethers via a redox-neutral reaction involving a
nucleophilic CF; reagent in combination with a sulfur source,
appeared to be a plausible and attractive way of introducing
trifluoromethylthio groups (Scheme 2, bottom). Clark et al. have
shown the principal feasibility of Sandmeyer tri-
fluoromethylthiolations starting from preformed CuSCF;.
However, they found that their laboriously prepared CuSCF;
complex transfers its SCF; group only reluctantly to diazonium
salts, so that only a few electron-poor aryl trifluoromethyl thi-
oethers could be accessed in reasonable yields.>

Simply combining Clark’s process with the in situ formation of
the Cu-SCF; reagents from a trifluoromethylating and a sulfu-
rising agent thus did not appear to be a promising strategy
towards a one-step trifluoromethylthiolation process. This
assumption was supported by a series of test experiments (Table 1,
entries 1-3).

While searching for another straightforward strategy to
introduce trifluoromethylthio groups, we reasoned that it
should be advantageous to first connect the aryl-C-S and then
the S-CF; bonds. In search for a viable reaction pathway, we
struck upon a report by Langlois et al. in which they demon-
strated that aryl thiocyanates can be trifluoromethylated with
Ruppert-Prakash's reagent.®* We reasoned that if we performed
a Sandmeyer thiocyanation® in the presence of a nucleophilic
trifluoromethylation reagent, the arenediazonium salts might

[Cu], NaSCN CFs3
TMSCF5 C

Cs,CO; X S\CN
R &
[T

X No X
R-- BF, R
Pz =
\ [Cu], "S", TMSCF, /

Scheme 2 Approaches to Sandmeyer trifluoromethylthiolations.
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Table 1 Optimisation of the reaction conditions®

: SCF3
MeO

TMSCF3
+ CuSCN, additive
sulfur source

solvent, RT

1 2
Entry  Sulfur source Additive ~ Solvent Yield of 27 [%]
1¢ Sg CsF MeCN 5
2¢ Lawesson's reagent ~ CsF MeCN Traces
3¢ Na,S CsF MeCN 0
4 NaSCN CsF MeCN 30
5 KSCN CsF MeCN Traces
6 NH,SCN CsF MeCN Traces
7 NaSCN Cs,CO;3 MeCN 98
8 NaSCN Cs,CO;3 DMF 81
9 NaSCN Cs,CO; Acetone 18
10 NaSCN — MeCN 0
11 — Cs,CO; MeCN 0
124 NaSCN Cs,CO;  MeCN 0
13° NaSCN Cs,CO3 MeCN 34
14" NaSCN Cs,CO;  MeCN 98
15% NaSCN Cs,CO3 MeCN 67

“ Reaction conditions: 0.5 mmol CuSCN, 2 equiv. additive, 1.5 equiv.
sulfur source, 2 mL solvent, RT, dropwise addition of 0.5 mmol 1 in
2 mL of solvent, then 2 equiv. TMSCF;, 12 h. b Yields were
determined by '’F NMR using 1,3-difluorobenzene as an internal
standard, ° TMSCF; added before 1. ¢ Without CuSCN. 1 equiv.
Cs,C03.7 0.5 equiv. CuSCN. € 0.1 equiv. CuSCN. Lawesson's reagent =
2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-dithione.

directly be converted into the corresponding aryl tri-
fluoromethyl thioethers (Scheme 2, top). However, this
appeared to be merely a theoretical possibility, since nucleo-
philic CF; sources are known to react smoothly with copper
salts.”>»**** Thus, one would expect that any trifluoromethylat-
ing reagent capable of substituting a cyano group in an aryl
thiocyanate would also react with CuSCN intermediates to give
unwanted Cu-CF; or Cu-SCF; species. Nevertheless, we were
intrigued by the prospects offered by a one-pot tri-
fluoromethylthiolation process and decided to evaluate its
feasibility.

Results and discussion
Development of a Sandmeyer trifluoromethylthiolation

We systematically investigated the reaction of 4-methoxy-
benzenediazonium tetrafluoroborate with sodium thiocyanate
and TMS-CF; as a model system in the presence of various
copper catalysts (see ESIt). As expected, anisole and 4-methoxy-
benzotrifluoride were formed in most cases, while the desired
trifluoromethyl thioether 2 was only a minor product. However,
when slowly adding the diazonium salt 1 and TMSCF; to a
mixture of sodium thiocyanate, CuSCN and CsF in acetonitrile,
the desired trifluoromethyl thioether 2 was obtained in an
encouraging 30% yield, along with a residual aryl thiocyanate
intermediate (Table 1, entry 4). Under these conditions, the
formation of 4-(trifluoromethyl)anisole was no longer observed.

Chem. Sci., 2014, 5, 1312-1316 | 1313
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Further experiments revealed that sodium thiocyanate is the
most effective reagent, whereas many other thiocyanate salts
suppressed the subsequent trifluoromethylation step (entries 5
and 6). A decisive step-up in the yields was achieved when
replacing CsF, which is commonly used to activate TMSCFs,
with Cs,CO; (entry 7). Acetonitrile was confirmed to be the most
effective solvent, which corresponds well with the findings for
other Sandmeyer reactions (entries 8§ and 9).>

Control experiments revealed that the reaction does not
proceed if the copper mediator, the basic additive or sodium
thiocyanate are omitted (entries 10-12). Reducing the amount
of base to one equivalent led to decreased yields (entry 13). Even
when the amount of copper was reduced to 50 mol%, the aryl
trifluoromethyl thioether 2 was formed in a near-quantitative
yield, with traces of the aryl thiocyanate as the only detectable
by-product (entry 14). Reasonable yields were obtained even
with only 10 mol% of copper (entry 15), which suggests that
future catalyst generations will allow the metal loading to be
lowered to truly catalytic amounts.

Scope of the new transformation

Having thus found an effective protocol for the tri-
fluoromethylthiolation of arenediazonium salts, we next inves-
tigated its scope. As can be seen from the examples in Table 2,
various arenediazonium tetrafluoroborates were smoothly
converted into the corresponding aryl trifluoromethyl thio-
ethers in moderate to excellent yields. In contrast to the reaction
of diazonium salts with preformed CuSCFs;, the new process is
in no way limited to strongly electron-deficient derivatives.

Common functionalities including ester, ether, amino, keto,
carboxylate and cyano groups were tolerated. Substrates con-
taining chloro, bromo or even iodo substituents were tri-
fluoromethylthiolated selectively at the position of the
diazonium group. Various heterocycles such as quinoline,
thiophene, benzothiazole and carbazole were also smoothly
converted. Most products were directly obtained in a sufficiently
pure form to allow their straightforward isolation. Only in a few
cases did traces of the protodediazotisation products compli-
cate the purification of the crude products. These results
demonstrate the utility of the new reaction for the late-stage
trifluoromethylthiolation of highly functionalised
intermediates.

Mechanistic investigations

In order to gain a deeper mechanistic understanding, the
reaction was investigated by F NMR. Mixtures of CuSCN,
TMS-CF; and Cs,CO; in MeCN were found to contain CuCF;
(—28.1 ppm) and [Cu(CFs),]” (—31.2 ppm), but no CuSCF;
species.”® This indicates that the SCN™ anion does not react
with TMS-CF; under the reaction conditions. When NaSCN was
added to the above mixture, the formation of CFs;-copper
species was no longer observed. This explains why no tri-
fluoromethylation products are obtained under the optimised
conditions. Further experiments confirmed that 4-methoxy-
benzenediazonium tetrafluoroborate (1) is smoothly converted
into the aryl thiocyanate by treatment with CuSCN, NaSCN and

1314 | Chem. Sci, 2014, 5, 1312-1316

View Article Online

Edge Article

Table 2 Scope of the trifluoromethylthiolation of arenediazonium
salts®

TMSCF;
CuSCN, Cs,CO;3
- NaSCN
Ar—N, BF,4 AT_SCF3
MeCN, RT
F F F
N SCF3 N SCF; SCF;
MeO-- Me -
= = Ph

p-OMe 2, 82% 7,74%

0-OMe 3,° 77%

p-Me 4,” 98%
m-Me 5,° 98%
o-Me 6,° 92%

SCF; SCF5

MeOC—-

SCF;

Q
&
Q

NC PhOC

8, 86% m-COMe 9, 62%
p-COMe10, 71%

SCF,

11, 63%

SCF,4 SCF,

Q
Q
"

MeO,C Me,N cl

12, 79% 13, 83% 14,° 98%

SCF,4 SCF; HO,C SCF,4

o
Q

Q

15, 74% 16, 78% 17, 23%
SN
N SCFs_~ SCF,4 | SCF3
T
N N
18, 62% 19, 55% 20, 31%
O SCF; SCF4 N SCF3
) {1 T
N S s
Et CO,Me
21, 66% 22, 59% 23, 42%

¢ Reaction conditions: 1 mmol of arenediazonium tetrafluoroborate in
4 mL MeCN and 2 equiv. of TMSCF; were slowly added to 0.5 equiv.
CuSCN and 2 equiv. Cs,CO; in 4 mL MeCN and stirred for 12 h at RT.
Isolated yields are noted. ” Yields determined by '°F NMR using
1,3-difluorobenzene as an internal standard.

Cs,CO; in MeCN in the absence of a nucleophilic CF; source.
Moreover, preformed aryl thiocyanate quickly reacted to the
corresponding aryl trifluoromethyl thioether 2 in the presence
of a mixture of TMSCF; and Cs,COj;, a process that does not
require copper. Thus, a Sandmeyer trifluoromethylthiolation
pathway involving CuSCF; species was ruled out. Based on
these results, we propose a mechanistic cycle, as depicted in
Scheme 3.

The diazonium salt is initially converted into the thiocyanate
via a Sandmeyer process, in which the Cu'SCN species first
transfers a single electron to the diazonium salt (I). The
resulting diazo radical II releases nitrogen gas with the forma-
tion of an aryl radical III, which takes up the thiocyano group
from the copper(n) intermediate to form the aryl thiocyanate IV.
The presence of intermediate radicals was confirmed by the
finding that the addition of TEMPO resulted in strongly

This journal is © The Royal Society of Chemistry 2014
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©/ CN + [Cu(')] - © +
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B TMSCF,
[CF3] +
Cs,CO;,
S
©/ “CF,
v

Scheme 3 Proposed mechanism.

+ TMSCN

decreased yields (20%). In the presence of Cs,COs3, the nucleo-
philic trifluoromethylation reagent TMSCF; does not interfere
with the above reaction steps, but efficiently converts the newly
formed aryl thiocyanate to the trifluoromethyl thioether. This
nucleophilic displacement of a cyanide leaving group by CF; is
promoted by Cs,COs3, probably by coordinating to the silicon
atom in TMSCF;.

Conclusion

In conclusion, we have developed a straightforward, inexpen-
sive and expedient method for the regiospecific conversion of
arenediazonium salts into the corresponding aryl tri-
fluoromethyl thioethers. The reaction is broadly applicable to
electron-rich and electron-poor arene- and hetero-
arenediazonium salts and tolerates various functional groups.
The availability of the substrates from the large pool of aromatic
amines, the use of inexpensive reagents and the mild reaction
conditions make this reaction particularly attractive for various
applications from drug discovery to industrial-scale syntheses.

Experimental section

The standard procedure for the synthesis of trifluoromethyl
thioethers from the corresponding arenediazonium salts is as
follows. Under a nitrogen atmosphere, an oven-dried 20 mL
crimp cap vessel with a Teflon-coated stirrer bar was charged
with copper thiocyanate (61.4 mg, 0.50 mmol), caesium
carbonate (652 mg, 2.00 mmol) and sodium thiocyanate
(122 mg, 1.50 mmol). Acetonitrile (4 mL) was added via syringe
and the resulting suspension was stirred at room temperature
for 10 minutes. A solution of the arenediazonium tetra-
fluoroborate (1.00 mmol) in acetonitrile (4 mL) was added
dropwise via syringe and the reaction mixture was stirred for
another 10 minutes. Trifluoromethyl-trimethylsilane (321 pL,
2.00 mmol) was then added via syringe and the mixture was
stirred at ambient temperature for 16 h. The resulting mixture
was filtered through a short pad of Celite (5 g) and rinsed with
diethyl ether (20 mL). The resulting organic solution was
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washed with water (10 mL) and brine (10 mL). The organic layer
was dried over MgSO,, filtered and concentrated (700 mbar,
40 °C). The residue was further purified by flash chromatog-
raphy (SiO,, diethyl ether-hexane gradient), yielding the corre-
sponding trifluoromethyl thioethers.
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4.3. Selektive Monoarylierung primarer Amine

4.3.1. Hintergrund

Klassisch erfolgen €N  Bindungsknupfungen (Uber die Kupfeermittelte
Ullmann-Goldberg-Reaktion von Arylhalogeniden mit aromatischen Amif&*?*® die
nukleophile  Substitution  elektronenarmer aromatsch oder heteroaromatischer
Halogenidé®® die Additionen an Arinintermedidfe®2*® oder die reduktive Alkylierungen
primarer Aming>® Diese Methoden besitzen alle inhdrente Limitiermgetwa eine
begrenzte Substratbreite oder eine geringe Tolegageniber funktionellen Gruppen. In den
letzten zwanzig Jahren wurden zahlreiche Verfahren Palladiurkatalysierten €N
Bindungskntipfung entwickelt, die allgemein unter mde Begriff  der
Buchwald-Hartwig-Kupplungen bekannt sidéf>?*? Diese Reaktionen erlauben den Einsatz
eines breiten Substratspektrums und gehdren matler zum Standardrepertoir eines jeden

Laborchemikers.

2 mol% Pd,(dba),/2 P(o-Tol),
oder 152

Br 2 mol% [PdCI,{P(o-Tol),},] NR'R
R + HNR!R2 + NaO'Bu R
Toluol, 65-100 °C, 3 h

4.3.1-1 4.3.1-2 4.3.1-3 4.3.1-4

Schema 53: BuchwattHartwig-Aminierung sekundérer Amine.

Aufbauend auf den Pionierarbeiten von Kosugi, Kaanegy und Migita zur Kupplung von
Zinnamiden mit Arylhalogenidéft® erschienen 1995 zeitgleich Arbeiten von Buchifid
und Hartwid?® zur Palladiumkatalysierten Kupplung sekundarer, aromatischern&nmit
Arylbromiden und-iodiden in Gegenwart einer Base (Schema 53). Desdfz der bidentaten
Phosphinliganden BINAP®?* und dppf® erméglichte kurz darauf auch die Kupplung
primarer Amine. Elektronenreiche, sterisch gehiteld?hosphanliganden zeigten sich in
nachfolgenden Studien als besonders aktiv in dansformation ginstiger Arylchloride
(Schema 54¥% Wahrend sich Hartwigs Arbeiten dabei hauptsachiihPBus™**2" und
den Ferrocenylliganden JosipH&% und Q-Pho&’? beschaftigten, entwickelte die Gruppe
um Buchwald unter anderem die Biarylphosphine JabsP"®! RuPhod?” XPho&"® und
BrettPhod?’® Diese Liganden liefern maRgeschneiderte Katalysgsteme zur Kupplung
einer Vielzahl von Substraten bereits bei Raumteatpe und Katalysatorbeladungen weit
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unter 1 mol%. In den Folgejahren wurden noch zaltieeweitere potente Ligandensysteme
entwickelt, darunter Xantphos durch van Leeultéh, Triaminophosphine durch
Verkade??’®281 Adamanty+?®? und Imidazolylphosphi@®! durch Beller und zahlreiche
NHC-Liganden?®*?% die die Anwendungsbreite der Palladitkatalysierten €N

Bindungsknupfung noch erweitern.

PPh, \‘/ @t PiBY,
Pt
® 4 By,

PPh Fe P Fe PCy, Ph._Fe _Ph
OO © e, >‘/ j< Ph@Ph
Ph
BINAP dppf PtBu, Josiphos (CyPF'Bu) Q-Phos
O PR, PR
el
JohnPhos: R1=H X-Phos: Rl = XantPhos

RuPhos: R1 = OiPr BrettPhos: Rl = OMe
R = Ph, Cy, 'Bu or Ad R = Ph, Cy, 'Bu or Ad

Schema 54: Liganden zur Palladidkatalysierten BuchwateHartwig—Aminierung.

Mechanistisch verlauft die Aminierungsreaktion zthrgi Giber die oxidative Addition des
Arylhalogenids an den Palladium{®atalysator (Schema 55|).?® Es folgt die
Koordination und Deprotonierung des primaren o@duadaren Aminslk), gefolgt von der
reduktiven Eliminierung des Produktdll (), bei der die aktive Palladiumpezies

gleichzeitig regeneriert wird.

SR &

4.3.1-4 43.11
QR Q
Lpd' Led R
NR'R X
1
HX + Base HNRIR2 + Base
4.3.1-2

Schema 55: Mechanismus der Buchwldrtwig—Aminierung.
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Neben der Synthese wichtiger Pharmaka und Pflaohatsnittel ist die
Buchwald-Hartwig~Aminierung von groBer Bedeutung fur die Syntheseuene
Funktionsmaterialien, etwa den Lochleiterschichtemoderner =~ OLEB und
Photovoltaik Anwendunger?®-2%°l Diese Lochleitermaterialien bestehen in der Regs
komplexen Triarylaminen, die sequentiell aus eifemiinderivat und zwei Arylhalogeniden
aufgebaut werden. Obwohl die modernsten Katalysgsteme eine €N Bindungsknipfung
bereits bei Raumtemperatur erméglicHéf,ist die hochselektive Monoarylierung primérer
Aniline noch immer problematisch. Selbst die selstén Katalysatorsysteme bendtigen
einen Uberschuss von +24 Aquivalenten des Amil8"?"¢?*?und damit verbunden auch

zusatzliche Trennungsschritte bei der Produktiamhe.
4.3.2. Pd(dippf)maleimid als hochselektives Katalysatotsys

In Zusammenarbeit mit der Umicore AG & Co. KG egtel die Entwicklung eines neuen
Katalysatorsystems zur selektiven Monoarylierunguiglarer Substratmengen in
konzentrierter Reaktionslosung. Auf Kundenwunsch rdeu die Kupplung eines

Carbazolderivates mit-Fluorenamin als Modellreaktion gewahlt (Schema 56).

Ph Ph
/ N
N 3 mol% Pd(dba), O
7 mol% P'Bu, Q
Q . NaO'Bu
* O Toluol, 110 °C
axt & L
Br H'N O O

4.3.2-1a 4.3.2-2a 4.3.2-3a

Schema 56: Modellreaktion zur Optimierung detNBindungsknupfung.

In zahlreichen Kontrollexperimenten wurden zunadKkatalysatoren unterschiedlichster
Struktur miteinander verglichen. In fast allen Eéll wurden deutliche Mengen des
diarylierten Nebenprodukts gebildet. Die hohe UV séiption des Produkts und des
Nebenprodukts erlaubten deren einfache dunnschidhtatographische Detektion und
Auswertung unter UV Licht, sodass selbst kleinspair8n des diarylierten Nebenprodukts

unmittelbar sichtbar waren.

Es erfolgte ein umfangreiches Ligandenscreening, lbem die geringsten

Nebenproduktmengen mit Ferrocenylphosphiganden mit dialkylsubstituierten
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Phosphinen beobachtet wurden. Die weitaus hochseektivitdt wurde mit
1,1-Bis(diisopropylphosphino)ferrocen (dippf) erhaltéxndere Liganden, auch solche, die
bekanntermalRen bei Arylierungen mit Arylbromidersdoelers hohe Ausbeuten liefern,
erwiesen sich als deutlich weniger selektiv. Geuiighn wird dippf nur selten fur
Arylierungen von Aminen eingesetzt und hat sicthéisnie als ausgesprochen vorteilhaft
erwiesen. Umso erstaunlicher war es, dass mit mi€bgstem gerade fur die Kombination aus
Arylaminen und Arylbromiden so gute Ergebnisse egtevurden. Mit einemn situ aus
Pd(dba) und dippf erzeugten Katalysatorsystem und in Gegenvon 1.2 Aquivalenten
KO'Bu als Base konnte gezeigt werden, dass in Toleol7b °C selbst in konzentrierter
Reaktionslésung ausschliel3lich das monoarylierteddt gebildet wird. Unter diesen
Bedingungen konnte die Katalysatorbeladung zudem ¥@nol% auf 0.2 mol% gesenkt

werden.

Neben  diesem insitu  gebildeten Katalysator ~ wurde  die  kristalline
Koordinationsverbindung Pd(dippf)maleimid als préaicerte Spezies dargestellt und
Pd(dippf)(vs)tol als lagerstabile Katalysatorlosungn  Toluol als alternative
Katalysatordarreichungsform entwickelt. Alle Ergeise des Ligandenscreenings und der
Optimierungsarbeiten, die Untersuchungen der Anwegsbreite, die Synthesen im
praparativen Maldstab und der Einsatz des Katalgsato Eintopfreaktionen sind im
nachfolgenden Manuskriptentwurf enthalten. Die ldele Monoarylierung wurde weiterhin
zum Patent angemeldet, weshalb die Veroéffentlichuley Manuskripts derzeit noch
zuruckgehalten wird. Die Katalysatorlosung Pd(difys)tol ist bei Umicore mittlerweile

kommerziell verfugbar.
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Abstract. Pd(dippfimaleimide was found to selectively
promote the Pd-catalyzed monoarylation of primary amines
using a catalyst loading of 0.2 mol% in concentrated
solution. The advantage of the catalyst system was
demonstrated on the selective formation of several
secondary amines, preparative scale syntheses and the one-
pot synthesis of tertiary amines. Furthermore, Pd(dippfvs
was introduced as ready-made catalyst solution.

Keywords: amination; heterocycles; homogeneous
catalysis; palladium; phosphane ligands

Since the first report in 1987 by Tang and Van
Styke.!"! organic light emitting diodes (OLED) have
undergone a tremendous development.””! An intensive
rescarch effort has vastly improved the performance
and lifetime of electroluminescent materials and has
led to their application in digital displays and solid-
state lighting."*! Beside polymer-based devices,'*!
especially small molecule OLEDs proved to exhibit
an excellent efficiency and a high durability.”
Furthermore, they allow a high flexibility in
molecular design and the exact deposition of thin
layers by vacuum sublimation.”

Modern OLEDs have multilayered structures,
consisting of an emitter layer that is usually situated
between electron and hole transporting layers and the
positive and negative electrodes. Among the hole
transport materials, triphenylamine-based compounds
with carbazole'®! and fluorene!! moieties possess a
remarkably high thermal stability (ATs,) and glass
transition temperature (Tg), important parameters for
the development of organic  semiconductors.
However, the quality of the precursors is crucial for
the desired longevity and performance of electronical
devices and advanced solutions for their high-purity
fabrication are constantly sought.

Nowadays, arylamines are commonly synthesized
via Buchwald-Hartwig amination, the transition-
metal catalysed coupling of primary or secondary
amines with aryl bromides or chlorides in the
presence of a base (Scheme 1).1*°! However, known
procedures for the synthesis of diarylamines often

112

employ an excess of the primary amine or catalyst
loadings higher than 1 mol% of palladium.

Ph

v

O Ph Ph
1 O a®
Pd(dbal,
P{Bul; R
5 MNaO Bu Q
MNH

=

=
=-.

+ P —

toluene [Pd]
, 110°C NH N‘@
oY, oY VAN
O 2a O 3a O 4

Scheme 1. Sequential synthesis of tertiary amines.

Therefore, we headed out for the development of a
convenient, scalable and Iighly  selective
monoarylation procedure that works in high
concentration, requires only equimolar amounts of
the coupling partners and small amounts of palladium.

sol
oo

BINAP

R

\‘/ O . R I PCy,
>fp\]< Y2 g Pr
Pr

P{iBu ), JohnPhos APhos, R=H

BrettPhos, R=Cie

: PR2
Q Fe
PP

PR
n, pPn, Ty

Hantphos dppf, R=Ph
also R=Cy, Bu, Pr

Figure 1. State-of-the-art ligand systems.

Several state-of-the-art catalyst systems (Figure
¥ were benchmarked in the model reaction of 4-
bromotoluene (1b) with aniline (2b) in the presence
of 1.2 equivalents of NaO/Bu as base and toluene as
solvent (Table 1). After 20 h at 70 °C, most of the
catalysts led to a full conversion of the starting
materials (entries 1-11), only the Pd-NHC systems
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were far less effective and furnished the desired
product 3b in only 7-9% yield (entries 12, 13).

Table 1. Benchmark of several state-of-the-art catalysts.”

Pd-source (0.2 mol%)
ligand (0.2 mol%)

pokBr + HALPh NaOfBu (1.2 equ.)  p-tol N _Ph ptol\N/
toluoene H ptol
1b 2 70°C 20N 3b 5b
Entry Pd source Ligand Yield [%]
3b 5b
1 Pd(PfBus), - 91 4
2 [Pd(uBr)(PrBu;)], - 9 4
3 Pd(dba), JohnPhos 920 2
4 " XPhos 9 1
5 " CyBrettPhos 87 1
6 " BINAP 71 1
7 " XantPhos 88 2
8 " dppf 72 1
9 " deypf 76 trace
10 " dtbupf 92 4
11 " dippf 94 n.d.
12 (IPr)Pd(allyl)Cl - 9 nd
13 (IPr)Pd(cinnamy)Cl - 7 nd.
14 Pd(dippf)vs - 92 n.d.
15 Pd(dippf)maleimmide dippf 93 n.d.

Y Conditions: 1.00 mmol of 1b, 1.00 mmol of 2b, 1.20
mmol NaOrBu, 0.2 mol% Pd source, 0.3 mol% of a
monodentate ligand or 0.2 mol% of a bidentate ligand, 1
mL toluene, 70 °C, 20 h. GC yields with n-tetradecane as
internal standard. dippf = 1,1'-Bis(diisopropylphos-
phino)ferrocene.

However, the formation of the desired amine was
always accompanied by the formation of the
byproduct Sb in 1-4%. Only the ferrocenyl ligand
dippf led to the selective formation of the secondary
amine and did not even show traces of Sb (entry 11).

To confirm these findings, the screening
experiments were repeated with the large -
conJugated starting materials depicted in Scheme

! The catalysts with the electron-rich P(zBu); as
well as the Buchwald type biaryl phosphines led to
the precipitation of the white product already after 30
minutes. In contrast, the catalysts employing
bidentate phosphine ligands required significantly
longer to form substantial amounts of the desired
product, probably due to the steric bulk of the ligands.
The conversion was followed by TLC and showed
comparable selectivities as before. While GC yields
of 1-4% for the side product seemed negligible, the
huge m-conjugated skeleton of the amine led to
significant spots under UV light. This underlines the
necessity of an absolutely selective amination catalyst,
especially for applications where material or
manufacturing faults cannot only alternate the
conductivity of the electrical material, but can lead to
its premature deterioration and in case of OLEDs,
the formation of black spots."

We continued to explore the reactivity of
Pd(0)dippf complexes and found that a ready-made
catalyst solution of Pd(dippf)vs (vs = 1,3-
divinyltetramethyldisiloxane) in toluene serves
equally well in the mentioned couplings (Table 1,
entry 14) and allows the convenient liquid addition to
the starting materials.

Figure 2. ORTEP illustration of Pd(dippf)maleimide 6
(50% probability ellipsoids).

Upon the addition of maleimide to a Pd(dippf)vs
solution in diethyl ether, Pd(dippf)maleimide (6)
precipitates as air-stable yellow solid. Albeit this
preformed complex showed a slightly lower
reactivity than the in situ generated complex from
Pd(dba?&], additional dippf not only compensated this
effect,!"” but also rendered the catalyst more robust in
terms of thermal stability and selectivity at reaction
temperatures higher than 80 °C. Using the
combination of 6 and dippf in the synthesis of 3b led
to an isolated yield of 94%. Figure 2 illustrates the
structure of complex 6 with a dippf bite angle of
105.9° and the n*-coordinated maleimide ligand.

Having the optimal catalyst system in hand, we
next examined the scope of the monoarylation
reaction (Table 2). Several mono- and polycyclic
aromatic compounds, dibenzofurane and —thiophene
as well as carbazole and fluorene derivatives were
selectively transformed into the corresponding
secondary amines in excellent yields and selectivities.
Furthermore, ketones and also secondary amines
were tolerated under the reaction conditions, without
undesired nucleophilic additions or arylations.

To further investigate the utility of the protocol in
preparative scale syntheses, we employed 0.2 mol% 6
with 0.1 mol% dippf or 0.2 mol% Pd(dippf)vs in 20
mmol scale reactions and isolated 3a in 97%
respectively 92% yield.

We next tried to use the selective formation of the
secondary amines in the one-pot synthesis of tertiary
amines and added p-anisyl chloride to the model
reaction depicted in Table 1. While the aryl chloride
stayed unchanged after 20 h at 70 °C, the remaining
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Table 2. Reaction scope of the monoarylation reaction.”

6 (0.2mol%)

dippf (0.2 mol%) ,

NaOtBu (1.2 equ.) Al AT
Ar-Br + HN-AR ———— "= \

toluene H
1a-e 2a-i 70°C,20h 3a-l
Entry Ar'-Br H,N-Ar Yield [%]
1 ©\Br . 95

87

g

92

HM g
O
9 " HZN 88
10 " HZN 9%
29
MNEL
11 " HQN 95
Ph
HIN
12 ' D 84
HN

entirely convert the intermediate secondary amine
into the final product and to increase the solubility of
the additional base. However, the best selectivity was
achieved when the second halide was not directly
added to the reaction mixture, but after 20 h, when
the secondary amine was already formed.

The scope of the one-pot procedure is illustrated in
Table 3. Aryl chlorides and bromides served equally
well  as coupling  partners.  Beside  the
unfunctionalized biaryl and naphthyl substituents,
also quinolinyl, quinazolinyl and N-arylpyrrole
derivatives were tolerated and furnished the
corresponding products in excellent yields.

Table 3. Highly selective synthesis of tertiary amines.”

6 (0.5 mol%)
dippf (0.5 mol%) /|er .llxr2
NaOifBu (2.4 equ.) X-Ar3
Ar'-Br+ H,N-Ar N ANo, s
7 toluene, ArH o0 ec, 2an ATTAY
1a 2alc 80°C, 20N 3aj da-i
Ar! = 4-(8-phenyl-9H-carbazol-3- yl)phenyl' X =Br, Cl
Entry H,N-Ar? Yield [%)]
&y
\‘\. )
H,N 1d
2 " 24
1h
Er:
3 " 96

1i

4 " Clm 91

1
cl | N\]/Ph
5 ' A 75
1K

6 " e 95

2c Ph N

oWy

8 " ™ 95

@

3 Conditions: 1.00 mmol aryl bromide, 1.00 mmol amine,
1.20 mmol NaOBu, 0.2 mol% 6 and 0.2 mol% dippf, 2
mL toluene, 70 °C, 20 h.

reaction proceeded as desired. Increasing the reaction
temperature from 70 °C to 120 °C for another 24 h
led to the formation of the tertiary amine along with
some unreacted secondary amine.  Further
optimizations showed that 0.5 mol% of the catalyst, a
small excess of the second aryl halide and an imtial
reaction temperature of 80 °C were beneficial to
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A Conditions: 1.00 mmol Ar'-Br, 1.00 mmol amine, 2.40
mmol NaO#Bu, 0.5 mol% 6 and 0.5 mol% dippf, 2 mL
toluene, 80 °C, 20 h. Then 1.10 mmol Ar’-X in 0.5 mlL
toluene, 120 °C, 24 h.

In conclusion, a catalyst system consisting of
Pd(dlppﬂmalelmlde and dippf efficiently promotes
the selective monoarylation of primary amines
without traces of the diarylated side product. The
reaction scope was demonstrated on the preparation
of various secondary amines of particular importance
for the synthesis of functional materials. The utility of
the new protocol was shown in preparative scale
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syntheses and the one-pot synthesis of several tertiary
amines. The overall process complements the known
amination procedures and offers a new synthetic tool
for the highly selective formation of amines without
undesired byproducts. This report may stimulate the
development of new generations of functional
materials with new light emitting properties and
electrical behaviors.

Experimental Section

Standard procedure for the selective monoarylation of
primary amines: A dry 20 mL crimp cap vessel was
charged with the aryl bromide (1.00 mmol), the primary
amine (1.00 mmol), sodium tert-butoxide (118 mg, 1.20
mmol) and a magnetic stir bar and was kept in vacuum for
10 min. After three nitrogen-vacuum cycles, a stock
solution of Pd(dippf)maleimide (1.24 mg, 0.002 mmol)
and dippf (0.85 mg, 0.002 mmol) in dry, distilled toluene
(2 mL) was added via syringe. The reaction mixture was
stirred at 70 °C for 20 h, cooled to room temperature and
diluted with dichloromethane (30 mL) and water (30 mL).
The aqueous layer was separated and extracted with fresh
dichloromethane (2 = 2 ng. The combined organic
layers were dried over MgSO,, {iltered and concentrated in
vacuo 840 °C, 500 mbar%. The crude product was further
urifie b?r flash  chromatography (basic ALO;,
exane/ethyl acetate or hexane/diethyl ether), yielding the
corresponding amine (76-96%).

One-pot procedure for the synthesis of tertiary amines:
A dry 20 mL crimp cap vessel was charged with the aryl
bromide (1.00 mmol), the primary amme (1.00 mmol),
sodium terz-butoxide (235 mg, 2.40 mmol) and a magnetic
stir bar and was kept in vacuum for 10 min After three
nitrogen-vacuum  cycles, a  stock solution of
Pdgdippf)malelmlde 3.11 mg, 0.005 mmol) and dippf
(2.13 mg, 0.005 mmol) in dry, distilled toluene (2 mL) was
added via s&rrmge. he reaction mixture was stirred at
80 °C for 20 h, whereupon a solution of the second aryl
halide (1.10 mmol) in toluene (0.5 mL) was added via
syringe. The temperature was increased to 120 °C and the
mixture was stirred for another 24 h, then allowed to cool
to room temperature and diluted with dichloromethane (30
mL) and water (30 mL). The aqueous layer was separated
and extracted with fresh dichloromethane (2 x 20 mL). The
combined organic layers were dried over MgSQ,, filtered
and concentrated in vacuo (40 °C, 500 mbar). The crude

roduct was further purified by flash chromatography

asic ALO;, hexanefethyl acetate), yielding the
corresponding tertiary amine (75-96%).
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COMMUNICATION
Highly selective monoarylation of primary amines —_
with Pd(dippf)maleimide -
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5. Zusammenfassung der Arbeit

Im Rahmen dieser Arbeit konnten neue Konzepte aghimaltigen und regioselektiven
C-C, C-S und GN Bindungsknupfung entwickelt werden. Das Spektrden bearbeiteten
Themengebiete umfasste dabei hauptsachlich decdda@nde Kupplungen, aber auch
Sandmeyeranaloge Reaktionen und Buchwalithrtwig-Kupplungen.

Ausgehend von der decarboxylierenden Allylierung sdmelers  aktivierter
[-Ketocarbonsaureallylester konnte zunéchst ein ieffies Katalysatorsystem zur
Aktivierung und decarboxylierenden Kupplung prafarter a-Ketocarbonsaureallylester
entwickelt werden, mit dem zahlreiche Phenylglysiyreester in hohen Ausbeuten zum
a,f-ungesattigten Keton umsetzt werden konnen (Schemp Ber entscheidende
Decarboxylierungsschritt erfolgt dabei organokataty durch ein freies Phosphan und fihrt
zu Acylanionen, die in der Koordinationssphéare &atladiums gekuppelt werden. Diese
Decarboxylierung entspricht formal der UmpolungesinAldehyds, bei der aber keine
zusatzlichen Schutzgruppen bendtigt werden.

R' 5 mol% Pd(dba), O R
O\/& 25 mol% P(p-Tol), _ o
+COo, A 13 Beispiele
R Toluol R 2 62-99%
O 100 °C, 16 h
4.1.2-1 4.1.2-3

Schema 57: Decarboxylierende Allylierung prafori@ePhenylglyoxylsadureester.

Aufbauend auf diesen Arbeiten erfolgte die Entwick) intermolekularer
Reaktionsvarianten, bei denen die freien Arylglyeduren direkt umgesetzt werden kénnen
und eine vorangehende Estersynthese entfallt. Waergetesteten Allylquellen zeigte sich
Diallylcarbonat als besonder aktiv, da der Pallaqj-Katalysator zunachst in eine
C(Ally) -O Bindung insertiert und das Carbonat anschlielandinem Metatheseschritt
gegen das Carboxylat austauscht. Die Produktbildeniplgt daraufhin analog zur

intramolekularen Reaktionsvariante.

In nachfolgenden Studien wurde die Kombination aunssitu Veresterung und
decarboxylierender Kupplung einer Arylglyoxylsaumat Allylalkohol naher untersucht.
Dabei konnte ein effizientes Katalysatorsystemdiestd aus Pd(dkalind PPk entwickelt

werden, das in 1#Dioxan zundchst den Veresterungsschritt begunstigh gebildeten
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Allylester aktiviert und bei 100 °C decarboxyliederum Produkt Gberflhrt (Schema 58). Als
Nebenprodukte dieser salzfreien Kupplung werdeigliett Wasser und C&gebildet.

(0] 5 mol% Pd(dba), (0]
OH __ 35molo PPh, _ .
R *HOT T Dioxan R +CO,} +H,0 12Beispiele
o) i 63-96%
100 °C, 16 h
4.1.4-1 4.1.4-2 4.1.4-4

Schema 58: Decarboxylierende Allylierung mit Alljdahol.

Das Reaktionskonzept der vorgelagerten Verestemihgnschliel3ender-€O Aktivierung
und irreversibler Decarboxylierung konnte weiterhiauch erfolgreich auf die
decarboxylierende Benzylierung von Oxalsdureesteweitert werden (Schema 59). Dabei
werden die Benzyloxalate zunachst Phosphkatalysiert aus den Benzylalkoholen und
Dialkyl- oder Diaryloxalaten gebildet, vom Palladium{Ratalysator aktiviert und in
Gegenwart des Organokatalysators DABCO decarbarylte gekuppelt. Auch hier konnte

die Anwendungsbreite anhand zahlreicher Substetedstriert werden.

2 mol% Pd(OAc),
3 mol% dppp

OH i 10 mol% DABCO OR
R o J\H/OR R +CO, M +ROH 22 Beispiele
O/\ R'O I NMP o oA 41-95%

150 °C, 16 h
4.1.5-1 4.1.5-2 4.1.5-4

Schema 59: Decarboxylierende Benzylierung von Q&ala

Nachfolgend wurde die Reaktivitat von Benzoesalyiestern untersucht. Dabei erfolgten
zunachst Machbarkeitsstudien mit einem Palladiuai{@)alysator und danach die
Entwicklung einer Nickelkatalysierten decarboxylierenden Allylierung (SclaeBD). Bei
dieser Reaktion zeigte sich die Kombination ausINIBINAP und Zinkpulver als besonders
aktiv und konnte die Modellverbindung in 82% Austegerum gewtnschten Produkt

uberfuhren.

10 mol% NiCl, F
12 mol% BINAP P
1 Aquiv. Zink

NMP
100 °C, 16 h

F O/\/
+ co,t

F

4.1.6-1a 4.1.6-2a
82%

Schema 60: Nickekatalysierte decarboxylierende Allylierung von Beaten.

Die Nickel-katalysierte Decarboxylierung wurde zunachst in der

Protodecarboxylierungsreaktion ndher untersuchtdamsh mit der €O Bindungsaktivierung
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kombiniert. Da dies aber zu zahlreichen unselektiebenreaktionen und maximalen
Produktausbeuten von 25% fuhrte, wurde die Bianglsgse ausgehend von Arylestern nicht
weiter verfolgt. Stattdessen wurde die Reaktiviz#hlreicher Kohlenstoffelektrophile,
darunter Arylbromidestriflate, —tosylate,-mesylate und-sulfamate, in Nickelkatalysierten
decarboxylierenden Kreuzkupplungen untersucht. Neber Uberwiegenden reduktiven
Homokupplung konnte das gewiinschte Biaryl allerslimgir in maximal 53% Ausbeute
dargestellt werden (Schema 61). Die Entwicklung enetl-Donorliganden wird in
zukunftigen Arbeiten eine zentrale Rolle spieleenm nur die effektive Unterdriickung aller
Nebenreaktionen kann zur selektiven Produktbildiihgen.

F O 10 mol% NiCl,

Br 5 mol% terpy F
OK N 1 Aquiv. Zink
= NMP O
170°C,16 h F
4.1.7-8 4.1.7-10 4.1.7-5

53%

Schema 61: Nickekatalysierte decarboxylierende Kreuzkupplung voyldnromiden.

Im Rahmen der decarboxylierenden Allylierung wurdée Aktivitdt zahlreicher
Katalysatorsysteme getestet, darunter auch diePdbadium(l}-Dimers [Pdf+~Br)(PBus)]».
Uberraschend filhrte dieses aber nicht zu®@indungsaktivierung und Decarboxylierung,
sondern zur Doppelbindungsisomerisierung und deritdeerbundenen Synthese wertvoller
Enolester (Schema 62). Die Optimierung der Reakbedingungen flhrte zu einem
hochaktiven Katalysatorsystem, das selbst den mestditeraturbekannten

Isomerisierungskatalysatoren weit Gberlegen ist.

o r 0.25 mol% [Pd(u-Br)(PBu,)] o R
. 0 -
Rl)J\O)Y a ¥ Rl)J\O)\rw‘ 22 Beispiele
3 Toluol, 25-50 °C, 16 h 3 56-98%
4183 R 4184 R

Schema 62: [P@EBr)(PBus)], katalysierte Doppelbindungsisomerisierung.

In einem weiteren Teilprojekt erfolgte die Entwigkh einer Sandmeyesnalogen
Trifluormethylierungsreaktion. Dabei kénnen leichigangliche Aryldiazoniumsalze mit
in situ generierten CtCF; Verbindungen bereits bei Raumtemperatur in disggathenden
Benzotrifluoride Uberfuhrt werden (Schema 63). DAewendungsbreite dieser milden
Reaktion konnte an zahlreichen aromatischen uneérdetomatischen Diazoniumsalzen

demonstriert werden.
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60 mol% CuSCN
1.5 Aquiv. Cs,CO, Ar—N, BF, (4.2.2-1)
[ u—CF3]

TMS—CF, -
MeCN, rt, 10 min 16 h
4.2.2-21 4,2.2-2

Ar—CF. 19 Beispiele
¥ 40-98%

Schema 63: Sandmey@naloge Trifluormethylierung von Aryldiazoniumsaize

Nachfolgende Arbeiten flhrten zur Erweiterung dsed@eaktionskonzepts auf die
SandmeyefTrifluormethylthiolierung. Dabei erfolgt zunéachst ine
SandmeyefThiocyanierung zum Arylthiocyanat, welches in Gegart von Rupperts
Reagenz direkt in das trifluormethylthiolierte Putt Giberfiihrt wird. Auch dieses Verfahren
ermoglicht die Umsetzung (hetero)aromatischer Dhamosalze unter sehr milden
Reaktionsbedingungen und ermdglicht die Funktiemiung selbst hochkomplexer
Verbindungen.

50 mol% CuSCN
1.5 Aquiv. NaSCN

. 2 Aquiv. TMSCF ispi
Ar—N," BF A *~ Ar—SCF, gg ggf;p'e'e
2 Aquiv. Cs,CO, 070
4.2.4-1 MeCN, rt, 12h 4.2.4-2

Schema 64: Sandmey@naloge Trifluormethylthiolierung von Aryldiazonigalzen.

Im letzten Teilprojekt dieser Doktorarbeit ergabhsaus einer Kooperation mit Umicore
die anwendungsbezogene Optimierung eines KreuzngpVerfahrens zur selektiven
Monoarylierung priméarer Amine mit aquimolaren Amgmidmengen in konzentrierter
Losung. In einem umfangreichen Ligandenscreeningteeich der bidentate Ligand dippf
allen anderen System uberlegen und ermdglichtet moh die hochselektive Synthese der
Zielverbindung, sondern auch eine Verringerung Katalysatorbeladung von 3 mol% auf
0.2 mol%.

0.2 mol% Pd(dippf)maleimid
0.2 mol% dippf

1.2 Aquiv. NaO'Bu AL A ieni
Ar=Br + HN-Ar 4 N 12 Belspiele

Toluol, 70 °C, 20 h H - 0
4321 4322 4.3.2-3

Schema 65: Hochselektive Monoarylierung aromatiséineine.

Neben den Synthesen im préparativen Malistab kodidge Anwendungsbreite an
zahlreichen Substraten mit ausgedehnten konjugiert€&Systemen demonstriert werden.
Weiterhin wurden auch andere DarreichungsformenkKagalysators untersucht und sowohl
das praformierte Pd(dippf)maleimid als auch die a§aatorlosung Pd(dippf)(vs)tol

entwickelt, von denen letztere mittlerweile komnieltzzon Umicore vertrieben wird.
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6. Experimenteller Teil

6.1. Allgemeine Anmerkungen

6.1.1. Chemikalien und Losungsmittel

Kommerziell verfigbare Chemikalien wurden bei ein&ainheitsgrad vorr95% direkt
eingesetzt oder andernfalls nach Standardverfahreufgereinigf®®® Luft- und
feuchtigkeitsempfindliche Substanzen wurden min8&ad-Schlenktechniken stets unter einer
Stickstoff- oder Argonatmosphare gelagert und gehandhabtsig#isEinsatzstoffe wurden
unmittelbar vor der Reaktion mit dem Durchleitemv&rgon (20 min) von Sauerstoff befreit.
Toluol, 1,4Dioxan und Mesitylen wurden Uber Natrium/Benzophegetrocknet. NMP und
DMF wurden durch die azeotrope Destillation mit dal von Feuchtigkeitsspuren befreit.
Acetonitril, Diglyme und DMSO wurden zunédchst Ub@aH, refluxiert und anschlielend
fraktionierend destilliert. Alle Lésungsmittel wwed (iber Molsieben (3 A) gelagert, die zuvor
im Mikrowellenofen (2 x 2 min, 600 W) erhitzt uneh iVakuum (10° mbar) abgekiihlt wurden.
Die Benzoate wurden vor der Verwendung 1 h im Vaku@d0?2 mbar) bei Raumtemperatur
getrocknet. Alle anderen organischen Salze wurdbar iINacht bei 60 °C im Vakuum
(102 mbar) getrocknet. Die anorganischen Salze wurthen Macht im Vakuum (I8 mbar) auf
160 °C erhitzt.

6.1.2. Durchfuhrung von Parallelreaktionen

Die Reihenversuche wurden in 20 mL Headsp¥@ds fur die Gaschromatographie
durchgefihrt und mit AluminiurBdrdelkappen mit Teflorbeschichteten Butylgummisepten
verschlossen. Das Aufheizen der GefalRe erfolgi@& @am hohen Aluminiumblécken mit 7 cm
tiefen, zylindrischen Bohrungen vom DurchmesserRieaktionsgefal3e und einer Bohrung fir
den Temperaturfihler. Der Durchmesser der Heizleltaktsprach genau dem der Heizplatten

gangiger LaborMagnetriihrer.
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Zum parallelen Evakuieren und Ruckbefillen mehred@eaktionsgefalle wurden
Vakuumverteiler verwendet, die an die Schlelokie angeschlossen werden konnten. Diese
Verteiler verfugten Uber jeweils zehn vakuumfesten® Teflonschlauche mit Adaptern zur

Befestigung von LuetLock-Spritzennadeln.

Die festen Einsatzstoffe der Reihenversuche wuraerder Luft in die Reaktionsgefal3e
eingewogen, 20 mm MagnrdRuhrkerne zugegeben und mit einer Septumkappeidbftd
verschlossen. Das Einwiegen besonders—Iuftder feuchtigkeitsempfindlicher Substanzen
erfolgte in einer Glovebox mit Stickstoff als Ingais. Die Gefal3e wurden in die Bohrungen eines
Aluminiumblocks gesteckt und Utber die Hohlnadeln dém Vakuumverteiler verbunden. Die
Reaktionsgefalle wurden anschlieBend dreimal hinteréder evakuiert und mit Stickstoff
riackbefillt. Mit Hilfe von Spritzen wurden die ren Losungsmittel, Stammldésungen oder
flissigen Einsatzstoffe durch die Septen hindurcijiziert. AnschlieBend wurde der
Aluminiumblock auf Reaktionstemperatur gebracht el Hohlnadeln des Vakuumverteilers

entfernt.

Nach Ablauf der Reaktionszeit und dem Abklhlen Ratimtemperatur wurden die GefalRe
vorsichtig gedffnet und mit einem geeigneten orgetmen Losungsmittel und Wasser verdinnt.
Die Phasen wurde mit einer 1 mL Einwegpipette zhsigut durchmischt und 1.5 mL der
organischen Phasen anschlieRend durch 0.3 mL treskeMagnesiumsulfat in 2 mL
GC-Probenglaschen filtriert. Dabei wurden Glaspipetéés Filter verwendet, die mit einem
Wattepfropfen versehen waren. Die so vorbereitetBnoben wurden schlie3lich

gaschromatographisch untersucht.
6.1.3. Analytische Methoden

Dunnschichtchromatographische Untersuchungen wurdeKieselgel DCG-Folien Polygram
SIL G/UV254 der Firma Machereiagel durchgefuhrt. Zur Detektion der Substanzerdesm

Fluoreszenzldschungen bei 254 nm und Fluoreszerae866 nm genutzt.

Saulenchromatographische  Trennungen  erfolgten  miineme  Combi Flash
CompaniorChromatographieSystem der Firma Ise®ystems. Als stationdre Phase wurden
fertig gepackte RediSamnd Grace Reveleris Flashkieselgéhrtuschen oder Telos Kartuschen

mit basischem Aluminiumoxid (0.063—-0.200 mm, Aksstufe 1) verwendet.
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Gaschromatographische Untersuchungen erfolgtenemgm Hewlett Packard 6890 und
HP-5-Saulen mit 5% PhenyMethyl-Siloxan (30 m x 320 um x 1.0 pm) der Firmen Agilent
MachereyNagel und Perkin Elmer. Dabei betrug die Temperdag Injektors 220 °C und die
des Detektors 330 °C. Das Standardtemperaturprogratartete mit 2 min bei 60 °C, gefolgt
von einem linearen Temperturanstieg auf 300 °Caimér Rate von 30 °C/min. Anschlie3end

wurden die 300 °C fur weitere 3 min gehalten.

Massenspektren wurden mit einem Varian -®S Saturn 2100 T oder einem Agilent
GC-MS 5973N System gemessen. Die lonisierung erfotisibei per Elektronenstol3 (EI).

Hochauflosende Massenspektren wurde mit einem W&e€C Premier erhalten.

Infrarotspektroskopische Messungen erfolgten mmemi Perkin Elmer Fourier Transform
Spektrometer oder einem Perkin Elmer Spectrum BX-IR System (He, Ne
633 nm < 0.4 mW). Die Signalintensitaten sind nsit(very strong), s (strong), m (medium) und

w (weak) angegeben.

Der Grof3teil der NMR Spektren wurde mit einem Bruk& X 400 System gemessen. Dabei
wurden Benzetds, Chloroforn-d, Deuteriumoxid, Dioxands, Methanotd, und Toluot-dg als
Losungsmittel und WasserstoeffKohlenstoff, Fluor- und Phosphorresonanzen von 400 MHz,
101 MHz, 376 MHz bzw. 162 MHz verwendet. Einzelneeddungen erfolgten weiterhin an
Bruker FIF-NMR DPX 200 und Avance 600 Geraten und sind jewagssolche gekennzeichnet.
Die Auswertung der Spektren erfolgte mit A€abs 12. Die Multiplizitat der Signale wird
durch die Abkirzungen s = Singulett, d = DublettdDublett eines Dubletts, dt = Dublett eines
Tripletts, t = Triplett, usw. angegeben. Alle Koppgjskonstanten sind in Hertz angegeben.

Die Elementaranalysen wurden mit einem Hanau Elémhehnalyzer vario Micro cube
durchgefihrt. Alle Schmelzpunkte wurden mit eineratir FP61 bestimmit.
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6.2. Synthesis ofa,/~Unsaturated Ketones by PeCatalyzed Decarboxylative

Allylation of a—Oxocarboxylates

6.2.1. General Methods

Pyridine was dried using KOH followed by fractiondtillation prior to use. Toluene and
mesitylene were dried by fractioned distillationrfr sodium prior to use. All other compounds

are commercially available and were used withoth®r purification.

Compounds 4.1.2-4a, 4.1.24k and 4.1.2-41 are commercially available. The other
derivatives,4.1.2-4b [CAS: 7163-50-0],%® 4.1.2-4c [CAS: 26153-26-4],%! 4.1.2-4d [CAS:
79477-86-4],%% 4.1.2-4e [CAS: 76596-50-6],%°% 4.1.2-4f [CAS: 57774448-0],2°% 4.1.2-4g
[CAS: 5449-21-8]% 4.1.2-4h [CAS: 57774434-4]1%? 4.1.2-4i [CAS: 7947786-4]*%?
4.1.2-4j [CAS: 46743508-1]*°% and 4.1.2-4m [CAS: 7099-91-4]*°? were synthesised

following known synthetic procedures in-88% yields.
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6.2.2. Catalyst development

Reaction conditions0.50 mmol ally-2—-oxophenylacetate4(1.2-1aa), 5 mol% palladium,
15 mol% phosphine (7.5 mol% for bidentate phos)ind.0 mL toluene, 4 h. Yields were
determined by GC analysis usimgdodecane as internal standard; a) 20 mol@-Rgl)s; b)
25 mol% Pp-Tol);

) Pd-source )
O._~x_ Phosphine _
4.1.2-1aa 4.1.2-3aa
Entry Pd-source phosphine T(°C) Yield/%
1 Pd(PPE). - 25 0
2 “ - 60 0
3 . - 80 5
4 : - 100 15
5 Pd(dbay - 100 0
6 ” ? 100 29
7 " P(p-CICsHa)s § 21
8 ” P(p-Tol)s " 37
9 " P(p-MeOGsHa)3 ’ 24
10 ” P(Pr)(Ph) " 18
11 ” PCy ? 0
12 ” CyJohnPhos ” 9
13 ” BINAP ? 0
14 " P(p-Tol)s ” 59
15° ? ” ” 79
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6.2.3. Mechanistic Studies
Decarboxylative allylation crosover experiment

A 20 mL vessel was charged with tris(dibenzylideane)dipalladium(0) (22.9 mg,
0.025 mmol) and trip—tolylphosphine (77.6 mg, 0.25 mmol). After the \atssas flushed with
alternating vacuum and nitrogen purge cycles, atisol of 4.1.2-1ab (205 mg, 1 mmol) and
4.1.2-1ba (204 mg, 1 mmol) in mesitylene (4 mL) was addedsyignge. The reaction mixture
was stirred at 150 °C for 12 h and cooled to roemperaturen—dodecane (50 mL) was then
added viasyringe and the sample was analyzed via GC andMEC The GC chromatogram
showed 4 signals that based on their mass patt@resassigned ak1.2-3aa(20%),4.1.2-3ab
(14%),4.1.2-3ba (18%),4.1.2-3bb (9%).

Transesterification experiment

A 20 mL vessel was charged widhl.2-1ab (205 mg, 1 mmol)4.1.2-1ba (204 mg, 1 mmol)
and mesitylene (4 mL). The reaction mixture wasediat 150 °C for 12 h and was then allowed
to cool to room temperatur@-dodecane (5Ql) was added viasyringe and the sample was
analyzed via GC and G®S. The GC chromatogram showed 2 signals that basedeir mass
patterns were assigned4d.2-1ab and4.1.2-1ba

Time dependent study

A 20mL crimp cap vessel was charged with tris(ddy¢ideneacetone)dipalladium(0)
(11.4 mg, 0.012 mmol) and #p—tolylphosphine (38.8 mg, 0.125 mmol). The vessed fliazshed
with alternating vacuum and nitrogen purge cyckesolution of4.1.2-1 (Immol) in toluene
(4 mL) was added viayringe. The reaction mixture was stirred at 100s@Gpped after 30min
and then cooled to room temperature. To the reactixturen—dodecane (5@Ql) was added via
syringe. The sample was analyzed via GC, the chiagrean showed the formation 4f1.2-1aa
(88%) and4.1.2-3aa (4%).

Decarboxylative allylation in the presence of a tanate base

A 20 mL crimp cap vessel was charged with with(dliisenzylideneacetone)dipalladium(0)
(11.4 mg, 0.012 mmol), trp-tolylphosphine (38.8 mg, 0.125 mmol) and potassaarbonate

(69.1 mg, 0.5 mmol). After the vessel was flushethwlternating vacuum and nitrogen purge
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cycles, a solution 04.1.2-1 (0.5 mmol) in toluene (4 mL) was added eiinge. The reaction
mixture was stirred at 100 °C for 12 h, cooleddom temperature ant-dodecane (5@u) was
added via syringe. The sample was analyzed G& and the chromatogram showed the
formation of4.1.2-3aa (17%).

6.2.4. Synthesis of the allyr-oxocarboxylates

Standard procedure for the synthesis of the alljtoxocarboxylates.

A 50 mL vessel was charged with a solution of gh@®xocarboxylic acidt.1.2-4 (10 mmol)
in CH,CI, (5 mL). To this, a solution of DMAP (122 mg, 1.80nol) in CHCI, (2 mL) and the
allylic alcohol (1.17 g, 20 mmol) were added ginge The reaction mixture was then cooled
to 0°C and stirred for 15 min before adding a solu of DCC (3.09 g, 15 mmol) in
CH.Cl.dropwise. After 6 h, the reaction mixture was fite, diluted with 20 mL of saturated
aqueous NaHC@and extracted with ED (3x30 mL). The organic layers were combined and
washed with saturated NaCl aqueous solution (2xR20 After drying (MgSQ), the solvent was
removed under reduced pressure and the residugwdred by flash chromatography (SIO
ethyl acetate/hexane (1:10)) vyielding the corredpan allyl a-oxocarboxylates
4.1.2-1aa4.1.2-1la (62-99%).

Synthesis of ally2-oxo-2—-phenylacetate (4.1.2laa).

[CAS: 62936-34-9]

(o]
o\/\
O

Compound 4.1.2-1aa was prepared following the standard procedurertisga from
phenylglyoxylic acid 4.1.2-4@) (1.50 g, 10.00 mmol). After purificatiof.1.2-1aawas isolated
as colourless liquid (3.14 g, 80%).

'H-NMR (600 MHz, CDC4) §=8.02 (dd,J=8.2, 1.2 Hz, 2H) 7.67 (=7.5 Hz, 1H) 7.52 (t,
J=7.8 Hz, 2H) 6.03 (m, 1H) 5.46 (dd&=17.2, 1.3 Hz, 1H) 5.36 (dd=10.3, 0.9 Hz, 1H) 4.88
ppm (d,J=6.2 Hz, 2H);**C-NMR (151 MHz, CDC}) & 186.0, 163.4, 134.9, 132.4, 130.7,
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130.0, 128.9, 120.0, 66.5 ppr@HN Anal. Calcd. for GH100s: C, 69.46; H, 5.30 found: C,
69.51; H, 5.25.

Synthesis of allyl 2(1-naphthyl)-2-oxoacetate (4.1.2Lca).

[CAS: 136092408-8]

L3
O\/\
(7

Compound 4.1.2-1ca was prepared following the standard procedurertisga from
1-naphthylglyoxylic acid 4.1.2-4c) (2.00 g, 10.00 mmol). After purificatiod.1.2-1ca was
isolated as brown oil (2.36 g, 98%).

'H-NMR (400 MHz, CDC}) =9.05 (s, 1H), 8.09 (s, 1H), 7.97 (s, 1H), 7.89@), 7.67 (s,
1H), 7.55 (s, 2H), 6.04 (s, 1H), 5.46 (s, 1H), 5(851H), 4.91 ppm (s, 2H}’C-NMR (101
MHz, CDCk) o= 188.4, 164.2, 135.9, 134.0, 133.8, 130.9, 138,22, 128.7, 128.0, 127.0,
125.5, 124.2, 119.9, 66.6 ppMS (lon trap, EI): m/z (%) = 240 [f} (60), 155 (100), 127 (64),
101 (40), 77 (5)CHN Anal. Calcd. for GH;.03: C, 75.0; H, 5.0; found: C, 75.1; H, 5.2.

Synthesis of allyl 2(4-chlorphenyl)-2-oxoacetate (4.1.2Lda).

[CAS: 136092409-9]

o)
/@)S(O\/\
0
Cl

Compound 4.1.2-1da was prepared following the standard procedurertirsga from
4-chlorphenylglyoxylic acid 4.1.2 4.1.2-4d) (1.85g, 10.00 mmol). After purification
4.1.2-1dawas isolated as brown oil (1.80 g, 80%).

'H-NMR (400 MHz, CDC}) = 7.96 (m,J=8.5 Hz, 2H), 7.47 (mJ=8.5 Hz, 2H), 6.00 (ddt,
J=16.9, 10.7, 5.9, 5.9 Hz, 1H), 5.44 (d&17.2, 1.2 Hz, 1H), 5.34 (d=10.6 Hz, 1H), 4.86 ppm
(d, J=6.1 Hz, 2H);**C-NMR (101 MHz, CDC}) J= 184.4, 162.7, 141.6, 131.3, 130.8, 130.5,
129.2, 120.1, 66.7 ppnMIS (lon trap, EI): m/z (%) = 224 [} (40), 111 (100), 127 (44), 85
(40), 51 (4).CHN Anal. Calcd. for ¢HoClOs: C, 58.8; H, 4.0; found: C, 58.6; H, 4.2.
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Synthesis of allyl 2(4-cyanophenyl}2-oxoacetate (4.1.21ea).

[CAS: 136092410-2]

o
/@)S(O\/\
O
NC

Compound 4.1.2-1ea was prepared following the standard procedurertisga from
4-cyanophenylglyoxylic acid4(1.2-4¢€) (1.75 g, 10.00 mmol). After purificatiofh.1.2-1eawas
isolated as yellow oil (2,15 g, 99%).

'H-NMR (400 MHz, CDC}) 6= 8.11 (d,J=8.2 Hz, 2H), 7.79 (d)=8.2 Hz, 2H), 5.92 6.03
(m, 1H), 5.42 (d,J=17.2 Hz, 1H), 5.33 (dJ=10.2 Hz, 1H), 4.85 ppm (d]=5.9 Hz, 2H);
¥C-NMR (101 MHz, CDC}) o= 184.0, 161.8, 135.3, 132.4, 130.2, 120.2, 11717,4, 66.9
ppm;MS (lon trap, El): m/z (%) = 215 [M (1), 130 (100), 102 (36), 75 (8), 51 (OHN Anal.
Calcd. for GoH12NOs: C, 66.9; H, 4.2; N, 6.5; found: C, 70.3; H, 4\3;6.5.

Synthesis of allyf2-oxo-2—<(4-tolyl)acetate(4.1.2-1ba).

[CAS: 136092411-3]

O
O\/\
O

Compound 4.1.2-1ba was prepared following the standard procedurertirsga from
4-methylphenylglyoxylic acid 4.1.2-4b) (1.64 g, 10.00 mmol). After purificatiod.1.2-1ba

was isolated as brown oil (1.50 g, 63%).

'H-NMR (400 MHz, CDC}) d= 7.91 (d,J=8.2 Hz, 2H), 7.31 (d, J=8.2 Hz, 2H), 5.9%.08
(m, 1H), 5.45 (dJ=16.4 Hz, 1H), 5.35 (d]=10.6 Hz, 1H), 4.87 (d]=5.9 Hz, 2H), 2.43 ppm (s,
3H); *C-NMR (101 MHz, CDC}) &= 185.6, 163.5, 146.2, 130.7, 130.0, 129.9, 12918,7,
66.3, 21.8 ppmMS (lon trap, El): m/z (%) = 204 [K (2), 119 (100), 91 (46), 65 (22), 51 (12);
CHN Anal. Calcd. for @H;,03: C, 70.5; H, 5.9; found: C, 70.1; H, 5.6.
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Synthesis of ally42-oxo-2—-4—trifluoromethyl)phenyl)acetate (4.1.21fa).

[CAS: 136092412-4]

(e}

/@)S(O\/\
o
F.C

3

Compound 4.1.2-1fa was prepared following the standard procedurertisga from

4-trifluoromethylphenylglyoxylic acid 4.1.2-4f) (2.18 g, 10.00 mmol). After purification
4.1.2-1fa was isolated as beige oil (1.8 g, 70%).

H-NMR (400 MHz, CDC}) d= 8.16 (t,J=7.2 Hz, 2H) 7.78 (t)=8.2 Hz, 2H) 5.96- 6.07
(m, 1H) 5.45 (dJ=17.2 Hz, 1H) 5.29- 5.40 (m, 1H) 4.88 ppm (d=5.9 Hz, 2H);"*C-NMR
(101 MHz, CDC}) d= 184.6 162.4 135 (dJc_r= 272 Hz) 130.4, 130.0, 125.9, 125.9, 125.8 (q,
2Jo-F= 27.2 Hz), 121.9, 118.7, 67.0 ppMS (lon trap, EI): m/z (%) = 258 [N (13), 239 (22),

173 (100), 145 60), 125 (3AZHN Anal. Calcd. for GiHoFOs: C, 63.4; H, 4.3; found: C, 63.0;
H, 4.6.

Synthesis of allyl 2([1,1'-biphenyl]4-yl)-2-oxoacetate (4.1.2lga).
[CAS: 25789-67-7]

(0]

O O\/\
(0 )

Compound 4.1.2-1ga was prepared following the standard procedurertisga from

4-biphenylglyoxylic acid 4.1.2-4¢g) (2.26 g, 10.00 mmol). After purificatiod.1.2-1ga was
isolated as colourless solid (2.14 g, 79%).

'H-NMR (400 MHz, CDC}) d= 8.09 (d,J=8.6 Hz, 2H), 7.71 (dJ=8.2 Hz, 2H), 7.61 (d,
J=7.0 Hz, 2H), 7.38- 7.49 (m, 3H), 5.35 (m, 1H), 5.47 (#18.4 Hz, 1H), 5.35 (d}=9.4 Hz,
1H), 4.89 ppm (dJ=5.9 Hz, 2H);"*C-NMR (101 MHz, CDC}) 5= 185.4, 163.3, 147.4, 139.2,

130.9, 130.7, 130.5(2 C), 128.9 (2 C), 128.5, 12/rQ), 127.2 (2 C), 119.8, 66.4 pp@HN
Anal. Calcd. for @;H1405: C, 76.68; H, 5.30 found: C, 76.49:; H, 5.26.
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Synthesis of ally42-oxo-2—3-tolyl)acetate (4.1.21ha).

[CAS: 136092414-6]

(o]
O\/\
(o]

Compound 4.1.2-1ha was prepared following the standard procedurertirsga from
3—-methylphenylglyoxylic acid 4.1.2-4h) (1.64 g, 10.00 mmol). After purificatiod.1.2-1ha

was isolated as brown oil (1.93 g, 93%).

'H-NMR (400 MHz, CDC}) 0= 7.72- 7.79 (m, 2H), 7.46- 7.44 (m, 1H), 7.35 (t)=8.0
Hz, 1H), 5.93- 6.03 (m, 1H), 5.41 (d]=17.2 Hz, 1H), 5.30 (dJ=10.6 Hz, 1H), 4.84 (dJ=5.9
Hz, 2H), 2.37 ppm (s, 3H}*C-NMR (101 MHz, CDC}) = 186.2, 163.5, 138.7, 135.7, 132.2,
130.7, 130.1, 128.6, 127.2, 119.7, 66.3, 21.1 p®;(lon trap, El): m/z (%) = 204 [K] (6),
176 (2), 119 (100), 91 (30), 65(1@HN Anal. Calcd. for GH1,0s: C, 70.5; H, 5.9; found: C,
70.8; H, 5.8.

Synthesis of ally42—«2-fluorophenyl)-2-oxoacetate (4.1.2lia).

[CAS: 136092415-7]

F O
O\/\
(0]

Compound 4.1.2-1lia was prepared following the standard procedurertista from
2—-fluorophenylglyoxylic acid 4.1.2-4i) (1.68 g, 10.00 mmol). After purificatiof.1.2-1ia was
isolated as yellow oil (1.73 g, 81%).

'H-NMR (400 MHz, CDC}) J=7.89 (t,J=7.4 Hz, 1H), 7.61 (qJ=6.9 Hz, 1H), 7.23- 7.30
(m, 1H), 7.09- 7.18 (m, 1H), 5.9% 6.02 (m, 1H), 5.40 (d]=17.2 Hz, 1H), 5.30 (d]=10.6 Hz,
1H) 4.82 ppm (dJ=5.9 Hz, 2H):**C-NMR (101 MHz, CDC}) J= 183.7, 164.0, 163.7, 161.4,
136.8, 136.8, 130.8, 130.7, 124.9, 124.8, 120.6,7,1116.5, 66.8 ppniIS (lon trap, El): m/z
(%) = 208 [M] (10), 180 (5), 123 (99), 95 (7OLHN Anal. Calcd. for GHgFOs: C, 63.4; H,
4.3; found: C, 63.2; H, 4.4.
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Synthesis of ally42-oxo-2—<2—trifluoromethyl)phenyl)acetate (4.121ja).

[CAS: 136092416-8]

&OA
O
Compound 4.1.2-1ja was prepared following the standard procedurertisga from

2-trifluoromethylphenylglyoxylic acid 4.1.2-4j) (2.18 g, 10.00 mmol). After purification
4.1.2-1ja was isolated as beige oil (1.60 g, 62%).

'H-NMR (400 MHz, CDCJ) d= 7.72- 7.76 (m, 1H), 7.58 7.69 (m, 3H), 5.89- 6.00 (m,
J=16.9, 11.0, 5.8, 5.5 Hz, 1H), 5.275.37 (m, 2H), 4.80 ppm (d=6.0 Hz, 2H):**C-NMR
(101 MHz, CDC}) = 186.4, 160.7, 134.2, 132.0, 131.8, 130.4, 128,8J¢.~= 30 Hz), 126.9
(9, %Je-r= 3 Hz), 123.5 (q\Jc—¢= 273 Hz ), 67.3 ppn¥IS (lon trap, EI): m/z (%) = 258 [} (3),
174 (90), 146 (32), 125 (41), 75 (33).

Synthesis of allyl 2(furan 2-yl) 2-oxoacetatg4.1.2-1ka).

[CAS: 124652459-3]

GO
\O (0]

Compound 4.1.2-1ka was prepared following the standard procedurertirsga from

2—-furylglyoxylic acid @.1.2-4k) (1.40 g, 10.00 mmol). After purificatiort.1.2-1ka was
isolated as beige oil (1.31 g, 72%).

'H-NMR (400 MHz, CDC}) = 7.68 (s, 1H), 7.60 (d=3.8 Hz, 1H), 6.5% 6.55 (m, 1H),
5.88 (ddd,J=16.9, 11.3, 5.3 Hz, 1H), 5.32 (8=17.4 Hz, 1H), 5.21 (d)=10.3 Hz, 1H), 4.72
ppm (d,J=5.8 Hz, 2H);**C-NMR (101 MHz, CDC}) = 170.5, 160.4, 149.5, 149.4, 130.4,
124.6, 119.7, 112.8, 66.7 ppMS (lon trap, EI): m/z (%) = 180 [N (8), 124 (13), 95 (100), 67
(33); CHN Anal. Calcd. for @GHgO4: C, 60.0; H, 4.5; found: C, 59.8; H, 4.3.
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Synthesis of allyl 2(thionyl-2-yl)2-oxoacetate (4.1.211a).

[CAS: 13538631-1]

(o}

TS
\S (6]

Compound 4.1.2-1la was prepared following the standard procedurertista from
2-thionylglyoxylic acid @.1.2-1la) (1.59 g, 10.00 mmol). After purificatiod.1.2-1la was
isolated as brown oil (1.60 g, 81%).

'H-NMR (400 MHz, CDC}) 4= 8.02- 8.07 (m, 1H), 7.78 (dJ=5.0 Hz, 1H), 7.10- 7.15
(m, 1H), 5.90- 6.01 (m,J=16.9, 10.7, 5.8, 5.8 Hz, 1H), 5.38 (d&;17.2, 1.1 Hz, 1H), 5.28 (d,
J=10.6 Hz, 1H), 4.79 ppm (d=5.8 Hz, 2H);"*C-NMR (101 MHz, CDC}) J=175.9, 161.1,
138,.8 137.4, 137.1, 130.5, 128.6, 119.9, 66.8 p@&i(lon trap, El): m/z (%) = 196 [N (11),
111 (100), 83 (65), 57 (32ZHN Anal. Calcd. for @HgOsS: C, 55.1; H, 4.1; found: C, 55.5; H,
4.0.

Synthesis of 2methylallyl 2-oxo-2-phenylacetate (4.1-2lab).

[CAS: 136092417-9]

Sae
o
Compound 4.1.2-1ab was prepared following the standard procedurertirsga from

phenylglyoxylic acid 4.1.2-4a) (1.50 g, 10.00 mmol) and-thethyF2-propenr-2—-ol (0.736 mg,
10 mmol). After purificatiom.1.2-1ab was isolated as yellow oil (1.76 g, 86%).

'H-NMR (400 MHz, CDC}) J= 7.98 (d,J=7.8 Hz, 2H), 7.63 (t)=7.4 Hz, 1H), 7.49 (t,
J=7.8 Hz, 2H), 5.08 (s, 1H), 5.00 (s, 1H), 4.7824d), 1.80 ppm (s, 3H)*C-NMR (101 MHz,
CDCl) 0=186.0, 163.5, 138.5, 134.9, 132.3, 129.9, 128.8,5, 69.0, 19.4 ppnMS (lon trap,
El): m/z (%) = 205 [M] (1), 159 (2), 105 (100), 77 (12), 51 (6BHN Anal. Calcd. for
Ci12H1203: C, 70.5; H, 5.9; found: C, 70.2; H, 6.1.
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6.2.5. Synthesis ofa,f-unsaturated ketones

Standard procedure for the synthesis gff-unsaturated ketones (Method A).

A 20mL crimp cap vessel was charged with tris(diy@ideneacetone)dipalladium(0)
(22.8 mg, 0.024 mmol) and tp-tolylphosphine (77.6 mg, 0.25 mmol). After the \aswas
flushed with alternating vacuum and nitrogen purgeles, a solution df in toluene (4 mL) was
added viasyringe. The reaction mixture was stirred at 10G38C12 h and then cooled to room
temperature. The solvent was removed by Kugelrétiiildtion (6x10% mbar) at 3635 °C. The
residue was further purified by flash chromatogsad®iO,, ethyl acetate/hexane (1:10)),
yielding the corresponding produetd.2-3 in 62-99%.

Standard procedure for the synthesis afff-unsaturated ketones fronsr-oxo-carboxylic
acids (Method B).

A 20mL crimp cap vessel was charged with tris(ddy¢ideneacetone)dipalladium(0)
(11.4 mg, 0.012 mmol), trp-tolylphosphine (38.8 mg, 0.125 mmol), potassiumboaate
(69.1 mg, 0.50 mmol) and molecular sieveA 4250 mg). After the vessel was flushed with
alternating vacuum and nitrogen purge cycles, atieol of thea—oxo—carboxylic acid 4.1.2-4)
(0.50 mmol) in mesitylene (4 mL) and the allyl afdie 4.1.2-6a) (57.4 mg, 0.75 mmol) were
added viasyringe. The reaction mixture was stirred at 15G38C12 h and then cooled to room
temperature. The reaction mixture was filtered madite and washed with 1N NaOH aqueous
solution. After drying (MgS@, the solvent was removed by Kugelrohr distillatio
(6x102 mbar) at 3635 °C. The residue was further purified by flashodmatography (Si@
ethyl acetate/hexane (1:10)) yielding the corredpunproductst.1.2-3 (60-98%).

Preparativescale procedure for the synthesis )phenylbut2-en-1-one (4.1.23aa).

An oven-dried, nitrogerflushed, 100 mL  vessel was charged with
tris(dibenzylideneacetone)dipalladium(0) (458 mg,.5 dmol) and trp-tolylphosphine
(776 mg, 2.5 mmol). After the vessel was flushethvalternating vacuum and nitrogen purge
cycles, a degassed solution4fl.2-1aa (1.92 g, 10 mmol) in toluene (60 mL) was added via

syringe The reaction mixture was stirred at 100 °C forhland then cooled to room
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temperature. The mixture was distilled trép-trap (46 x102 mbar, 26 °C) and the residue was
further purified by flash chromatography ($jCethyl acetate/hexane (1:10)) yielding the
(E)-1-phenylbut2-en-1-one (3aa) 76% (1.12 g).

Synthesis of (E}L—phenylbut2-en-1-one (4.1.23aa).

[CAS: 35845-66-0]

(0]
QAK/A
Compound 4.1.2-3aa was prepared following Method A, starting from

ally-2-oxo-2-phenylacetate 4(1.2-1aa) (190 mg, 1.00 mmol). After purificatiod.1l.2-3aa
was isolated as beige oil (145 mg, 99%).

'H-NMR (400 MHz, CDC}) d = 7.94 (m, 2H), 7.52 (m, 1H), 7.45 (m, 2H), 7.07, (ti),
6.93 (dq,J=1.6 Hz, 1H), 2.01 ppm (dd=6.8, 1.6 Hz, 3H):**C-NMR (101 MHz, CDC}) J=
190.4, 144.9, 137.4, 132.2, 128.4 (4 C), 126.95 Tm; CHN Anal. Calcd. for GH;00: C,
82.16; H, 6.19; found: C, 82.29; H, 6.32. Altermaty 4.1.2-3aa was also prepared from
(4.1.2-4a) (75 mg, 0.5 mmol) following Method B in 60% yigld0 mg).

Synthesis of (E}L<naphthalen-1-yl)but-2-en-1-one (4.1.23ca).

[CAS: 88007591-2]

O3
S
Compound 4.1.2-3ca was prepared following Method A, starting from vyall
2—(1-naphthyl}>2-oxoacetate(4.1.2-1ca) (240 mg, 1.00 mmol). After purificatiod.1.2-3ca

was isolated as brown oil (191 mg, 97%).
'H-NMR (400 MHz, CDC}) = 8.13 (d,J=7.8 Hz, 1H), 7.72 7.92 (m, 2H), 7.53 (d]=7.0
Hz, 1H), 7.33- 7.45 (m, 3H), 6.76 (ddl=15.5, 6.8 Hz, 1H), 6.49 6.56 (m, 1H), 1.91 ppm (d,

J=7.0 Hz, 3H);"*C-NMR (101 MHz, CDC}) = 196.7, 147.9, 136.8, 132.9, 132.7, 131.1,
130.3, 128.9, 128.4, 128.3, 127.2, 125.6, 124.3% pdm;MS (lon trap, El): m/z (%) = 196
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[M™] (63), 181 (100), 153 (23), 127 (96), 101 (ACHN Anal. Calcd. for GH1,0: C, 85.6; H,
6.1; found: C, 85.8; H, 6.0.

Synthesis of (Ey1<4-chlorophenyl)but2-en-1-one (4.1.2-3da).

[CAS: 95826-96-3]

Compound 4.1.2-3da was prepared following Method A, starting from
2—(4—chlorphenyly-2—oxoacetate4.1.2-1eg (225 mg, 1.00 mmol). After purificatioh.1.2-3da

was isolated as yellow oil (132 mg, 73%).

'H-NMR (600 MHz, CDC}) o= 7.88 (d,J=8.4 Hz, 2H), 7.44 (d, 8.5 Hz, 2H), 7.09 (dd,
J=15.3, 7.0 Hz, 1H), 6.88 (dd=15.3, 1.8 Hz, 1H), 2.01 ppm (d&6.9 Hz, 3H):"*C-NMR
(151 MHz, CDC}) d= 189.3, 144.6, 139.3, 136.5, 129.7 (2 C), 128.€)2127.1, 18.4 ppm;
CHN Anal. Calcd. for GHoCIO: C, 66.49; H, 5.02; found: C, 66.62; H, 5.33tefnatively
4.1.2-3da was also prepared from.(.2-4d) (92 mg, 0.5 mmol) following Method B in 98%
yield (89 mg).

Synthesis of (Ey4-but-2-enoylbenzonitrile (4.1.23ea).

[CAS: 959311+24-1]

/@)k/\
NC

Compound 4.1.2-3ea was prepared following Method A, starting from vyall
2—(4-cyanophenyh2—-oxoacetate (4.1.2=1eg (215 mg, 1.00 mmol). After purification
4.1.2-3eawas isolated as yellow solid (165 mg, 96%).

m.p. 60-61 °C;*H-NMR (400 MHz, CDC}) 5= 7.91 (d,J=7.6 Hz, 2H), 7.68 (d)=7.6 Hz,
2H), 6.98- 7.07 (m, 1H), 6.78 (d]=15.4 Hz, 1H), 1.94 ppm (d=6.8 Hz, 3H);"*C-NMR (101
MHz, CDCk) J= 189.1, 147.0, 141.0, 132.2, 128.7 (2C), 126.8 (AQY.8, 115.5, 18.6 ppm;
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MS (lon trap, EI): m/z (%) = 171 [§ (85), 156 (44), 130 (100), 102 (79), 69 (98}N Anal.
Calcd. for GiHoNO: C, 77.1; H, 5.3; found: C, 77.5; H, 5.7.

Synthesis of (Ey}1p-tolylbut-2-en-1-one (4.1.23ba).

[CAS: 604006-99-7]
O
QJK/A
Compound 4.1.2-3ba was prepared following Method A, starting from

allyl-2—-oxo—-2—(p—tolyl)acetate 4.1.2-1ba) (204 mg, 1.00 mmol). After purificatioA.1.2-3ba
was isolated as beige oil (100 mg, 62%).

'H-NMR (600 MHz, CDC}) o= 7.86 (m,J=8.2 Hz, 2H), 7.25 (mJ=7.9 Hz, 2H), 7.04 (m,
1H), 6.88 (dgJ=15.3, 1.6 Hz, 1H), 2.39 (s, 3H), 1.99 ppm (@6.7, 1.5 Hz, 3H)**C-NMR
(151 MHz, CDC}) o= 190.5, 144.2, 143.1, 135.6, 129.1 (2 C), 128.&)2127.3, 21.7, 18.5
ppm; CHN Anal. Calcd. for ¢;H1,0: C, 82.46; H, 7.55; found: C, 82.28; H, 7.83.

Synthesis of (E¥L<4—trifluoromethyl)phenyl)but2-en-1-one (4.1.23fa).

[CAS: 20116424-1]

w
F.C

3

Compound 4.1.2-3fa was prepared following Method A, starting from
allyl-2—-oxo—-2—-(4—(trifluoromethyl)phenyl)acetate(4.1.2-1fa) (258 mg, 1.00 mmol). After

purification 3fa was isolated as beige oil (167 mg, 78%).

'H-NMR (600 MHz, CDC}) 4= 8.02 (d,J= 8.2 Hz, 2H), 7.76 (d)=8.2 Hz, 2H), 7.14 (m,
1H), 6.87 (dgJ=15.3, 1.8 Hz, 1H), 2.03 ppm (d&#6.9, 1.6 Hz, 3H)}*C-NMR (151 MHz,
CDCls) o= 189.9, 146.6, 140.5, 133.3 (8~=33.3 Hz), 128.7 (2 C), 127.6 (2 C), 126.3 (q,
Jcr=270.5 Hz), 125.7 (qler=4.2 Hz), 18.7 ppmCHN Anal. Calcd. for GiHoF:0: C, 61.68; H,
4.24; found: C, 61.34; H, 4.41.
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Synthesis of (Ey1—<biphenyl-4-yl)but-2-en-1-one (4.1.23ga).

[CAS: 136092405-5]
o
®
Compound 4.1.2-3ga was prepared following Method A, starting from
2—([1,1-biphenyl}-4-yl)-2—oxoacetate 4.1.2-1ga) (266 mg, 1.00 mmol). After purification
4.1.2-3gawas isolated as beige oil (222 mg, 99%).

'H-NMR (400 MHz, CDC}) 5= 7.99- 8.06 (m, 2H), 7.6+ 7.73 (m, 4H), 7.37% 7.53 (m,
3H), 7.13 (dd,)=15.4, 6.8 Hz, 1H), 6.9%7.04 (dq,J=15.3, 1.6 Hz, 1H), 2.04 ppm (d#:6.8, 1.5
Hz, 3H);13C—NMR (101 MHz, CDC)) 0= 190.4, 144.1, 139.0, 136.6, 132.3, 132.0, 122.1 (
C), 128.9 (2 C), 128.3, 127.5 (2 C), 127.3 (2 ®.61ppm:CHN Anal. Calcd. for GgH140: C,
86.45; H, 6.35; found: C, 86.53; H, 6.29.

Synthesis of (Ey1-m-tolylbut-2-en-1-one (4.1.23ha).

[CAS: 94434473-4]
(0]
w
Compound 4.1.2-3ha was prepared following Method A, starting from

allyl-2—-oxo—-2—(p—tolyl)acetate 4.1.2-1ha) (148 mg, 1.00 mmol). After purificatioA.1.2-3ha

was isolated as brown oil (111 mg, 70%).

'H-NMR (400 MHz, CDC}) 8= 7.81 (s, 1H), 7.75 (dI=6.7 Hz, 1H), 7.32 7.40 (m, 2H),
7.00-7.19 (m, 1H), 6.75 6.83 (m, 1H), 2.46 (s, 3H), 1.98 @5.5 Hz, 2H), 1.97 ppm (s, 1H);
13C—NMR (101 MHz, CDC}) = 190.9, 144.8, 138.3, 137.9, 133.3, 129.0, 1283,6, 125.7,
21.3, 18.5 ppmMS (lon trap, El): m/z (%) = 160 [} (4), 119 (100), 91 (43), 65 (26HN
Anal. Calcd. for G,H;,0: C, 82.4; H, 7.5; found: C, 82.6; H, 7.8.
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Synthesis of (Ey1<2-fluorophenyl)but-2-en-1-one (4.1.23ia).

[CAS: 136092406-6]

F o
&/\
Compound 4.1.2-3ia was prepared following Method A, starting from

allyl-2—(2-fluorophenyl}-2—-oxoacetate 4.1.2-1ia) (208 mg, 1.00 mmol). After purification
4.1.2-3ia was isolated as brown oil (135 mg, 82%).

'H-NMR (600 MHz, CDC}) 8= 7.65 (td,J=7.5, 1.8 Hz, 1H), 7.43 (ddd=15.6, 5.2, 1.8 Hz,
1H), 7.17 (tJ=7.5 Hz, 1H), 7.07 (dd]J=10.6, 9.1 Hz, 1H), 6.95 (ddd=15.4, 6.9, 1.8 Hz, 1H),
6.67-6.73 (m, 1H), 1.93 ppm (dd=6.9, 1.6 Hz, 3H)**C-NMR (151 MHz, CDC}) 5= 189.4,
161.6, 160.0, 145.5, 133.5, 133.4, 131.0, 131.0,613126.9, 126.8, 124.2, 116.3, 116.2, 18.4
ppm; MS (lon trap, El): m/z (%) = 164 [K (54), 123 (100), 95 (40), 69 (59LHN Anal.
Calcd. for GgHoFO: C, 73.1; H, 5.5; found: C, 73.3; H, 5.2.

Synthesis of (E}L<2—trifluoromethyl)phenyl)but2-en-1-one (4.1.23ja).

[CAS: 136092407-7]

@3)%
Compound 4.1.2-3ja was prepared following Method A, starting from

allyl-2—-oxo-2—-(2—(trifluoromethyl)phenyl)acetate 4(1.2-1ja) (258 mg, 1.00 mmol). After
purification4.1.2-3ja was isolated as yellow oil (218 mg, 99%).

'H-NMR (400 MHz, CDC}) &= 7.70 (d,J=7.8 Hz, 1H), 7.5+ 7.62 (m, 2H), 7.35 (dI=7.4
Hz, 1H), 6.51- 6.61 (m, 1H), 6.37 6.45 (m, 1H), 1.94 ppm (d=6.7 Hz, 3H):**C-NMR (101
MHz, CDCE) 0= 195.2, 149.2, 143.2, 138.6, 132.6, 130.GJg+= 34 Hz), 128.9, 128.3, 127.9,
127.8, 127.5, 126 (dJo—r= 3 Hz), 123.6 (q1Jc—r= 273 Hz) 122.2 18.5 ppnMS (lon trap, EI):
m/z (%) = 214 [M] (20), 194 (8), 173 (43), 145 (47), 126 (8), 69Q); CHN Anal. Calcd. for
Ci11HoF30: C, 61.6; H, 4.2; found: C, 61.8; H, 4.3.
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Synthesis of (Ey1l—furan 2-yl)but-2-en-1-one (4.1.23ka).

[CAS: 13132345-0]

~ =

\_o

Compound 4.1.23ka was prepared following Method A, starting from
2—(furan-2-yl)—-2—-oxoacetate(4.1.2-1ka) (180 mg, 1.00 mmol). After purificatiod.1l.2-3ka

was isolated as beige oil (120 mg, 88%).
'H-NMR (400 MHz, CDC}) d= 7.53 (m, 1H), 7.15 7.31 (m, 2H), 6.89 (dql=15.4, 1.7
Hz, 1H), 6.68 (ddJ=3.7, 1.7 Hz, 1H), 2.01 ppm (d&7.0, 1.6 Hz, 3H)**C-NMR (101 MHz,

CDCl3) 0= 170,3, 154.0, 145.6, 144.9, 126.3, 118.1, 1118% ppm;CHN Anal. Calcd. for
CgHsO,: C, 70.57; H, 5.92; found: C, 70.48; H, 5.73.

Synthesis of (E¥1—thiophen-2-yl)but-2-en-1-one (4.1.23la).

[CAS: 13196-29-7]

\_s

Compound 4.1.2-3la was prepared following Method A, starting from vyall
2—(thionyl-2-yl)-2—oxoacetate 4.1.2-1la) (196 mg, 1.00 mmol). After purificatiod.1.2-3la

was isolated as beige oil (117 mg, 77%).

'H-NMR (600 MHz, CDC}) J= 7.80 (ddJ=3.8, 0.9 Hz, 1H), 7.61 (dd=5.0, 0.9 Hz, 1H),
7.13 (m, 1H), 7.10 (dJ=6.7 Hz, 1H), 6.86 (dq)=15.3, 1.8 Hz, 1H), 1.98 ppm (dd7.0, 1.8
Hz, 3H); *C-NMR (151 MHz, CDC}) o= 182.9, 145.6, 144.7, 132.6, 130.8, 128.1, 12BB%
ppm; CHN Anal. Calcd. for GHgOS: C, 63.13; H, 5.30; found: C, 63.21; H, 5.46.
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Synthesis of #phenyl-3-methylbut2-en-1-one (4.1.23ab).

o

Compound4.1.2-3ab was prepared following Method A, starting froth1(.2-1ab) (205 mg,

[CAS: 5656-07-7]

1.00 mmol). After purificatiort.1.2-3ab was isolated as brown oil (166 mg, 78%).

'H-NMR (400 MHz, CDC}) d= 7.64- 7.80 (m, 2H), 7.36- 7.42 (m, 2H), 7.08 (m, 1H),
6.86 (m, 1H), 2.42 (s, 3H), 2.01 ppm @1.2 Hz, 3H);"*C-NMR (151 MHz, CDC}) J=
190.1, 145.5, 137.6, 137.0, 133.2, 128.7, 128.1,2,224.7, 22.6, 18.6 ppr@HN Anal. Calcd.
for C11H120: C, 82.46; H, 7.55; found: C, 82.29; H, 7.41.

Synthesis of (E¥1<3-methoxyphenyl)but2-en-1-one (4.1.23ma).

[CAS: 108739925-4]

(0]
MEO\QA/\

Compound 4.1.2-3ma was prepared following Method B, starting from
2—(3—methoxyphenyh2-oxoacetic acid 4.1.2-4m) (180 mg, 1.00 mmol). After purification
4.1.2-3mawas isolated as brown oil (120 mg, 68%).

'H-NMR (400 MHz, CDC}) 8= 7.39- 7.52 (m, 2H), 7.19 (m, 1H), 6.977.12 (m, 2H),
6.78 (dqg,J=15.3 Hz, 1H), 3.53 (s, 3H), 1.97 ppm @7.0 Hz, 3H);"*C-NMR (101 MHz,

CDCl3) 6=191.0, 159.2, 145.4, 139.7, 128.1, 127.3, 121118,6, 112.7, 56.2, 18.5 pp@HN
Anal. Calcd. for ¢H120,: C, 74.98; H, 6.86; found: C, 74.83; H, 6.80.

141



Experimenteller Teil

6.3. Decarboxylative Allylation of Glyoxylic Acids with Diallyl Carbonate

6.3.1. General Methods.

Dioxane was dried by fractional distillation froradsum prior to use. Compoundsl.3-1a,
4.1.3-1f, 4.1.3-1i, 4.1.3-1k, 4.1.3-1n, 4.1.3-1o, 4.1.31p, 4.1.3-1q, and 4.1.3-1r are
commercially available. The other derivativds].3-1b [CAS: 7163-50-0],%® 4.1.3-1c [CAS:
26153-26-4],%® 4.1.3-1d [CAS: 5449-21-8],%® 4.1.3-1e [CAS: 57774448-0]7°% 4.1.3-1g
[CAS: 7947786-4],”% 4.1.3-1h [CAS: 76596:50-6],2%? 4.1.3-1j [CAS: 57774434-4]*%?
4.1.3-11 [CAS: 46743508-1],*?1 4.1.3-1m [CAS: 7947786-4]*?) were synthesised
following known synthetic procedures in 6#8% vyields. All other compounds were

commercially available and used without furtherifozation.

6.3.2. Synthesis ofo,f-unsaturated ketones

Standard procedure for the synthesis af f—unsaturated ketones fronr-oxocarboxylic

acids.

A 20mL crimp cap vessel was charged with tetrakm@i{enylphosphine)palladium(0)
(57.6 mg, 0.05 mmol) and #p—-tolylphosphine (77.6 mg, 0.25 mmol). A solution tfe
a—oxocarboxylic acid (1.00 mmol) in Ldioxane (8 mL) and diallyl carbonat@) ((144 pL,
1.00 mmol) were added v&yringe. The reaction mixture was stirred at 100CL2 h and then
cooled to room temperature. The solvent was remanedacuo (40 °C, 107 mbar) and the
remaining residue was further purified by flash athatography (Si@ ethyl acetate/hexane
(1:10)) yielding the corresponding produdtd.3-3a—p (52-99%).
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Synthesis of (E¥1L—phenylbut2-en-1-one (4.1.3-3a)

[CAS: 495-41-0]

(@]
Q)%
Compound 4.1.3-3a was prepared following the standard procedurerytista from

phenylglyoxylic acid 4.1.3-1a) (150 mg, 1.00 mmol). After purificatiod.1.3-3a was isolated
as yellow oil (145 mg, 99%). The spectroscopic aadéched those reported #r.2-3aa

Synthesis of (Ey1<4-tolyl)but—2-en-1-one (4.1.3-3b)

[CAS: 3837-95-4]

/@)i/\
Compound4.1.3-3b was prepared starting from-blylglyoxylic acid @.1.3-1b) (164 mg,

1.00 mmol). After purification4.1.3-3b was isolated as yellow oil (127 mg, 79%). The

spectroscopic data matched those reported.fo2-3ba.

Synthesis of (Ey1<naphthalen-1-yl)but-2-en-1-one (4.1.333c)
[CAS: 12811346-2]

o
S

Compound4.1.3-3c was prepared starting from-dapthtylglyoxylic acid 4.1.3-1¢) (200 mg,
1.00 mmol). After purificatior4.1.3-3c was isolated as light yellow oil (185 mg, 94%).eTh

spectroscopic data matched those reported.fo?-3ca
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Synthesis of (E¥1—[1,1'-biphenyl]4-yl)but-2—-en-1-one (4.1.33d)

[CAS: 71823-67-1]

(@]
S
Compound 4.1.3-3d was prepared starting from-Hdiphenylglyoxylic acid 4.1.3-1d)

(226 mg, 1.00 mmol). After purificatiof.1.3-3d was isolated as yellow solid (215,2 mg, 97%).
The spectroscopic data matched those reportetl Ia?-3ga

Synthesis of (Ey1<4—trifluoromethyl)phenyl)but2-en-1-one (4.1.33e)

[CAS: 20116424-1]

/Q)K/\
F.C

3

Compound4.1.3-3ewas prepared starting from-@rifluoromethyl)phenylglyoxylic acidXe)
(218 mg, 1.00 mmol). After purificatioh.1.3-3ewas isolated as dark yellow oil (155 mg, 73%).
The spectroscopic data matched those reportetl Id¢-3fa.

Synthesis of (Ey1<4-fluorophenyl)but-2-en-1-one (4.1.333f)

[CAS: 2812215-8]

(6]
FQ)k/\
Compound4.1.3-3f was prepared starting from-#ourophenylglyoxylic acid 4.1.3-1f)
(168 mg, 1.00 mmol). After purificatiofh.1.3-3f was isolated as brown oil (120 mg, 73%).

'H-NMR (600 MHz, CDC}) d= 7.98— 7.95 (m, 2H), 7.12 7.15 (m, 2H), 7.07 (m, 1H),
6.91 (dq,J=15.3, 1.8 Hz, 1H), 2.02 ppm (d#6.9, 1.6 Hz, 3H)**C-NMR (151 MHz, CDC})
d=189.0, 165.5 (dJcr=253,8 Hz), 145.2, 134.1 (der=2.77 Hz), 131.1 (2C) (dlce=9.7 Hz),

127.0 (2 C), 115.5 (dlcr =22.2 Hz), 18.6 ppmCHN Anal. Calcd. for GoHgFO: C, 73.16; H,
5.53; found: C, 73.18; H, 5.56.

144



Experimenteller Tell

Synthesis of (Ey1<4-chlorophenyl)but2-en-1-one (4.1.33Q)

[CAS: 67864-02-2]

Compound4.1.3-3g was prepared starting from-ehlorophenylglyoxylic acid 4.1.3-19)
(185 mg, 1.00 mmol). After purificatiof.1.3-3g was isolated as light yellow oil (144 mg, 80%).
The spectroscopic data matched those reportetl Ia2-3da.

Synthesis of (Ey4—<but-2-enoyl)benzonitrile (4.1.33h)

[CAS: 95931%+24-1]

/@)kf\
NC

Compound4.1.3-3h was prepared starting from-éyanophenylglyoxylic acid4(1.3-1h)
(175 mg, 1.00 mmol). After purificatiod.1.3-3h was isolated as yellow solid (97 mg, 57%,
m.p.: 6162 °C). The spectroscopic data matched those explwt4.1.2-3ea

Synthesis of (Ey}1<4-methoxyphenyl)but2—-en-1-one (4.1.3-3i)

[CAS: 97066-29-2]

(0]

/@)kA
MeO

Compound4.1.3-3i was prepared starting from-dhethoxyphenylglyoxylic acid4(1.3-1i)
(180 mg, 1.00 mmol). After purificatioBi was isolated as brown oil (132 mg, 75%).

IH-NMR (400 MHz, CDC}) &= 7.94—- 7.97 (m, 2H), 7.07 (m, 1H), 6.936.96 (m, 3H),
3.88 (s, 3H), 1.99 ppm (dd=6.7, 1.6 Hz, 3H)**C-NMR (101 MHz, CDC}) 6= 189.0, 163.3,

143.9, 130.8, 128.5 (2 C), 127.1 (2 C), 113.7, 55815 ppmCHN Anal. Calcd. for GH1,05:
C, 74.98; H, 6.86; found: C, 74.86; H, 6.90.
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Synthesis of (E¥1<3-tolyl)but—2-en-1-one (4.1.33))

[CAS: 94434473-4]

\Q)i/\
Compound4.1.3-3] was prepared starting from-ethylphenylglyoxylic acid 4.1.3-1j)

(164 mg, 1.00 mmol). After purificatiof.1.3-3j was isolated as yellow oil (133 mg, 83%). The

spectroscopic data matched those reported.fo2-3ha.

Synthesis of (E¥1<3-methoxyphenyl)but2-en-1-one (4.1.33k)

[CAS: 108739925-4]

o
MBOO)k%\

Compound4.1.3-3k was prepared starting from@ethoxyphenylglyoxylic acid4(1.3-1k)
(180 mg, 1.00 mmol). After purificatiof.1.3-3k was isolated as brown oil (148 mg, 84%). The

spectroscopic data matched those reported.foP-3ma.

Synthesis of (E¥1<2—trifluoromethyl)phenyl)but2-en-1-one (4.1.33l).

[CAS: 136092407-7]

@UQA
Compound 4.1.3-31 was prepared starting from—t2ifluoromethylphenylglyoxylic acid

(4.1.3-11) (218 mg, 1.00 mmol). After purificatiod.1.3-3| was isolated as yellow oil (178 mg,
83%). The spectroscopic data matched those repfontddl.2-3ja.
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Synthesis of (Ey1<2-fluorophenyl)but-2-en-1-one (4.1.33m)

[CAS: 7947F86-4]
éﬁv
Compound4.1.3-3m was prepared starting from-fluorophenylglyoxylic acid 4.1.3-1m)

(168 mg, 1.00 mmol). After purificatiof.1.3-3m was isolated as brown oil (117 mg, 71%). The

spectroscopic data matched those reported.foP-3ia.

Synthesis of (Ey1<2-methoxyphenyl)but2-en-1-one (4.1.33n)

[CAS: 4087281-9]

OMe O

Compound4.1.3-3n was prepared starting fromradethoxyphenylglyoxylic acid4(1.3-1n)
(180 mg, 1.00 mmol). After purificatiod.1.3-3n was isolated as dark brown oil (92.4 mg,
52%).

'H-NMR (600 MHz, CDC}) d= 7.93- 8.02 (m, 2H), 7.09 (m, 1H), 6.997.02 (m, 3H),
3.89 (s, 3H), 2.01 ppm (dd=6.7, 1.6 Hz, 3H)}*C-NMR (151 MHz, CDC}) = 190.3, 159.7,

145.0, 139.2, 129.4, 127.4, 121.0, 119.0, 112.73,5%8.5 ppm;CHN Anal. Calcd. for
C11H120,: C, 74.98; H, 6.86; found: C, 74.99; H, 6.83.

Synthesis of (Ey¥1—furan 2-yl)but-2-en-1-one (4.1.330)

[CAS: 6467 F61-8]

~ =

\_o

Compound4.1.3-30 was prepared starting from furétrglyoxylic acid @.1.3-10) (140 mg,
1.00 mmol). After purificatior4.1.3-30 was isolated as dark yellow oil (107 mg, 79%). The

spectroscopic data matched those reported.foP-3ka.
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Synthesis of (Ey¥1—thiophen-2-yl)but-2-en-1-one (4.1.3-3p)

[CAS: 13196-29-7]

~ =

\_s

Compound 4.1.3-3p was prepared starting from thioph@rglyoxylic acid @.1.3-1p)
(159 mg, 1.00 mmol). After purificatiof.1.3-3p was isolated as brown oil (126 mg, 83%). The

spectroscopic data matched those reported.foP-3la.
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6.4. Decarboxylative allylation of arylglyoxylic acids wth allyl alcohol

6.4.1. General Methods

Compounds4.1.4-1b [CAS: 5449-21-8], 4.1.4-1c [CAS: 716350-0], 4.1.4-1d [CAS:
14289-45-3], 4.1.4-1e [CAS: 2615326-4], 4.1.4-1f [CAS: 7099-88-9], 4.1.4-1g [CAS:
2051-76-5], 4.1.4-1h [CAS: 7947786-4], 4.1.4-1i [CAS: 2676710-2] and4.1.4-1| [CAS:
39684-36-1] were synthesised in 638% yield following known synthetic procedufé&*?

All other compounds were commercially available asdd without further purification.

6.4.2. Synthesis ofa,f-unsaturated ketones

Standard procedure for the synthesis af f—unsaturated ketones fronr-oxocarboxylic

acids.

A 20 mL crimp-cap vessel was charged with bis(dibenzylideneaegtatiadium(0) (28.8
mg, 0.05 mmol) and triphenylphosphine (91.8 mg, 50.8imol). A solution of the
a—oxocarboxylic acid 4.1.4-1a-1) (1.00 mmol) in 1,4dioxane (8 mL) and allyl alcohol
(4.1.4-2) (104 pL, 1.50 mmol) were added via syringe. Thaction mixture was stirred at
100 °C for 16 h and was then cooled to room tentperaThe solvent was removad vacuo
(40 °C, 100 mbar) and the remaining residue wathéurpurified by flash chromatography
(SiO,, ethyl acetate/hexane (1:10)), yielding the cqoasling ketoned.1.4-4a—1 (63-96%).

Synthesis of (E}L-phenylbut2-en-1-one (4.1.44a)

[CAS: 495-41-0]

Q»M
Compound 4.1.44a was prepared following the standard procedurertistg from

phenylglyoxylic acid 4.1.4-1a) (155 mg, 1.00 mmol). After purificatiod.1.4-4a was isolated
as colourless oil (129 mg, 88%). The spectroscdaia matched those reported 4ot.2-3aa
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Synthesis of (E¥L~[1,1'-biphenyl]4-yl)but-2-en-1-one (4.1.44b)

[CAS: 71823-67-1]

(0]
S

Compound 4.1.4-4b was prepared following the standard procedurertistp from
4-biphenylglyoxylic acid 4.1.4-1b) (226 mg, 1.00 mmol). After purificatior4.1.4-4b was
isolated as beige solid (189 mg, 85%). The spemtms data matched those reported for
4.1.2-3ga

Synthesis of (Ey1—«4-tolyl)but-2-en-1-one (4.1.44c)

[CAS: 3837-95-4]

O
/@)KA
Compound 4.1.4-4c was prepared following the standard procedurertirsgg from

4-tolylglyoxylic acid @.1.4-1c) (164 mg, 1.00 mmol). After purificatiod,.1.4-4c was isolated
as colourless oil (129 mg, 81%). The spectroscdaia matched those reported 4ot.2-3ba.

Synthesis of (EyL«(naphthalen2-yl)but-2-en-1-one (4.1.44d)

[CAS: 12811344-0]

(0]
co
Compound 4.1.4-4d was prepared following the standard procedurertistp from

2-napththylglyoxylic acid 4.1.4-1d) (200 mg, 1.00 mmol). After purificatior}.1.4-4d was

isolated as colourless solid (168 mg, 86%).

m.p. = 57-58 °C; '"H-NMR (400 MHz, CDC}) &= 8.43 (s, 1H), 8.03 (dd=8.8 Hz, 1.8 Hz,
1H), 7.94 (d,J=8.0 Hz, 1H), 7.88 (dJ=8.8 Hz, 1H), 7.85 (d}=8.0 Hz, 1H), 7.55 (m, 2H), 7.20 —
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7.03 (m, 2H), 2.02 ppm (dd=6.4 Hz, 1.1 Hz, 3H)**C-NMR (151 MHz, CDC}) = 190.2,
144.7, 135.2, 135.0, 132.4, 129.8, 129.3, 128.8,112427.6, 127.3, 126.5, 124.3, 18.5 ppiRy;
v= 1665 (m), 1613 (vs), 1292 (s), 1188 (m), 1126, @B (M), 904 (m), 875 (m), 813 (vs), 746
cm™ (vs); MS (lon trap, El): m/z (%) = 196 [K] (43), 195 (100), 181 (21), 155 (10), 127 (32),
126 (13), 69 (15)HRMS—-EI (TOF): m/z [M] calcd. for G4H1,0, 196.0888; found, 196.0882;
CHN Anal. Calcd. for @H1,0: C 85.68, H 6.16; found: C 85.54, H 6.16.

Synthesis of (EyL«(naphthalen-1-yl)but-2-en-1-one (4.1.44e)
[CAS: 12811346-2]

(0]
D

Compound 4.1.4-4e was prepared following the standard procedurertirsga from
1-napththylglyoxylic acid 4.1.4-1¢) (200 mg, 1.00 mmol). After purificatior4.1.4-4e was
isolated as yellow solid (170 mg, 87%). The speciopic data matched those reported for
4.1.2-3ca

Synthesis of (E}L—«(4-chlorophenyl)but2-en-1-one (4.1.44f)

[CAS: 6786402-2]

Compound 4.1.4-4f was prepared following the standard procedurerstisga from
4—chlorophenylglyoxylic acid4.1.4-1f) (185 mg, 1.00 mmol). After purificatior.1.4-4f was
isolated as colourless solid (156 mg, 86%). Thectspscopic data matched those reported for
4.1.2-3da.
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Synthesis of (E¥L—«4-fluorophenyl)but-2-en-1-one (4.1.449)

[CAS: 28122-15-8]

o
F
Compound 4.1.4-4g was prepared following the standard procedurertistg from
4—flourophenylglyoxylic acid4.1.4-1g) (168 mg, 1.00 mmol). After purificatiod.1.4-4g was
isolated as colourless oil (158 mg, 96%). The spscopic data matched those reported for
4.1.3-3f.

Synthesis of (EyL—«(2-fluorophenyl)but-2-en-1-one (4.1.44h)

[CAS: 79477-86-4]

F O
@)K/A

Compound 4.1.4-4h was prepared following the standard procedurertistg from

2—-fluorophenylglyoxylic acid4.1.4-1h) (168 mg, 1.00 mmol). After purificatiod.1.4-4h was

isolated as colourless oil (135 mg, 82%). The spscbpic data matched those reported for
4.1.2-3ia.

Synthesis of (E¥1«3-methoxyphenyl)but2-en-1-one (4.1.44i)

[CAS: 108739925-4]

(e}
MeO\Q)KA

Compound 4.1.4-4i was prepared following the standard procedurertirsga from
3—-methoxyphenylglyoxylic acid4(1.4-1i) (180 mg, 1.00 mmol). After purificatiord.1.4-4i
was isolated as yellow oil (135 mg, 77%). The spsciopic data matched those reported for
4.1.2-3ma.
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Synthesis of (Eyl—(furan 2-yl)but-2-en-1-one (4.1.44j)

[CAS: 13132345-0]

(0]

= =

\_o

Compound 4.1.4-4] was prepared following the standard procedureytisga from
furany2-glyoxylic acid @.1.4-1j) (140 mg, 1.00 mmol). After purificatior4.1.4-4j was
isolated as yellow solid (109 mg, 80%). The speciopic data matched those reported for
4.1.2-3ka.

Synthesis of (EyL—(thiophen-2-yl)but-2-en-1-one (4.1.44k)

[CAS: 13196-29-7]

= =

\_s

Compound 4.1.4-4k was prepared following the standard procedurertistg from
thiophenyt2—glyoxylic acid @.1.4-1k) (156 mg, 1.00 mmol). After purificatiordl.1.4-4k was
isolated as yellow oil (111 mg, 73%). The spectopsc data matched those reported for
4.1.2-3la.

Synthesis of (Ey1—<thiophen-3-yl)but—2-en-1-one (4.1.44l)

[CAS: 130824957-1]

=
]
S
Compound 4.1.4-41 was prepared following the standard procedurertirsga from

thiophenyt3—-glyoxylic acid @.1.4-11) (156 mg, 1.00 mmol). After purificatior.1.4-4l was

isolated as colourless solid (95.5 mg, 63%).

m.p. = 42-43°C; "H-NMR (400 MHz, CDC}) J= 8.05 (dd,J=2.8, 1.2 Hz, 1H), 7.58 (dd,
J=5.1, 1.3 Hz, 1H), 7.31 (dd=5.1, 2.8 Hz, 1H), 7.08 (dd=15.1, 6.8 Hz, 1H), 6.79 (dd=15.3,
1.4 Hz, 1H), 1.97 ppm (dd=6.8, 1.5 Hz, 3H)**C-NMR (101 MHz, CDC}) J= 183.9, 144.0,
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142.6, 131.8, 127.9, 127.3, 126.2, 18.3 ppm (£83); IR v= 3105 (s), 2909 (m), 1667 (vs),
1619 (vs), 1511 (m), 1443 (m), 1411 (m), 1291 (1281 (m), 1179 cit (m); MS (lon trap, EI):
m/z (%) = 152 [M] (20), 151 (100), 136 (27), 91 (11), 69 (25), 49)( 41 (20);,CHN Anal.
Calcd. for GHgOS: C 63.13, H 5.30, S 21.07; found: C 63.43, H05%520.90.
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6.5. Synthesis of Arylacetates from Benzylic Alcohols ahOxalate Esters

through Decarboxylative Coupling

6.5.1. Synthesis of the benzyl alcohols

Synthesis of 4chloro-2,6-dimethylbenzaldehyde

(@)
ﬁj\*”
Cl

A solution of 2-bromo-5-chloro-1,3-dimethylbenzene (6.65 g, 30.0 mmol, 4.30 mL) in
THF (50 mL) was cooled to —100°C ametbutyllithium (12.6 mL, 31.5 mmol, 2.5 mol/L in

hexane) was added within 10 min. The mixture wasrest for 2h at —-100°C and

[CAS: 6045-90-5]

dimethylformamide (4.41 g, 60.0 mmol, 4.66 mL) veakled to the slightly orange suspension.
The resulting yellow solution was then allowed &ach room temperature over night while
stirring under N. Water (10 mL) was added and the mixture wasestifor another 10 min,
whereupon the solvent was removad vacuo (200 mbar, 40°C). The remaining gel was
dissolved in dichloromethane (100 mL) and wateO(d.) and the separated aqueous layer was
extracted with dichloromethane (2 x 50 mL). The borad organic layers were dried over
MgSQ,, filtered and concentrated (700 mbar, 40°C) anel ¢hude product was thermally
recrystallized from hexane/ethyl acetate 3:1. Gupthe saturated solution to 4°C gave the title
compound as colourless needles (4.82 g, 28.6 n8bét) that were separated from the mother

liquor, smashed and driéal vacuo(10 > mbar) for 6 h.

m.p. 57-58 °C;'H-NMR (400 MHz, CDC}) d= 10.54 (s, 1 H; €0), 7.08 (s, 2H), 2.58
ppm (s, 6 H; 2 E); *C-NMR (101 MHz, CDC}) = 192.2 CHO), 143.0 (2 C), 138.6, 130.7,
129.5 (2 C), 20.4 ppm (2 ©Hs); IR v= 1683 (s), 1582 (s), 1563 (s), 1380 (vs), 1251191
(s), 1096 (s), 886 (s), 853 (vs), 7637¢rfvs); MS (lon trap, El): m/z (%) = 170 [f] (22), 169
(38), 168 (71), 167 (100), 141 (11), 139 (34), 103), 103 (21), 77 (21), 51 (9LHN Anal.
Calcd. for GHoCIO: C 64.11, H 5.38; found: C 64.00, H 5.48.
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Synthesis of 4chloro-2,6-dimethylbenzyl alcohol (4.18.m)

ﬁ?fo”
Cl

Sodium borohydride (1.15 g, 29.7 mmol) was added &o stirred solution of
4—chloro-2,6-dimethylbenzaldehyde (4.55 g, 27.0 mmol) in methgh®0 mL). After stirring

[CAS: 33217932-5]

for 2 h, the reaction mixture was concentratedvacuo (100 mbar, 40°C) and the residue
dissolved in dichloromethane (100 mL). The orgdayer was washed with water (3 x 100 mL),
dried over MgSQ filtered and concentrated vacuo(700 mbar, 40 °C) to give the crude benzyl
alcohol as colourless solid. Recrystallization froexane/ethyl acetate 3:1 afforded the desired

product as colourless crystals (3.93 g, 23.0 mBsh).

m.p. 111112 °C;*"H-NMR (400 MHz, CDC}) 4= 7.00 (s, 2H), 4.58 (&) (H,H) = 4.9 Hz,
2 H; CH,OH), 2.34 (s, 6 H; 2 B3), 2.25 ppm (t2J (H,H) = 5.1 Hz, 1 H; ®l); *C-NMR (101
MHz, CDCk) J= 139.2, 134.8 (2 C), 133.1, 127.9 (2 C), 5&H{OH), 19.2 ppm (2 CCHy);
IR v= 3278 (br), 1585 (m), 1474 (w), 1443 (w), 1259,(@93 (vs), 880 (vs), 863 (m), 856 (Vs),
774 cm* (m); MS (lon trap, El): m/z (%) = 172 [K} (13), 170 (41), 155 (24), 154 (34), 153
(23), 152 (100), 117 (37), 115 (24), 105 (21), 83){CHN Anal. Calcd. for GH;,CIO: C 63.35,
H 6.50; found: C 63.51, H 6.54.

Synthesis of 4hydroxymethyl)benzonitrile (4.15Lq)

[CAS: 874-89-5]

oy
NC

Sodium borohydride (0.85 g, 22.0 mmol) was added ao stirred solution of
4-cyanobenzaldehyde (2.62 g, 20.0 mmol) in metha@bingL). After stirring for 2 h, the
reaction mixture was concentrat@d vacuo (100 mbar, 40°C) and the residue dissolved in
dichloromethane (75 mL). The organic layer was wdsWith water (3 x 75 mL), dried over
MgSQ,, filtered and concentrated vacuo(700 mbar, 40 °C) to give the crude benzyl alca®l
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colourless solid. Recrystallization from hexanefetitetate 3:1 afforded the desired product as
colourless crystals (2.54 g, 19.1 mmol, 95%).

m.p. 42—43 °C;'H-NMR (400 MHz, CDC}) = 7.56 (d,2J (H,H) = 8.4 Hz, 2H), 7.42 (d)
(H,H) = 8.4 Hz, 2H), 4.70 (s, 2 H;HGOH), 3.25 ppm (s, 1 H; B); *C-NMR (101 MHz,
CDCl) d= 146.5, 132.0 (2 C), 126.8 (2 C), 118.7, 11@M), 63.7 ppm CH20H); IR v=
3312 (br), 2232 (s), 1739 (w), 1415 (m), 1346 (YO8 (m), 1028 (m), 1018 (s), 833 (s), 817
cm™ (vs); MS (lon trap, El): m/z (%) = 133 [f] (37), 132 (43), 104 (100), 105 (24), 102 (11),
78 (9), 77 (29), 76 (11), 75 (8), 51 (1@HN Anal. Calcd. for @H,NO: C 72.17, H 5.30, N
10.52; found: C 71.92, H 5.42, N 10.55.

6.5.2. Synthesis of the alkytand aryl oxalates

Synthesis of diphenyl oxalate (4.1=8d)

[CAS: 3155-16-6]

(0]

oo 0P

(0]

A solution of phenol (9.41 g, 100 mmol) in diethgther (100 mL) was cooled to 0° and
triethylamine (10.1 g, 100 mmol, 13.9 mL) was add@dalyl chloride (6.98 g, 100 mmol,
5.23 mL) was then added with stirring during 30 mging an ice bath to maintain the reaction
temperature between 10 and 25°C. The resultingwedllurry was stirred for 3 h and washed
with water (3 x 50 mL), dried over MgQ@nd filtered. The solvent was removiedvacuo
(700 mbar, 40°C) and the crude product was theymadrystallized from hexane/ethyl acetate
3:1. Cooling the saturated solution to 4°C gavetitiheecompound as colourless needles (8.30 g,
34.3 mmol, 69%) that were separated from the moligeor, smashed and dried vacuo
(10" mbar) for 6 h.

m.p. 138-139 °C!H-NMR (400 MHz, CDC}) d= 7.44 (1,%J (H,H) = 8.0 Hz, 4H), 7.31 (t,
33 (H,H) = 7.6 Hz, 2H), 7.26 ppm (dJ (H,H) = 8.0 Hz, 4H)*C-NMR (101 MHz, CDC}) =
155.6 (2 CCO,Ph), 149.9 (2 C), 129.7 (4 C), 126.9 (2 C), 12@d 4 C);IR (NaCl) v= 3043
(w), 1775 (vs, C=0), 1586 (m), 1483 (m), 1305 ()64 (vs), 1144 (vs, C-O-C), 934 (m), 846
(m), 751 cm® (vs); MS (lon trap, El): m/z (%) = 242 [} (8), 215 (10), 214 (60), 170 (28), 169
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(35), 142 (42), 141 (71), 94 (9), 77 (100), 65 (IDHN Anal. Calcd. for GH1004: C 69.42, H
4.16; found: C 69.54, H 4.39.

Synthesis of bis(2,2;2rifluoroethyl) oxalate (4.1.52¢)

[CAS: 46668490-2]

(@]
(@] CF
ooty Oer,
(@]

A solution of 2,2, 2trifluoroethanol (12.5 g, 125 mmol) in dichloromette (50 mL) was
cooled to 0°. Triethylamine (13.3 g, 125 mmol, 18B), 4-Dimethylaminopyridine (611 mg,
5.00 mmol) and oxalyl chloride (6.35 g, 50 mmol73mL) were subsequently added with
stirring using an ice bath to maintain the reactiemperature between 0°C and 10°C. The
resulting yellow slurry was stirred for anotherii@&nd brine (20 mL) was added to quench the
reaction. The mixture was extracted with diethyleet(3 x 20 mL), dried over MgS(filtered
and concentratedh vacuo (700 mbar, 40 °C) to give the crude product. Daton under

reduced pressure gave the title compound as cekauliquid (8.95 g, 35.2 mmol, 70%).

b.p. 70 °C/50 mbar*H-NMR (400 MHz, CDC}) d= 4.67 ppm (q3J (H,F) = 8.0 Hz, 4H);
¥C-NMR (101 MHz, CDC}) d= 154.7 (2 CCO:R), 122.0 (qlJ (C,F) = 277.9 Hz, 2 OCF),
62.3 ppm (q1J (C,F) = 38.1 Hz, 2 CCH,CRs); *F-NMR (376.5 MHz, CDGJ) d= -73.5 ppm
(t, 3 (F,H) = 6.8 Hz, 6 F)IR (NaCl) v= 2989 (m), 1795 (vs), 1775 (vs), 1420 (m), 1288§),(v
1271 (vs), 1173 (vs), 978 (m), 844 (w), 775 titw); CHN Anal. Calcd. for GH4FsOs: C 28.36,
H 1.59; found: C 28.41, H 1.42.

Synthesis of benzyl ethyl oxalate (4.%3)

[CAS: 75406-29-0]

o
‘ OEt
©A°&g
A stirred solution of benzyl alcohol (3.24 g, 3@ddnol, 3.11 mL) and pyridine (2.41 g, 30.3

mmol, 2.46 mL) in dichloromethane (15 mL) was cdale an ice bath and ethyl oxalyl chloride
(4.22 g, 30.3 mmol, 3.44 mL) was added over 1 ke Mixture was stirred at 0°C for 4 h, then at
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room temperature overnight and was then washedwatier (2 x 15 mL), dried over MgQ0O
filtered and concentrateth vacuo (700 mbar, 40°C) to give the crude oxalate. Kugjelr
distillation under reduced pressure gave the tidempound as colourless liquid (5.48 g, 26.3
mmol, 88%).

b.p. 90 °C/2x10? mbar,"H-NMR (400 MHz, CDC}) d= 7.45 — 7.36 (m, 5H), 5.32 (s, 2 H;
CH,Ph), 4.36 (q2J (H,H) = 7.1 Hz, 2 H; €,CHs), 1.38 ppm (t2J (H,H) = 7.1 Hz, 3 H; El3);
13C-NMR (101 MHz, CDC}) d= 157.7, 157.6, 134.2, 128.8, 128.7 (2 C), 128.T)268.5,
63.2, 13.9 ppmGH3); IR (NaCl) v= 2985 (vs), 1774 (vs), 1736 (vs), 1458 (m), 138}, (1309
(m), 1183 (s), 1158 (s), 1018 (w), 946 C¢rtw); MS (lon trap, El): m/z (%) = 208 [} (1), 180
(7), 107 (13), 92 (8), 91 (100), 89 (2), 79 (2), (&}, 65 (8), 63 (2)CHN Anal. Calcd. for
C11H1204: C 63.45, H 5.81; found: C 63.48, H 5.82.

6.5.3. Synthesis of the arylacetic esters from benzyl alois

Standard procedure for the synthesis of arylacetisters from benzyl alcohols and dialkyl

or —aryl oxalates.

An oven-dried 20 mL crimp cap vessel was charged with galla (Il) acetate (4.58 mg,
0.02 mmol), 1,3bis(diphenylphosphino)propane (12.4 mg, 0.03 mmol),
1,4-diazabicyclo[2.2.2]octane (11.2 mg, 0.10 mmol) anbeflon-coated stirrer bar and brought
under an atmosphere of dry nitrogen. A solutiorthef benzyl alcohol (1.00 mmol) in NMP
(2 mL) and the oxalate (1.20 mmol) were addedsyignge. The reaction mixture was stirred at
150 °C for 16 h and then cooled to room temperatlitee pressure was released and ethyl
acetate (20 mL) was added. The mixture was washiéd water (20 mL) and a saturated
aqueous bicarbonate solution (20 mL). The orgaayed was separated, dried over MgSO
filtered and the solvents were removadvacuo(40 °C, 200 mbar). The remaining residue was
further purified by flash chromatography ($iCethyl acetate/hexane (1:10)), yielding the

corresponding esters (435%).
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Synthesis of ethyl Zohenylacetate (4.151a)

[CAS: 101-97-3]

©/\C02Et

Compound4.1.5-4a was prepared following the standard proceduratistafrom benzyl
alcohol @.1.5-14) (108 mg, 1.00 mmol) and diethyl oxalatel(.5-2a) (175 mg, 1.20 mmol, 164
pL). After purification,4.1.5-4awas isolated as colourless liquid (156 mg, 0.950nB85%).

'H-NMR (400 MHz, CDC}) o= 7.38 — 7.26 (m, 5H), 4.18 (4) (H,H) = 7.2 Hz, 2 H;
CH,CHs), 3.64 (s, 2 H; @,Ph), 1.28 ppm (£J (H,H) = 7.1 Hz, 3 H; E3); *C-NMR (101
MHz, CDCk) = 171.6 CO.Et), 134.1, 129.2 (2 C), 128.5 (2 C), 127.0, 6@EKI,CHs), 41.4,
14.1 ppm CH3); IR (NaCl) v= 3032 (m), 2983 (s), 1736 (vs), 1498 (m), 1456, (hB68 (s),
1254 (s), 1159 (vs), 1030 (s), 946 ¢rtw); MS (lon trap, El): m/z (%) = 164 [K (22), 119 (2),
105 (2), 92 (11), 91 (100), 90 (3), 89 (4), 65 (163 (3);CHN Anal. Calcd. for GoH10,: C
73.15, H 7.37; found: C 72.88, H 7.24.

Synthesis of ethyl Ap-tolyl)acetate (4.1.54b)

[CAS: 1406219-2]

/@Acoza

Compound 4.1.5-4b was prepared following the standard procedurertistg from
(4—-methylphenyl)methyl alcoho#(1.5-1b) (125 mg, 1.00 mmol) and diethyl oxalatel(.5-2a)
(175 mg, 1.20 mmol, 164L). After purification,4.1.5-4b was isolated as colourless liquid (165
mg, 0.93 mmol, 93%).

IH-NMR (400 MHz, CDC4) &= 7.20 (d.2J (H,H) = 8.2 Hz, 2H), 7.15 (&] (H,H) = 8.2 Hz,
2H), 4.17 (q%J (H,H) = 7.2 Hz, 2 H; OB,CHy), 3.59 (s, 2H), 2.35 (s, 3 HHG), 1.27 ppm (%)
(H,H) = 7.1 Hz, 3 H; OChCH3); ®C-NMR (101 MHz, CDCY) 5= 171.8 CO,Et), 136.6,
131.1, 129.2 (2 C), 129.0 (2 C), 60.7QB,CHz), 41.0, 21.0 CHs), 14.1 ppm (OChLCH3); IR
(NaCl) v= 2983 (vs), 2927 (s), 1736 (vs), 1517 (s), 146 (868 (m), 1256 (s), 1156 (s), 1034
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(s), 810 cm* (w); MS (lon trap, El): m/z (%) = 178 [} (22), 106 (10), 105 (100), 103 (7), 79
(6), 78 (4), 77 (10)CHN Anal. Calcd. for GH140,: C 74.13, H 7.92; found: C 74.05, H 7.87.

Synthesis of ethyl Zo-tolyl)acetate (4.1.54c)

éﬁcoza

Compound 4.1.5-4c was prepared following the standard procedurertirsgg from

(2-methylphenyl)methyl alcoho#(1.5-1c) (125 mg, 1.00 mmol) and diethyl oxalatel(.5-2a)

[CAS: 4029139-2]

(175 mg, 1.20 mmol, 164L). After purification,4.1.5-4c was isolated as colourless liquid (156
mg, 0.88 mmol, 88%).

'H-NMR (400 MHz, CDC}) = 7.24 — 7.16 (m, 4H), 4.18 (4J (H,H) = 7.0 Hz, 2 H;
OCH,CHs), 3.65 (s, 2H), 2.34 (s, 3 H;HG), 1.27 ppm (t3J (H,H) = 7.1 Hz, 3 H; OChCHby);
3C-NMR (101 MHz, CDC}) d= 171.5 CO,Et), 136.8, 132.9, 130.3, 130.1, 127.3, 126.1, 60.7
(OCH,CHg3), 39.2, 19.5CH3), 14.1 ppm (OCKCH3); IR (NaCl) v= 2982 (m), 1736 (vs), 1460
(w), 1368 (m), 1253 (s), 1156 (s), 1099 (m), 1083, (747 (m), 728 cit (w); MS (lon trap, E):
m/z (%) = 178 [M] (23), 132 (11), 106 (10), 105 (100), 104 (23)3100), 91 (4), 79 (9), 78 (6),
77 (13);CHN Anal. Calcd. for GH140,: C 74.13, H 7.92; found: 74.01, H 7.79.

Synthesis of ethyl A2,5-dimethylphenyl)acetate (4.1-8d)

[CAS: 58358-37-5]

\(I\COZEI

Compound 4.1.5-4d was prepared following the standard procedurerytistg from
(2,5-dimethylphenyl)methyl alcohol4(1.5-1d) (140 mg, 1.00 mmol) and diethyl oxalate
(4.1.5-2a) (175 mg, 1.20 mmol, 164L). After purification,4.1.5-4d was isolated as colourless
liquid (155 mg, 0.81 mmol, 81%).

'H-NMR (400 MHz, CDC}) = 7.11 (d,*J = (H,H) = 7.5 Hz, 1H), 7.07 (s, 1H), 7.04 @,

(H,H) = 7.5 Hz, 1H), 4.20 (J (H,H) = 7.0 Hz, 2 H; OB,CHs), 3.64 (s, 2H), 2.35 (s, 3 H,
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CHs), 2.32 (s, 3 H, €3), 1.30 ppm (t3J (H,H) = 7.2 Hz, 3 H; OCKCHs); **C-NMR (101
MHz, CDCk) = 171.5 CO.Et), 135.4, 133.5, 132.6, 130.8, 130.1, 127.9, §OGH,CHs),
39.1, 20.8 CHs), 19.0 CHa), 14.1 ppm (OCKCH3); IR (NaCl) v= 2981 (vs), 1737 (vs), 1508
(m), 1475 (m), 1367 (m), 1332 (m), 1252 (s), 1162 1034 (s), 811 crh (m); MS (lon trap,
El): m/z (%) = 192 [M] (35), 146 (6), 120 (10), 119 (100), 118 (38), 18y, 115 (6), 103 (5),
91 (13), 77 (5)CHN Anal. Calcd. for GH;60,: C 74.97, H 8.39; found: C 74.81, H 8.18.

Synthesis of ethyl Anaphthalen-1-yl)acetate (4.1.54e)

COZEt

Compound 4.1.5-4e was prepared following the standard procedurertista from
1-naphthylenemethano# (1.5-1¢) (161 mg, 1.00 mmol) and diethyl oxala#.1.5-2a) (175

[CAS: 2122-70-5]

mg, 1.20 mmol, 164uL). After purification,4.1.5-4e was isolated as colourless liquid (127 mg,
0.59 mmol, 59%).

'H-NMR (400 MHz, CDC}) &= 8.05 (d,2J (H,H) = 8.6 Hz, 1H), 7.92 — 7.87 (m, 1H), 7.86 —
7.80 (m, 1H), 7.60 — 7.44 (m, 4H), 4.19 {4,(H,H) = 7.2 Hz, 2 H; O8,CHs), 4.10 (s, 2H),
1.26 ppm (t3J (H,H) = 7.1 Hz, 3 H; OCbCHs); **C-NMR (101 MHz, CDC}) = 171.5
(CO,Et), 133.8, 132.1, 130.7, 128.7, 128.0, 127.9,2,2625.7, 125.4, 123.8, 60.9 QBI,CHs),
39.2, 14.1 ppm (OCHCH-); IR (NaCl) v= 2982 (s), 1735 (vs), 1599 (w), 1511 (m), 1368, (m)
1266 (m), 1174 (s), 1030 (m), 792 (m), 7817tifm); MS (lon trap, El): m/z (%) = 214 [K}
(31), 142 (13), 141 (100), 140 (3), 139 (10), 125 (15 (21), 89 (2), 70 (2LHN Anal. Calcd.
for C14H1402: C 78.48, H 6.59; found: C 78.62, H 6.50.
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Synthesis of ethyl Anaphthalen2-yl)acetate (4.1.54f)

[CAS: 2876-70-2]

COZEt

Compound 4.1.5-4f was prepared following the standard procedurerstisga from
2-naphthylenemethanod (1.5-1f) (161 mg, 1.00 mmol) and diethyl oxalate1.5-24d) (175 mg,
1.20 mmol, 164uL). After purification,4.1.5-4f was isolated as colourless liquid (124 mg, 0.58

mmol, 58%).

'H-NMR (400 MHz, CDC}) 4= 7.87 — 7.81 (m, 3H), 7.77 (s, 1H), 7.52 — 7.43 &H),
4.21(q,%) (H,H) = 7.2 Hz, 2 H; OB,CHs), 3.81 (s, 2H), 1.29 ppm &) (H,H) = 7.1 Hz, 3 H;
OCH,CHs); *C-NMR (101 MHz, CDC}) d= 171.5 CO,Et), 133.4, 132.4, 131.6, 128.1, 127.9,
127.6, 127.6, 127.3, 126.1, 125.7, 60.CHICH;), 41.6, 14.1 ppm (OCHHs); IR (NaCl) v=
3057 (m), 2982 (m), 1736 (vs), 1369 (m), 1329 (0272 (s), 1260 (s), 1181 (s), 1160 (vs), 1033
cm * (s); MS (lon trap, El): m/z (%) = 214 [ (75), 142 (13), 141 (100), 140 (4), 139 (8), 115
(24); CHN Anal. Calcd. for G4H140,: C 78.48, H 6.59; found: C 78.52, H 6.56.

Synthesis of ethyl A[1,1'-biphenyl]-2-yl)acetate (4.1.549)

Compound 4.1.5-4g was prepared following the standard procedurertistg from
2-hydroxymethylbiphenyl4.1.5-1g) (188 mg, 1.00 mmol) and diethyl oxalate1(.5-2a) (175

[CAS: 85462408-1]

mg, 1.20 mmol, 164uL). After purification,4.1.5-4g was isolated as colourless liquid (204 mg,
0.85 mmol, 85%).

'H-NMR (400 MHz, CDC}) = 7.35 — 7.16 (m, 9H), 4.00 (4) (H,H) = 7.0 Hz, 2 H;
OCH,CHs), 3.51 (s, 2H), 1.11 ppm () (H,H) = 7.2 Hz, 3 H; OCbLCHs); *C-NMR (101
MHz, CDCk) d= 171.9 CO.Et), 142.4, 141.1, 131.9, 130.3, 130.1, 129.2 (2128.1 (2 C),
127.5, 127.1 (2 C), 60.7 @H,CHs), 39.0, 14.1 ppm (OC}€H3); IR (NaCl) v= 3061 (m), 3024
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(m), 2982 (s), 1736 (vs), 1481 (s), 1334 (s), 1848, 1209 (vs), 1158 (vs), 1032 'én(s); MS
(lon trap, El): m/z (%) = 240 [¥] (100), 194 (13), 167 (63), 166 (20), 165 (37)21%4); CHN
Anal. Calcd. for GeH160,: C 79.97, H 6.71; found: C 79.88, H 6.69.

Synthesis of ethyl 24-methoxyphenyl)acetate (4.1-8h)

[CAS: 14062-18-1]

/@Acoza
MeO

Compound 4.1.5-4h was prepared following the standard procedurertistp from
(4—-methoxyphenyl)methanok(1.5-1h) (140 mg, 1.00 mmol) and diethyl oxalat#.1.5-2a)
(175 mg, 1.20 mmol, 164L). After purification,4.1.5-4h was isolated as colourless liquid (160
mg, 0.82 mmol, 82%).

'H-NMR (400 MHz, CDC}) o= 7.24 — 7.19 (m, 2H), 6.90 — 6.86 (m, 2H), 4.16°)qH,H)
= 7.0 Hz, 2 H; O@,CHs), 3.79 (s, 3 H; Of), 3.56 (s, 2H), 1.26 ppm &) (H,H) = 7.2 Hz, 3
H; OCH,CHs); *C-NMR (101 MHz, CDC}) o= 171.7 CO.Et), 158.5, 130.1 (2 C), 126.1,
113.8 (2 C), 60.6 (OH,CHjg), 55.0 (GCH3), 40.3, 14.0 ppm (OCI€H3); IR (NaCl) v= 2983
(vs), 2938 (s), 1736 (vs), 1615 (s), 1515 (vs),6L48), 1302 (s), 1249 (vs), 1156 (s), 1034 tm
(s); MS (lon trap, El): m/z (%) = 194 [§ (21), 122 (9), 121 (100), 91 (3), 89 (2), 78 (77,(6),
52 (2), 51 (2)CHN Anal. Calcd. for GH1403: C 68.02, H 7.27; found: C 67.67, H 7.28.

Synthesis of ethyl 22-methoxyphenyl)acetate (4.1-8i)

[CAS: 6056-23-1]

OMe
@Acoza

Compound 4.1.5-4i was prepared following the standard procedurerytirsga from
(2-methoxyphenyl)methanol4(1.5-1i) (140 mg, 1.00 mmol) and diethyl oxalat¢.1(.5-2a)
(175 mg, 1.20 mmol, 164L). After purification,4.1.5-4i was isolated as colourless liquid (146
mg, 0.75 mmol, 75%).
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'H-NMR (400 MHz, CDC4) &= 7.27 (td,J (H,H) = 7.8, 1.8 Hz, 1H), 7.20 (dd,(H,H) =
7.4, 1.6 Hz, 1H), 6.93 (td, (H,H) = 7.5, 1.0 Hz, 1H), 6.89 (8] (H,H) = 8.2 Hz, 1H), 4.17 (§J
(H,H) = 7.2 Hz, 2 H; OB,CHs), 3.83 (s, 3 H; OHl), 3.63 (s, 2H), 1.26 ppm &) (H,H) = 7.1
Hz, 3 H; OCHCHs); “*C-NMR (101 MHz, CDC}) d= 171.9 CO,Et), 157.5, 130.8, 128.5,
123.2, 120.5, 110.4, 60.5 @BI,CHs), 55.4 (GCH3), 36.0, 14.2 ppm (OC4EH3); IR (NaCl) v =
2982 (m), 1736 (vs), 1604 (m), 1498 (vs), 1466 1848 (vs), 1157 (vs), 1114 (s), 1031 (vs),
755 cmit (s); MS (lon trap, EI): m/z (%) = 194 [§] (51), 148 (6), 122 (10), 121 (100), 93 (7),
91 (64), 78 (9), 77 (6), 65 (SFHN Anal. Calcd. for GH1.405: C 68.02, H 7.27; found: C 67.95,
H 7.38.

Synthesis of ethyl Abenzo[d][1,3]dioxot5-yl)acetate (4.1.54))

[CAS: 26664-86-8]

CI Y o
(@]

Compound 4.1.5-4j was prepared following the standard procedurerstisga from
Piperonylalcohol 4.1.5-1j) (155 mg, 1.00 mmol) and diethyl oxalate1(.5-2a) (175 mg, 1.20
mmol, 164pL). After purification, 4.1.5-4] was isolated as colourless liquid (137 mg, 0.66

mmol, 66%).

'H-NMR (400 MHz, CDC}) d= 6.81 — 6.70 (m, 3H), 5.94 (s, 2 H; 6€D), 4.15 (q,*J
(H,H) = 7.2 Hz, 2 H; @H,CHs), 3.52 (s, 2H), 1.26 ppm {) (H,H) = 7.2 Hz, 3 H; OChCH>);
3C-NMR (101 MHz, CDC}) o= 171.6 CO.Et), 147.7, 146.6, 127.6, 122.3, 109.6, 108.2,
100.9 (GCH»0), 60.8 (CCH,CHs3), 40.9, 14.1 ppm (OCHH3); IR (NaCl) v= 2981 (vs), 2902
(vs), 1736 (s), 1492 (s), 1445 (s), 1249 (s), 14tBY 1037 (m), 931 (m), 873 cMm(w); MS (lon
trap, EI): m/z (%) = 208 [M (28), 136 (9), 135 (100), 105 (4), 79 (3), 78,(@J (12), 67 (2), 51
(7); CHN Anal. Calcd. for GH1,04: C 63.45, H 5.81; found: C 63.34, H 5.90.
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Synthesis of ethyl A4-chlorophenyl)acetate (4.1-51k)

[CAS: 14062-24-9]

/@Acoza
a

Compound 4.1.5-4k was prepared following the standard procedurertistg from
(4-chlorophenyl)methanol(1.5-1k) (144 mg, 1.00 mmol) and diethyl oxalate1(.5-2a) (175
mg, 1.20 mmol, 164L). After purification,4.1.5-4k was isolated as colourless liquid (147 mg,
0.74 mmol, 74%).

'H-NMR (400 MHz, CDC}) d= 7.32 — 7.27 (m, 2H), 7.24 — 7.20 (m, 2H), 4.16)qH,H)
= 7.0 Hz, 2 H; O@®,CHs), 3.58 (s, 2H), 1.26 ppm (§) (H,H) = 7.2 Hz, 3 H; OCKCHy);
3C-NMR (101 MHz, CDC}) 4= 171.1 CO.Et), 132.9, 132.5, 130.6 (2 C), 128.6 (2 C), 60.9
(OCH,CHs), 40.6, 14.1 ppm (OCi€Hs); IR (NaCl) v= 2984 (vs), 2939 (m), 1736 (vs), 1492
(s), 1369 (s), 1334 (s), 1160 (vs), 1092 (vs), 10&), 1018 crit (vs); MS (lon trap, El): m/z
(%) = 200 [M1] (6), 198 (19) M™], 128 (3), 127 (31), 126 (8), 125 (100), 99 (4),(9), 89 (15),
63 (6);CHN Anal. Calcd. for GoH1:ClO,: C 60.46, H 5.58; found: C 60.54, H 5.71.

Synthesis of ethyl Z4-fluorophenyl)acetate (4.1.541)

[CAS: 587-88-2]

/©/\002Et
F

Compound 4.1.5-41 was prepared following the standard procedurertirsga from
(4—fluorophenyl)methanol4(1.5-11) (130 mg, 1.00 mmol) and diethyl oxalate1.5-2a) (175
mg, 1.20 mmol, 164uL). After purification,4.1.5-4] was isolated as colourless liquid (163 mg,
0.90 mmol, 90%).

'H-NMR (400 MHz, CDC}) d= 7.18 — 7.12 (m, 2H), 6.94 — 6.87 (m, 2H), 4.05°)qH,H)
= 7.0 Hz, 2 H; OGI,CHs), 3.48 (s, 2H), 1.15 ppm (£J (H,H) = 7.2 Hz, 3 H; OChCH>);
13C-NMR (101 MHz, CDC}) = 171.3 CO,Et), 161.9 (d2J (C,F) = 245 Hz, 1 C), 130.7 (&0
(C,F) = 8.1 Hz, 2 C), 129.8 (&) (C,F) = 2.9 Hz, 1 C), 115.3 (&) (C,F) = 22.0 Hz, 2 C), 60.8
(OCH,CHs), 40.4, 14.0 ppm (OC}Hs); *F-NMR (376.5 MHz, CDCJ) J= -115.9 ppmiR
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(NaCl) v= 2985 (m), 1737 (vs), 1609 (m), 1511 (vs), 1370, (1256 (s), 1225 (vs), 1173 (s),
1157 (vs), 1033 cil (s); MS (lon trap, El): m/z (%) = 182 [f} (18), 110 (9), 109 (100), 108
(3), 107 (5), 89 (1), 83 (9), 63 (2), 57 (BHN Anal. Calcd. for GH1,FO,: C 65.92, H 6.09;
found: C 66.05, H 6.10.

Synthesis of ethyl A4-chloro-2,6-dimethylphenyl)acetate (4.1-9m)

Cl

Compound 4.1.5-4m was prepared following the standard procedurertisga from

[CAS: 131548274-6]

4—chloro-2,6-dimethylbenzyl alcohol4.1.5-1m) (171 mg, 1.00 mmol) and diethyl oxalate
(4.1.5-2a) (175 mg, 1.20 mmol, 164L). After purification,4.1.5-4m was isolated as colourless
liquid (126 mg, 0.56 mmol, 56%).

'H-NMR (400 MHz, CDC}) 8= 7.04 (s, 2H), 4.15 (q}) (H,H) = 7.2 Hz, 2 H; OB,CHs),
3.64 (s, 2H), 2.31 (s, 6 H; 2H3), 1.25 ppm (t3J (H,H) = 7.1 Hz, 3 H; OCkCHa3); *C-NMR
(101 MHz, CDC}) = 170.8 CO,Et), 139.0 (2 C), 132.2, 130.3, 127.8 (2 C), 6@EBK,CH),
35.0, 20.2 (2 C; TH3), 14.2 ppm (OCKCH3); IR (NaCl) v= 2981 (vs), 1736 (s), 1587 (m),
1450 (s), 1368 (m), 1329 (m), 1157 (m), 1031 (n®9 &m), 860 crit (m); MS (lon trap, EI):
m/z (%) = 228 [M] (9), 226 (28), 180 (6), 155 (34), 154 (17), 188@), 152 (22), 117 (7), 115
(14), 91 (7).CHN Anal. Calcd. for GH1:sClO,: C 63.58, H 6.67; found: C 63.68, H 6.61.

Synthesis of ethyl Apyridin-3-yl)acetate (4.1.54n)

[CAS: 3993177-6]

[N TcogEt
s

N

Compound 4.1.54n was prepared following the standard procedurertistp from
3-hydroxymethytpyridine @.1.5-1n) (109 mg, 1.00 mmol) and diethyl oxalate1.5-2a) (175
mg, 1.20 mmol, 164uL). After purification,4.1.5-4n was isolated as colourless liquid (68.0 mg,

0.41 mmol, 41%).
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'H-NMR (400 MHz, CDC}) J= 8.49 — 8.45 (m, 2H), 7.59 (dt,(H,H) = 7.9, 1.9 Hz, 1H),
7.21 (dd,J (H,H) = 7.8, 4.6 Hz, 1H), 4.12 () (H,H) = 7.1 Hz, 2 H; OB,CHs), 3.57 (s, 2H),
1.21 ppm (t,°J (H,H) = 7.1 Hz, 3 H; OCbCH3); *C-NMR (101 MHz, CDC}) = 170.5
(CO,Et), 150.2, 148.3, 136.6, 129.7, 123.2, 61.CKICHs), 38.3, 14.0 ppm (OCICH3); IR
(NaCl) v= 2984 (vs), 1739 (vs), 1578 (m), 1481 (s), 14381370 (s), 1333 (s), 1235 (s), 1180
(s), 1029 crit (s); MS (lon trap, El): m/z (%) = 165 [} (34), 121 (7), 120 (7), 93 (35), 92
(100), 91 (5), 66 (4), 65 (25), 64 (5), 63 (ARMS (GC/EIl):m/z calcd for GH1:NOy: 165.0790;
found: 165.0795.

Synthesis of ethyl Athiophen-3-yl)acetate (4.1.540)

[CAS: 3778463-7]

(fcozEt

S

Compound 4.1.5-40 was prepared following the standard procedurerytista from
3-hydroxymethytthiophene 4.1.5-10) (116 mg, 1.00 mmol) and diethyl oxalat#.1(.5-2a)
(175 mg, 1.20 mmol, 164L). After purification, 4.1.5-40 was isolated as colourless liquid
(94.0 mg, 0.55 mmol, 55%).

'H-NMR (400 MHz, CDC}) = 7.29 (dd,J (H,H) = 4.9, 2.9 Hz, 1H), 7.18 — 7.14 (m, 1H),
7.06 (dd,J (H,H) = 4.9, 1.2 Hz, 1H), 4.18 (4) (H,H) = 7.3 Hz, 2 H; OEB,CHs), 3.66 (s, 2H),
1.28 ppm (t,%J (H,H) = 7.1 Hz, 3 H; OCbLCH3); *C-NMR (101 MHz, CDC}) 4= 171.0
(CO;EY), 133.7, 128.4, 125.6, 122.7, 60.8QCHs3), 35.8, 14.1 ppm (OCHH3); IR (NaCl)
v= 3105 (m), 2982 (s), 1736 (vs), 1368 (m), 1331 14p3 (s), 1032 (s), 860 (m), 834 (w), 765
cm™ (m); MS (lon trap, EI): m/z (%) = 170 [} (59), 98 (14), 97 (100), 69 (5), 53 (12), 45 (15)
CHN Anal. Calcd. for GH100,S: C 56.45, H 5.92, S 18.84; found: C 56.28, H 69%8.77.
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Synthesis of methyl Z2ohenylacetate (4.1.54p)

[CAS: 101-41-7]

@cone

Compound4.1.5-4p was prepared following the standard proceduretirsgafrom benzyl
alcohol @.1.5-1a) (108 mg, 1.00 mmol) and dimethyl oxalatel(5-2b) (143 mg, 1.20 mmol).
After purification,4.1.5-4p was isolated as colourless liquid (126 mg, 0.840m84%).

'H-NMR (400 MHz, CDC}) 6= 7.37 — 7.26 (m, 5H), 3.71 (s, 3 H; €}, 3.65 ppm (s, 2H);
3C—NMR (101 MHz, CDC}) d= 172.0 CO.CHs), 134.0, 129.2 (2 C), 128.6 (2 C), 127.1, 52.0
(COCHg), 41.2 ppmjR (NaCl) v= 2953 (s), 1736 (vs), 1498 (s), 1457 (s), 14381343 (m),
1162 (s), 1014 (m), 698 c(m):; MS (lon trap, EI): m/z (%) = 150 [k} (38), 92 (8), 91 (100),
90 (3), 89 (6), 65 (11), 63 (4), 59 (4), 51 (BHN Anal. Calcd. for @H100,: C 71.98, H 6.71;
found: C 71.76, H 7.05.

Synthesis of butyl Zphenylacetate (4.1.51q)

[CAS: 122-43-0]

@cozsu

Compound4.1.5-4g was prepared following the standard proceduretirsgafrom benzyl
alcohol @.1.5-1a) (108 mg, 1.00 mmol) and dibutyl oxala# 1.5-2¢) (245 mg, 1.20 mmol).
After purification,4.1.5-4q was isolated as colourless liquid (170 mg, 0.880mB8%).

'H-NMR (400 MHz, CDC}) J= 7.37 — 7.26 (m, 5H), 4.12 @) (H,H) = 6.7 Hz, 2 H;
OCH,), 3.63 (s, 2H), 1.62 (m, 2 H; OGBH,CH,), 1.37 (m, 2 H; ChCH,CHs), 0.93 ppm (t3J
(H,H) = 7.3 Hz, 3 H; ChCH3); *C-NMR (101 MHz, CDC}) J= 171.6 CO,Bu), 134.1, 129.2
(2 C), 128.4 (2 C), 126.9, 64.6 QBl,), 41.4, 30.5 (OCLCH,CH,), 19.0 (CHCH,CH;), 13.6
ppm (CHCHg); IR (NaCl) v= 2961 (vs), 2875 (s), 1736 (vs), 1498 (m), 1457, (1251 (m),
1152 (m), 1022 (w), 762 (w), 697 ch(w); MS (lon trap, El): m/z (%) = 192 [K} (8), 137 (5),
136 (27), 119 (4), 92 (32), 91 (100), 89 (5), 68)(163 (3), 57 (26)CHN Anal. Calcd. for
C12H1602: C 74.97, H 8.39; found: C 74.96, H 8.44.

169



Experimenteller Teil

Synthesis of phenyl Zohenylacetate (4.154r)

[CAS: 722-01-0]

©/\C02Ph

Compound4.1.5-4r was prepared following the standard proceduretisgafrom benzyl
alcohol @.1.5-1a) (108 mg, 1.00 mmol) and diphenyl oxalafel(5-2d) (291 mg, 1.20 mmol).
After purification,4.1.5-4r was isolated as colourless solid (89.0 mg, 0.42mn42%).

m.p. 42-43 °C*H-NMR (400 MHz, CDC}) d= 7.44 — 7.36 (m, 6H), 7.33 &) (H,H) = 6.6
Hz, 1H), 7.24 (t3J (H,H) = 7.0 Hz, 1H), 7.08 (¢J (H,H) = 8.1 Hz, 2H), 3.89 ppm (s, 2H);
3C-NMR (101 MHz, CDC}) d= 170.0 CO,Ph), 150.7, 133.4, 129.4, 129.3 (2 C), 128.7 (2 C),
127.3 (2 C), 125.8, 121.4 (2 C), 41.4 ppR; (NaCl) v= 1761 (s), 1592 (w), 1492 (m), 1456
(w), 1339 (w), 1217 (m), 1196 (m), 1127 (vs), 747),(696 cm' (m); MS (lon trap, El): m/z
(%) = 212 [MT] (1), 119 (10), 118 (100), 92 (8), 91 (98), 90)(149 (6), 65 (19), 63 (5), 51 (3);
CHN Anal. Calcd. for G4H120,: C 79.23, H 5.70; found: C 79.28, H 5.90.

Synthesis of phenyl A2-chlorophenyl)acetate (4.1-51s)

[CAS: 149738297-4]

cl
@ACOZPh

Compound 4.1.5-4s was prepared following the standard procedureytisgg from
2—-Chlorobenzylalcohol4.1.5-1p) (144 mg, 1.00 mmol) and diphenyl oxalate1(5-2d) (291
mg, 1.20 mmol). After purification4.1.5-4s was isolated as colourless solid (173 mg, 0.70

mmol, 70%).

m.p. 38-39 °C:'*H-NMR (400 MHz, CDC}) = 7.49 — 7.37 (m, 4H), 7.33 — 7.23 (m, 3H),
7.16 — 7.12 (m, 2H), 4.05 ppm (s, 2HC-NMR (101 MHz, CDC}) d= 169.0 CO.Ph), 150.7,
134.6, 132.0, 131.5, 129.6, 129.4 (2 C), 128.9,Q,21125.9, 121.4 (2 C), 39.4 pptR (NaCl)
v= 3062 (vs), 2925 (s), 1752 (vs), 1592 (s), 14921476 (s), 1445 (s), 1341 (m), 1194 (s),
1136 cm* (s); MS (lon trap, El): m/z (%) = 248 [K] (1), 246 (1), 154 (35), 153 (9), 152 (100),
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127 (27), 126 (8), 125 (79), 124 (6), 89 (184N Anal. Calcd. for GH1;CIO,: C 68.16, H
4.49; found: C 68.09, H 4.66.

Synthesis of phenyl 4-cyanophenyl)acetate (4.1-8t)

[CAS: 149738299-6]

/©/\COZPh
NC

Compound 4.1.5-4t was prepared following the standard procedurestisga from
4-cyanobenzyl alcohol4(1.5-1q) (136 mg, 1.00 mmol) and diphenyl oxalatel(5-2d) (291

mg, 1.20 mmol). After purification4.1.5-4t was isolated as colourless solid (128 mg, 0.54
mmol, 54%).

m.p. 61.2°C;*H-NMR (400 MHz, CDC}) d= 7.68 (m, 2H), 7.52 (¢J (H,H) = 8.4 Hz, 2H),
7.39 (m, 2H), 7.25 (m, 1H), 7.07 (m, 2H), 3.94 p@n2H);*C-NMR (101 MHz, CDC}) J=
168.8 CO,Ph), 150.4, 138.7, 132.4 (2 C), 130.2 (2 C), 129.®), 126.1, 121.2 (2 C), 118.6,
111.4 CN), 41.2 ppmjR (NaCl) v= 2228 (m), 1751 (vs), 1492 (m), 1342 (s), 1218 18447
(vs), 940 (m), 869 (m), 772 (s), 695 ¢nfm); MS (lon trap, El): m/z (%) = 237 [{] (4), 144
(12), 143 (100), 117 (9), 116 (88), 115 (13), 949 (B9 (21), 65 (10), 63 (7LHN Anal. Calcd.
for CisH11NO,: C 75.94, H 4.67, N 5.90, found: C 75.83, H 419%.06.

Synthesis of 2,2, Zrifluoroethyl 2—phenylacetate (4.1.54u)

[CAS: 1524-11-4]

O._CF,;
Y

Compound4.1.5-4u was prepared following the standard proceduretisgafrom benzyl
alcohol @.1.5-1a) (108 mg, 1.00 mmol) and bis(2,2i#fluoroethyl) oxalate 4.1.5-2¢) (305

mg, 1.20 mmol). After purification4.1.5-4u was isolated as colourless liquid (163 mg, 0.75
mmol, 75%).

'H-NMR (400 MHz, CDC}) J= 7.39 — 7.34 (m, 2H), 7.33 — 7.28 (m, 3H), 4.49°0¢(H,F)
= 8.4 Hz, 2 H; OGI,.CFs), 3.74 ppm (s, 2H)**C-NMR (101 MHz, CDC}) = 170.0 CO:R),
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132.8,129.2 (2 C), 128.7 (2 C), 127.5, 122.94dC,F) = 276.1 Hz, 1 C; OCIEFs), 60.6 (q,J
(C,F) = 36.3 Hz, 1 C; OH,CFs), 40.5 ppm**F-NMR (376.5 MHz, CDGJ) J= -73.8 ppm (t3J
(F,H) = 8.2 Hz, 3 F; OCKCF3); IR (NaCl) v= 1758 (vs), 1458 (m), 1412 (m), 1283 (s), 1170
(s), 1137 (s), 980 (m), 842 (w), 724 (w), 696 tifw); MS (lon trap, El): m/z (%) = 218 [
(27), 119 (2), 92 (8), 91 (100), 90 (3), 89 (4), @3, 65 (10), 63 (4)CHN Anal. Calcd. for
Ci1oHgF:02: C 55.05, H 4.16; found: C 55.12, H 4.15.

Synthesis of 2,2, Arifluoroethyl 2—2-chlorophenyl)acetate (4.15v)

[CAS: 149738301-3]

O._CF;
O

Compound 4.1.5-4v was prepared following the standard procedurertistg from
2-Chlorobenzylalcohol 4.1.5-1p) (144 mg, 1.00 mmol) and bis(2,2{#ifluoroethyl) oxalate
(4.1.5-2¢) (305 mg, 1.20 mmol). After purificatio®.1.5-4v was isolated as colourless liquid
(205 mg, 0.81 mmol, 81%).

'H-NMR (400 MHz, CDC}) 0= 7.46 — 7.41 (m, 1H), 7.34 — 7.26 (m, 3H), 4.54°)q(H,F)
= 8.3 Hz, 2 H; O®I,CFs), 3.91 ppm (s, 2H)**C-NMR (101 MHz, CDC}) = 169.0 CO:R),
134.6, 131.4, 131.3, 129.6, 129.1, 127.0, 122.3](@,[3) =285.2 Hz, 1 C; OCGiEFs3), 60.6 (q,
2] (C,F) = 36.3 Hz, 1 C; OH,CFs), 38.4 ppm*F-NMR (376.5 MHz, CDG)) J=-73.8 ppm (t,
33 (F,H) = 8.2 Hz, 3 F; OCKCF3); IR (NaCl) v= 2976 (s), 1762 (vs), 1477 (s), 1448 (s), 1413
(s), 1285 (s), 1170 (s), 1146 (s), 1057 (m), 98T'dm); MS (lon trap, El): m/z (%) = 254 [
(6), 252 (19), 218 (6), 217 (55), 127 (32), 126 @5 (100), 89 (19), 83 (6), 63 (HN Anal.
Calcd. for GoHsCIF30,: C 47.55, H 3.19; found: C 47.68, H 3.23.
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6.5.4. Preparative scale synthesis

Preparative scale synthesis of ethylfhenylacetate (4.1.54a)

[CAS: 101-97-3]

©/\002Et

Palladium (Il) acetate (115 mg, 0.50 mmol), -hiz(diphenylphosphino)propane (309 mg,
0.75 mmol) and 1/4diazabicyclo[2.2.2]octane (561 mg, 5.00 mmol) weawded to a dry
100 mL threenecked round bottomed flask with equipped reflurdenser and keph vacuo
for 10 min. After three nitrogetvacuum cycles, the degassed distilled NMP (50 rnbepzyl
alcohol @.1.5-1a) (5.46 g, 50.0 mmol, 5.23 mL) and diethyl oxalédel.5-2a) (8.77 g, 60.0
mmol, 8.20 mL) were added. The reaction mixture Wwaated to 150 °C for 16 h and was then
allowed to cool to room temperature. A sample afrAL was taken, diluted with ethyl acetate
(3 mL) and washed with a saturated aqueous sodigarbmnate solution (3 mL). The layers
were separated and the organic layer was dried B\gSQ,, filtered and analysed by GC,

indicating the full conversion of the starting nrédés.

Gas chromatography after the aqueous workup:

FIDI A (GRUZIZ.D)
P

gt

250

/ ethyl acetate

200 4 / ethyl 2-phenylacetate

150

5,296

100 NMP

50
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The GC sample was reunited with the reaction mecthat was then diluted with ethyl acetate
(100 mL) and washed with a saturated agueous sothicarbonate solution (100 mL). The
phases were separated and the organic layer we @rer MgSQ) filtered and concentrated
vacuo(200 mbar, 40°C) to give a yellow solution of thesired product, NMP and catalyst. The
colourless mixture of the product and NMP was catgby distilled off by Kugelrohr distillation
(50 mbar, 130 °C), leaving the remains of the gatads brownish tar. The product mixture was
then washed with an aqueous lithium chloride sofuij2%, 2 x 50 mL) to remove the NMP.
The organic layer was dried over Mg&diltered and the filter cake was rinsed with Higt
ether (10 mL). The ether was removedvacuo (100 mbar, 40 °C) to get the pure product as
colourless liquid (7.78 g, 47.4 mmol, 95%). The Igteal data matched the ones described
before.

6.5.5. Mechanistic investigations

Standard procedure for the mechanistic investigatso

A solution of benzyl ethyl oxalate4(1.5-2f) (104 mg, 0.50 mmol), the relevant catalyst
component and the internal GC standartktradecane (50 puL) in NMP (1 mL) was stirred at
150°C for 16 h and then cooled to room temperat#ire.5 mL sample was taken, diluted with
ethyl acetate (3 mL) and washed with a saturateg@es sodium bicarbonate solution (3 mL).
The organic layer was separated, dried over Mg8I@&red and analysed by GC.

Experiment 1

Theoxalatewas heated to 150°C without any catalyst.

FIOT A (GRUZH.D)
pa ] 2 ntetradecane
] #

250 NP

y benzyl ethyl oxalate

00
150

100 -
dibenzyl oxalate

&
diethyl oxalate = /
50 - g

]LJl VL[ -

252

4
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Experiment 2

Theoxalatewas heated to 150°C in the presencdpygp (6.19 mg, 1.50 pmol).

FID1 A, (GRU2Z51.D)

50

200 4

150

100

diethyl oxalate

\ g
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L.l J I -

NMP

a
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dibenzyl oxalate
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Experiment 3

Theoxalatewas heated to 150°C in the presencBABCO (5.61 mg, 0.05 mmol).
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Experiment 4

Theoxalatewas heated to 150°C in the presencBa(OAc), (2.29 mg, 0.01 mmol).

FIDT A (GRUZ250.0)
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o + ! r:
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150
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Wil 5 R A
T — 77— —
1 4 g g i1} 12 mi

Experiment 5

The oxalate was heated to 150°C in the presencddfOAc), (2.29 mg, 0.01 mmol) and
dppp (6.19 mg, 1.50 pmol).
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Experiment 6

Theoxalate was heated to 150°C in the presencdpgp (6.19 mg, 1.50 pmol) andABCO
(5.61 mg, 0.05 mmaol).

FIOT A, (GRUZI5.0)
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Experiment 7

The oxalate was heated to 150°C in the presencd?dfOAc), (2.29 mg, 0.01 mmol) and
DABCO (5.61 mg, 0.05 mmol).
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Experiment 8

The oxalate was heated to 150°C in the presenc®a@fOAc), (2.29 mg, 0.01 mmol}ppp
(6.19 mg, 1.50 pmol) andABCO (5.61 mg, 0.05 mmol).
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6.6. Decarboxylierende Allylierung von Allylbenzoaten

6.6.1. Synthesis of the allyl and cinnamyl esters

Standard procedure for the synthesis of the allgters

4-Dimethylaminopyridine (247 mg, 2.00 mmol), the esponding carboxylic acid
(20.0 mmol) and allyl alcohol (2.35 g, 40.0 mmalf&mL) were dissolved in Gi&l, (30 mL).
At 0 °C a solution ofN,N-Dicyclohexylcarbodiimide (4.54 g, 22 mmol) in @&, (10 mL) was
slowly added. The mixture was stirred at room terajpee for 16 h, diluted witm—pentane
(200 mL), filtered and concentrated vacuo The residue was dissolved in,@t (50 mL),
washed with a saturated aqueous solution of NafH(C30 mL), brine (20 mL), dried over
MgSQO, and the solvent was removedvacuo The crude product was purified by flash column

chromatography (Sif) ELO/n—pentane gradient) and subsequent Kugelrohr distitia
Standard procedure for the synthesis of the cinndragters

4-Dimethylaminopyridine (185 mg, 1.50 mmol), the esponding carboxylic acid
(15.8 mmol) and the cinnamyl alcohol (15.0 mmolyeveissolved in CBECI, (50 mL). At 0 °C a
solution ofN,N-Dicyclohexylcarbodiimide (3.44 g, 16.5 mmol) in &, (10 mL) was slowly
added. The mixture was stirred at room temperdtanrd6 h, diluted withn—hexane (200 mL),
filtered and concentrated vacuo The residue was dissolved in EtOAc (50 mL), wdshéh a
saturated aqueous solution of NaHC@O mL), brine (20 mL), dried over MgSQGnd the
solvent was removeith vacuo The crude product was purified by flash columroamatography

(SiO,, ELO/n—pentane gradient).
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Synthesis of allyl 2,3,4,56pentafluorobenzoate (4.1.61a)

[CAS: 99483-18-8].

A mixture of 2,3,4,5,6pentafluorobenzoic acid (49.3 g, 230 mmol), allidohol (67.5 g,
1.15 mol, 79.4 mL) and sulfuric acid (4.51 g, 46 ohn2.46 mL) was heated to reflux for 12 h.
The cooled reaction mixture was diluted with@{200 mL), washed with a saturated aqueous
solution of NaHCQ@ (3 x 100 mL), water (80 mL), brine (50 mL) andedfiover MgSQ@ The
solvent was removeth vacuoand the remaining red solution was fractionallgtided under
vacuum (57 °C/13 mbar). 4.1.6-1a was obtained as a colourless liquid (24.0 g, @fl,
41%).

b.p. 70 °C/10° mbar; '*H-NMR (400 MHz, Chloroformd) J= 5.99 (m, 1H), 5.44 (dd,
J=17.2 Hz, 1.2 Hz, 1H), 5.33 (dd=10.6 Hz, 1.0 Hz, 1H), 4.87 ppm (d=5.8 Hz, 2H);
3C-NMR (101 MHz, Chloroformd) d= 158.7, 145.4 (dmJ=258.0 Hz, 2C), 143.2 (dm,
J=259.9 Hz, 1C), 137.7 (dmJ=251.5 Hz, 2C), 130.8, 119.4, 108.1 (m, 1C), 67pinp
F-NMR (376 MHz, Chloroformd) J= -138.2 (m, 2F),~148.7 (tt, J=20.6 Hz, 4.1 Hz,
1F), -160.5 ppm (m, 2FMS (lon trap, El): m/z (%) = 252 [§) (3), 196 (10), 195 (100), 167
(5), 165 (3), 117 (9), 41 (4)R v = 1745 (vs), 1654 (m), 1526 (vs), 1500 (vs), 1424, 1364
(m), 1328 (s), 1225 (s), 1104 (w), 1008 Crfs); CHN Anal. Calcd. for GoHsFsO,: C 47.64, H
2.00; found: C 47.87, H 2.20.

Synthesis of allyl 2,3,6trifluorobenzoate (4.1.6-1b)

F O

O/\/
F

F

Following the general procedure, 2;3ifluorobenzoic acid (986 mg, 5.60 mmol) was
reacted with allyl alcohol (657 mg, 11.2 mmol, 113. 4.1.6-1b was obtained as a colourless
liquid (970 mg, 4.48 mmol, 80%).
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'H-NMR (400 MHz, Chloroformd): 6 = 7.27 (qdJ=9.1 Hz, 4.9 Hz, 1H), 6.91 (tdd=9.0
Hz, 3.5 Hz, 2.2 Hz, 1H), 5.96.06 (m, 1H), 5.44 (dg}=17.1 Hz, 1.5 Hz, 1H), 5.32 (dd&:10.3
Hz, 1.2 Hz, 1H), 4.87 ppm (di=5.7 Hz, 1.4 Hz, 2H)**C-NMR (101 MHz, Chloroformd): &
= 160.1160.2 (M), 155.8 (dmJ=253.41 Hz), 148.6 (dml=258.85 Hz), 147.0 (dml=247.96
Hz), 131.1, 119.7 (ddd=19.98 Hz, 9.99 Hz, 1.82 Hz), 119.0, 112.5 (@1,9.98 Hz, 14.53 Hz),
111.4-111.9 (m), 66.6 ppm->F—-NMR (376 MHz, Chloroformd): § = -115.62--115.30 (m,
1F), -133.52- -133.23 (m, 1F), -141.19 -140.83 ppm (m, 1FMS (lon trap, El): m/z (%) =
216 [M'] (3), 159 (100), 131 (14), 81 (9), 57 (3R (NaCl) v = 2120, 1742, 1637, 1497, 1458,
1362, 1282, 1241, 1188, 1181, 1129, 1029, 985, 938, 736, 708, 623 cth CHN Anal.
Calcd. for GoH/F302: C, 55.57; H, 3.26; found C, 55.52; H, 3.22.

Synthesis of allyl 2,4,6trifluorobenzoate (4.1.6-1c)

/ijfLo/\/
F F

Following the general procedure, 2Au@fluorobenzoic acid (986 mg, 5.60 mmol) was
reacted with allyl alcohol (657 mg, 11.2 mmol, {13. 4.1.6-1c was obtained as a colourless
liquid (970 mg, 4.49 mmol, 80%).

'H-NMR (400 MHz, Chloroformd): § = 6.68-6.77 (m, 2H), 5.946.06 (m, 1H), 5.43 (dq,
J=17.1 Hz, 1.5 Hz, 1H), 5.30 (d&:10.3 Hz, 1.2 Hz, 1H), 4.84 ppm (dt5.6 Hz, 1.3 Hz, 2H);
¥C-NMR (101 MHz, Chloroformd): 6 = 165.5 (t,J=15.40 Hz, 1C), 161.8 (dm, 2C), 131.2,
118.8, 107.6 (tdJ)=17.61 Hz, 4.40 Hz, 1C), 106:601.4 (m, 2C), 66.4 ppnt’F-NMR (376
MHz, Chloroform-d): 6 = -101.83 (tJ=8.2 Hz, 1F), -106.06 ppm (d78.2 Hz, 2F);MS (lon
trap, El): m/z (%) = 216 [M (1), 159 (100), 131 (9), 81 (7), 57 (2R (NaCl) v = 2944, 2893,
2845, 1739, 1734, 1616, 1594, 1583, 1473, 14560,12307, 1287, 1261, 1244, 1110, 1086,
1064, 997, 963, 943, 822, 791, 762, 739, 724, 628,cm*; CHN Anal. Calcd. for GH;FsOx:

C, 55.57; H, 3.26; found C, 55.42; H, 3.36.
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Synthesis of allyl 2,6difluorobenzoate (4.1.6-1d)

[CAS: 99483-18-8]

F O
=
dLOW
F

Following the general procedure, 2d¥fluorobenzoic acid (6.45 g, 40.0 mmol) was redcte
with allyl alcohol (4.69 g, 80.0 mmol, 5.52 ml4.1.6-1d was obtained as a colourless liquid
(6.94 g, 35.0 mmol, 88%).

H-NMR (400 MHz, Chloroformd): § = 7.42 (t,J=8.5 Hz, 6.2 Hz, 1H), 6.96 (8=8.3 Hz,
2H), 5.956.08 (m, 1H), 5.44 (ddJ=17.2 Hz, 1.3 Hz, 1H), 5.31 (dd710.4 Hz, 1.1 Hz, 1H),
4.86 ppm (dJ=5.6 Hz, 2H);**C-NMR (101 MHz, Chloroformd): § = 160.9, 160.4 (dd}=256
Hz, 6.4 Hz, 2C), 132.6 (§~=10.4 Hz), 131.2, 118.4, 11+8$12.0 (m, 2C), 110.8 (§~18.17 Hz),
66.1 ppm;**F-NMR (376 MHz, Chloroformd): § = -110.56 (t,J=6.8 Hz, 2F) ppmMS (lon
trap, EI): m/z (%) = 198 [N (2), 141 (100), 113 (11), 63 (6)R (NaCl) v = 1739, 1626, 1594,
1574, 1471, 1361, 1299, 1289, 1263, 1237, 11163,1D%15, 939, 824, 799, 769, 702, 516 tm
CHN Anal. Calcd. for GHgF,0,: C, 60.61; H, 4.07; found C, 60.80; H, 4.25.

Synthesis of allyl 2,3,5,6tetrafluoro —4—-methylbenzoate (4.1.61e)
F O
I,
F
F
Following the general procedure, 2,3;8drafluore-p—toluic acid (4.99 g, 23.5 mmol) was

reacted with allyl alcohol (2.67 g, 47.0 mmol, 3r8#). 4.1.6-1e was obtained as a colourless
liquid (4.11 g, 16.6 mmol, 71%).

'H-NMR (400 MHz, Chloroformd): 6 = 5.94-6.06 (m, 1H), 5.44 (dg)=17.1 Hz, 1.5 Hz,
1H), 5.32 (dqJ=10.5 Hz, 1.3 Hz, 1H), 4.87 (di5.6 Hz, 1.4 Hz, 2H), 2.32 ppm (@F2.3 Hz,
3H); *C-NMR (101 MHz, Chloroformd): § = 159.5-159.8 (m), 144.8 (dm]=246.5 Hz, 2C),
144.5 (dm,J=256.0 Hz, 2C), 131.0, 120.0 (19.1 Hz), 119.1, 109.9 (§=15.4 Hz), 66.7,
7.8-7.9 ppm (m);®F-NMR (376 MHz, Chloroformd): § = -140.87- -140.73 (m, 2F), -142.51

- -142.26 ppm (m, 2FMS (lon trap, El): m/z (%) = 248 [N (30), 247 (95), 191 (100), 162
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(74), 142 (55), 57 (41), 41 (57R (NaCl)v= 1743, 1655, 1487, 1451, 1359, 1307, 1215, 1071,
971, 935, 788, 760 ¢ CHN Anal. Calcd. for GiHgF4Oy: C, 53.24: H, 3.25: found C, 53.13;
H, 3.50.

Synthesis of allyl 2,6difluoro —4-methoxybenzoate (4.1 .61f)

F O

=

@%O/\/
MeO F

Following the general procedure, 2d¥fluoro—p—anisic acid (1.98 g, 10.5 mmol) was reacted
with allyl alcohol (1.23 g, 21.0 mmol, 1.45 ml4.1.6-1f was obtained as a colourless liquid
(2.26 g, 9.90 mmol, 94%).

'H-NMR (400 MHz, Chloroformd): § = 6.4+6.47 (m, 2H), 5.97 (ddt}=17.2 Hz, 10.6 Hz,
5.4 Hz, 1H), 5.39 (dg}=17.2 Hz, 1.6 Hz, 1H), 5.25 (d4:10.4 Hz, 1.3 Hz, 1H), 4.79 (diz5.4
Hz, 1.4 Hz, 2H), 3.78 ppm (s, 3HC-NMR (101 MHz, Chloroformd): § = 163.3 (t,J=14.5
Hz), 162.3 (ddJ=256.1 Hz, 8.17 Hz), 161-061.1 (m), 131.6, 118.2, 102.8, {516.4 Hz),
98.1-98.7 (m, 2C), 65.7, 55.8 pprtF—NMR (376 MHz, Chloroformd): 6 = -107.64 ppm (d,
J=9.5 Hz, 2F)MS (lon trap, El): m/z (%) = 228 [N (5), 171 (100), 144 (4) 128 (AR (NacCl)

v = 1730, 1636, 1582, 1503, 1466, 1445, 1354, 12884, 1155, 1113, 1049, 1033, 841, 649,
626, 524 crT; CHN Anal. Calcd. for GH10F-0s: C, 57.90; H, 4.42; found C, 57.93; H, 4.42.

Synthesis of allyl 2fuoro—6—-methoxybenzoate (4.1-61Q)

F O
>
@\)L o~F
OMe

Following the general procedure;fRioro-6—methoxybenzoic acid (2.55 g, 15.0 mmol) was
reacted with allyl alcohol (1.76 g, 30.0 mmol, 2rQ). 4.1.6-1g was obtained as a colourless
liquid (2.36 g, 11.2 mmol, 75%).

'H-NMR (400 MHz, Chloroformd): § = 7.22 (td,J=8.4, 6.7 Hz, 1H), 6.5%.66 (m, 2H),
5.86-5.99 (m, 1H), 5.35 (dg}=17.3 Hz, 1.5 Hz, 1H), 5.19 (dd:10.5 Hz, 1.2 Hz, 1H), 4.77 (dt,
J=5.6 Hz, 1.4 Hz, 2H), 3.73 ppm (s, 3HYC-NMR (101 MHz, Chloroformd): § = 163.1,

159.8 (d,J=249.8 Hz), 157.7 (d}=7.3 Hz), 131.6, 131.4 (d=7.3 Hz), 117.8, 111.6 (d=19.1
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Hz), 107.6 (d,J=21.8 Hz), 106.6 (dJ=3.6 Hz), 65.6, 55.8 ppm*F-NMR (376 MHz,
Chloroform-d): ¢ = -114.44 ppm (ddJ=9.5 Hz, 6.8 Hz, 1F)MS (lon trap, El): m/z (%) = 210
[M™] (12), 153 (100), 139 (9), 110 (10), 95 (6), 8%, (R (NaCl) v = 2944, 2893, 2845, 1739,
1734, 1616, 1594, 1583, 1473, 1456, 1440, 13077,1P31, 1244, 1110, 1086, 1064, 997, 963,
943, 822, 791, 762, 739, 724, 620, 523 crtHN Anal. Calcd. for GH1.FOs: C, 62.85; H,
5.27; found C, 62.85; H, 5.33.

Synthesis of 2methylallyl 2,3,4,5,6-pentafluorobenzoate (4.1.61h)

F O
LT
F F
F
Following the general procedure, 2,3,4;féntafluorobenzoic acid (4.28 g, 20.0 mmol) was

reacted with 2methy2—propern-1-ol (2.94 g, 40.0 mmol, 3.45 mL4.1.6-1h was obtained as
a colourless liquid (3.87 g, 14.5 mmol, 73%).

'H-NMR (400 MHz, Chloroformd): § = 5.10 (s, 1H), 5.03 (s, 1H), 4.80 (s, 2H), 1.§8np
(s, 3H);*C-NMR (101 MHz, Chloroformd): 6 = 158.7, 145.4 (dmJ=259.0 Hz), 143.2 (dm,
J=259.7 Hz), 138.6, 137.7 (dml=256.0 Hz), 114.5, 107-908.3 (m), 70.0, 19.3 ppm;
% -NMR (376 MHz, Chloroformd): § = -138.27- -137.92 (m, 2F), -148.79-148.39 (m, 1F),
-160.56- -160.21 ppm (m, 2FMS (lon trap, El): m/z (%) = 266 [N (3), 195 (100), 167 (13),
117 (9), 55 (8)]{R (NaCl) v = 1743, 1655, 1523), 1499, 1455, 1423, 1367, 13219, 1103,
1007, 951, 812, 752 ¢ CHN Anal. Calcd. for GH-FsO,: C, 49.64; H, 2.65; found C, 49.59;
H, 2.75.

Synthesis of allyl 2fluorobenzoate (4.1.61i)

F O
@)LO/\/

Following the general procedure;fRiorobenzoic acid (4.25 g, 30.0 mmol) was reactati
allyl alcohol (3.52 g, 60.0 mmol, 4.14 ml4.1.6-1i was obtained as a colourless liquid (3.97 g,
22.0 mmol, 73%).
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'H-NMR (400 MHz, Chloroformd): 6 = 7.87 (td J=7.6, 2.0 Hz, 1H), 7.42 (ddddz8.2 Hz,
7.3 Hz, 5.2 Hz, 1.8 Hz, 1H), 7.60.14 (m, 2H), 5.96 (ddfl=17.2 Hz, 10.7 Hz, 5.5 Hz, 1H), 5.36
(dg, J=17.2 Hz, 1.6 Hz, 1H), 5.21 (dds10.4 Hz, 1.3 Hz, 1H), 4.76 ppm (d55.6 Hz, 1.4 Hz,
2H); *C-NMR (101 MHz, Chloroformd): § = 163.5 (d,J=3.6 Hz), 161.6 (dJ=259.8 Hz),
134.2 (d,J=9.1 Hz), 131.7 (dJ=18.2 Hz), 123.6 (dJ=3.6 Hz), 118.3 (dJ=10.0 Hz), 117.8,
116.7, 116.5, 65.4 ppm’F-NMR (376 MHz, Chloroformd): § = -109.38- -109.18 ppm (m,
1F); MS (lon trap, El): m/z (%) = 180 [K] (3), 123 (100), 95 (15), 75 (7)R (NaCl) v = 1732,
1720, 1614, 1490, 1458, 1362, 1301, 1273, 12519,11529, 1081, 1034, 997, 969, 935, 861,
791, 757, 693, 656, 652 cmMCHN Anal. Calcd. for GHoFO,: C, 66.66; H, 5.03; found C,
66.66; H, 5.10.

Synthesis of cinnamyl 2,3,4,5;6pentafluorobenzoate (4.1.61))

Following the general procedure, 2,3,4;féntafluorobenzoic acid (3.21 g, 15.0 mmol) was
reacted with cinnamyl alcohol (4.03 g, 30.0 mm@ijter recrystallization (EtOAei-hexane)
4.1.6-1j was obtained as a colourless solid (3.80 g, 1h®in77%).

m.p. 97-98 °C.*H-NMR (400 MHz, Chloroformd): 6 = 7.417.46 (m, 2H), 7.287.39 (m,
3H), 6.78 (dJ=16.1 Hz, 1H), 6.37 (dt}=15.8 Hz, 6.5 Hz, 1H), 5.05 ppm (di&6.5 Hz, 1.3 Hz,
2H); *C-NMR (101 MHz, Chloroformd): 6 = 158.8 (m), 145.4 (dnil=258.2 Hz), 143.1 (dm,
J=259.7 Hz), 137.8 (dmJ=253.1 Hz), 135.8, 135.5, 128.6 (2C), 128.4, 128Q), 121.5, 108.1
(td, J=15.8 Hz, 3.7 Hz), 67.2 ppmF-NMR (376 MHz, Chloroformd): ¢ = -138.21- -137.78
(m, 2F), -148.68- -148.30 (m, 1F), -160.51 -160.09 (m, 2F) ppmyS (lon trap, El): m/z (%)
= 328 [M] (21), 195 (89), 167 (39), 133 (97), 117 (80), 138), 115 (100), 105 (70)R (neat)

v = 3071, 2970, 2948, 1720, 1653, 1525, 1495, 14820, 1322, 1240, 1220, 1002, 978, 943
cm™; CHN Anal. Calcd. for GHgFsO.: C, 58.55; H, 2.76; found C, 58.61; H, 2.88.

Synthesis of E)-3—(p-tolyl)allyl 2,3,4,5,6-pentafluorobenzoate (4.1.61k)

185



Experimenteller Teil

Following the general procedure, 2,3,4;féntafluorobenzoic acid (1.35 g, 6.30 mmol) was
reacted with p—methylcinnamyl alcohol (805 mg, 6.00 mmol). Afterecrystallization
(EtOAcih—hexane}.1.6-1k was obtained as a colourless solid (1.53 g, 4.410IM75%).

m.p. 87-88 °C."H-NMR (400 MHz, Chloroformd): é = 7.33 (d,J=8.0 Hz, 2H), 7.16 (d,
J=8.0 Hz, 2H), 6.75 (dJ=15.8 Hz, 1H), 6.31 (dtJ=15.8 Hz, 6.7 Hz, 1H), 5.03 (dd76.5 Hz,
1.0 Hz, 2H), 2.36 ppm (s, 3H)*C-NMR (101 MHz, Chloroformd): 6 = 158.9 (m), 145.7 (dm,
J=258.2 Hz), 142.7 (dmJ=259.7 Hz), 138.4, 137.4 (dnd=259.0 Hz), 135.7, 133.0, 129.3,
126.6, 120.4, 108:1108.4 (m), 67.4, 21.2 ppm*F-NMR (376 MHz, Chloroformd):

0 =-138.19- -137.88 (m, 2F), -148.6% -148.36 (m, 1F), -160.50 -160.17 (m, 2F) ppmyS
(lon trap, El): m/z (%) = 342 [N (78), 195 (79), 147 (100), 131 (92), 119 (83)51%8), 91
(56); IR (neat)v = 3031, 2928, 1720, 1652, 1526, 1497, 1321, 12392, 1004, 945, 793, 771
cm™; CHN Anal. Calcd. for G;H11FsO2: C, 59.66; H, 3.24; found C, 59.63; H, 3.34.

Synthesis of E)-3-(2—chlorophenyl)allyl 2,3,4,5,6-pentafluorobenzoate (4.1.61l)

Following the general procedure, 2,3,4;féntafluorobenzoic acid (1.35 g, 6.30 mmol) was
reacted with o—chlorocinnamyl alcohol (985 mg, 6.00 mmol). Afterecrystallization
(EtOAcih—hexane).1.6-11 was obtained as a colourless solid (1.55 g, 4.2i0ln71%).

m.p. 64-65 °C.*H-NMR (400 MHz, Chloroformd): 5 = 7.53-7.59 (m, 1H), 7.357.41 (m,
1H), 7.2%+7.29 (m, 2H), 7.17 (dJ=16.1 Hz, 1H), 6.35 (dJ=15.9 Hz, 6.4 Hz, 1H), 5.08 ppm
(dd, J=6.3 Hz, 1.3 Hz, 2H)**C-NMR (101 MHz, Chloroformd): § = 158.8 (m), 145.4 (dm,
J=259.0 Hz), 143.3 (dmJ=259.0 Hz), 137.8 (dmJ=255.3 Hz), 134.0, 133.4, 131.3, 129.8,
129.3, 127.0, 126.9, 124.4, 107188.4 (m), 66.9 ppm-F-NMR (376 MHz, Chloroformd):
= -138.10- -137.69 (m, 2F), -148.36 -148.09 (m, 1F), -160.44 -160.11 ppm (m, 2FMS

(lon trap, EI): m/z (%) = 362 [K] (1), 195.0 (100), 167.0 (62), 139.1 (21), 11716)( 116.2
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(15), 115.2 (42), 103.2 (17)R (neat)v = 2915, 2873, 1727, 1649, 1527, 1491, 1381, 1321,
1226, 1114, 1042, 1002, 979, 940, 751, 707*c@HN Anal. Calcd. for GeHsCIFsOz: C, 52.99;
H, 2.22; found C, 52.98; H, 2.34.

Synthesis of E)-3—-cyclohexylallyl 2,3,4,5,6pentafluorobenzoate (4.1.61m)

Following the general procedure, 2,3,4;féntafluorobenzoic acid (1.35 g, 6.30 mmol) was
reacted with [£)-3-cyclohexylprop-2—en-1-ol (805 mg, 6.00 mmol}.1.6-1m was obtained as
a colourless liquid (1.39 g, 4.16 mmol, 69%).

H—NMR (400 MHz, Chloroformd): § = 5.84 (ddJ=15.6, 6.5 Hz, 1H), 5.54.65 (m, 1H),
4.82 (d,J=6.5 Hz, 2H), 1.952.08 (m, 1H), 1.621.80 (m, 5H), 1.021.36 ppm (m, 5H);
¥C-NMR (101 MHz, Chloroformd): 6 = 158.8 (m), 145.1 (dmJ=257.5 Hz), 143.8, 142.9
(dm, J=259.0 Hz), 137.9 (dml=253.1 Hz), 120.0, 108-108.9 (m), 67.7, 40.3, 32.4 (2C), 26.0,
25.9 ppm (2C)**F-NMR (376 MHz, Chloroformd): 6 = -138.49- -138.17 (m, 2F), -149.10
- -148.88 (m, 1F), -160.69 -160.36 ppm (m, 2F)R (neat)Vv = 2927, 2854, 1739, 1652, 1523,
1496, 1450, 1326, 1216, 996, 971, 943, 75Z'rHRMS-EI (TOF) m/z: [M] Calcd. for
Ci6H15F50,: 334.0992; found 334.097&€HN Anal. Calcd. for GgH1sFs02: C, 57.59; H, 4.52;
found C, 57.46; H, 4.56.

Synthesis of E)-3-(1-naphthyl)allyl 2,3,4,5,6-pentafluorobenzoate (4.1.61n)

Following the general procedure, 2,3,4;féntafluorobenzoic acid (1.80 g, 8.40 mmol) was
reacted with £)-3—-(1-naphthyl)prop2-en-1-ol (1.31 g, 8.00 mmol). After recrystallization
(EtOAcih—hexane).1.6-1n was obtained as a colourless solid (830 mg, 2.41@In27%).
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m.p. 124-125 °C. '"H-NMR (400 MHz, Chloroformd): 6 = 8.11 (d,J=8.0 Hz, 1H),
7.80-7.91 (m, 2H), 7.64 (d]=7.0 Hz, 1H), 7.457.60 (m, 4H), 6.40 (dt}=15.6 Hz, 6.4 Hz, 1H),
5.17 ppm (ddJ=6.4 Hz, 1.4 Hz, 2H)**C-NMR (101 MHz, Chloroformd): 6 = 158.8 (m),
145.9 (dmJ=257.5 Hz), 143.0 (dmJ=259.7 Hz), 137.8 (dm]=251.6 Hz), 133.6, 133.5, 132.8,
131.1, 128.7, 128.6, 126.3, 125.9, 125.5, 124.A4.212123.5, 107:9108.4 (m), 67.3 ppm;
F-NMR (376 MHz, Chloroformd): § = -138.11- -137.82 (m, 1F), -148.44 -148.17 (m,
1F), -160.38- -160.00 ppm (m, 1FMS (lon trap, EI): m/z (%) = 378 [N (63), 195 (42), 167
(56), 166 (59), 165 (100), 153 (14), 152 (1®);(neat)v = 3063, 2934, 1720, 1649, 1489, 1323,
1211, 1002, 958, 779 ¢m CHN Anal. Calcd. for GoH1:FsO,: C, 63.50; H, 2.93; found C,
63.48; H, 3.10.

Synthesis of cinnamyl 2,6difluorobenzoate (4.1.6-10)

F O
=
o
L0
Following the general procedure, 2d¥fluorobenzoic acid (2.55 g, 15.8 mmol) was redcte

with cinnamyl alcohol (2.05 g, 15.0 mmof).1.6-10 was obtained as a colourless liquid (3.90 g,
14.2 mmol, 95%).

'H-NMR (400 MHz, Chloroformd): § = 7.26-7.46 (m, 6H), 6.93 7.00 (m, 2H), 6.78 (d,
J=15.8 Hz, 1H), 6.40 (dtJ=15.8 Hz, 6.4 Hz, 1H), 5.04 ppm (dd&:=6.4 Hz, 1.4 Hz, 2H);
3C-NMR (101 MHz, Chloroformd): § = 161.2-161.3 (m), 160.6 (ddJ}=256.8 Hz, 6.60 Hz),
136.0, 134.7, 132.7 (§=11.0 Hz), 128.5 (2C), 128.1, 126.6 (2C), 122.3.81112.2 (m, 2C),
111.0 (t,J=18.0 Hz), 66.3 ppm-*F-NMR (376 MHz, Chloroformd): 6 = -110.11 ppm (s, 2F);
MS (lon trap, El): m/z (%) = 274 [ (3), 245 (10), 141 (100), 133 (33), 117 (23), 132),
113 (13), 63 (19)IR (neat)v = 3028, 1730, 1624, 1468, 1285, 1259, 1234, 11012, 966,
795, 743, 691 cit; CHN Anal. Calcd. for GeH1,F:02: C, 70.07; H, 4.41; found C, 70.06; H,
4.52.
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Synthesis of E)-3—(p-tolyl)allyl 2,6—-difluorobenzoate (4.1.6-1p)

F O
=
O
CLTTCL
Following the general procedure, 2d¥fluorobenzoic acid (1.03 g, 6.30 mmol) was redcte

with (E)—3—(p—tolyl)prop—2—en-1-ol (889 mg, 6.00 mmol).4.1.6-1p was obtained as a
colourless liquid (1.72 g, 5.96 mmol, 99%).

'H-NMR (400 MHz, Chloroformd): ¢ = 7.42 (tt,J=8.5 Hz, 6.2 Hz, 1H), 7.34 (d=8.0 Hz,
2H), 7.16 (d,J=7.8 Hz, 2H), 6.937.01 (m, 2H), 6.75 (d}=15.8 Hz, 1H), 6.35 (dt}=15.8 Hz,
6.5 Hz, 1H), 5.03 (ddJ=6.5 Hz, 1.3 Hz, 2H), 2.36 ppm (s, 3HC-NMR (101 MHz,
Chloroformrd): § = 161.3-161.4 (m), 160.7 (ddj=256.8 Hz, 5.87 Hz), 138.0, 134.8, 133.3,
132.7 (,J=10.3 Hz), 129.3, 126.6, 121.2, 114182.2 (m), 111.1 ()=18.3 Hz) 66.5, 21.2 ppm;
F—NMR (376 MHz, Chloroformd): § = -110.15 ppm (s, 2FMS (lon trap, El): m/z (%) =
288 [M'] (8), 147 (60), 141 (100), 131 (30), 115 (27), 118), 91 (21), 63 (20)R (neat)v =
3025, 1730, 1624, 1469, 1285, 1259, 1235, 11077,10812, 968, 792, 767 ¢fn CHN Anal.
Calcd. for G/H14720,: C, 70.83; H, 4.89; found C, 70.77; H, 5.04.

Synthesis of E)—-3—cyclohexylallyl 2,3,6-trifluorobenzoate (4.1.6-1q).
F O
=
O
CL ™0
F
Following the general procedure, 2;3fluorobenzoic acid (1.12 g, 6.30 mmol) was react

with (E)-3-cyclohexylprop-2—en-1-ol (985 mg, 6.00 mmol)4.1.6-1q was obtained as a
colourless liquid (1.65 g, 5.53 mmol, 92%).

'H-NMR (400 MHz, Chloroformd): 6 = 7.25 (qd,J=9.0 Hz, 4.8 Hz, 1H), 6.90 (tdd=9.0
Hz, 3.5 Hz, 2.3 Hz, 1H), 5.83 (d&15.4 Hz, 6.7 Hz, 1H), 5.61 (dt&15.6 Hz, 6.5 Hz, 1.3 Hz,
1H), 4.81 (d,J=6.5 Hz, 2H), 2.01 (dtd)=10.8 Hz, 7.3 Hz, 3.3 Hz, 1H), 1.69.78 (m, 4H),
1.60-1.69 (m, 1H), 1.021.35 ppm (m, 5H)**C-NMR (101 MHz, Chloroformd): 6 = 160.3
(m), 155.1 (dmJ=252.4 Hz), 148.5 (ddd=259.0 Hz, 15.41 Hz, 7.34 Hz), 147.0 (ddd247.2
Hz, 13.2 Hz, 4.4 Hz), 143.2, 120.3, 119.4 (di#19.1 Hz, 10.3 Hz, 1.5 Hz), 112.8 (d&;20.5
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Hz, 14.7 Hz), 111.5 (dddj=24.2 Hz, 5.9 Hz, 4.4 Hz), 67.2, 40.3, 32.4, 2626,9 ppm;
F—NMR (376 MHz, Chloroformd): § = -115.67 (dJ=15.0 Hz, 1F), -133.68 -133.29 (m,
1F), -141.24- -140.97 ppm (m, 1FMS (lon trap, El): m/z (%) = 15%[-cleavage] (100), 122
(65), 107 (39), 93 (30), 81 (72), 79 (54), 67 (3IQ; (neat)v = 2926, 2853, 1734, 1493, 1450,
1278, 1239, 1178, 1126, 1025, 967, 955, 812"c8HN Anal. Calcd. for GsH1/F:0,: C, 64.42;
H, 5.74; found C, 64.36; H, 5.79.

Synthesis of allyl 5fluoro—2-nitrobenzoate (4.1.6-1r)

(0]

=
F\©\)LO/\/
NO

2

Following the general procedure;fluoro—2-nitrobenzoic acid (4.67 g, 25.0 mmol) was
reacted with allyl alcohol (2.93 g, 50.0 mmol, 3mb). 4.1.6-1r was obtained as a yellow
liquid (4.78 g, 21.2 mmol, 85%).

'H-NMR (400 MHz, Chloroformd): 6 = 7.97 (dd,J=8.9 Hz, 4.5 Hz, 1H), 7.34 (dd=7.8
Hz, 2.7 Hz, 1H), 7.27 (ddd=8.9 Hz, 7.3 Hz, 2.8 Hz, 1H), 5.88.00 (m, 1H), 5.35 (dgl=17.2
Hz, 1.4 Hz, 1H), 5.26 (dgJ=10.4 Hz, 1.2 Hz, 1H), 4.78 ppm (d5.9 Hz, 1.3 Hz, 2H);
¥C-NMR (101 MHz, Chloroformd): 5 = 163.8 (d,J=1.8 Hz), 164.2 (d)=258.0 Hz), 143.7 (br.
s.), 130.7, 130.5 (dJ=9.1 Hz), 126.8 (dJ=9.1 Hz), 119.5, 118.3 (dl=22.7 Hz), 116.8 (d,
J=25.4 Hz), 67.1 ppm**F-NMR (376 MHz, Chloroformd): § = -103.53- -101.38 (m, 1F)
ppm; MS (lon trap, El): m/z (%) = 225 [K} (0.4), 169 (100), 139 (36), 111 (25), 94 (39), 83
(18), 76 (21)JR (NaCl) v = 3086, 1741, 1592, 1537, 1419, 1351, 1286, 12282, 1126, 1065,
974, 935, 885, 844, 756, 618 mCHN Anal. Calcd. for GoHsFNO4: C, 53.34; H, 3.58; N,
6.22; found C, 53.46; H, 3.56; N, 6.25.

6.6.2. Synthesis of the allytand cinnamyl benzenes

Standard procedure palladiurcatalyzed decarboxylative allylation

A 20 mL vessel was charged withJtba} (22.9 mg, 0.025 mmol) andtp—tolylphosphine

(7.76 mg, 0.025 mmol) and the vessel was brouglieumn atmosphere of dry nitrogen.
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1,4-dioxane (4 mL) and allyl 2,3,4,5;fentafluorobenzoatet(1.6-1a—p, 252 mg, 1.00 mmol)
were added via syringe and the mixture was stiate#l10 °C for 24 h. After cooling to room
temperature, the mixture was diluted withpentane (20 mL), washed with aqueois NaOH

(3 x 20 mL), water (20 mL) and brine (20 mL), drieder MgSQ and filtered. The solvent was
removed at ambient pressure and the proddidis-2a—p were isolated from the residue by

flash column chromatography (SiGE{O /n—pentane gradient).

Synthesis of allyl 2,3,4,5,6pentafluorobenzene (4.1.62a)

[CAS: 1736-60-3]

Following the general procedure, compourdl.6-2a was synthesised from allyl
2,3,4,5,6-pentafluorobenzoatet(1.6-1a, 252 mg, 1.00 mmol). The product was obtained as a
colourless liquid (183 mg, 879 umol, 88%).

'H-NMR (400 MHz, Chloroformd): 6 = 5.82-5.96 (m, 1H), 5.035.16 (m, 2H), 3.45 ppm
(dt, J=6.4 Hz, 1.7 Hz, 2H)**C-NMR (101 MHz, Chloroformd): 6 = 145.1 (dmJ=246.5 Hz),
139.8 (dm,J=251.6 Hz), 137.2 (dmJ=250.2 Hz), 132.9, 116-817.2 (m), 112.8113.4 (m),
26.3 ppm (d,J=1.5 Hz); "F-NMR (376 MHz, Chloroformd): 6 = -144.23- -44.05 (m,
1F), -157.73- -157.38 (m, 1F), -163.04 -162.75 ppm (m, 1F)IR (NaCl) v = 1655, 1643,
1503, 1443, 1415, 1315, 1299, 1219, 1123, 1011, BB 895, 752, 692, 624 cMHRMS—EI
(TOF) m/z: [M] Calcd. for GHsFs: 208.0311; found 208.031GHN Anal. Calcd. for GHsFs:
C, 51.94; H, 2.42; found C, 52.20; H, 2.59.
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Synthesis of allyl 2,3,6trifluorobenzene (4.1.6-2b)

@iv/
F
F
Following the general procedure, compourddl.6-2b was synthesised from allyl

2,3,6-trifluorobenzoate 4.1.6-1b, 216 mg, 1.00 mmol). The product was obtained as a
colourless liquid (118 mg, 683 pmol, 68%).

H-NMR (400 MHz, Chloroformd): 6 = 7.01 (dgq,J=9.2 Hz, 5.1 Hz, 1H), 6.81 (tdd=8.9
Hz, 3.8 Hz, 2.2 Hz, 1H), 5.86.99 (m, 1H), 5.10 (s, 1H), 5.06 (d#6.6 Hz, 1.0 Hz, 1H),
3.42-3.49 ppm (m, 2H)**C-NMR (101 MHz, Chloroformd): § = 156.5 (ddd,J=243.4 Hz, 6.4
Hz, 2.7 Hz), 148.9 (ddd]=248.0 Hz, 13.6 Hz, 9.1 Hz), 147.1 (dd&243.4 Hz, 12.7 Hz, 2.7
Hz), 133.8, 117.6 (ddl=22.7 Hz, 17.3 Hz), 116.4, 114#14.8 (m), 110.3 (dg}=24.5 Hz, 3.6
Hz), 26.527.0 ppm (m);*®F-NMR (376 MHz, Chloroformd): § = -121.16- -120.92 (m,
1F), -138.92- -138.68 (m, 1F), -143.03 -142.70 ppm (m, 1F)R (NaCl) v = 1643, 1495,
1463, 1439, 1415, 1303, 1243, 1211, 1143, 11117,1921, 919, 871, 808, 768, 736, 624 tm
HRMS-EI (TOF) m/z: [M] Calcd. for GH;Fs: 172.0500; found 172.051GHN Anal. Calcd.
for CoH/F3: C, 62.79; H, 4.10; found C, 63.16; H, 4.34.

Synthesis of allyl 2,4,6trifluorobenzene (4.1.6-2c)

/@f\/
F F

Following the general procedure, compourdl.6-2c was synthesised from allyl
2,4,6-trifluorobenzoate 4.1.6-1c, 216 mg, 1.00 mmol). The product was obtained as a
colourless liquid (131 mg, 761 pmol, 76%).

H-NMR (400 MHz, Chloroformd): 6 = 6.59-6.70 (m, 2H), 5.91 (ddt]=16.8 Hz, 10.4 Hz,
6.1 Hz, 1H), 4.995.10 (m, 2H), 3.38 ppm (dJ=6.0 Hz, 2H); **C-NMR (101 MHz,
Chloroform-d): 6 =161.3 (dmJ=248.7 Hz, 3C), 134.3, 115.9, 111.6 (8¢20.5 Hz, 4.4 Hz),
99.5-100.3 (m, 2C), 26.0 ppm @=2.6 Hz);**F-NMR (376 MHz, Chloroformd): § = -111.52
(t, 3=5.5 Hz, 1F), -113.29 ppm (d=5.4 Hz, 1F)IR (NaCl) v = 1643, 1623, 1603, 1495, 1443,
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1219, 1167, 1115, 1043, 1019, 999, 919, 840, 718: tHRMS—EI (TOF) m/z: [M] Calcd. for
CoH;F3: 172.0500; found 172.0498HN Anal. Calcd. for GH;F3: C, 62.79; H, 4.10; found C,
63.09; H, 4.31.

Synthesis of allyl 2,6difluorobenzene (4.1.62d)

[CAS: 102880161-7]

F
@f\/
F
Following the general procedure, compouddl.6-2d was synthesised from allyl

2,6-difluorobenzoate4.1.6-1d, 198 mg, 1.00 mmol). The product was obtained esl@urless
liquid (145 mg, 919 pmol, 92%).

H-NMR (400 MHz, Chloroformd): § = 7.17 (t,J=8.3 Hz, 6.6 Hz, 1H), 6.8%.93 (m, 2H),
5.89-6.03 (m, 1H), 5.045.11 (m, 2H), 3.433.49 ppm (m, 2H);"*C-NMR (101 MHz,
Chloroform-d): ¢ = 161.4 (dd,JJ=247.1 Hz, 9.1 Hz, 2C), 134.5, 127.7 §§10.0 Hz), 115.8,
115.6 (t,J=20.0 Hz), 110.7111.3 (m, 2C), 26.4 ppm (8=2.7 Hz); **F-NMR (376 MHz,
Chloroform-d): ¢ = -116.01- -115.79 ppm (m, 2F)}R (NaCl) v = 3081, 2981, 2925, 2853,
1914, 1834, 1623, 1591, 1471, 1439, 1415, 12679,1P315, 1107, 1059, 1019, 987, 919, 879,
780, 736, 692 cit; HRMS—EI (TOF) m/z: [M] Calcd. for GHgF.: 154.0594; found 154.0608;
CHN Anal. Calcd. for GHgF: C, 70.12; H, 5.23; found C, 70.28; H, 5.29.

Synthesis of allyl 2,3,5,6tetrafluoro —4—-methylbenzene (4.1.62¢)

F =
E

F

[CAS: 110144989-1]

Following the general procedure, compourdl.6-2e was synthesised from allyl
2,3,5,6-tetrafluoro-4—-methylbenzoate 4(1.6-1e, 248 mg, 1.00 mmol). The product was
obtained as a colourless liquid (125 mg, 612 ueblp).
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'H-NMR (400 MHz, Chloroformd): § =5.84-5.97 (m, 1H), 5.045.13 (m, 2H), 3.463.49
(m, 2H), 2.26 ppm (tJ=2.1 Hz, 3H);**C-NMR (101 MHz, Chloroformd): § =144.9 (dm,
J=244.3 Hz, 2C), 144.6 (dml=244.3 Hz, 2C), 133.5, 116.5, 115.2 J£18.7 Hz), 113.9 (t,
J=19.1 Hz), 26.6 (tJ=1.8 Hz), 7.3 ppm (dJ=2.2 Hz);**F-NMR (376 MHz, Chloroformd):
§ = -145.00- -144.78 (m, 2F), -146.54-146.32 ppm (m, 2F)R (NaCl) v = 1639, 1487, 1443,
1411, 1295, 1271, 1111, 1063, 991, 947, 923, 899, 848, 688 cit; HRMS-EI (TOF) m/z:

[M™] Calcd. for GoHgFs: 204.0562; found 204.0568HN Anal. Calcd. for GHgF4: C, 58.83;
H, 3.95; found C, 58.63; H, 3.93.

Synthesis of allyl 2,6difluoro —4-methoxybenzene (4.1€2f)

E
/@f\/
MeO F

Following the general procedure, compourdl.6-2f was synthesised from allyl
2,6-difluoro-4-methoxybenzoated(1.6-1f, 228 mg, 1.00 mmol). The product was obtained as a
colourless liquid (183 mg, 994 pmol, 99%).

H-NMR (400 MHz, Chloroformd): 6 = 6.41+6.48 (m, 2H), 5.92 (ddt}=17.7 Hz, 9.4 Hz,
6.1 Hz, 1H), 4.995.06 (m, 2H), 3.78 (s, 3H), 3.32.36 ppm (m, 2H)*C-NMR (101 MHz,
Chloroformd): 6 = 161.8 (ddJ=245.2 Hz, 12.7 Hz, 2C), 159.3 (513.6 Hz), 135.1, 115.3,
107.4 (t,J=21.8 Hz), 97.7 (ddJ=20.9 Hz, 8.2 Hz, 2C), 55.7, 2586.4 ppm (M) *F-NMR
(376 MHz, Chloroformd): 6 = -115.06 ppm (dJ=9.5 Hz, 2F)JR (NaCl) v = 2845, 1639, 1587,
1503, 1467, 1443, 1347, 1219, 1195, 1143, 11159,10815, 991, 919, 840, 820, 632 ¢m
HRMS-EI (TOF) m/z: [M] Calcd. for GoH10F20O: 184.0700; found 184.070CHN Anal.
Calcd. for GoH10F20: C, 65.21; H, 5.47; found C, 65.26; H, 5.58.
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Synthesis of allyl 2fluoro—6—methoxybenzene (4.1629)

F
@\/\/
OMe
Following the general procedure, compourdl.6-2g was synthesised from allyl

2—fluoro—6—methoxybenzoate4(1.6-1g, 210 mg, 1.00 mmol). The product was obtained as a
colourless liquid (109 mg, 656 pmol, 66%).

'H-NMR (400 MHz, Chloroformd): 6 = 7.15 (td,J=8.3 Hz, 6.8 Hz, 1H), 6.64.73 (m,
2H), 5.97 (dd J=16.8 Hz, 10.4 Hz, 1H), 4.96.06 (m, 2H), 3.85 (s, 3H), 3.39.46 ppm (m,
2H); *C-NMR (101 MHz, Chloroformd): § = 161.6 (d,J=243.4 Hz), 158.6 (dJ=9.1 Hz),
135.7, 127.4 (dJ=10.0 Hz), 115.7 (d)=19.1 Hz), 114.8, 107.8 (d=23.6 Hz), 106.1 (dJ=2.7
Hz), 55.9, 26.7 ppm (d}=3.6 Hz);"*F-NMR (376 MHz, Chloroformd): J = -117.53 ppm (t,
J=8.2 Hz, 1F);IR (NaCl) v = 3077, 2937, 2837, 1639, 1615, 1587, 1471, 14391, 1243,
1215, 1119, 1087, 1067, 995, 911, 776 GlHRMS-E| (TOF) m/z: [M] Calcd. for GgH1:FO:

166.0794; found 166.080&€HN Anal. Calcd. for GH1,FO: C, 72.27; H, 6.67; found C, 72.30;
H, 6.66.

Synthesis of Zmethylallyl 2,3,4,5,6-pentafluorobenzene (4.1.62h)

[CAS: 116212-41-0]

Following the general procedure, compouhd.6-2h was synthesised from—ghethylallyl
2,3,4,5,6-pentafluorobenzoatet(1.6-1h, 266 mg, 1.00 mmol). The product was obtained as a
colourless liquid (193 mg, 869 umol, 87%).

H-NMR (400 MHz, Chloroformd): 6 = 4.83-4.85 (m, 1H), 4.64 (m, 1H), 3.39 (s, 2H), 1.79
ppm (s, 3H)*C-NMR (101 MHz, Chloroformd): § = 145.2 (dmJ=246.5 Hz), 141.0, 139.7
(dm, J=257.5 Hz), 137.3 (dm]=250.2 Hz), 112.8113.3 (m), 112.3, 30.1, 22.1 ppME-NMR
(376 MHz, Chloroformd): 6 = -143.76- -143.33 (m, 2F), -157.6% -157.27 (m, 1F), -163.26
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—--162.85 ppm (m, 2F)R (NaCl) v = 1655, 1503, 1447, 1379, 1303, 1211, 1195, 11037,
983, 951, 907, 748, 676, 656 ¢CitHRMS—EI (TOF) m/z: [M7] Calcd. for GoHFs: 222.0468;
found 222.0468CHN Anal. Calcd. for GgH-Fs: C, 54.07; H, 3.18; found C, 54.03; H, 3.06.

Synthesis of ¥cinnamyl-2,3,4,5,6-pentafluorobenzene (4.1.62))

[CAS: 47409766-0]

0O
F 7 F
Following the general procedure, compouddl.6-2j was synthesised from cinnamyl
2,3,4,5,6:pentafluorobenzoate4 (1.6-1j, 328 mg, 1.00 mmol). The product was obtained as a
colourless solid (284 mg, 999 pumol, 99%).

m.p. 65-66 °C;*H-NMR (400 MHz, Chloroformd): § = 7.28-7.43 (m, 5H), 6.56 (d]=15.8
Hz, 1H), 6.30 (dtJ=15.8 Hz, 6.8 Hz, 1H), 3.63.71 ppm (m, 2H)*C-NMR (101 MHz,
Chloroform-d): 6 = 145.0 (dm,J=246.1 Hz), 140.3 (dmJ=247.1 Hz), 136.6, 137.2 (dm,
J=248.0 Hz), 132.4, 128.5 (2C), 127.6, 126.2 (2&4.2, 113.0- 113.5 (m), 25.5 ppm (m);
F-NMR (376 MHz, Chloroformd): § = -144.21- -143.90 (m, 2F), -157.58 -157.34 (m,
1F), -162.82- -162.51 ppm (m, 2F)R (neat)v = 3026, 1519, 1501, 1117, 987, 970, 959, 910,
756, 692 crit; HRMS-EI (TOF) m/z: [M] Calcd. for GsHoFs: 284.0624; found 284.0627;
CHN Anal. Calcd. for GsHgFs: C, 63.39; H, 3.19; found C, 63.42; H, 3.13.

Synthesis of E)-1-(3—(p-tolyl)allyl) —=2,3,4,5,6-pentafluorobenzene (4.1.62k)

F
0L
F F
F
Following the general procedure, compound.1.6-2k was synthesised from

(E)-3—(p—tolyhallyl 2,3,4,5,6-pentafluorobenzoate (1.6-1k, 342 mg, 1.00 mmol). The product

[CAS: 128963888-5]

was obtained as a colourless solid (290 mg, 9721 1.97&0).
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m.p. 76-77 °C; *"H-NMR (400 MHz, Chloroformd): § = 7.30 (d,J=8.0 Hz, 2H), 7.19 (d,
J=8.0 Hz, 2H), 6.53 (dJ=15.8 Hz, 1H), 6.25 (diJ=15.5 Hz, 6.8 Hz, 1H), 3.65 (dd76.8 Hz,
1.3 Hz, 2H), 2.42 ppm (s, 3H*C-NMR (101 MHz, Chloroformd): 6 = 145.0 (dmJ=246.1
Hz), 140.0 (dmJ=247.1 Hz), 137.5, 137.4 (dnd+250.7 Hz), 133.8, 132.3, 129.2 (2C), 126.1,
(2C), 123.1, 1134113.6 (m), 25.5, 21.0 ppm-F-NMR (376 MHz, Chloroformd): &
= -144.21- -143.99 (m, 2F), -157.73 -157.48 (m, 1F), -162.96 -162.63 ppm (m, 2F)}R
(neat) v = 3030, 2922, 1497, 1117, 1069, 1007, 986, 969, 922, 841, 831, 791, 780 cn
HRMS-EI (TOF) m/z: [M] Calcd. for GeH11Fs: 298.0781; found 298.078EHN Anal. Calcd.
for CieH11Fs: C, 64.43; H, 3.72; found C, 64.57; H, 3.70.

Synthesis of E)-1-(3—-(2—chlorophenyl)allyl)-2,3,4,5,6-pentafluorobenzene (4.1.62l)

Following the general procedure, compound.1.6-2 was synthesised from
(E)-3—(2—chlorophenylallyl 2,3,4,5fentafluorobenzoatet (1.6-11, 363 mg, 1.00 mmol). The

product was obtained as a colourless solid (29291, mol, 92%).

m.p. 86-87 °C;*H-NMR (400 MHz, Chloroformd): § = 7.48 (dd,J=7.4 Hz, 2.1 Hz, 1H),
7.33-7.37 (m, 1H), 7.21 (dquill=7.4 Hz, 1.9 Hz, 2H), 6.93 (d=15.6 Hz, 1H), 6.23 (dt]=15.8
Hz, 6.8 Hz, 1H), 3.67 ppm (dd=6.8 Hz, 1.5 Hz, 2H)**C-NMR (101 MHz, Chloroformd): &
=144.9 (dmJ=246.1 Hz), 140.0 (dnmJ=252.5 Hz), 137.2 (dmJ=252.5 Hz), 134.7, 132.9, 129.6,
128.8, 128.6, 127.1, 126.8, 126.7, 112.9 #d,8.6 Hz, 3.6 Hz), 25.8 ppm (MmPF-NMR (376
MHz, Chloroformd): 6 = -143.97- -143.72 (m, 2F), -157.28 -157.00 (m, 1F), -162.69
- -162.42 ppm (m, 2F)R (neat)v = 3061, 1520, 1501, 1468, 1115, 1068, 985, 978, 956,
755, 692 cm; HRMS-EI (TOF) m/z: [M] Calcd. for GsHsClIFs: 318.0235; found 318.0246;
CHN Anal. Calcd. for GsHgsCIFs: C, 56.54; H, 2.53; found C, 56.54; H, 2.46.
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Synthesis of E)-1—-(3-cyclohexylallyl)-2,3,4,5,6-pentafluorobenzene (4.1.62m)

[CAS: 131458%23-1].

Following the general procedure, compound.1.6-2m was synthesised from
(E)-3-cyclohexylallyl 2,3,4,5,6pentafluorobenzoate4(1.6-1m, 334 mg, 1.00 mmol). The
product was obtained as a colourless liquid (6530224 pmol, 22%).

'H-NMR (400 MHz, Chloroformd): § = 5.35-5.56 (m, 2H), 3.37 (dJ=6.3 Hz, 2H),
1.84-1.97 (m, 1H), 1.661.78 (m, 5H), 0.971.31 ppm (m, 5H);**C-NMR (101 MHz,
Chloroform-d): 6 = 144.9 (dm,J=245.2 Hz), 139.4, 140.0 (dnd=250.7 Hz), 137.2 (dm,
J=251.6 Hz), 121.7, 114.1 (td=18.9 Hz, 4.1 Hz), 40.4, 32.7, 26.1, 26.0, 25.5 pbF-NMR
(376 MHz, Chloroformd): § = -144.42— -144.21 (m, 2F), -158.26 -157.98 (m, 1F), -163.15
--162.89 ppm (m, 2F)R (neat)v = 2925, 2853, 1655, 1500, 1449, 1310, 1121, 959, 905,
666 cm'; HRMS—-EI (TOF) m/z: [M] Calcd. for GsH1sFs: 290.1094; found 290.108ZHN
Anal. Calcd. for GsHisFs: C, 62.07; H, 5.21; found C, 62.07; H, 5.37.

Synthesis of E)-1-(3—-(1-naphthyl)allyl) =2,3,4,5,6-pentafluorobenzene (4.1.62n)

F
F F
F
Following the general procedure, compound.1.6-2n was synthesised from

(E)-3—-(1—-naphthyDhallyl 2,3,4,5,6pentafluorobenzoate4(1.6-1n, 378 mg, 1.00 mmol). The

product was obtained as a colourless solid (29187g,umol, 87%).

m.p. 131-132 °C;*H-NMR (400 MHz, Chloroformd): 6 = 8.10 (d,J=8.3 Hz, 1H), 7.89 (d,
J=7.8 Hz, 1H), 7.81 (dJ=8.3 Hz, 1H), 7.517.62 (m, 3H), 7.447.50 (m, 1H), 7.29 (d)=14.3
Hz, 1H), 6.226.33 (m, 1H), 3.73 ppm (ddJ=6.8, 1.8 Hz, 2H);"*C-NMR (101 MHz,
Chloroform-d): ¢ =144.8 (dmJ=246.1 Hz), 139.7 (dmJ=251.6 Hz), 137.1 (dm]=250.7 Hz),
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134.3, 133.5, 131.0, 129.8, 128.5, 128.0, 127.5,112125.8, 125.5, 123.8, 123.5, 1+2193.4
(m), 26.0 ppm*F-NMR (376 MHz, Chloroformd): § = -144.10- -143.69 (m, 2F), -157.28
- -156.90 (m, 1F), -162.53 -162.20 ppm (m, 2F)R (neat)Vv = 3050, 1517, 1499, 1113, 1072,
974, 955, 913, 794, 774 ¢l HRMS-EI (TOF) m/z: [M] Calcd. for GeHiiFs: 334.0781;
found 334.0798CHN Anal. Calcd. for GyH;;Fs: C, 68.27; H, 3.32; found C, 68.27; H, 3.26.

Synthesis of +cinnamyl-2,6-difluorobenzene (4.1.620)

[CAS: 143341560-1]

CCTO
F
Following the general procedure at 130 °C, compodntl6-20 was synthesised from

cinnamyl 2,6-difluorobenzoate4.1.6-10, 274 mg, 1.00 mmol). The product was obtained as a

colourless liquid (228 mg, 990 pmol, 99%).

'H-NMR (400 MHz, Chloroformd): 6 = 7.26-7.52 (m, 6H), 6.927.03 (m, 2H), 6.536.62
(m, 1H), 6.376.48 (m, 1H), 3.70 ppm (br. s., 2HC-NMR (101 MHz, Chloroformd): ¢ =
161.4 (ddJ=246.5 Hz, 7.33 Hz, 2C), 137.2, 131.2, 128.4 (2AQY.7 (1,J=9.9 Hz), 127.2, 126.2,
126.1 (2C), 115.7 ()=20.5 Hz), 111.1 (ddJ=19.1 Hz, 7.3 Hz, 2C), 25.7 ppm (2.9 Hz);
F-NMR (376 MHz, Chloroformd): § = -115.65- -115.36 ppm (m, 2F)R (neat)v = 3029,
1625, 1591, 1467, 1264, 1236, 1017, 992, 962, 788, 721, 691 cit; HRMS—EI (TOF) m/z:

[M™] Calcd. for GsHi2F2: 230.0907; found 230.091GHN Anal. Calcd. for GsH1F,: C, 78.25;
H, 5.25; found C, 78.27; H, 5.27.

Synthesis of (Ey1-(3—(p—tolyl)allyl) -2,3,4,5,6-pentafluorobenzene (4.1.62p)
OO

Following the general procedure at 130 °C, compodid6-2p was synthesised from
(E)-3—(p—tolyhallyl 2,6—difluorobenzoate 4.1.6-1p, 288 mg, 1.00 mmol). The product was
obtained as a colourless liquid (238 mg, 974 u8itlp).
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H-NMR (400 MHz, Chloroformd): § = 7.12-7.32 (m, 5H), 6.886.97 (m, 2H), 6.49 (dd,
J=15.8 Hz, 0.5 Hz, 1H), 6.26.38 (m, 1H), 3.663.66 (m, 2H), 2.37 ppm (s, 3HY’C-NMR
(101 MHz, Chloroformd): 6 = 161.4 (ddJ=247.2 Hz, 8.8 Hz, 2C), 136.9, 134.4, 131.1, 129.1
(2C), 127.7 (tJ=9.9 Hz), 126.0 (2C), 125.2, 115.84£19.8 Hz), 111.1 (dd}=19.1 Hz, 6.6 Hz,
2C), 25.7 (tJ=2.9 Hz), 21.1 ppm**F-NMR (376 MHz, Chloroformd): § = -115.61 ppm (m,
2F); IR (neat)v = 3027, 2922, 1624, 1591, 1512, 1468, 1263, 12067, 994, 964, 823, 779,
727 cm; HRMS-EI (TOF) m/z: [M] Calcd. for GeHi4F2: 244.1064; found 244.107@GHN
Anal. Calcd. for GgH14F: C, 78.67; H, 5.78; found C, 78.87; H, 5.88.

Nickel—catalyzed synthesis of allyl 2,3,4,5:fentafluorobenzene (4.1.62a)

[CAS: 1736-60-3]

A crimp—-cap reaction vessel was charged with nickel(ll)odde (13.0 mg, 0.10 mmol),
BINAP (76.2 mg, 0.12 mmol) and zinc powder (65.4,mg00 mmol). Under an inert
atmosphere, the degassed NMP (2 mL) and the adiyigfiuorobenzoate (252 mg, 1.00 mmol,
183 pL) were added via syringe. The reaction m&twes stirred at 100 °C for 16 h and then
cooled to room temperature. The slight pressurtiypicaused by the partially dissolved £O
was carefully released by piercing the septum waitfyringe needle before uncapping. Pentane
(20 mL) was added and the mixture was washed wdtem(2 x 20 mL) and brine (20 mL),
dried over MgSQ filtered and concentrated (40 °C mbar). The crpdeduct was further
purified by flash chromatography (SiQpentane), yielding the allyl benzene as colosrlegiid
(171 mg, 0.82 mmol, 82%). The analytical data madcthose reported before.
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6.7. Nickel-katalysierte decarboxylierende Biarylynthese

Synthese von 2 ®ifluorbenzoesaurenaphth2-ylester (4.1.74a)

[CAS: 95907993-7]

Difluorbenzoesaure (25.0 g, 155 mmol),-Naphthol (21.3 g, 148 mmol) und
4-Dimethylaminopyridin (1.83 g, 14.8 mmol) wurdenDichlormethan (40 mL) geldst und auf
0 °C gekuhlt.N,N-Dicyclohexylcarbodiimid (30.8 g, 148 mmol) in Dicnimethan (20 mL)
wurde bei 0 °C zugetropft und das Reaktionsgemasisthlie3end fur 12 h bei Raumtemperatur
geruhrt. Die gebildete Suspension wurde Uber CE&lideg) filtriert und das Filtrat im Vakuum
aufkonzentriert (40 °C, 600 mbar). Nach saulenclatographischer Aufreinigung (SiO

Hexan/Ethylacetat = 9:1) wurde das gewlnschte Rias farbloser Feststoff erhalten. (32.1 g,
113 mmol, 76%).

Schmp.100-101 °C;*H-NMR (400 MHz, Chloroformd) d= 7.95 (d,J=9.0 Hz, 1H), 7.90
(m, 2H), 7.82 (d,J=2.3 Hz, 1H), 7.55 (m, 2H), 7.50 — 7.43 (m, 2H)05.ppm (m, 2H);
3C-NMR (101 MHz, Chloroformd) d= 160.9 (dd,J=258.0 Hz, 5.5 Hz, 2C), 160.1, 147.9,
133.6, 133.4 (t)=10.9 Hz, 1C), 131.6, 129.5, 127.7, 127.7, 12626,9, 120.8, 118.6, 112.1 (m,
2C), 110.4 ppm (t)=17.3 Hz, 1C)*F-NMR (376 MHz, Chloroformd) J= -109.4 ppmMS
(lon trap, EI): m/z (%) = 284 [N (12), 283 (65), 141 (7), 140 (100), 113 (15),(8%, 63 (16);
IR v=1747 (vs), 1625 (m), 1466 (s), 1288 (s), 123),(¥087 (vs), 1006 (s), 906 (s), 792 (vs),
761 cm™ (vs); CHN Anal. ber. fiir G/H10F,O,: C 71.83, H 3.55; gefunden: C 72.08, H 3.76.
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Synthese von Kalium2,6-Difluorbenzoat (4.1.78)

[CAS: 120616421-7]

F O
CrL™
F

In einem 100 mL Rundkolben wurde 2M®ifluorbenzoeséure (7.47 g, 60.0 mmol) in
siedendem Ethanol (40.0 mL) gelést, und eine sigglérdsung von Kaliumtert-butylat (6.73
g, 60.0 mmol) innerhalb von 5 min zugetropft. DaseaRionsgemisch wurde auf
Raumtemperatur abgekuhlt, der ausgefallene Fefstdtakrt, mit Diethylether (2 x 50 mL)
gewaschen und im Vakuum (1 x i@nbar) getrocknet. Das gewiinschte Benzoat wurde als
farbloser Feststoff erhalten (10.7 g, 54.5 mmo%91

'H-NMR (400 MHz, BO) J= 7.31 (t,J=8.5 Hz, 6.6 Hz, 1H), 6.96 ppm (m, 2HJC-NMR
(101 MHz, BO) 0= 169.2, 158.5 (dd]=245.2 Hz, 9.1 Hz, 2C), 130.1 10.0 Hz, 1C), 117.1
(t, J=24.1 Hz, 1C), 111.6 ppm (dd=19.1 Hz, 6.4 Hz, 2C)!*F-NMR (376 MHz, BO)
0=-116.0 ppm (s, 2F)R v = 1608 (vs), 1457 (m), 1379 (m), 1226 (m), 1006 997 (s), 838
(m), 806 (m), 760 (m), 703 cth(s); CHN Anal. ber. fiir GHsF,KO,: C 42.85, H 1.54;
gefunden: C 42.85, H 1.60.

2—2,6Difluorphenyl)naphthalin (4.1.75)

LD
L

In einem 20 mL Rollrandglas wurden Kaliné6-difluorbenzoat (294 mg, 1.50 mmol),
2-Bromnaphthalin (209 mg, 1.00 mmol), Nickel(ll)chithr(13.0 mg, 0.10 mmol), Terpyridin
(112.9 mg, 0.05 mmol) und Zinkpulver (65.4 mg, 1.80nol) eingewogen, evakuiert (2 x
10 mbar) und mit Stickstoff riickbefiillt. Wasserfreieteoxygeniertes NMP (4 mL) wurde
zugegeben und das Reaktionsgemisch fir 16 h auP@7€rhitzt. Nach dem Abkuhlen auf
Raumtemperatur wurde Dichlormethan (30 mL) zugegeloed mit Wasser (3 x 20 mL) und
einer gesattigten Natriumchlortitdlésung (20 mL) gewaschen. Die organische Phaseeniilvdr

Magnesiumsulfat getrocknet und filtriert. Nach ddéfntfernen des Loésungsmittels (40 °C,
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600 mbar) wurde das Rohprodukt sdulenchromatogeaph(SiQ, Hexan) gereinigt und das
gewiinschte Produkt als farbloser Feststoff erhgltgd mg, 0.52 mmol, 52%).

Schmp. 128-129 °C; 'H-NMR (400 MHz, Chloroformd) d= 7.98 (br. s, 1H), 7.94 (d,
J=8.5 Hz, 1H), 7.90 (m, 2H), 7.58 (ddr8.5 Hz, 1.6 Hz, 1H), 7.54 (m, 2H), 7.33 (8.4 Hz,
6.3 Hz, 1H), 7.04 ppm (m, 2H}*C-NMR (101 MHz, Chloroformd) J= 160.3 (ddJ=248.9
Hz, 7.3 Hz, 2C), 133.1, 132.9, 129.8 (m, 1C), 128.9=10.0 Hz, 1C), 128.2, 127.8 (m, 1C),
127.8, 127.7, 126.6, 126.5, 126.2, 118.5 (m, 1A}L.74 ppm (ddJ=19.1 Hz, 7.3 Hz, 2C);
F—NMR (376 MHz, Chloroformd) = -114.3 ppm (s, 1F)R v = 1583 (w), 1460 (vs), 1431
(w), 1228 (s), 989 (vs), 861 (m), 826 (vs), 782)(W&7 (vs), 720 cit (s); MS (lon trap, E):
m/z (%) = 241 [M] (16), 240 (100), 239 (12), 238 (8), 221 (3), 28), 50 (3);HRMS-EI
(TOF): m/z [M7] calcd. for GgH10F», 240.0751; found, 240.0750.

2,6Difluor 4‘-methylbiphenyl (4.1.#12)
[CAS: 906366-93-6]

QO

In einem 20 mL Rollrandglas wurden Kalité6-difluorbenzoat (294 mg, 1.50 mmol),

Bis(1,5-cyclooctadiene)nickel(0) (55.0 mg, 0.20 mmol) unerplyridin (23.8 mg, 0.10 mmol)

F

eingewogen, evakuiert (2 x Tambar) und mit Stickstoff riickbefillt. Wasserfreies
deoxygeniertes NMP (4 mL) und-Bromtoluol (175 mg, 1.00 mmol, 126 pL) wurde zudege
und das Reaktionsgemisch fur 16 h auf 150 °C drtiNizch dem Abkuhlen auf Raumtemperatur
wurde Dichlormethan (30 mL) zugegeben und mit Wiag3ex 20 mL) und einer gesattigten
Natriumchlorid-Losung (20 mL) gewaschen. Die organische Phaseenilvsdr Magnesiumsulfat
getrocknet und filtriert. Nach dem Entfernen desurigsmittels (40 °C, 600 mbar) wurde das
Rohprodukt sdulenchromatographisch (§iBexan) gereinigt und das gewinschte Produkt als
farbloser Feststoff erhalten (81 mg, 0.41 mmol, 1%

Schmp.39-40 °C;*H-NMR (400 MHz, Chloroformd) = 7.25 (m, 2H); 7.15 (d}=7.8 Hz,
2H), 7.09 (m, 1H), 6.83 (m, 2H), 2.28 ppm (s, 3HE-NMR (101 MHz, Chloroformd) J=
160.1 (ddJ= 248.0 Hz, 7.3 Hz, 2C), 138.1, 130.1X%1.8 Hz, 2C), 129.0 (2C), 128.5 {10.5
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Hz, 1C), 126.1, 118.5 (}=18.7 Hz, 1C), 111.5 (ddJ= 19.1 Hz, 7.3 Hz, 2C), 21.2 ppm;
F—NMR (376 MHz, Chloroformd) o= -114.0 ppm (s, 2F)iR v = 1589 (w), 1459 (vs), 1403
(w), 1268 (w), 1227 (s), 992 (vs), 816 (vs), 778)(W26 (s), 711 cm (m); MS (lon trap, EI):
m/z (%) = 204 [M] (100), 203 (41), 201 (6), 184 (11), 183 (27), (63, 50 (6);HRMS—EI
(TOF): m/z [M7] calcd. for GsH1oF2, 204.0751; found, 204.0746.
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6.8. [Pd(u—Br)(P'Bug)], as a Highly Active Isomerization Catalyst:

Synthesis of Enol Esters from Allylic Esters

6.8.1. General Methods

The catalyst diu—bromobis(tri-tertbutylphosphine)dipalladium(l) was dissolved in degsl
toluene and used as stock solution (0.005 mol/k)oAnts over 1 mol% of catalyst were directly

weighed in.
6.8.2. Synthesis of the allylic esters

Method A

The corresponding carboxylic aci#l1.8-1 (10.0 mmol) was suspended in allyl alcohol
(4.1.8-2a) (2.35 g, 40.0 mmol, 2.76 mL). After the dropwiseditidn of concentrated sulfuric
acid (0.49 g, 5 mmol, 0.27 mL), the reaction migtuvas stirred under reflux for 2—4 h. After
full conversion of the carboxylic acid, distilledater (20 mL) was added and the mixture was
extracted with diethyl ether (3 x 20 mL). The cormdd organic layers were washed with a
saturated solution of sodium bicarbonate (2 x 30 arid brine (30 mL), dried over Mgg@nd
the volatiles were removed vacuo (100 mbar, 40 °C) to afford the correspondinglatister,

which was further purified by column chromatograg8iO,, hexane/ ethyl acetate).

Method B

Carbonyldiimidazole (1.95 g, 12.0 mmol) was susgenoh THF (15 mL), followed by the
addition of the corresponding carboxylic adid.8-1 (11.0 mmol). The mixture was stirred for
2 h at room temperature until the gas evolutionedndnd a clear solution was formed. The

reaction solution was then concentratesacuo(100 mbar, 40 °C) to a volume of 5 mL.

In another round bottom flask, sodium (0.35 g, 1m&®ol) was dissolved completely in a
solution of imidazole (0.34 g, 5.00 mmol) in THFr(d) under reflux. After cooling to room
temperature, the corresponding allylic alcodd.8-2 (10.0 mmol) in THF (3 mL) was added
and stirred for additional 15 min. The initiallygmared benzoyl imidazole solution was added
and the mixture stirred overnight. After removirte tTHF in vacuo (100 mbar, 40 °C), the

residue was mixed with diethyl ether (40 mL) andsked with distilled water (40 mL). The
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aqueous layer was removed and extracted with diethgr (3 x 20 mL). The combined organic
extracts were washed witimlhydrochloric acid (40 mL) and a saturated solutidrsodium
bicarbonate (40 mL), dried over Mgs@nd the volatiles were removeéd vacuo (100 mbar,
40 °C) to afford the corresponding allylic esterhielh was further purified by column

chromatography (Si§) hexane/ethyl acetate).

Method C

The corresponding aroyl chloridel1.8-1" (10.0 mmol) was added to a solution of pyridine
(212.5 mmol, 1.00 g, 1.01 mL) in THF (4 mL). Afteoaling to O °C, the corresponding allylic
alcohol4.1.8-2 (12.5 mmol) was added dropwise and the reactiotiur@ was stirred at room
temperature for 24 h. The reaction mixture was ghed with distilled water (20 mL) and
extracted with diethyl ether (3 x 20 mL). The condad organic layers were washed with 2
aqueous hydrochloric acid (30 mL), 10% aqueoususodiydroxide solution (30 mL), distilled
water (2 x 20 mL) and dried over Mg&QOrhe volatiles were removed vacuo (100 mbar,
40 °C) to afford the corresponding allylic esterhieh was further purified by column

chromatography (Si§) hexane/ ethyl acetate).

Synthesis of allyl benzoate (4.138a)

[CAS: 583-04-0]

(0]
©)LO/\/

Using method A, compound.1.8-3a was prepared from benzoic acid.1.8-1a) (1.22 g,
10.0 mmol) yieldingt.1.8-3a as a colourless liquid (1.39 g, 8.57 mmol, 86%).

'H-NMR (400 MHz, CDC}): = 8.06 (d,J=7.8 Hz, 2H), 7.55 (t)=7.4 Hz, 1H), 7.43 (t,
J=7.0 Hz, 2H), 6.03 (ddtJ=16.5 Hz, 10.3 Hz, 5.5 Hz, 1H), 5.41 @17.2 Hz, 1H), 5.28 (d,
J=10.6 Hz, 1H), 4.82 ppm (d=4.7 Hz, 2H);**C-NMR (101 MHz, CDC}): § = 165.9, 132.6,
131.9, 129.8 (2C), 129.3 (2C), 128.0, 117.8, 6pAPR (NaCl): v= 3071 (w), 2944 (w), 2881
(w), 1721 (vs), 1601 (w), 1451 (m), 1361 (w), 12¥8), 1176 (w), 1112 (m), 1070 (m), 1026
(w), 972 (W), 936 (w), 712 cm(s); MS (ion trap, El, 70 eV): m/z (%) = 162 [W(3), 147 (1),
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105 (100), 77 (26), 51 (11), 50 (7), 41 (B)RMS-EI (TOF): m/z [M"] calcd. for GoH1002;
162.0681; found, 162.0674.

Synthesis of allyl 2methylbenzoate (4.1-8b)

o
é/ko/\/

Using method A, compound.1.8-3b was prepared from-2Znethylbenzoic acid4(1.8-1b)
(1.38 g, 10.0 mmol) yielding.1.8-3b as a colourless liquid (1.41 g, 8.00 mmol, 80%).

[CAS: 3609-56-1]

'H-NMR (400 MHz, CDC)): § = 7.94 (d,J=7.4 Hz, 1H), 7.43- 7.34 (m, 1H), 7.26- 7.19
(m, 2H), 6.09 (ddtJ=16.2 Hz, 10.6 Hz, 5.4 Hz, 1H), 5.40 @17.2 Hz, 1H), 5.27 (d)=10.6
Hz, 1H), 4.80 (dJ=5.9 Hz, 2H), 2.60 ppm (s, 3H}’*C-NMR (101 MHz, CDC}): § = 167.2,
140.2, 132.3, 132.0, 131.7, 130.6, 129.5, 125.8,2165.3, 21.7 ppmR (NaCl): v= 3077 (m),
2931 (m), 1719 (vs), 1457 (m), 1294 (m), 1254 (¥4$2 (m), 1078 (m), 934 (w), 738 (m), 664
cmt(w); MS (ion trap, El, 70 eV): m/z (%) = 176 [W(11), 158 (25), 147 (40), 135 (64), 119
(100), 91 (54), 65 (34)CHN Anal. calcd. for GH1.0,: C, 74.98%; H, 6.86%; found: C,
74.69%; H, 6.92%.

Synthesis of allyl 3methoxybenzoate (4.1-8c)

[CAS: 15739892-0]

0]
MeOO)L O/\/

Using method A, compoundl.1.8-3c was prepared from-3nethoxybenzoic acid4(1.8-1c)
(1.52 g, 10.0 mmol) yielding.1.8-3cas a colourless liquid (1.51 g, 7.88 mmol, 79%).

'H-NMR (400 MHz, CDCY): § = 7.64 (d,J=7.8 Hz, 1H), 7.56 (s, 1H), 7.367.29 (m, 1H),
7.08 (d,J=8.3 Hz, 1H), 6.07 (ddt}=16.0 Hz, 10.3 Hz, 5.6 Hz, 1H), 5.39 @17.4 Hz, 1H),
5.27 (d,J=10.6 Hz, 1H), 4.80 (dJ=5.5 Hz, 2H), 3.82 ppm (di=2.3 Hz, 3H);**C-NMR (101
MHz, CDCE): § = 166.0, 159.5, 132.1, 131.4, 129.3, 121.9, 11018,1, 114.0, 65.5, 55.3 ppm;
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IR (NaCl): v = 3081 (w), 2943 (m), 2837 (m), 1721 (vs), 160D, (@587 (m), 1489 (m), 1455
(m), 1433 (m), 1278 (vs), 1228 (s), 1182 (m), 1{®F, 1078 (m), 1046 (m), 980 (m), 934 (w),
788 (w), 756 (m), 684 crh(w); MS (ion trap, El, 70 eV): m/z (%) = 192 [}(35), 135 (100),
107 (9), 92 (5), 63 (12), 41 (6EHN Anal. calcd. for GH1,03: C, 68.74%; H, 6.29%; found: C,
68.48%; H, 6.39%.

Synthesis of allyl 4methoxybenzoate (4.1-8d)

[CAS: 694168-0]

(6]
=
/@)’LO/\/
MeO

Using method C, compounti1.8-3d was prepared from-4nethoxybenzoic acid4(1.8-1d)
(2.55 g, 10.0 mmol) and allyl alcohot.(.8-2a) (0.59 g, 10.0 mmol) yielding.1.8-3d as a
colourless liquid (1.59 g, 8.27 mmol, 83%).

'H-NMR (400 MHz, CDC}): & = 8.06 — 8.00 (m, 2H), 6.97 — 6.91 (m, 2H), 6.dat(J=16.2
Hz, 10.3 Hz, 5.5 Hz, 1H), 5.41 (dd17.2 Hz, 1.6 Hz, 1H), 5.28 (dd=10.4 Hz, 1.3 Hz, 1H),
4.81 (dt,J=5.6 Hz, 1.4 Hz, 2H), 3.87 ppm (s, 3HJC-NMR (101 MHz, CDC)): 5 = 166.0,
163.4, 132.4, 131.6 (2C), 122.5, 117.9, 113.6 (B5)2, 55.4 ppmIR (NaCl): v = 2937 (m),
1713 (vs), 1605 (vs), 1512 (vs), 1462 (m), 1456, (¥4 (m), 1316 (s), 1272 (vs), 1256 (vs),
1168 (vs), 1102 (vs), 1030 (s), 848 (s), 770'0s); MS (ion trap, El, 70 eV): m/z (%) = 192
[M™] (5), 136 (9), 135 (100), 107 (6), 92 (6), 77 (83, (5);CHN Anal. calcd. for G;H;,0s: C,
68.74%; H, 6.29%; found: C, 68.73%; H, 6.40%.

Synthesis of allyl 4bromobenzoate (4.1-8e)

[CAS: 6426-77-5]

o}
=
/@)LO/\/
Br

Using method A, compound.1.8-3e was prepared from-bromobenzoic acid4(1.8-1¢)

(2.01 g, 10.0 mmol) yielding.1.8-3eas a colourless liquid (1.43 g, 5.93 mmol, 59%).
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'H-NMR (400 MHz, CDC}): 6 = 7.90 (d,J=8.2 Hz, 2H), 7.56 (d}=8.2 Hz, 2H), 6.01 (ddt,
J=16.9 Hz, 11.1 Hz, 5.7 Hz, 1H), 5.39 (&17.2 Hz, 1H), 5.28 (d]=10.6 Hz, 1H), 4.80 ppm (d,
J=5.9 Hz, 2H);**C-NMR (101 MHz, CDC}): § = 165.4, 131.9, 131.7 (2C), 131.1 (2C), 129.0,
128.1, 118.5, 65.7 ppnRR (NaCl): v= 3087 (m), 2945 (w), 2880 (w), 1723 (vs), 1649, (1591
(s), 1483 (w), 1453 (w), 1397 (m), 1270 (vs), 11%4, 1116 (m), 1102 (m), 1012 (m), 972 (w),
934 (w), 848 (w), 756 (m), 684 cm(w); MS (ion trap, El, 70 eV): m/z (%) = 242 [W(4), 240
(4), 185 (100), 183 (26), 157 (3), 155 (2), 76 (B (5), 41 (10);CHN Anal. calcd. for
C10H9BrOs: C, 49.82%; H, 3.76%; found: C, 49.82%; H, 3.86%.

Synthesis of allyl 2chlorobenzoate (4.1 83f)

[CAS: 7506-76-5]

@)LO/\/

Using method A, compound.1.8-3f was prepared from-Zhlorobenzoic acid4(1.8-1f)
(1.57 g, 10.0 mmol) yielding.1.8-3f as a colourless liquid (1.69 g, 8.59 mmol, 86%).

'H-NMR (400 MHz, CDC}): 6 = 7.84 (ddJ=7.8 Hz, 1H), 7.46- 7.38 (m, 2H), 7.37 — 7.28
(m, 1H), 6.03 (ddt)J=17.2 Hz, 10.4 Hz, 5.7 Hz, 1H), 5.43 (d17.2 Hz, 1.2 Hz, 1H), 5.30 (dq,
J=10.5 Hz, 1.3 Hz, 1H), 4.83 ppm (5.9 Hz, 2H);"*C-NMR (101 MHz, CDC}): ¢ = 165.3,
133.8, 132.5, 131.8, 131.4, 131.1, 130.0, 126.8,7.566.1 ppmiR (NaCl): v= 3079 (m), 2946
(m), 2880 (w), 1731 (vs), 1593 (m), 1437 (m), 1296 1250 (vs), 1120 (m), 1050 (s), 936 (w),
748 (m), 649 crt (w); MS (ion trap, El, 70 eV): m/z (%) = 196 [JI(10), 141 (67), 140 (100),
139 (60), 111 (3), 41 (6)CHN Anal. calcd. for GoHoCIO,: C, 61.08%; H, 4.61%; found: C,
61.07%; H, 4.74%.
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Synthesis of allyl 3hydroxybenzoate (4.1-89)

[CAS: 8328153-2]

o}
HOO)LO/\/

Using method A, compoundl1.8-3g was prepared from-Biydroxy benzoic acid4(1.8-1g)
(1.38 g, 10.0 mmol) yielding.1.8-3g as a colourless solid (0.89 g, 4.99 mmol, 50%).

m.p.: 49-50 °C."H-NMR (400 MHz, CDCY): § = 7.68- 7.59 (m, 2H), 7.33 (t)=7.8 Hz,
1H), 7.09 (ddJ=8.2 Hz, 1.9 Hz, 1H), 6.68 (s, 1H), 6.10 (d##t17.1 Hz, 10.6 Hz, 5.7 Hz, 1H),
5.42 (dd,J=17.1 Hz, 1.3 Hz, 1H), 5.34 5.27 (m, 1H), 4.84 ppm (d=5.8 Hz, 2H);"*C-NMR
(151 MHz, CDC}): ¢ = 166.7, 156.0, 131.8, 131.2, 129.7, 121.8, 12118,5, 116.4, 65.9 ppm;
IR (KBr): v = 3415 (m), 3081 (w), 2945 (w), 1694 (vs), 1607),(a%563 (s), 1374 (m), 1284
(m), 1218 (m), 1111 (m), 975 (m), 917 (w), 887 (892 cm* (w); MS (ion trap, El, 70 eV):
m/z (%) = 178 [M] (8), 121 (100), 93 (22), 65 (23), 63 (10), 53, @). (6);CHN Anal. calcd.
for C1oH1003: C, 67.41%; H, 5.66%; found: C, 67.07%; H, 5.88%.

Synthesis of allyl 3(dimethylamino)benzoate (4.1-8h)

Using method B, compound.1.8-3h was prepared from-§dimethylamino)benzoic acid
(4.1.8-1h) (1.82 g, 11.0 mmol) and allyl alcohol (0.59 g,@®mol) yielding4.1.8-3h as a
colourless liquid (1.41 g, 6.85 mmol, 69%).

'H-NMR (200 MHz, CDCY): 6 = 7.41- 7.62 (m, 3H), 7.07 (dJ=8.2 Hz, 1H), 6.21 (ddt,
J=16.1 Hz, 10.6 Hz, 5.2 Hz, 1H), 5.58 (de17.1 Hz, 1.5 Hz, 1H), 5.45 (dd:10.4 Hz, 1.2 Hz,
1H), 4.99 (dJ=5.7 Hz, 2H), 3.11 ppm (s, 6HC-NMR (101 MHz, CDC}): 6 = 166.8, 150.3,
132.3, 130.6, 128.9, 117.8, 117.4, 116.7, 113.13,68.4 ppm (2C)R (NaCl): v = 3421 (w),
3079 (w), 2939 (w), 2881 (w), 1717 (vs), 1603 (1§77 (m), 1497 (m), 1437 (m), 1361 (m),
1258 (vs), 1232 (m), 1112 (m), 1082 (w), 998 (N84 ), 864 (w), 752 (m), 684 cih(w); MS
(ion trap, EI, 70 eV): m/z (%) = 205 [1(100), 164 (26), 148 (22), 120 (67), 104 (11),(3Y,
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42 (7);CHN Anal. calcd. for GH1sNO,: C, 70.22%; H, 7.37%; N, 6.82%; found: C, 70.24p;
7.15%; N, 6.62%.

Synthesis of allyl 3nitrobenzoate (4.1.83i)

[CAS: 779-80-6]

Using method A, compound.1.8-3i was prepared from-3itro benzoic acid 4.1.8-1i)
(1.67 g, 10.0 mmol) yielding.1.8-3i as colourless oil (1.71 g, 8.23 mmol, 82%).

'H-NMR (400 MHz, CDC}): § = 8.89 (t,J=1.9 Hz, 1H), 8.47 — 8.36 (m, 2H), 7.67Jt8.0
Hz, 1H), 6.04 (ddtJ=16.0 Hz, 11.2 Hz, 5.5 Hz, 1H), 5.45 (dg17.2 Hz, 1.4 Hz, 1H), 5.35 (dq,
J=10.4 Hz, 1.2 Hz, 1H), 4.89 ppm (d£5.9 Hz, 1.3 Hz, 2H**C-NMR (151 MHz, CDC}): d =
164.1, 148.2, 135.3, 131.9, 131.5, 129.6, 127.4,612119.2, 66.4 ppnR (NaCl): v = 3091
(m), 2875 (m), 1731 (vs), 1617 (m), 1533 (vs), 1479, 1441 (m), 1351 (vs), 1296 (vs), 1284
(s), 1262 (vs), 1134 (s), 1084 (w), 1070 (m), 978, (924 (m), 820 (w), 774 (w), 718 chis);
MS (ion trap, El, 70 eV): m/z (%) = 207 [W(1), 150 (100), 134 (3), 104 (20), 92 (6), 76)(12
50 (9);CHN Anal. calcd. for GgHoNO4: C, 57.97%; H, 4.38%; N, 6.76%; found: C, 57.959;
4.35%; N, 6.66%.

Synthesis of allyl thiophene2-carboxylate (4.1.83))

[CAS: 43194867-3]

S O/\/
\S

Using method B, compound.1.8-3] was prepared from thiopherie-carboxylic acid
(4.1.8-1j) (1.41 g, 11.0 mmol) and allyl alcohol (0.59 g,.A@nmol) yielding4.1.8-3] as a
colourless liquid (1.28 g, 7.62 mmol, 76%).

'H-NMR (400 MHz, CDCY): 6 = 7.83 (d,J=3.5 Hz, 1H), 7.57 (dJ=5.0 Hz, 1H), 7.11 (t,
J=4.4 Hz, 1H), 6.09 (ddt}=17.2 Hz, 10.8 Hz, 5.3 Hz, 1H), 5.38 (m, 1H), 5(@9J=10.6 Hz,

1H), 4.81 ppm (dJ=5.5 Hz, 2H);"*C-NMR (101 MHz, CDCY): ¢ = 161.8, 133.6, 133.5, 132.4,
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132.0, 127.7, 118.3, 65.6 pptR (NaCl): v = 3404 (w), 3095 (m), 2945 (w), 1713 (vs), 1649
(w), 1525 (m), 1417 (s), 1365 (m), 1276 (s), 1288 (226 (m), 1092 (s), 1076 (m), 1038 (w),
996 (w), 936 (w), 860 (w), 750 (m), 720 Tthim); MS (ion trap, El, 70 eV): m/z (%) = 168 [}
(6), 123 (3), 111 (100), 83 (2), 57 (2), 41 (@}INS Anal. calcd. for @HgO.S: C, 57.12%; H,
4.79%; S, 19.06%; found: C, 57.24%; H, 4.90%; S14%.

Synthesis of allyl furan3-carboxylate (4.1.83Kk)

[CAS: 743420:67-9]

(0]

/E)LO/\/

o

Using method A, compoundl1.8-3k was prepared from furaf3—carboxylic acid 4.1.8-1k)
(2.12 g, 10.0 mmol) yielding.1.8-3k as a colourless oil (1.07 g, 7.03 mmol, 70%).

'H-NMR (400 MHz, CDC})): § = 8.03 (s, 1H), 7.42 (s, 1H), 6.75 (s, 1H), 5.66t(J=16.8
Hz, 11.0 Hz, 5.7 Hz, 1H), 5.38 (&17.2 Hz, 1H), 5.29 (d}=10.2 Hz, 1H), 4.75 ppm (d75.9
Hz, 2H); ®*C-NMR (101 MHz, CDCY): § = 162.6, 147.7, 143.7, 132.1, 119.2, 118.2, 109.7,
65.0 ppm;IR (NaCl): v = 3152 (m), 3134 (m), 2949 (w), 2883 (w), 1725),(4649 (w), 1577
(m), 1507 (m), 1399 (w), 1308 (vs), 1164 (vs), 1@, 1010 (w), 986 (m), 936 (w), 874 (m),
830 (w), 762 (m), 742 (w), 604 ci(w); MS (ion trap, El, 70 eV): m/z (%) = 152 [W(6), 124
(3), 106 (3), 95 (100), 67 (5), 41 (BIRMS—-EI (TOF): m/z [M7] calcd for GHgO3, 152.0473;
found, 152.0464.

Synthesis of allyl decanoate (4.8m)

[CAS: 57856-81-2]

(0]

/\/VV\)LO/\/

Using method A, compoundl.1.8-3m was prepared from decanoic actd1(8-1m) (1.76 g,
10.0 mmol) yieldingt.1.8-3m as a colourless oil (1.94 g, 9.14 mmol, 91%).

'H-NMR (400 MHz, CDCY): ¢ = 5.95 (ddt,)=16.6 Hz, 10.8 Hz, 5.8 Hz, 1H), 5.29 (&17.1
Hz, 1H), 5.21 (dJ=10.6 Hz, 1H), 4.55 (d=5.8 Hz, 2H), 2.31 (t}=7.6 Hz, 2H), 1.66- 1.56 (m,
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2H), 1.32-1.21 (m, 12H), 0.85 ppm (1=6.7 Hz, 3H);**C-NMR (101 MHz, CDC}): 5 =
173.5, 132.3, 118.0, 64.9, 34.2, 31.8, 29.4, 289 ,(29.1, 24.9, 22.6, 14.1 ppiR (NaCl): v=
2955 (s), 2927 (vs), 2855 (s), 1741 (s), 1649 (F9 (W), 1419 (w), 1377 (w), 1274 (w), 1244
(w), 1166 (m), 1113 (w), 990 (w), 930 (w), 722 Crtw); MS (ion trap, El, 70 eV): m/z (%) =
213 [M'] (89), 171 (46), 155 (100), 153 (95), 113 (45),(86), 81 (77)HRMS—-E| (TOF): m/z
[M™] calcd for GaH240,, 212.1776; found, 212.1767.

Synthesis of allyl cyclohexanecarboxylate (4.33®)

[CAS: 1649163-7]

O)Lo/\/

Using method B, compound.1.8-3n was prepared from cyclohexanecarboxylic acid
(4.1.8-1n) (1.41 9, 11.0 mmol) and allyl alcoho#.(.8-2a) (0.59 g, 10.0 mmol) yielding
4.1.8-3n as a colourless liquid (1.59 g, 7.42 mmol, 94%).

'H-NMR (600 MHz, CDC}): § = 5.90 (dt,J=22.6 Hz, 10.6 Hz, 5.6 Hz, 1H), 5.31 (ddt,
J=16.0 Hz, 10.6 Hz, 5.6 Hz, 1H), 5.20 (d&10.5 Hz, 1.3 Hz, 1H), 4.55 @=1.4 Hz, 2H), 2.31
(tt, J=11.4 Hz, 3.6 Hz, 1H), 1.931.88 (m, 2H), 1.76 1.71 (m, 2H), 1.65 1.60 (m, 1H), 1.47
- 1.40 (m, 2H), 1.28 1.21 ppm (m, 3H)**C-NMR (151 MHz, CDC)): 6 = 175.7, 132.4,
117.8, 64.7, 43.2, 29.0 (3C), 25.7, 25.4 pp(NaCl): v = 3087 (w), 2933 (s), 2857 (m), 1735
(vs), 1649 (w), 1451 (w), 1377 (w), 1312 (w), 121, 1246 (m), 1170 (m), 1132 (m), 1040
(w), 984 (w), 930 cit (w); MS (ion trap, El, 70 eV): m/z (%) = 168 [W(4), 111 (10), 83
(100), 81 (43), 67 (10), 55 (75), 41 (1HRMS-EI (TOF): m/z [M] calcd. for GoH160,
168.1150; found, 168.1149.
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Synthesis of allyl 5oxo-5—-phenylpentanoate (4.1:80)

[CAS: 138426660-7]

=
Wo/\/

Using method B, compound.1.8-30 was prepared from-®xo-5-phenylpentanoic acid
(4.1.8-10) (2.11 g, 11.0 mmol) and allyl alcoho#.1.8-2a) (0.59 g, 10.0 mmol) yielding
4.1.8-30as a colourless liquid (2.26 g, 9.74 mmol, 97%).

'H-NMR (200 MHz, CDC§): 6 = 8.01 — 7.91 (m, 2H), 7.61 — 7.52 (m, 1H), 7.51.41 (m,
2H), 5.92 (ddtJ=17.2 Hz, 10.4 Hz, 5.7 Hz, 1H), 5.32 (di17.2 Hz, 1.6 Hz, 1H), 5.24 (dq,
J=10.4 Hz, 1.3 Hz, 1H), 4.60 (di=5.7 Hz, 1.4 Hz, 2H), 3.07 @=7.2 Hz, 2H), 2.55 — 2.44 (m,
2H), 2.10 ppm (quinJ=7.2 Hz, 2H);**C-NMR (101 MHz, CDC}): 6 = 199.2, 172.8, 136.7,
133.0, 132.1, 128.5 (2C), 127.9 (2C), 118.2, 6803, 33.2, 19.3 ppmR (NaCl): v = 3083
(m), 2943 (s), 1735 (vs), 1685 (vs), 1597 (m), 144y, 1375 (m), 1276 (m), 1204 (m), 1180
(m), 1150 (m), 992 (m), 932 (w), 748 Tthiw); MS (ion trap, El, 70 eV): m/z (%) = 232 [}
(1), 175 (7), 147 (13), 120 (12), 105 (100), 77)(81 (12);CHN Anal. calcd. for G4H160s: C,
72.39%; H, 6.94%; found: C, 72.17%; H, 6.96%.

Synthesis of allyl cinnamate (4.1-8p)

[CAS: 1866-31-5]

©/%)Lo/\/

Using method B, compoundl1.8-3p was prepared from cinnamic acid.1.8-1p) (1.63 g,
11.0 mmol) and allyl alcohol(1.8-2a) (0.59 g, 10.0 mmol) yielding.1.8-3p as a colourless
liquid (0.81 g, 4.32 mmol, 43%).

'H-NMR (400 MHz, CDCJ): § = 7.71 (d,J=16.0 Hz, 1H), 7.52 (dJ=6.5 Hz, 2H), 7.4}
7.35 (m, 3H), 6.46 (dJ=16.0 Hz, 1H), 6.04 (ddt}=16.0 Hz, 10.6 Hz, 5.5 Hz, 1H), 5.37 (d,
J=17.2 Hz, 1H), 5.27 (d}=10.6 Hz, 1H), 4.71 ppm (d=5.9 Hz, 2H);"*C-NMR (101 MHz,
CDCL): 6 = 166.5, 145.0, 134.3, 132.2, 130.3, 128.8 (2@3.@ (2C), 118.2, 117.8, 65.1 ppm;
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IR (NaCl): v = 3061 (m), 2942 (m), 2882 (w), 1713 (vs), 163p 1&77 (w), 1495 (w), 1449
(m), 1310 (s), 1280 (m), 1254 (m), 1202 (m), 1168 990 (m), 934 (w), 864 (w), 768 (m), 712
cm ™t (w); MS (ion trap, El, 70 eV): m/z (%) = 188 [1(3), 143 (9), 131 (100), 104 (34), 103
(73), 77 (39), 51 (17)CHN Anal. calcd. for GH1,0,: C, 76.57%; H, 6.43%; found: C, 76.37%;
H, 6.34%.

Synthesis of but3-en-2-yl benzoate (4.1.83q)

[CAS: 6500162-9]

e

Using method B, compound.1.8-3q was prepared from benzoic acid.1.8-1a) (1.34 g,
11.0 mmol) and bu8-en-2-ol (4.1.8-2b) (0.72 g, 10.0 mmol) vyieldingt.1.8-3q as a
colourless liquid (1.33 g, 75.2 mmol, 75%).

'H-NMR (400 MHz, CDC}): 6 = 8.10 — 8.03 (m, 2H), 7.61 — 7.52 (m, 1H), 7.48.39 (m,
2H), 5.98 (dddJ=17.3 Hz, 10.5 Hz, 5.8 Hz, 1H), 5.67 — 5.57 (m, 1HB5 (dt,J=17.3 Hz, 1.3
Hz, 1H), 5.20 (dtJ=10.5 Hz, 1.3 Hz, 1H), 1.46 ppm (@#6.6 Hz, 3H);**C-NMR (101 MHz,
CDClk): 6 = 165.8, 137.7, 132.8, 130.6, 129.6 (2 C), 122.%}, 115.8, 71.5, 20.1 ppniRR
(NaCl): v = 3068 (w), 2981 (m), 2931 (m), 1717 (vs), 160}, (451 (m), 1314 (m), 1272 (vs),
1176 (w), 1114 (m), 1070 (w), 1048 (w), 1026 (W329w), 712 crit(m); MS (ion trap, El, 70
eV): m/z (%) = 176 [M] (1), 147 (3), 123 (11), 105 (100), 104 (3), 77, (85 (8), 51 (5);
HRMS-EI (TOF):m/z [M*] calcd. for G1H1,0,,176.0837; found, 176.0833.

Synthesis of buit3-en-2-yl 4—chlorobenzoate (4.1-83r)

[CAS: 138426661-8]

o

Using method C, compound.1.8-3r was prepared from —¢hlorobenzoyl chloride
(4.1.8-1'q) (1.75 g, 10.0 mmol) and btB-en-2-ol (4.1.8-2b) (0.90 g, 12.5 mmol) yielding

4.1.8-3r as a colourless liquid (1.33 g, 6.30 mmol, 63%).
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'H-NMR (400 MHz, CDC}): § = 8.05 — 7.95 (m, 2H), 7.46 — 7.37 (m, 2H), 5.96d
J=17.2 Hz, 10.5 Hz, 5.9 Hz, 1H), 5.65 — 5.54 (m, 1534 (dtJ=17.3 Hz, 1.2 Hz, 1H), 5.20 (dt,
J=10.5 Hz, 1.2 Hz, 1H), 1.45 ppm (@6.4 Hz, 3H);"*C-NMR (101 MHz, CDC)): J = 164.9,
139.3, 137.5, 131.0 (2 C), 129.0, 128.6 (2 C), 1181.9, 20.0 ppmR (NaCl): v = 3090 (w),
2981 (m), 2933 (m), 1719 (vs), 1593 (vs), 1488142 (s), 1334 (s), 1270 (vs), 1172 (s), 1116
(vs), 1104 (vs), 1092 (vs), 1016 (s), 930 (m), &8 760 cm' (vs); MS (ion trap, El, 70 eV):
m/z (%) = 210 [M] (1), 157 (6), 141 (34), 139 (100), 111 (11), B% 65 (9);CHN Anal. calcd.
for C11H11CIO2: C, 62.72%; H, 5.26%; found: C, 62.62%; H, 5.34%.

Synthesis of but3-en-2-yl 2naphtoate (4.1.83s)

[CAS: 138426662-9]

Iy

Using method C, compoundl.1.8-3s was prepared from-2aphthoyl chloride 4.1.8-1'1)
(2.91 g, 10.0 mmol) and btB-en-2-ol (4.1.8-2b) (0.90 g, 12.5 mmol) yielding.1.8-3sas a
colourless liquid (1.62 g, 7.16 mmol, 72%).

'H-NMR (400 MHz, CDC}): 5 = 8.64 (s, 1H), 8.08 (dl=8.6 Hz, 1H), 7.96 (dJ=7.8 Hz,
1H), 7.88 (dJ=8.6 Hz, 2H), 7.54 7.62 (m, 2H), 6.02 (ddd=17.0, 10.8, 5.9 Hz, 1H), 5.67 (q,
J=6.7 Hz, 1H), 5.37 (dJ=17.2 Hz, 1H), 5.22 (dJ=10.2 Hz, 1H), 1.51 ppm (d=6.3 Hz, 3H);
13C—NMR (101 MHz, CDCY): § = 165.9, 137.8, 135.5, 132.5, 131.0, 129.3, 128,1, 127.8,
127.7, 126.6, 125.3, 115.9, 71.7, 20.1 pprr(NacCl): v = 3060 (w), 2979 (m), 2931 (m), 1715
(vs), 1466 (m), 1354 (m), 1280 (vs), 1228 (vs), @ 1%s), 1130 (s), 1092 (s), 956 (s), 916 (m),
778 (s), 762 ciit (s); MS (ion trap, El, 70 eV): m/z (%) = 226 [}1(8), 181 (5), 173 (5), 156
(100), 155 (27), 126 (4), 55 (2BHN Anal. calcd. for GsH140,: C, 79.62%; H, 6.24%; found:
C, 79.62%; H, 6.44%.
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Synthesis of hexl-en-3-yl benzoate (4.1.83t)

[CAS: 52513-08-3]

o¢

Using method B, compound.1.8-3t was prepared from benzoic acid.1.8-1a) (1.34 g,
11.0 mmol) and hexi—en-3-ol (4.1.8-2¢) (1.00 g, 10.0 mmol) yielding.1.8-3t as a colourless
liquid (1.96 g, 9.60 mmol, 96%).

'H-NMR (400 MHz, CDC}): § = 8.07 (d,J=7.8 Hz, 2H), 7.54 (tJ=7.2 Hz, 1H), 7.43 (t,
J=7.6 Hz, 2H), 5.89 (ddd}=17.1 Hz, 10.7 Hz, 6.3 Hz, 1H), 5.51 (6.5 Hz, 1H), 5.32 (d,
J=17.2 Hz, 1H), 5.19 (d}=10.6 Hz, 1H), 1.86 1.68 (m, 2H), 1.49 1.38 (m, 2H), 0.95 ppm (t,
J=7.4 Hz, 3H):*C-NMR (101 MHz, CDC}): § = 165.8, 136.6, 132.8, 130.6, 129.5 (2 C), 128.3
(2 C), 116.5, 75.1, 36.4, 18.4, 13.9 paR;(NaCl): v = 3069 (w), 2959 (s), 2935 (s), 2873 (m),
1719 (vs), 1647 (w), 1601 (w), 1451 (m), 1314 (4972 (vs), 1176 (w), 1110 (m), 1070 (m),
1026 (w), 932 (w), 712 cm(m); MS (ion trap, El, 70 eV): m/z (%) = 204 [Ji(1), 105 (100),

83 (17), 77 (16), 67 (7), 55 (5), 51 (QHN Anal. calcd. for GgH160.: C, 76.44%; H, 7.90%;
found: C, 76.29%; H, 7.76%.

Synthesis of heptl-en-3-yl benzoate (4.1.8u)

[CAS: 138426663-0]

oi

Using method C, compound.1.8-3u was prepared from benzoyl chloridd.X.8-1'a)
(1.41 g, 10.0 mmol) and hefit-en-3-ol (4.1.8-2d) (1.43 g, 12.5 mmol) yielding.1.8-3u as a
colourless liquid (1.70 g, 7.75 mmol, 78%).

'H-NMR (400 MHz, CDCJ): 6 = 8.09 (d,J=7.0 Hz, 2H), 7.56 (t)=7.4 Hz, 1H), 7.45 (t,
J=7.6 Hz, 2H), 5.92 (dddl=17.0, 10.4, 6.3 Hz, 1H), 5.52 (6.3 Hz, 1H), 5.34 (d}=17.2 Hz,

1H), 5.22 (d,J=10.6 Hz, 1H), 1.68 1.89 (m, 2H), 1.3%+ 1.48 (m, 4H), 0.93 ppm (8=6.8 Hz,
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3H); *C-NMR (101 MHz, CDC}): § = 165.7, 136.6, 132.7, 130.5, 129.5 (2 C), 128.%),
116.4, 75.2, 34.0, 27.2, 22.4, 13.9 ppR;(NaCl): v = 3087 (w), 3069 (w), 2955 (s), 2933 (s),
2861 (m), 1719 (vs), 1452 (s), 1314 (s), 1270 (¥&1L2 (vs), 1070 (s), 968 (s), 934 (s), 712 (vs),
688 cm* (s); MS (ion trap, El, 70 eV): m/z (%) = 218 [W(1), 175 (1), 105 (100), 97 (33), 96
(6), 77 (6), 55 (4), 41 (1)HN Anal. calcd. for GH150,: C, 77.03%; H, 8.31%; found: C,
77.35%; H, 8.50%.

Synthesis of 2methylallyl benzoate (4.1-8v)

[CAS: 829-53-8]

(6]
©)LO/Y
Using method B, compound.1.8-3v was prepared from benzoic acid.1.8-1a) (1.34 g,

11.0 mmol) and 2methylprop-2-en-1-ol (4.1.8-2¢) (0.74 g, 10.0 mmol) yielding.1.8-3v as a
colourless liquid (1.65 g, 9.35 mmol, 94%).

'H-NMR (400 MHz, CDCGY): 6 = 8.13 (d,J= 7.2 Hz, 2H), 7.58 (t)=7.4 Hz, 1H), 7.46 (t,
J=7.6 Hz, 2H), 5.09 (s, 1H), 5.00 (s, 1H), 4.762(d), 1.85 ppm (s, 3H}C-NMR (101 MHz,
CDCL): 6 = 166.2, 140.0, 132.9, 130.2, 129.6 (2 C), 128.8), 112.9, 68.1, 19.6 pprktS (ion
trap, EI, 70 eV): m/z (%) = 177 [\ (1) 161 (1), 105 (100), 77 (26), 55 (3), 51 (12}, (1);IR
(NaCl): v = 3318 (w), 2975 (W), 2943 (W), 2879 (W), 1723)(\E501 (W), 1451 (m), 1316 (m),
1270 (vs), 1176 (w), 1114 (s), 1070 (m), 1028 (896 (w), 710 cnt (s); The analytical data
matched those reported in the literature fem2thylallyl benzoate(1.8-3v).2%42%!

Synthesis of #allylpyrrolidin 2-one (4.1.8-7)

[CAS: 2687-97-0]

(0]
e
Allyl bromide (1.81 g, 15.0 mmol, 1.39 mL) was addéropwise to a stirred suspension of
2—pyrrolidinone (0.85 g, 10.0 mmol, 0.77 mL) and K@bBwder (0.99 g, 15.0 mmol) in DMF

(9 mL). The mixture was stirred at 45 °C for aduh@al 72 h, diluted with water (40 mL) and
218



Experimenteller Tell

extracted with ChCl, (3 x 15 mL). The combined organic extracts werehead with water
(40 mL), a saturated solution of sodium bicarborfa@emL), dried over MgS©and the volatile
compounds were removeéd vacuo(100 mbar, 40 °C) to afford a slightly yellow ceugroduct,
that was further purified by column chromatogragl®yO,, hexane/ ethyl acetate) to yield
4.1.8-7 as a colourless oil (0.62 g, 4.95 mmol, 50%).

'H-NMR (400 MHz, CDC}): 6 = 5.72 (ddtJ=17.4 Hz, 9.9 Hz, 6.1 Hz, 1H), 5.225.12 (m,
2H), 3.88 (dJ=5.9 Hz, 2H), 3.34 ()=7.0 Hz, 2H), 2.40 (t)=8.2 Hz, 2H), 2.01 ppm (qJ= 7.6
Hz, 2H);**C-NMR (101 MHz, CDCY): 6 = 174.6, 132.4, 117.7, 46.7, 45.1, 30.9, 17.7 pn;
(NaCl): v = 3520 (w), 2979 (m), 2949 (m), 2915 (m), 2895, (&§81 (vs), 1495 (m), 1463 (m),
1441 (s), 1417 (s), 1268 (s), 1202 (w), 994 (W) 93), 764 (w), 692 cil (w); MS (ion trap,
El, 70 eV): m/z (%) = 125 [M (91), 110 (40), 82 (42), 70 (100), 69 (28), 6&)441 (48);
HRMS-EI (TOF) (m/2): [M"] calcd. for GH1:NO, 168.1150; found, 168.1149.

6.8.3. Synthesis of the enol esters

General procedure for the synthesis of enol esters

Toluene (1.50 mL), the allylic estet.1.8-3 (1.00 mmol) and the stock solution of
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) 4(1.8-17) (0.5 mL, 2.50 pumol) were
added via syringe to a 20 mL vessel. When not atiserstated, the resulting mixture was stirred
at 50 °C for 16 h. Once the reaction time was cetagl, the crude mixture was diluted withH
(10 mL) and extracted with diethyl ether (3 x 10)mLhe combined organic layers were washed
with brine (10 mL), dried over MgS(and the volatiles were removedvacuo(50 mbar, 40 °C)
to afford the corresponding enol estérl.8-4, which was further purified by column

chromatography (Si©)n—pentane/diethyl ether).
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Synthesis of propl-enyl benzoate (4.1-8la)

[CAS: (E)-Isomer = 130958466—4; (Z)—Isomer = 55515463-7]

©)Lo/\,ﬂ¢

Compound4.1.8-4a was prepared from allyl benzoatd.X.8-3a) (162 mg, 1.00 mmol)
yielding E)- and @)—prop-1—-enyl benzoate4(1.8-4a) as colourless liquid (146 mg, 90% vyield,
E/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 8.12- 8.00 (m, 2 K + 2 H), 7.59- 7.51 (m, 1
H” + 1 H), 7.48- 7.37 (m, 2 B + 2 Hf), 7.26- 7.18 (m, 1 K + 1 HF), 5.60- 5.52 (m, 1 ),
5.05- 4.98 (m, 1 H), 1.76 (dd,J=6.8 Hz, 1.8 Hz, 3 B, 1.67 ppm (ddJ=7.0 Hz, 1.6 Hz, 3 B);
BBC-NMR (101 MHz, CDC}4, (2)-Isomer):s = 163.6, 135.0, 133.4, 129.9 (2C), 129.4, 128.5
(2C), 109.2, 10.0 ppm*C-NMR (101 MHz, CDC}, (E)-Isomer):s = 163.8, 136.1, 133.3,
129.8 (2C), 129.3, 128.4 (2C), 110.4, 12.4 pfR1{NaCl): v = 2921 (m), 1731 (vs), 1674 (w),
1601 (w), 1452 (m), 1389 (w), 1266 (vs), 1118 (€70 (w), 1026 (w), 928 (w), 706 ch(m);
MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 162 [V (1), 106 (8), 105 (100), 77 (15), 51
(7), 41 (1);MS (lon trap, El, 70 eV,B)-isomer): m/z (%) = 162 [V (1), 106 (8), 105 (100), 77
(28), 51 (11), 41 (1)HRMS-EI (TOF): m/z [M', (2)-isomer] calcd. for gH1¢0,, 162.0681;
found, 162.0686 HRMS—EI (TOF): m/z [M, (E)-isomer] calcd. for @H100,, 162.0681;
found, 162.0682.

Synthesis of propl-enyl 2-methylbenzoate (4.1:8lb)

[CAS: (E)-Isomer = 138426&23-2; (£)—Isomer = 138426624-3]

(0]
é)Lo/\H“

Compound 4.1.8-4b was prepared from allyl -2nethylbenzoate 4(1.8-3b) (176 mg,
1.00 mmol) yielding E)- and g)-1-enyl 2-methylbenzoate4(1.8-4b) as colourless liquid
(173 mg, 98% yieldE/Z 1:2).
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'H-NMR (400 MHz, CDC4, Z/E 2:1):6 = 9.97- 7.91 (m, 1 H), 7.88 (dd J=8.0 Hz, 1.4 Hz,
1 H%, 7.37-7.29 (m, 1 ¥ + 1 H), 7.23- 7.12 (m, 3 H + 3 H), 5.48 (dqJ=13.3 Hz, 7.4 Hz,
1 H5), 4.95 (dqJ=6.7 Hz, 1 H), 2.56 (s, 3 H), 2.53 (s, 3 ), 1.69 (ddJ=7.0 Hz, 2.0 Hz, 3 B,
1.62 ppm (ddJ=7.0 Hz, 1.6 Hz, 3 B; *C-NMR (101 MHz, CDC}, (2)-Isomer):5 = 163.9,
140.6, 134.7, 132.1, 131.5, 130.6, 128.2, 125.8,51(21.6, 9.8 ppm-*C-NMR (101 MHz,
CDCls, (E)-Isomer):é = 164.2, 140.5, 135.8, 132.0, 131.4, 130.4, 12828,4, 109.8, 21.4, 12.1
ppm; IR (NaCl): v = 3067 (w), 3029 (w), 2969 (m), 2925 (m), 2861,(WJ30 (vs), 1674 (m),
1601 (w), 1457 (m), 1384 (w), 1289 (m), 1243 ()41 (m), 1081 (s), 929 (m), 732 (s), 693
(w), 667 cm® (w); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 175 (1), 120 (9), 119 (100),
91 (41), 77 (1), 65 (14), 50 (2), 41 (MS (lon trap, El, 70 eV,K)—isomer): m/z (%) = 175 (1),
120 (10), 119 (100), 91 (34), 77 (1), 65 (13), 4}, HRMS-EI (TOF): m/z [M, (2)-isomer]
calcd. for G1H1,0,, 176.0837; found, 176.083BRMS—EI (TOF): m/z [M', (E)-isomer] calcd.
for Cy1H12,0,, 176.0837; found, 176.0856.

Synthesis of propl-enyl 3-methoxybenzoate (4.1-8c)

[CAS: (E)-Isomer = 138426&5-4; (Z)-Isomer = 138426&26-5]

(0]
MEO\Q)LO/\';P’

Compound 4.1.8-4c was prepared from allyl -3nethoxybenzoate 4(1.8-3c) (192 mg,
1.00 mmol) yielding E)- and g)—prop-1-enyl 3-methoxybenzoate4(1.8-3c) as colourless
liquid (172 mg, 90% vyieldE/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.65- 7.56 (m, 1 ¥ + 1 H), 7.53 (dd J=2.4 Hz,
1.4 Hz, 1 H), 7.50 (ddJ=2.5 Hz, 1.5 Hz, 1 B, 7.32- 7.24 (m, 1 & + 1 H), 7.19- 7.14 (m, 1
H% + 1 HF), 7.07- 7.00 (m, 1 K + 1 H), 5.52 (dq,J=13.6 Hz, 7.3 Hz, 1 B, 4.97 (dqJ=6.7
Hz, 1 H), 3.80- 3.72 (m, 3 ¥ + 3 H), 1.71 (ddJ=6.8 Hz, 1.8 Hz, 3 B, 1.62 ppm (ddJ=7.1
Hz, 1.5 Hz, 3 H); *C-NMR (101 MHz, CDC}, (2)-Isomer):s = 163.4, 159.6, 135.0, 130.7,
129.48, 122.2, 119.7, 114.4, 109.2, 55.4, 10.0 gf@=NMR (101 MHz, CDC}, (E)-Isomer):

6 =163.7, 159.6, 136.1, 130.5, 129.4, 122.2, 11018,2, 110.4, 55.4, 12.4 ppiR (NaCl): v=
3080 (w), 2943 (s), 2921 (m), 1731 (vs), 1675 (#§01 (m), 1585 (m), 1487 (s), 1453 (m),

221



Experimenteller Teil

1431 (m), 1276 (vs), 1224 (s), 1182 (m), 1116 X846 (m), 994 (w), 929 (w), 908 (w), 876 (w),
802 (w), 750 (m), 736 (w), 682 cim(w); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 192
[M*] (1), 135 (100), 107 (20), 92 (8), 77 (13), 63,(BL (2); MS (lon trap, El, 70 eV,
(E)-isomer): m/z (%) = 192 [M (1), 135 (100), 107 (22), 92 (9), 77 (16), 63,(3L (2);
HRMS-EI (TOF): m/z [M, (2)-isomer] calcd. for gH:,0s 192.0786; found, 192.0785;
HRMS-EI (TOF): m/z [M', (E)-isomer] calcd. for §H1:0s, 192.0786; found:192.0791.

Synthesis of propl-enyl 4-methoxybenzoate (4.1-8d)

[CAS: (E)-Isomer = 138426&27-6; (Z)—Isomer = 138426628-7]

(e}
XN
Q)LOM
MeO

Compound 4.1.8-4d was prepared from allyl 4nethoxybenzoate4(1.8-3d) (192 mg,
1.00 mmol) yielding E)- and &)-prop-1-enyl 4-methoxybenzoate4(1.8-4d) as colourless
liquid (175 mg, 91% vyieldE/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6=8.11-8.02 (m, 2+ 2 H), 7.32-7.23(m, 1 H
+ 1 HF), 6.98 - 6.92 (m, 2 f+ 2 H), 5.58 (ddJ=12.3 Hz, 7.0 Hz, 1 §, 5.08 — 4.99 (m, 1 §),
3.88 (s, 3 H), 3.87 (s, 3 ), 1.82 -1.78 (m, 3 f), 1.71 ppm (ddJ=7.0 Hz, 1.8 Hz, 3 B);
¥C-NMR (101 MHz, CDC}, (2)-Isomer):d = 163.7, 163.2, 135.0, 131.9 (2C), 121.7, 113.7
(2C), 108.6, 55.3, 9.9 ppriiC-NMR (101 MHz, CDC4, (E)-Isomer):5 = 163.6, 163.5, 136.2,
131.9 (2C), 121.5, 113.7 (2C), 109.7, 55.3, 128 @R (NaCl): v = 2937 (m), 1717 (vs), 1605
(s), 1510 (s), 1461 (w), 1442 (w), 1316 (m), 126§),(1165 (vs), 1098 (vs), 1026 (s), 928 (m),
844 (s), 764 cit(m):; MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 192 [N] (1), 135 (100),
107 (10), 92 (8), 77 (14), 63 (6), 50 (B¥S (lon trap, El, 70 eV,HK)-isomer): m/z (%) = 192
[M*] (1), 135 (100), 107 (11), 92 (9), 77 (18), 63, (B (3); HRMS-EI (TOF): m/z [M,
(2)-isomer] calcd. for gH1,0s, 192.0786; found, 192.078 HRMS-EI (TOF): m/z [M,
(E)—-isomer] calcd. for GH1,03, 192.0786; found:192.0790.
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Synthesis of propl-enyl 4-bromobenzoate (4.1-8le)

[CAS: (E)-Isomer = 138426629-8; (£)—Isomer = 138426630-1]

o
/@)’LOM
Br

Compound 4.1.8-4e was prepared from allyl bromobenzoate 4(1.8-3¢) (241 mg,
1.00 mmol) yielding £)— and g)—prop-1-enyl 4-bromobenzoated(1.8-4€) as colourless liquid
(175 mg, 73% yieldE/Z 1:2).

'H-NMR (400 MHz, CDC4, Z/E 2:1):6 = 8.01- 7.88 (m, 2 H + 2 H), 7.65- 7.53 (m, 2
H* + 2 Hf), 7.26-7.19 (m, 1 K + 1 H), 5.60 (dq,J=14.1 Hz, 7.6 Hz, 1 B, 5.07 (dq,J=6.7
Hz, 1 H), 1.78 (ddJ=6.9 Hz, 1.6 Hz, 3 B, 1.70 ppm (ddJ=7.1 Hz, 1.5 Hz, 3 B; *C-NMR
(101 MHz, CDC}, (2)-Isomer):d = 162.8, 134.9, 131.9 (2C), 131.3 (2C), 128.6,.32809.6,
10.1 ppm;”*C-NMR (101 MHz, CDC}, (E)-Isomer):d = 163.1, 136.0, 131.8 (2C), 131.3 (2C),
128.5, 128.2, 110.8, 12.4 ppiR (NaCl): v = 3080 (w), 2920 (m), 2860 (w), 1731 (vs), 1674
(m), 1591 (s), 1482 (m), 1397 (m), 1266 (vs), 1{M3, 1118 (s), 1103 (m), 1012 (m), 928 (w),
845 (w), 751 (m), 737 (w), 680 cm(w); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 243
[M*] (1), 241 [M7] (1), 185 (100), 183 (91), 157 (7), 155 (7), 7§ %8 (7);MS (lon trap, El, 70
eV, (E)-isomer): m/z (%) = 243 [N (1), 241 [M7] (1), 185 (100), 183 (94), 157 (20), 155 (20),
76 (13) 50 (14);HRMS-EI (TOF): m/z [M, (Z)-isomer] calcd. for @HoBrO,, 239.9786;
found, 239.9765HRMS—-EI (TOF): m/z [M, (E)-isomer] calcd. for @HoBrO,, 239.9786;
found, 239.9785.

Synthesis of propl-enyl 2-chlorobenzoate (4.1-8)

[CAS: (E)-Isomer = 138426631-2; (£)-Isomer = 138426632-]

cl o
@)’Lo/\ﬂﬁ

Compound4.1.8-4f was prepared from allylZhlorobenzoate4(1.8-3f) (197 mg, 1.00

mmol), and the stock solution of -gi-bromobis(tritertbutylphosphine)dipalladium(l)
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(2.00 mL, 5.0Qumol) in toluene (1 mL), yieldingH)— and ¢)—prop-1-enyl 2-chlorobenzoate
(4.1.8-4f) as colourless liquid (178 mg, 91% vyiekiZ 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 =8.00 - 7.94 (m, 1 f), 7.93 - 7.87 (m, 1 B, 7.54
—7.42(m, 2 B+ 2 H), 7.40 - 7.25 (m, 2 H+ 2 H), 5.62 (dqJ=12.3 Hz, 7.0 Hz, 1 B, 5.15 -
5.06 (m, 1 H), 1.79 (dd,J=6.8 Hz, 1.8 Hz, 3 B, 1.72 ppm (ddJ=7.0 Hz, 1.8 Hz, 3 B);
13C-NMR (101 MHz, CDC}, (2)-Isomer):6 = 162.4, 134.9, 134.3, 133.0, 131.9, 131.3, 129.0,
126.6, 109.8, 10.1 ppm’C-NMR (101 MHz, CDC}4, (E)-Isomer):5 = 162.6, 136.0, 134.2,
132.9, 131.6, 131.2, 129.0, 126.5, 111.0, 12.3 gBm(NaCl): v = 3079 (m), 2922 (m), 2862
(w), 1742 (vs), 1675 (m), 1592 (m), 1437 (m), 1388, 1286 (m), 1247 (vs), 1123 (s), 1052
(m), 928 (m), 745 (s), 651 ¢mw); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 197 [N]
(1), 141 (34), 139 (100), 113 (8), 111 (25), 75)(BD (7);MS (lon trap, El, 70 eV,H)-isomer):
m/z (%) = 197 [M] (1), 141 (34), 139 (100), 113 (8), 111 (27), AB) 50 (7);HRMS-EI
(TOF): m/z [M', (©)-isomer] calcd. for @HgCIO,, 196.0291; found, 196.0284{RMS—EI
(TOF): m/z [M, (E)-isomer] calcd. for gHoCIlO,, 196.0291; found, 196.03009.

Synthesis of propl-enyl 3-hydroxybenzoate (4.1-8Q)

[CAS: (E)-Isomer = 138426633-4; (£)—Isomer = 138426634-5]

(e}
HOO)LOM

Compound 4.1.8-4g was prepared from allyl -Biydroxybenzoate 4(1.8-4g9) (184 mg,
1.00 mmol) and diu—bromobis(tri-tertbutylphosphine)dipalladium(l) (19.4 mg, 254n0l) in
toluene (2 mL), yieldingE)— and g)—prop-1-enyl 3-hydroxybenzoate4(1.8-2g) as colourless
liquid (175 mg, 98% vyieldE/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.73 = 7.62 (m, 2 H+ 2 H), 7.35 (q,J=7.7 Hz, 1
H + 1 H), 7.29 - 7.22 (m, 1 #+ 1 H), 7.15 - 7.09 (m, 1 #+ 1 H), 6.29 (br. s, 1 A+ 1 H),
5.61 (dg,J=12.5 Hz, 7.0 Hz, 1 B, 5.14 — 5.04 (m, 1 §), 1.79 (dd,J=6.9 Hz, 1.9 Hz, 3 B,
1.71 ppm (ddJ=7.0 Hz, 1.8 Hz, 3 B; *C-NMR (101 MHz, CDC}, (2)-Isomer):5 = 164.1,
156.0, 134.8, 130.4, 129.8, 122.1, 121.0, 116.8,9,010.0 ppm**C-NMR (101 MHz, CDC},
(E)-Isomer):d = 164.4, 156.0, 135.9, 130.3, 129.8, 122.1, 1201%.6, 111.1, 12.3 ppniR

224



Experimenteller Tell

(NaCl): v = 3389 (m), 2976 (m), 2921 (w), 1731 (vs), 1716)(\M601 (s), 1590 (s), 1453 (s),
1290 (vs), 1236 (vs), 1218 (vs), 1116 (s), 999 @&y, (m), 751 (s), 733 cth(m); MS (lon trap,
El, 70 eV, g)-isomer): m/z (%) = 178 [V (1), 122 (8), 121 (100), 93 (31), 65 (22), 53, @)
(2); MS (lon trap, El, 70 eV,H)-isomer): m/z (%) = 178 [N (1), 122 (8), 121 (100), 93 (32),
65 (20), 53 (2), 40 (1}ARMS-EI (TOF): m/z [M', (2)-isomer] calcd. for GH;00s, 178.0630;
found, 178.0627HRMS-EI (TOF): m/z [M, (E)-isomer] calcd. for @H100s, 178.0630;
found, 178.0624.

Synthesis of propl-enyl 3«(dimethylamino)benzoate (4.1-8h)

[CAS: (E)-Isomer = 138426€35-6; (£)—Isomer = 138426636-7]

(0]
MEZN\Q)LO/\FN\

Compound4.1.8-4h was prepared from allyl-3dimethylamino)benzoate4(1.8-3h) (205
mg, 1.00 mmol) and di.—bromobis(tri-tertbutylphosphine)dipalladium(l) (19.4 mg, 25ufhol)
in toluene (2 mL) yieldingE)—- and g)—prop-1-enyl 3-(dimethylamino)benzoatet(1.8-4h) as
pale yellow liquid (187 mg, 91% yiel&/Z 1:2).

H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.49- 7.39 (m, 2 § + 2 H), 7.34-7.23 (m, 2
H” + 2 H), 6.97-6.88 (m, 1 K + 1 HF), 5.59 (dq,J=13.8 Hz, 6.8 Hz, 1 B, 5.04 (dqJ=6.7
Hz, 1 H), 3.00- 2.98 (m, 6 K + 6 H), 1.79 (ddJ=6.9 Hz, 1.6 Hz, 3 B, 1.71 ppm (ddJ=6.9
Hz, 1.6 Hz, 3 H); *C-NMR (101 MHz, CDC}, (2)-Isomer): = 164.2, 150.4, 135.1, 130.0,
129.1, 117.7, 117.2, 113.4, 108.9, 40.5 (2C), 1pgn; *C-NMR (101 MHz, CDGC}
(E)-Isomer):6 = 164.5, 150.5, 136.3, 129.9, 129.0, 117.7, 11713,3, 110.1, 40.5 (2C), 12.4
ppm; IR (NaCl): v = 3077 (w), 2919 (m), 2884 (w), 2807 (w), 1727)(\603 (s), 1498 (m),
1437 (m), 1359 (s), 1252 (vs), 1118 (s), 1008 @8% (m), 930 (m), 862 (w), 748 ch(s); MS
(lon trap, El, 70 eV,Z)-isomer): m/z (%) = 205 [M (25), 149 (11), 148 (100), 120 (36), 104
(9), 77 (8), 42 (13)MS (lon trap, El, 70 eV,H)-isomer): m/z (%) = 205 [N (24), 149 (10),
148 (100), 120 (40), 104 (11), 77 (11), 42 (HMRMS-EI (TOF): m/z [M, (2)-isomer] calcd.
for C1oH1sNO,, 205.1103; found, 205.110BRMS-EI (TOF): m/z [M', (E)-isomer] calcd. for
Ci2H1sNO,, 205.1103; found, 205.1101.
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Synthesis of propl-enyl 3-hitrobenzoate (4.1.84i)

[CAS: (E)-Isomer = 138426637-8; (£)—Isomer = 138426638-9]

Compound4.1.8-4i was prepared from allyl-itrobenzoate4.1.8-3i) (207 mg, 1.00 mmol)
and diu—bromobis(tri-tertbutylphosphine)dipalladium(l) (19.4 mg, 25imol) in toluene
(2 mL) yielding €)- and g)—prop-l-enyl 3-nitrobenzoate 4.1.8-4i) as colourless solid
(181 mg, 87% yieldE/Z 1:1).

m.p.: 36-37 °C.*H-NMR (400 MHz, CDC}, Z/E 1:1): 6 = 8.92 (dt,J=8.8 Hz, 1.8 Hz, 1 A
+1H), 852-836(m, 2H+ 2 H), 7.75-7.65(m, 1 H+ 1 H), 7.34 - 7.23 (m, L H+ 1
HF), 5.70 (dqJ=12.3 Hz, 7.0 Hz, 1 B, 1.84 (ddJ=6.9 Hz, 1.9 Hz, 1 B, 1.84 (dd J=6.9 Hz,
1.9 Hz, 3 H), 1.74 ppm (ddJ=7.0 Hz, 1.8 Hz, 3 B; *C-NMR (101 MHz, CDC},
(2)-lsomer): § = 161.5, 148.3, 135.5, 134.7, 131.2, 129.7, 121®8.8, 110.4, 10.1 ppm;
3C-NMR (101 MHz, CDC}, (E)-Isomer):s = 161.7, 148.3, 135.8, 135.4, 131.1, 129.8, 127.7,
124.8, 111.7, 12.4 ppniR (KBr): v = 3087 (w), 2927 (w), 2865 (W), 2164 (w), 1732 (577
(w), 1616 (w), 1531 (s), 1439 (w), 1387 (w), 1348, (1302 (m), 1283 (s), 1258 (vs), 1236 (),
1140 (vs), 1118 (s), 1096 (m), 1049 (m), 987 (MP %), 843 (w), 835 (W), 816 (w), 768 (W),
710 cm*(vs); MS (lon trap, El, 70 eV,Z4)-isomer): m/z (%) = 207 [N] (1), 151 (9), 150 (100),
104 (31), 92 (5), 76 (23), 50 (13US (lon trap, El, 70 eV,H)—-isomer): m/z (%) = 207 [V (1),
151 (9), 150 (100), 104 (32), 92 (6), 76 (25), 58)(HRMS—EI (TOF): m/z [M, (2)-isomer]
calcd. for GoHgNO,, 207.0532; found, 207.050H4RMS-EI (TOF): m/z [M, (E)-isomer]
calcd. for GgHgNO,4, 207.0532; found, 207.0542.
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Synthesis of propl-enyl thiophene2—carboxylate (4.1.84))

[CAS: (E)-Isomer = 138426639-0; (£)—Isomer = 138426640-3]

(0]
N
\S

Compound4.1.8-4j was prepared from allyl thiopher2-carboxylate 4.1.8-3j) (168 mg,
1.00 mmol) and diu—bromobis(tritertbutylphosphine)dipalladium(l) (19.4 mg, 254n0l) in
toluene (2 mL) vyielding £)- and g)—prop-1-enyl thiophene2—-carboxylate 4.1.8-4j) as
colourless liquid (94.0 mg, 56% vyield/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.90 (ddJ=3.9 Hz, 1.2 Hz, 1 A+ 1 HF), 7.64-
759 (m, 1 ¥+ 1H), 7.26-7.09 (m, 2 K + 2 H), 5.59 (dg,J=14.1 Hz, 7.0 Hz, 1 B, 5.05
(dq,J=6.7 Hz, 1 H), 1.78 (dd J=6.8 Hz, 1.8 Hz, 3 A, 1.71 ppm (dd)=7.0 Hz, 1.6 Hz, 3 B);
3C-NMR (101 MHz, CDC}, (2)-Isomer):§ = 159.2, 134.7, 134.1, 133.2, 132.8, 127.9, 109.3,
10.0 ppm;*C-NMR (101 MHz, CDC}, (E)-Isomer):d = 159.4, 135.8, 134.1, 133.1, 132.7,
127.9, 110.5, 12.4 ppriR (NaCl): v = 3103 (w), 2922 (w), 2862 (w), 1723 (vs), 1523,(f#17
(s), 1361 (m), 1270 (vs), 1256 (vs), 1116 (s), 1398928 (w), 862 (w), 730 crh(m); MS (lon
trap, El, 70 eV, Z)-isomer): m/z (%) = 168 [V (1), 111 (100), 83 (5), 57 (3), 45 (S (lon
trap, El, 70 eV, E)-isomer): m/z (%) = 168 [M (1), 111 (100), 83 (5), 57 (3), 45 (3);
HRMS-EI (TOF): m/z [M, (2)-isomer] calcd. for gHgO,S, 168.0245; found,168.0235;
HRMS-EI (TOF): m/z [M', (E)-isomer] calcd. for gHgO.S, 168.0245; found,168.0232.

Synthesis of propl-enyl furan-3—-carboxylate (4.1.84k)

[CAS: (E)-Isomer = 138426641-4; (£)—Isomer = 138426642-5]

e
(6]

Compound4.1.8-4k was prepared from allyl fura8—carboxylate 4.1.8-3k) (152 mg,
1.00 mmol) yielding E)- and g)—prop-1-enyl furan-3—carboxylate 4.1.8-4k) as colourless
liquid (115 mg, 76% vyieldE/Z 1:2).
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'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 8.12 (s, 1 M), 8.09 (s, 1 H), 7.47 (t,J=1.8 Hz, 1
H%), 7.45 (t,J=1.6 Hz, 1 1), 7.23- 7.17 (m, 1 H + 1 H), 6.83-6.78 (m, 1 K + 1 H), 5.54
(dg, J=14.1 Hz, 1 1), 5.03 (dgJ=6.7 Hz, 1 H), 1.75 (dd J=6.7 Hz, 1.8 Hz, 3 A, 1.70 ppm
(dd, J=7.0 Hz, 1.8 Hz, 3 B; *C-NMR (101 MHz, CDC}, (Z)-Isomer):6 = 160.0, 148.3,
144.0, 135.6, 134.5, 118.7, 109.8, 9.9 ppf@-NMR (101 MHz, CDC}, (E)-Isomer):6 =
160.3, 148.3, 143.9, 135.6, 134.5, 118.6, 110.24 ppm;IR (NaCl): v = 2957 (w), 2923 (m),
2858 (w), 1735 (s), 1575 (m), 1507 (m), 1304 (£6AE.(s), 1162 (vs), 1080 (m), 1012 (w), 930
(m), 828 (m), 804 (m), 758 (m), 736 (m), 710 (mP46cni* (w); MS (lon trap, El, 70 eV,
(2)-isomer): m/z (%) = 152 [N (4), 124 (1), 95 (100), 67 (6), 53 (1), 41 (WS (lon trap, ElI,
70 eV, E)-isomer): m/z (%) = 152 [N (4), 124 (1), 95 (100), 67 (6), 53 (1), 41 (HRMS-EI
(TOF): m/z [M, (Z)-isomer] calcd. for gHgOs, 152.0473; found 152.0468{RMS—-EI (TOF):
m/z [M*, (E)-isomer] calcd. for gHgOs, 152.0473; found 152.0463.

Synthesis of propl-enyl acetate (4.1.84l)

[CAS: (E)-Isomer = 152810-5; (2)-Isomer = 310247-4]
Ko
Allyl acetate 4.1.8-3l) (101 mg, 1.00 mmol) and
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) (3.9 mg, O.fpéhol) were stirred in
toluene-dg (2 mL) for 16 h at 50 °C yielding prefi—enyl acetate4.1.8-4l) as a mixture (97%

yield, E/Z 1:2). The yield and selectivity were determined WMR with anisole (52.1 mg,
0.48 mmol) as internal standard.

'H-NMR (400 MHz, tolueneds, Z/E 2:1): 6 = 6.74 (d,J=7.8 Hz, 1 H + 1 H), 5.24 (dq,
J=14.0, 7.0 Hz, 1 ), 4.61 (dqJ=6.8 Hz, 1 H), 1.58- 1.70 (m, 3 ¥ + 3 Hf), 1.52 (dd J=6.8,
1.8 Hz, 3 H), 1.33 ppm (ddJ=7.0, 1.8 Hz, 3 B). The analytical data matched those reported in

the literature for propl-enyl acetate41.8-4l).1%°°!
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Synthesis of propl-enyl decanoate (4.1-8lm)

[CAS: (E)-Isomer = 138426643-6; (£)—Isomer = 138426644-7]
o
/\/\/\/\)LO/\,JN

Compound4.1.8-4m was prepared from allyl decanoa#1(8-3m) (212 mg, 1.00 mmol)

yielding (E)- and @)-prop-1-enyl decanoate4(1.8-4m) as colourless liquid (189 mg, 89%
yield, E/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.11- 6.98 (m, 1 K + 1 H}), 5.41 (dqJ=12.3 Hz,
6.8 Hz, 1 H), 4.92 (dq,J=6.8 Hz, 1 H), 2.41 (t,J=7.6 Hz, 2 H), 2.35 (t,J=7.4 Hz, 2 H), 1.73
-1.58(m, 5 ¥ + 5 H), 1.40- 1.20 (m, 12 ¥ + 12 Hf), 0.88 ppm (t)=6.7 Hz, 3 H + 3 H);
3C-NMR (101 MHz, CDC4, (2)-Isomer):6 = 171.0, 134.9, 108.4, 34.1, 31.9, 29.4, 29.2 (2C)
29.1, 24.8, 22.7, 14.1, 9.8 ppMC-NMR (101 MHz, CDC}, (E)-Isomer):6 = 171.1, 136.0,
109.6, 34.0, 31.9, 29.4, 29.2 (2C), 29.1, 24.77224.1, 12.3 ppmiR (NaCl): v = 2925 (s),
2855 (m), 1754 (vs), 1675 (w), 1458 (w), 1237 (@454 (s), 1123 (m), 1026 (w), 930 (w), 738
cmt(w); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 212 [K] (2), 155 (100), 95 (94), 81
(81), 71 (45), 57 (46), 43 (65MS (lon trap, El, 70 eV,H)-isomer): m/z (%) = 212 [V (1),
155 (100), 95 (95), 81 (82), 71 (43), 57 (44), 83)(HRMS—EI (TOF): m/z [M, (2)-isomer]
calcd. for GsH240,, 212.1776; found, 212.175BIRMS-EI (TOF): m/z [M', (E)-isomer] calcd.
for Ci3H240,, 212.1776; found, 212.1773.

Synthesis of propl-enyl cyclohexanecarboxylate (4.1-8n)

[CAS: (E)-Isomer = 138426645-8; (£)—Isomer = 138426646-9]

(o}
O)LON

Compound4.1.8-4n was prepared from allyl cyclohexanecarboxylatel 8-3n) (168 mg,

1.00 mmol) vyielding E)- and &)—prop-1-enyl cyclohexanecarboxylate 4.1.8-4n) as
colourless liquid (135 mg, 80% vyield/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.09- 7.04 (m, 1 1), 7.04- 6.99 (m, 1 H), 5.41

(dg,J=13.7 Hz, 7.0 Hz, 1 B, 4.92 (dq,J=6.7 Hz, 1 H), 2.46-2.29 (m, 1 ¥ + 1 Hf), 2.01-
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1.89 (m, 2 H¥ +2H), 1.83-1.72(m, 2 B + 2 H), 1.70- 1.61 (m, 4 K + 4 H), 1.56- 1.40
(m, 2 H + 2 H), 1.35- 1.22 ppm (m, 3 A+ 3 H); *C-NMR (101 MHz, CDC}, (Z)-Isomer):
§=173.1, 135.0, 108.4, 43.0, 28.9 (2C), 25.7, 28@), 9.8 ppm**C-NMR (101 MHz, CDC},
(E)-Isomer):o = 173.3, 136.1, 109.4, 42.9, 28.8 (2C), 25.7, 28@3), 12.3 ppmiR (NaCl): v =
2935 (vs), 2857 (s), 1747 (vs), 1673 (m), 1451 (0875 (w), 1314 (m), 1244 (s), 1162 (vs),
1134 (s), 1042 (m), 930 (w), 734 chiw); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 168
[M* (1), 111 (18), 110 (9), 83 (100), 67 (7), 55 (621 (7); MS (lon trap, El, 70 eV,
(E)-isomer): m/z (%) = 168 [M (1), 111 (9), 110 (13), 83 (100), 67 (9), 55 (64Y (7);
HRMS-EI (TOF) (m/z): [M', (2)-isomer] calcd. for gH160,, 168.1150; found 168.1152;
HRMS-EI (TOF) (m/z): [M', (E)-isomer] calcd. for @H160,, 168.1150; found 168.1158.

Synthesis of propl-enyl 5-oxo-5—-phenylpentanoate (4.18l0)

[CAS: (BE)-Isomer = 138426647-0; (£)-Isomer = 138426648-1]

(e} (e}
WOM

Compound4.1.8-4owas prepared from allyl-®xo-5—-phenylpentanoatet(1.8-30) (232 mg,
1.00 mmol) yielding E)- and g)—prop-1-enyl 5-oxo-5-phenylpentanoate4(1.8-40) as
colourless solid (204 mg, 88% yield/Z 1:2).

m.p.: 33-34 °C."H-NMR (400 MHz, CDC}, Z/E 2:1): 6 = 8.02- 7.91 (m, 2 ¥ + 2 H),
761-751(m, 1H+1H),751-741 (m,2H +2H), 7.11-7.00 (m, 1 K + 1 H), 5.42
(dg,J=14.1 Hz, 7.0 Hz, 1 B, 4.94 (dq,J=6.8 Hz, 1 H), 3.13- 3.04 (m, 2 ¥ + 2 Hf), 2.61-
2.54 (m, 2 H), 2.54- 2.47 (m, 2 ), 2.18- 2.06 (m, 2 ¥ + 2 H), 1.67- 1.62 ppm (m, 3 A+
3 HY; ®*C-NMR (101 MHz, CDC}, (2)-Isomer):6 = 199.2, 170.4, 136.7, 134.7, 133.1, 128.6
(2C), 128.0 (2C), 108.7, 37.3, 33.0, 19.1, 9.8 pp@:NMR (101 MHz, CDC}, (E)-Isomer):6
= 199.2, 170.5, 136.7, 135.8, 133.1, 128.6 (2CB.0.72C), 109.9, 37.2, 33.0, 19.2, 12.3 ppm;
IR (KBr): v = 3067 (m), 2943 (m), 2921 (w), 1747 (vs), 1675)(M597 (m), 1579 (m), 1448
(m), 1417 (w), 1381 (m), 1281 (m), 1172 (s), 118 £000 (m), 932 (m), 734 (s), 690 (s), 660
(W), 608 (w), 576 crrt (w); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 232 [N] (1), 175
(69), 147 (87), 105 (100), 77 (38), 51 (14), 42 (B (lon trap, El, 70 eV,E)-isomer): m/z
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(%) = 232 [M] (1), 175 (65), 147 (81), 105 (100), 77 (42), 35) 42 (5);CHN Anal. Calcd.
for C14H1603: C, 72.39%:; H, 6.94%; found: C, 72.11%; H, 6.84%.

Synthesis of propl-enyl cinnamate (4.1.84p)

[CAS: (E)-Isomer = 138426649-2; (Z)—Isomer = 138426649-2]

©/\/MO/\J§

Compound4.1.8-4p was prepared from allyl cinnamaté.1.8-3p) (188 mg, 1.00 mmol)
yielding (E)- and g)—prop-1-enyl cinnamate4.1.8-4p) as colourless liquid (180 mg, 96%
yield, E/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.85- 7.74 (m, 1 K + 1 H), 7.61- 7.54 (m, 2
H% + 2 HF), 7.45- 7.38 (m, 3 ¥ + 3 H), 7.26-7.16 (m, 1 ¥ + 1 H), 6.52 (d,J=16.0 Hz, 1
H%), 6.46 (d,J=15.6 Hz, 1 1), 5.54 (dq,J=13.7 Hz, 6.7 Hz, 1 B, 5.01 (dgJ=6.7 Hz, 1 H),
1.77 (d,J=7.0 Hz, 3 H), 1.70 ppm (d,J=7.0 Hz, 3 H); *C-NMR (101 MHz, CDC},
(2)-lsomer):0 = 164.0, 146.1, 134.9, 134.2, 130.6, 128.9 (2@3.4 (2C), 117.1, 108.8, 10.0
ppm; **C-NMR (101 MHz, CDC}, (E)-Isomer):d = 164.1, 146.0, 136.0, 134.2, 130.6, 128.9
(2C), 128.2 (2C), 117.0, 110.0, 12.4 ppiR; (NaCl): v = 3064 (m), 3029 (w), 2919 (m), 1722
(vs), 1635 (vs), 1449 (m), 1389 (w), 1328 (w), 13a€), 1240 (s), 1202 (m), 1159 (vs), 1022
(w), 980 (m), 928 (w), 861 (w), 765 (m), 708 (WBBcm™ (w); MS (lon trap, El, 70 eV,
(Z2)-isomer): m/z (%) = 188 [N (1), 131 (100), 103 (35), 102 (6), 77 (11), 63 @1 (5);MS
(lon trap, El, 70 eV,H)-isomer): m/z (%) = 188 [N (1), 131 (100), 103 (38), 102 (7), 77 (14),
63 (1), 51 (6)HRMS-EI (TOF): m/z [M', (Z2)-isomer] calcd. for &H1,0,, 188.0837; found,
188.0834;HRMS-EI (TOF): m/z [M, (E)-isomer] calcd. for &H;,0,, 188.0837; found,
188.0844.
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Synthesis of but2-en-2-yl benzoate (4.1.84q)

[CAS: (E)-Isomer = 5654412-8; (Z)-Isomer = 5654413-9]

-

Compound 4.1.8-4q was prepared from btB-en-2-yl benzoate 4.1.8-3q) (176 mg,
1.00 mmol) and the stock solution of-gdibromobis(tritertbutylphosphine)dipalladium(l)
(1 mL, 5.00umol) in toluene (1 mL) yieldingH)— and &)—-but-2-en-2-yl benzoate4.1.8-4q)
as colourless liquid (146 mg, 83% yiekKlZ 1:3).

'H-NMR (400 MHz, CDC}, Z/E 3:1):6 = 8.14 (d J=7.4 Hz, 2 H), 8.09 (dJ=7.4 Hz, 2 H),
7.64-756 (m, 1 ¥ +1H), 7.52- 7.44 (m, 2 K + 2 H), 5.32 (q,J= 7.0 Hz, 1 H), 5.18 (q,
J=6.7 Hz, 1 H), 2.00 (s, 3+ 3 HF), 1.71 (d J=7.4 Hz, 3 H), 1.55 ppm (ddJ}=6.8 Hz, 1.0 Hz,

3 HY); ®*C-NMR (101 MHz, CDC}, (2)-Isomer):6 = 164.3, 145.7, 133.2, 129.9 (2C), 129.8,
128.4 (2C), 111.6, 19.6, 10.7 ppifC-NMR (101 MHz, CDC}, (E)-Isomer):d = 165.3, 146.0,
133.1, 129.9 (2C), 129.8, 128.4 (2C), 112.1, 14193 ppmjR (NaCl): v= 2970 (w), 2923 (m),
2864 (W), 1726 (vs), 1601 (m), 1451 (m), 1376 (4259 (s), 1173 (s), 1160 (s), 1106 (s), 1083
(m), 1066 (m), 1025 (m), 940 (w), 880 (w), 792 ¢iw); MS (lon trap, El, 70 eV,Z)-isomer):
m/z (%) = 176 [M] (1), 105 (100), 77 (45), 51 (15), 42 (IMS (lon trap, El, 70 eV,
(E)-isomer): m/z (%) = 176 [M (1), 105 (100), 77 (42), 51 (14), 42 (JYRMS—-EI (TOF): m/z
[M+, (Z2)-isomer] calcd. for €H1,0,, 176.0837; found, 176.082BRMS—EI (TOF): m/z [M+,
(E)-isomer] calcd. for gH;,0,, 176.0837; found, 176.0837.

Synthesis of but2-en-2-yl 4—chlorobenzoate (4.1-8lr)

[CAS: (E)-Isomer = 138426651-6; (£)—Isomer = 138426652-7]

oy

Compound4.1.8-4r was prepared from bt8—-en-2-yl 4-chlorobenzoate4(1.8-3r) (211
mg, 1.00 mmol) and the stock solution of@tbromobis(tri-tertbutylphosphine)dipalladium(l)
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(2 mL, 5.00pmol) in toluene (1 mL) yieldingH)— and &)- of but-2—en-2-yl 4—chlorobenzoate
(4.1.8-4r) as colourless liquid (183 mg, 87®/Z 1:3).

'H-NMR (400 MHz, CDC}4, Z/E 3:1):6 = 8.08 — 8.04 (m, 2 §), 8.02 (ddJ=9.0 Hz, 2.3 Hz,
2H5),7.48-7.42(m,2H+2H),533-526(m,1H,521-5.14 (m, 1§, 2.01 —1.95 (m,
3 H + 3 H), 1.70 (dg,J=7.0 Hz, 1.2 Hz, 3 B, 1.53 ppm (dqJ=6.8 Hz, 1.5 Hz, 3 B;
13C-NMR (101 MHz, CDC}, (2)-Isomer):s = 163.5, 145.6, 139.8, 131.3 (2C), 128.8 (2C),
128.3, 111.8, 19.5, 10.7 ppmiC-NMR (101 MHz, CDC4, (E)-Isomer): 6 = 164.5, 145.9,
139.6, 131.3 (2C), 128.8 (2C), 128.6, 112.4, 15109 ppmjR (NaCl): v = 3051 (w), 2983 (w),
1922 (m), 2863 (w), 1731 (vs), 1593 (s), 1488 (h®62 (vs), 1182 (s), 1170 (s), 1114 (s), 1104
(vs), 1090 (vs), 1014 (s), 850 (m), 7567¢ifs); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) =
210 [MY] (1), 141 (34), 139 (100), 113 (9), 111 (27), 12) 50 (7);MS (lon trap, El, 70 eV,
(E)-isomer): m/z (%) = 210 [N (1), 141 (34), 139 (100), 113 (8), 111 (25), B, 50 (5);
HRMS-EI (TOF): m/z [M', (2)-isomer] calcd. for gH1:CIO,, 210.0448; found, 210.0444;
HRMS-EI (TOF): m/z [M', (E)-isomer] calcd. for GH;:CIO,, 210.0448; found, 210.0449.

Synthesis of but2-en-2-yl 2naphtoate (4.1.84s)

[CAS: (E)-Isomer = 138426663-8; (£)—Isomer = 138426654-9]

Cry e

Compound4.1.8-4s was prepared from btd—en-2-yl 2-naphtoate 4.1.8-39 (226 mg,
1.00 mmol) and the stock solution of-gibromobis(tritertbutylphosphine)dipalladium(l)
(2 mL, 5.00 umol) in toluene (1 mL) yieldingE)- and &)— but-2-en-2-yl 2-naphtoate
(4.1.8-49 as a mixture (215 mg, 95%/Z 1:3).

'H-NMR (400 MHz, CDC}, Z/E 1:1):6 = 8.71 (dJ=0.8 Hz, 1 H), 8.66 (d,J=0.8 Hz, 1 1),
8.13 (dd,J=16.2 Hz, 1.8 Hz, 1 B, 8.11 (ddJ=16.2 Hz, 1.8 Hz, 1§}, 8.01 — 7.96 (m, 1 f+ 1
HF), 7.95 — 7.88 (m, 2 {1+ 2 H), 7.66 — 7.54 (m, 2 {+ 2 H), 5.36 (dg,J=7.1 Hz, 1.1 Hz, 1
HE), 5.26 — 5.19 (m, 1§, 2.06 — 2.02 (m, 3 ¥+ 3 H), 1.74 (dqJ=7.0 Hz, 1.2 Hz, 3 B, 1.59
ppm (dq,J=6.8 Hz, 1.5 Hz, 3 B; *C-NMR (101 MHz, CDC}, (2)-Isomer):6 = 164.5, 145.8,
135.7, 132.5, 131.5, 129.4, 128.4, 128.2, 127.9.012126.7, 125.4, 111.7, 19.6, 10.8 ppm;
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BC-NMR (101 MHz, CDC4, (E)-Isomer):o = 165.5, 146.1, 135.6, 132.5, 131.4, 129.4, 128.3,
128.2, 127.8, 127.3, 126.7, 125.4, 112.2, 15.09 ppm;IR (NaCl): v = 3059 (w), 2982 (w),
2919 (m), 1727 (vs), 1468 (m), 1446 (m), 1354 (hD76 (vs), 1194 (vs), 1178 (vs), 1128 (s),
1100 (s), 1076 (s), 958 (m), 776 (s), 7620(s); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%)

= 226 [M7 (1), 155 (100), 127 (35), 101 (3), 87 (1), 77,(5) (2);MS (lon trap, El, 70 eV,
(E)-isomer): m/z (%) = 226 [M (1), 155 (100), 127 (33), 101 (3), 87 (1), 77,(8D (3);
HRMS-EI (TOF): m/z [M, (2)-isomer] calcd. for GH140,, 226.0994; found, 226.0988;
HRMS-EI (TOF): m/z [M, (E)-isomer] calcd. for gH140,, 226.0994; found, 226.0990.

Synthesis of hex2-en-3-yl benzoate (4.1.84t)

[CAS: (E)-Isomer = 138426665-0; (£)—Isomer = 138426656-1]

Qﬁoﬁv

Compound4.1.8-4t was prepared from hed-en-3-yl benzoate 4.1.8-3t) (204 mg, 1.00
mmol) and the stock solution of €li—bromobis(tri-tertoutylphosphine)dipalladium(l) (1 mL,
5.00pmol) in toluene (1 mL) at 25 °C yieldingEf- and &)-hex-2-en-3-yl benzoate
(4.1.8-4t) as colourless liquid (178 mg, 87% yieliE 5:1 + other isomers).

'H-NMR (400 MHz, CDC}, Z/E 5:1 + other isomer) = 8.18 — 8.06 (m, 2 H+ 2 H), 7.64
— 756 (m, 1 A+ 1 H), 7.53 = 7.44 (m, 2 H+ 2 H), 5.33 (q,J=7.0 Hz, 1 %), 5.19 (q,J=6.7
Hz, 1 H), 2.37 (t,J=7.4 Hz, 3 Hf), 2.28 (1,J=7.4 Hz, 3 H), 1.59 — 1.49 (m, 4 £+ 4 HF), 1.01 -
0.91 ppm (m, 3 A+ 3 H); *C-NMR (101 MHz, CDC}, (2)-Isomer):d = 164.3, 149.2, 133.2,
130.2, 129.9 (2C), 128.4 (2C), 110.9, 35.6, 20306,110.7 ppm**C-NMR (101 MHz, CDC},
(E)-Isomer):0 = 165.4, 149.3, 133.1, 129.9, 129.8 (2C), 128@),(212.6, 30.6, 20.1, 13.6, 11.8
ppm; IR (NaCl): v = 2961 (s), 2933 (m), 2871 (m), 1733 (vs), 160}, @51 (m), 1262 (s),
1174 (m), 1114 (m), 1090 (m), 1068 (M), 1026 (W)l gw), 790 (w), 708 ci (m); MS (lon
trap, El, 70 eV, Z)-isomer): m/z (%) = 204 [V (1), 147 (2), 105 (100), 77 (17), 55 (3), 51 (6),
41 (1); MS (lon trap, El, 70 eV,K)—-isomer): m/z (%) = 204 [N (1), 147 (2), 105 (100), 77
(28), 55 (1), 51 (9), 41 (2HRMS-EI (TOF) (m/z): [M, (2)-isomer] calcd. for GH160s,
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204.1150; found, 204.1154RMS—-EI (TOF) (m/z): [M', (E)-isomer] calcd. for @H10,,
204.1150; found, 204.1160.

Synthesis of hep2-en-3-yl benzoate (4.1.81u)

[CAS: (E)-Isomer = 138426657-2; (Z)-Isomer = 138426658-3]

QMC

Compound4.1.8-4u was prepared from hefit-en-3-yl benzoate 4.1.8-3u) (218 mg,
1.00 mmol) at 25 °C vyieldinge)— and g)—-hept2—-en-3-yl benzoate 4.1.8-4u) as colourless
liquid (193 mg, 88%[/Z 1:5 + other isomers).

'H-NMR (400 MHz, CDC}4, Z/E 5:1 + other isomers)i = 8.18 — 8.11 (m, 2 f), 8.11 — 8.08
(m, 2 H), 763 - 756 (m, L #+ 1 H), 7.52 - 7.44 (m, 2 H+ 2 Hf), 5.34 - 527 (m, 1§,
5.19 (qt,J=6.8 Hz, 1.0 Hz, 1 B, 2.40 (t,J=7.4 Hz, 2 t¥), 2.34 - 2.26 (m, 2 f), 1.59 — 1.52 (m,

3 H + 3 H), 1.52 — 1.43 (m, 4 H+ 4 H), 1.37 (dq), 1.11 (1)=7.4 Hz, 3 H), 0.91 ppm (t,
J=7.3 Hz, 3 H); *C-NMR (101 MHz, CDC}, (2)-Isomer):d = 164.23, 149.40, 133.12, 129.87
(2C), 129.81, 128.39 (2C), 110.63, 33.22, 28.76]2213.80, 10.67 ppmiC—NMR (101 MHz,
CDCl;, (E)-Isomer):5 = 164.40, 149.56, 133.10, 129.85 (2C), 129.79,.32§2C), 112.26,
33.22, 28.86, 22.19, 13.70, 11.27 pgR;(NaCl): v = 3061 (w), 2957 (s), 2931 (m), 2862 (m),
1731 (vs), 1452 (m), 1262 (vs), 1173 (s), 1092, (L858 (vs), 1025 (m), 708 €Mm(vs); MS (lon
trap, El, 70 eV, Z)-isomer): m/z (%) = 218 [M (1), 161 (2), 105 (100), 77 (9), 55 (3), 51 (3),
41 (1); MS (lon trap, El, 70 eV,K)—-isomer): m/z (%) = 218 [V (1), 161 (2), 105 (100), 77
(25), 55 (1), 51 (7), 41 (LHRMS-EI (TOF): m/z [M, (2)-isomer] calcd. for gH:g0x,
218.1307; found, 218.13104RMS-EI (TOF): m/z [M, (E)-isomer] calcd. for ©H:g05,
218.1307; found 218.1305.

Synthesis of 2methylprop-1-enyl benzoate (4.1:8lv)

[CAS: 86123-18-4]
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(o]
Saat
Compound 4.1.8-4v was prepared from -Znethylallyl benzoate 4(1.8-3v) (176 mg,
1.00 mmol) and eiu—bromobis(tri-tertbutylphosphine)dipalladium(l) (7.77 mg, 0.01 mmiol)

toluene (2 mL) yielding 2methylprop-1-enyl benzoate4(1.8-4v) as a colourless liquid (151
mg, 86%).

'H-NMR (400 MHz, CDC§): 6 = 8.15 — 8.09 (m, 2H), 7.63 — 7.56 (m, 1H), 7.51.44 (m,
2H), 7.12 (sptJ=1.4 Hz, 1H), 1.83 (dJ=1.2 Hz, 3H), 1.74 ppm (dI=1.2 Hz, 3H);"*C-NMR
(101 MHz, CDCY): 6 = 163.7, 133.2, 129.9, 129.7 (2C), 129.6, 128@),(218.9, 19.7, 15.8
ppm; IR (NaCl): v = 3093 (w), 2969 (w), 2917 (w), 2859 (w), 1727)(vE601 (w), 1451 (m),
1336 (w), 1270 (vs), 1130 (vs), 1068 (w), 1028 @4 (w), 708 cm (s); MS (lon trap, El, 70
eV): m/z (%) = 176 [M] (1), 106 (8), 105 (100), 77 (13), 51 (7), 41 ®RMS-EI (TOF):m/z
[M*] calcd. for G1H1,0,, 176.0837; found, 176.0835.

Synthesis of 2methoxy-4—prop-1-enyl)phenol [(EHsoeugenol] (4.1.86)
[CAS: (E)-Isomer = 593268-3; (2)-Isomer = 591286-7]
MeO X
Hojij/\/ﬁ
Eugenol 4.1.85 (164 mg, 1.00mmol) and a stock solution of
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) (0.05 mL, O.p#nol) were stirred in

toluene (1.95 mL) for 2 h at 50 °C yieldidgl.8-6 as a colourless liquid (133 mg, 81%/Z
>20:1, GC yield: 96%kE/Z >20:1).

'H-NMR (400 MHz, CDC}, (E)-Isomer):é = 6.89- 6.84 (m, 3H), 6.34 (ddl=15.7 Hz, 1.7
Hz, 1H), 6.14- 6.07 (m, 1H), 5.61 (s, 1H), 3.923.89 (m, 3H), 1.88 ppm (dd=6.7 Hz, 1.8 Hz,
3H); *C-NMR (101 MHz, CDC}, (E)-Isomer):5 = 146.5, 144.7, 130.7, 130.6, 123.4, 119.2,
114.3, 107.8, 55.8, 18.3 pptR (NaCl): v = 3503 (w), 3016 (w), 2937 (w), 2913 (w), 2849 (w)
1739 (w), 1596 (w), 1509 (vs), 1464 (w), 1450 (4425 (m), 1366 (w), 1261 (s), 1230 (s), 1203
(s), 1153 (s), 1120 (m), 1031 (m), 960 (m), 855, (A% cm™ (m); MS (lon trap, El, 70 eV): m/z
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(%) = 164 [M] (100), 149 (42), 131 (27), 121 (25), 103 (39), @D), 77 (33);HRMS-EI
(TOF): m/z [M"] calcd. for GoH120,, 164.0837; found, 164.0841.

Synthesis of Hprop-1-enyl)pyrrolidin-2-one (4.1.88)

[CAS: (E)-Isomer = 14016583-9; (2)-Isomer = 138413191-2]

(0]
i
1-allylpyrrolidin—2-one @.1.8-7) (125 mg, 1.00 mmol) and a stock solution of
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) (0.3 mL, 1.5@umol) were stirred in

toluene (1.7 mL) for 4 h at 50 °C vyielding1.8-8 as a colourless liquid (118 mg, 94%/Z
>20:1, GC yield: 92%kE/Z >20:1).

'H-NMR (400 MHz, CDC}, (E)-Isomer):6 = 6.87— 6.77 (m, 1H), 4.90 (dgl=14.1 Hz, 6.8
Hz, 1H), 3.44 (tJ=7.2 Hz, 2H), 2.42 (t}=8.0 Hz, 2H), 2.04 (quin}=7.6 Hz, 2H), 1.68 ppm (dd,
J=6.7 Hz, 1.6 Hz, 3H)**C-NMR (101 MHz, CDC}, (E)-Isomer):s = 172.5, 124.2, 106.7,
45.1, 31.1, 17.3, 15.0 ppriR (NaCl): v = 3056 (w), 2969 (m), 2921 (m), 2885 (m), 1697),(vs
1669 (vs), 1488 (s), 1462 (s), 1410 (vs), 1298, (Y850 (vs), 1049 (s), 952 (vs), 787 ¢rfw);
MS (lon trap, El, 70 eV): m/z (%) = 125 [W(97), 110 (23), 96 (13), 82 (33), 70 (100), 54, (9
41 (27);HRMS-EI (TOF):m/z [M"] calcd for GH1;NO, 125.0841; found, 125.0838.

Synthesis of (propl-enyloxy)benzene (4.1-80).

[CAS: (E)-Isomer = 469624-6; (Z)-Isomer = 469623-5]

©/O\/“w

Allyloxybenzene 4.1.8-9) (134 mg, 1.00 mmol) and
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) (3.89 mg, 5.0@mol) were stirred in
diethyl ether (2 mL) for 2 h at 50 °C yielding)t and g)—(prop-1-enyloxy)benzene4(1.8-10)
as colourless liquid (125 mg, 93% yieKlZ 1:2, GC yield: 94%E/Z 1:2).

'H-NMR (400 MHz, CDC}, Z/E 2:1):6 = 7.40- 7.35 (m, 2 K + 2 HF), 7.13- 7.03 (m, 3 H
+ 3 H), 6.49 (dqJ=12.0 Hz, 1.6 Hz, 1 B, 6.45 (dqJ=6.1 Hz, 1.6 Hz, 1 B, 5.46 (dgJ=12.0
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Hz, 6.9 Hz, 1 H), 4.95 (dq,J=6.9 Hz, 1 H), 1.81 (ddJ=6.9 Hz, 1.8 Hz, 3 B, 1.74 ppm (dd,
J=6.9, 1.8 Hz, 3 B); *C-NMR (101 MHz, CDC}, (2)-Isomer):s = 157.5, 140.8, 129.5 (2C),
122.3, 116.1 (2C), 107.4, 9.3 ppiiC-NMR (101 MHz, CDC}, (E)-Isomer):6 = 157.4, 141.9,
129.5 (2C), 122.3, 116.2 (2C), 108.2, 12.2 ppi;(NaCl): v = 3041 (s), 2921 (s), 1671 (m),
1595 (vs), 1491 (vs), 1395 (w), 1254 (vs), 1228 1856 (w), 1122 (w), 1030 (m), 928 (w), 754
(m), 692 cm® (w); MS (lon trap, El, 70 eV,Z)-isomer): m/z (%) = 134 [K] (100), 119 (26),
105 (26), 91 (15), 77 (8), 66 (9), 51 (1MS (lon trap, El, 70 eV,K)-isomer): m/z (%) = 134
[M*] (100), 119 (20), 105 (26), 91 (9), 77 (5), 66, (BL (6); HRMS—-EI (TOF): m/z [M,
(2)-isomer] calcd. for gHi0O, 134.0732; found, 134.073HRMS-EI (TOF): m/z [M,
(E)-isomer] calcd. for gH100, 134.0732; found 134.0731.

Synthesis of 3Hexanone (4.1.812)

[CAS: 589-38-8]

(0]

A~

1-Hexen-3-ol (4.1.8-11) (100 mg, 1.00 mmol) and a stock solution of
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) in diethyl ether (8.5L, 0.25umol)
were stirred in diethyl ether (1.95 mL) for 30 n&h50 °C. The solution was measured by GC
usingn—-dodecane as internal standard (80%-tdfékanone4.1.8-12)).

Synthesis of Hexanal (4.1-8.4)

[CAS: 66-25-1]
H)OK/\/\
5-Hexen-1-ol (4.1.8-13 (200 mg, 1.00 mmol) and
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) (11.7 mg, 18nol) were stirred in THF
(2 mL) for 16 h at 50 °C. The solution was measubpgdGC usingn—dodecane as internal
standard (94% of hexand.(.8-14)).
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Preparative scale synthesis of prep-enyl benzoate (4.1-8la)

A 50 mL vessel was charged with-gi-bromobis(tri-tertbutylphosphine)dipalladium(l) (27.2
mg, 35.0umol) and toluene (20 mL) as well as allyl benzogtd.8-3a) (1.76 g, 10.0 mmol)
were added via syringe. The mixture was stirreB0atC for 16 h, cooled to room temperature,
diluted with diethyl ether (40 mL), filtered througa pad of celite (5 g) and the solvent was
removedin vacuo(50 mbar, 40 °C). The crude product was purifigccblumn chromatography
(SiO,, diethyl ethemi—pentane gradient) to giv&)- and g)—prop-1-enyl benzoate4(1.8-4a)
as colourless liquid (1.65 g, 94% yield/Z 1:2). The analytical data matched those reported

above.

6.8.4. Synthesis of the chiral phosphite ligand

Under nitrogen atmosphere, a 50mL round bottomskflawas charged with
(R)-(+)-1,1-Bi-2-naphthol (2.00 g, 7.00 mmol), freshly distilled gpborus trichloride
(6.00 mL, 9.42 g 68.6 mmol) and 50 ul DMF. The surgpon was heated up to reflux (90 °C)
for 24 h until the solid was dissolved completeffter cooling to room temperature, the
phosphorus trichloride was removed by ttptrap distillation. The residue was diluted with
dry and degassed diethyl ether (10 mL) and thetisolwas filtered. The solvent was removed
in vacuo Then again diethyl ether {50 mL) was added and removadvacuq yielding the
crude chlorophosphité.1.8-16" (2.4 g, 6.84 mmol, 98%) as a colourless fodA-NMR (162
MHz, CDCk): 0 = 178.2 ppm.

The chlorophosphitd.1.8-16" was used without further purification in the nekp. Under
nitrogen atmosphere, chlorophospiité.8-16’' (929 mg, 2.65 mmol) was dissolved in dry and
degassed toluene (20 mL) and the solution was dome-40 °C. Afterwards, a solution of
diacetoneD-glucose (704 mg, 2.65 mmol) and triethylamine (p&3 402 mg, 3.98 mmol) in
dry and degassed toluene (20 mL) was added slowiynnl5-30 min. After complete addition,

the reaction mixture was warmed up to room tempesatind stirred another 16 h at that
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temperature. The solvent was removed overtagirap distillation and the residue was purified
by column chromatography (SiOdichloromethane), yielding the corresponding phds
ligand 4.1.8-16 (444 mg, 0.77 mmol, 29%) as colourless solid. @halytical data matched
those reported in the literatufé”

'H-NMR (400 MHz, CDCY): § = 7.91- 8.01 (m, 4H), 7.42 7.51 (m, 4H), 7.34 7.40 (m,
2H), 7.17- 7.32 (m, 2H), 5.86 (d, J=3.9 Hz, 1H), 4.75.80 (m, 1H), 4.70 (d, J=3.9 Hz, 1H),
4.31 (m, 1H), 4.07 4.14 (m, 2H), 3.96 (dd, J=8.6, 5.5 Hz, 1H), 1.513H), 1.48 (s, 3H), 1.46
(s, 3H), 1.33 ppm (s, 3H}*P-NMR (162 MHz, CDCY): 6 = 145.3 ppmjR (ATR): v = 3430
(W), 2986 (W), 2937 (w), 1619 (m), 1594 (m), 1510),(1594 (m), 1510 (m), 1464 (m), 1375
(m), 1216 (s), 1071 (m), 1015 (m), 947 (m), 816 1B cm” (s).

6.8.5. Asymmetric hydrogenations

6.8.5.1. General procedure for the enantioselective hydrogéan of enol esters

1197 using stock

All hydrogenations were performed according to Resmtd GoolReret a
solutions of the chiral ligand.1.8-16 (2.00 umol/mL), the rhodium precursor [Rh(ce{BF,
(2.00pmol/mL) and the corresponding enol estér$.8-4 (0.10 mmol/mL) in CHCIl,. The
ligand 16 (0.50 mL, 1.00umol) was added to the solution of [Rh(cgBf4 (0.25 mL,
0.50umol). The corresponding enol ested.8-4 (1.00 mL, 0.10 mmol) and additional @El,

(2 mL) were added to the bright yellow solution ahd vial was placed in an autoclave. The
autoclave was purged with argon, pressurized wytlirdgen (60 bar) and the reaction mixture
was stirred for 20 h at 30 °C. After cooling to moéemperature, the mixture was filtered through

silica gel and concentrated to receive the cormesiog hydrogenated ester as colourless liquid.

240



Experimenteller Tell

Synthesis of (Rysecbutyl benzoate (4.18.5q)

[CAS: 5519-33-5]

9
©)’LO/\/

Compound4.1.8-15q was prepared from a mixture &)t and g)—but-2—en-2-yl benzoate

(4.1.8-4q) (17.6 mg, 0.1 mmol, E/Z 1:3) yielding (R2-butyl benzoate4.1.8-15q) (15.0 mg,
84%, 96%ee) as colourless liquid.

'H-NMR (400 MHz, CDCY}): 6 = 8.06 (d,J=7.4 Hz, 2H), 7.56 (t)=7.2 Hz, 1H), 7.45 (t,
J=7.6 Hz, 2H), 5.17 — 5.04 (m, 1H), 1.86 — 1.59 @H), 1.35 (d,J=6.3 Hz, 3H), 0.99 ppm (t,
J=7.4 Hz, 3H);"®*C-NMR (101 MHz, CDC}): § = 166.2, 132.6, 130.9, 129.5 (2 C), 128.2 (2 C),
72.8, 28.9, 19.5, 9.7 ppniR (NaCl): v = 3061 (w), 2973 (m), 2935 (w), 2879 (w), 1715)(vs
1641 (m), 1452 (m), 1392 (w), 1276 (vs), 1176 (P8 (m), 1026 (m), 968 (w), 888 (W), 862
(w), 712 cm® (s); MS (lon trap, El, 70 eV): m/z (%) = 178 [}(1), 123 (45), 105 (100), 77
(34), 56 (6), 51 (15), 41 (5SHRMS-EI (TOF): m/z [M] calcd. for G1H140,, 178.0994; found,
178.0986;[a]p™ = -40.9 (c = 0.675, CHG) (Lit. [S-isomer], +39.7 (¢ =0.12, CHCk, ee
98%))!2%8!

Synthesis of (Rysecutyl 4—chlorobenzoate (4.18L5r)

[CAS: 138426664-1]

/@)LO/\/
Cl

Compound4.1.8-15r was prepared from a mixture oE)¢ and ¢)— of but-2—-en-2-yl
4—chlorobenzoate 4(1.8-4r) (21.1 mg, 0.10 mmol, E/Z 1:3) vyielding (R}sec-butyl
4-chloro-benzoate4.1.8-15r) (19.8 mg, 93%, 94%ee) as colourless liquid.

'H-NMR (400 MHz, CDC}): § = 7.98 (d, J=8.6 Hz, 2H), 7.41 (d, J=8.4 Hz, 25{9 (qt,
J=6.3 Hz, 1H), 1.66 1.82 (m, 2H), 1.34 (d, J=6.2 Hz, 3H), 0.97 ppmJ&7.4 Hz, 3H);
C-NMR (101 MHz, CDCJ): § = 165.3, 139.1, 130.9 (2 C), 129.3, 128.6 (2 @)2728.9,
19.5, 9.7 ppmiR (NaCl): v= 2971 (m), 2931 (m), 1719 (vs), 1593 (s), 14981462 (m), 1456
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(m), 1402 (s), 1306 (s), 1274 (vs), 1104 (vs), 1083, 1016 (s), 850 (s), 760 chivs): MS (lon
trap, El, 70 eV): m/z (%) = 212 [[1(1), 159 (15), 157 (45), 141 (36), 139 (100), 12%), 75
(12); HRMS-EI (TOF) (m/z): [M7] calcd. for GiH15CIO,, 212.0604; found, 212.060f]p>° =
-37.1 (c = 1.155, CHG).

Synthesis of (Rysecbutyl 2-naphthoate (4.1.815s)

[CAS: 138426665-2]

oo

Compound 4.1.8-15s was prepared from a mixture oE)¢ and &)— but-2-en-2-yl
2-naphtoate 4.1.8-49 (22.6 mg, 0.1 mmolE/Z 1:3) yielding (Rysecbutyl 2-naphthoate
(4.1.8-159 (20.1 mg, 88%, 98%ee) as colourless liquid.

'H-NMR (400 MHz, CDC}): 6 = 8.63 — 8.60 (m, 1H), 8.09 (d#8.7 Hz, 1.7 Hz, 1H), 7.97
(d, J=8.0 Hz, 1H), 7.89 (dJ=8.6 Hz, 2H), 7.63 — 7.52 (m, 2H), 5.23 — 5.14 {iH), 1.89 — 1.67
(m, 2H), 1.40 (dJ=6.2 Hz, 3H), 1.03 ppm (8=7.4 Hz, 3H):"*C-NMR (101 MHz, CDC}): § =
166.4, 135.4, 132.5, 130.8, 129.3, 128.2, 128.8,A2127.7, 126.5, 125.3, 73.0, 29.0, 19.6, 9.8
ppm; IR (NaCl): v = 3060 (w), 2971 (m), 2933 (m), 1713 (vs), 1469, (54 (m), 1354 (m),
1284 (vs), 1228 (vs), 1198 (vs), 1128 (s), 109296y (w), 955(w), 866 (m), 780 (s), 762 ¢m
(s); MS (lon trap, El, 70 eV): m/z (%) = 228 [W(55), 172 (64), 155 (100), 127 (34), 77 (5), 41
(2); HRMS—-EI (TOF): m/z [M7] calcd. for GsH1¢0,, 228.1150; found, 228.1154.

Synthesis of (R¥3-hexyl benzoate (4.1-85t)

[CAS: 138426666-3]

o

SR

Compound4.1.8-15twas prepared from a mixture &) and £)— hex-2—en-3-yl benzoate
(4.1.8-4t) (20.4 mg, 0.10 mmolE/Z 1:5 + other isomers) yielding (R3—hexyl benzoate

(4.1.8-15t) (19.6 mg, 95%, 82%ee) as colourless liquid.
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'H-NMR (400 MHz, CDC}): 6 = 8.09 — 8.04 (m, 2H), 7.59 — 7.53 (m, 1H), 7.48.41 (m,
2H), 5.15 - 5.06 (m, 1H), 1.76 — 1.60 (m, 4H), 1-41.34 (m, 2H), 0.99 — 0.91 ppm (m, 6H);
3C-NMR (101 MHz, CDC}): § = 166.4, 132.7 (2 C), 130.8, 129.5, 128.3 (2 )9735.9,
27.1, 18.6, 14.0, 9.6 pprMS (lon trap, El, 70 eV): m/z (%) = 206 [I1(1), 123 (35), 105 (100),
77 (27), 56 (5), 51 (7), 41 (4R (NaCl): v = 2963 (m), 2935 (m), 2875 (m), 1715 (vs), 1462
(W), 1452 (m), 1314 (m), 1276 (vs), 1108 (s), 100, 932 (m), 910 (s), 734 (s), 711 Trivs);
HRMS-EI (TOF): m/z [M7] calcd. for G3H1g0,, 206.1307; found, 206.1303.

Synthesis of (R¥3-heptyl benzoate (4.1-85u)

[CAS: 138426667-4]

©AOW

Compound4.1.8-15u was prepared from a mixture oE)¢ and &)— hept2-en-3-yl
benzoate 4.1.8-4u) (21.8 mg, 0.1 mmolE/Z 1:5 + other isomers) vyielding (R}—heptyl
benzoate4.1.8-15u) (19.2 mg, 87%, 77%ee) as colourless liquid.

'H-NMR (400 MHz, CDC{): § = 8.10 — 8.04 (m, 2H), 7.56 (857.4 Hz, 1.4 Hz, 1H), 7.48 —
7.42 (m, 2H), 5.09 (tt}=6.0 Hz, 1H), 1.75 — 1.63 (m, 4H), 1.41 — 1.30 4H), 0.96 (t,J=7.5
Hz, 3H), 0.91 ppm (t)=7.2 Hz, 3H);"*C-NMR (101 MHz, CDC}): § = 166.4, 132.6, 130.8,
129.5 (2 C), 128.3 (2 C), 76.1, 33.4, 27.5, 2726214.0, 9.6 ppmMS (lon trap, El, 70 eV):
m/z (%) = 163 (1), 123 (33), 105 (100), 77 (14),(3R 56 (5), 51 (6), 41 (4)R (NaCl): v =
3061 (w), 2959 (s), 2931 (s), 2872 (m), 2860 (ML7L(vs), 1452 (s), 1314 (s), 1274 (vs), 1175
(m), 1108 (vs), 1070 (m), 1026 (m), 946 (w), 710twms); HRMS-EI (TOF): m/z [M] calcd.
for C14H2002, 220.1463; found, 220.1451.
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6.8.6. Mechanistic studies
6.8.6.1. In situ NMR studies

Under an argon atmosphere, a NMR  tube  was chargedith w
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) 4(1.8-17) (10.0 mg, 12.0umol), allyl
benzoate4.1.8-3a) (162 mg, 1.00 mmol), toluends (0.4 mL) and trimethylphosphate (1ub
12.0umol) as internal standard. The dark green solutias left in an ultrasonic bath for 1 min

and the NMR spectra were measured at 25 °C.
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Reaction solution after 15 min:
'H-NMR (600 MHz, toluenedg)
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*'P-NMR (243 MHz, tolueneds)
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Reaction solution after 75 min:
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Reaction solution after 2.5 h:

'H-NMR (600 MHz, tolueneds)
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Normalized Intensity

*'P-NMR (243 MHz, tolueneds)
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Formation of the Pd-hydride species 18 by addition &usP to the Pd(I)-dimer 4.1.8-17:

Under an argon atmosphere, a NMR  tube  was chargedith w

di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) 4¢(1.8-17) (10.0 mg, 12.0 umol),

tri

—-t—-butylphosphine (12, 10.0 mg, 0.05 mmol), toluends (0.4 mL) and trimethylphosphate

(2.5ul, 12.0umol) as internal standard. The dark green solutias left in an ultrasonic bath for

1

min and the NMR spectra were measured aftert2b°€.
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*'P-NMR (162 MHz, toluened)
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Formation of the Pdcycle 21 from the Pd(hdimer 4.1.8-17:

Under an argon atmosphere, a NMR  tube  was chargedith w
di—u—bromobis(tri-tertbutylphosphine)dipalladium(l) 4(1.8-17) (10.0 mg, 12.0umol) in
toluene-dg (0.5 mL) and trimethylphosphate (1uf 12.0 umol) as internal standard. The dark
green solution was left in an ultrasonic bath fenih and the NMR spectra were measured after
15 min at 25°C. During 7 days at room temperattine, solution changed slowly from dark

green to yellow with a black precipitate. NMR spaatiere measured again after 7 days.
After 15 min:
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*'P-NMR (243 MHz, tolueneds)
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After 7 days:
'H-NMR (400 MHz, toluenedg)
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6.8.6.2. Quantum chemical calculations

All calculations were performed with the Gaussi®@f® program package and the B3LYP
density functional’®®=°? The atoms H, C, Br and P were described by #816(d) basi$®
while the Stuttgart RSC 1997 ECP pseudopotential ugzd to represent BY! All geometries
were fully optimized. Harmonic force constants weaéculated for the optimized geometries to
characterize the stationary points as minima. Thérmmorrections from the frequency
calculations were scaled with Wong's scaling factbs 0.9804) for B3LYP/631G(d)!**®!
Additional single point energy calculation were fpemed on all structures employing the
6-311+G(2d,p) bast¥® for the atoms H, C, Br and P. All ball and stickdels were rendered
with GaussView 5°°" Total energies (hartree) from B3LYP®&L1+G(2d,p) single point energy
calculations, unscaled thermal corrections (hartréem B3LYP/6-31G(d) frequency

calculations at 298.15 K and page numbers for ftenized coordinates:

Structure Total energy Eoos Usgs Hog Goog
[Pdu-Br)(PBuy)], (4.1.8-17) -7034.43207729  0.749785 0.795301 0.796245 0.673294
Pd(H)(Br)(PBus), (4.1.8-18) -4332.86843616  0.757315 0.798411 0.799355 0.689714
Pd(H)(Br)(PBus) (4.1.8-19) -3517.79697051  0.381341 0.403782 0.404726 0.331892
Pd(Br)(PBu,(C(CHs),CH,)) (4.1.8-20) -3516.58376759  0.362050 0.383413 0.384357 0.313285
[Pdu—Br)(PBuy(C(CHs).CH,))], (4.1.8-21)  -7033.21630315  0.724382 0.769125 0.770069 0.647018
Pd(H)(PBuy(C(CHs),CH,)) (4.1.8-22) -942.96134861200 0.367909 0.387469 0.388413 0.323293
Pd(Bry(PBus) (4.1.8-23) -6091.37078319000 0.376391  0.400067 0.401011 0.324586
Pd(H)(PBu,(C(CH,),CH,))(PBus) (4.1.8-24) -1758.040836210000.741416 0.780156 0.781100 0.676987
PdBr, (4.1.8-25) -5276.22142443000 0.001224  0.005905 0.006849-0.025140
Pd(H)(Br) ¢.1.8-26) -2702.63184157000 0.009088 0.012408 0.013352-0.012302
Pd(Br)(PBu,(C(CHs),CH,))(PBug)(4.1.8-27) -4331.649768790000.736801 0.777206 0.778150 0.669691
PdH, (4.1.8-29) -129.01178247200 0.010431 0.013308 0.014252-0.005530
C(CHs),CH,Br (4.1.8-29) -3388.58601023000 0.362534 0.381607 0.382551 0.317906
P'Bus (4.1.8-30) -815.046504713  0.371565 0.389381 0.390325 0.331192
H, (4.1.8-31) -1.17956995577  0.010141 0.012501 0.013446-0.001347
HBr (4.1.8-32) -2574.74891680  0.005893 0.008254 0.009198-0.013345
Pd @.1.8-33) -127.886371702  0.000000 0.001416 0.002360-0.016592

Eoos unscaled zergpoint vibrational energy correction at 298.15 K

Uoos unscaled thermal correction to energy at 298.15 K

Hoog unscaled thermal correction to enthalpy at 29& 15

Gaos unscaled thermal correction to Gibbs free enthat98.15 K
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Standard Gibbs free energies of reactinf@ / kcal morl?) for the formation of various

Pd-hydride species from the Pdimer complex [Pd(-Br)(PBus)], (4.1.8-17):

. . . (]
Formation of Pd-hydride species 4rG
/BC Br
t t t t
Bu,P-Pd—Pd-PBu, —> 'BuP~Pd + Pd—P'Bu, 14.9
Br H Br
4.1.8-17 4.1.8-19 4.1.8-20
B Br Bu,P Br
/ N\ I 2 . ~
'Bu,P-Pd—Pd-PBu, — 'BuP~Pd + 1/2 >\fd\ ,Pd/>< 5.9
Br H Br PBU2 .
4.1.8-17 4.1.8-19 4.1.8-21
/B
‘BuP-Pd—Pd-PBu, — Pd—PBu, + Bu,P—PdBr, 47.1
Br H
4.1.8-17 4.1.8-22 4.1.8-23
/8L
'Bu,P-Pd_—Pd-P'Bu, —> 'Bu,P-Pd-P'BU, + PdBr, 93.4
Br H
4.1.8-17 4.1.8-24 4.1.8-25
/B Br !_F
‘Busp—pdﬁpd—PtBus — Pd + ‘Bu3P-P<Ij—PtBu2 84.6
Br H Br
4.1.8-17 4.1.8-26 4.1.8-27
= s
t t t
BuP-Pd—Pd-PBu, —= PdH, + pd—PBu, + 'Bu,P Br 127.9
Br Br
4.1.8-17 41828 41820 4.1.8-29
B or
Bu,P-Pd— Pd-P'Bu, — 1/2 'Bu,P~Pd-P'Bu; + 1/2 Pd—P'Bu, + 1/2 ‘Bu,P—PdBr, + 1/2Pd 37.6
Br H Br
4.1.817 4.1.8-18 4.1.8-20 4.1.8-23 4.1.833
Br Br ‘Bu,P. Br
t ) t t ! t 2 . sON
Bu P-Pd_—Pd-P'Bu; —> 1/2 'BuP~Pd-P'Bu, + 12 X Pd /ng>< + 1/2 HBr + 1/2 Pd 33.0
Br Br PBu, '
4.1.8-17 4.1.8-18 4.1.8-21 4.1.832 4.1.833
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6.9. Sandmeyer Trifluoromethylation of Arenediazonium

Tetrafluoroborates

6.9.1. General Methods

The diazonium salts were prepared from the cormdipg anilines following the procedures
below and were directly used. All other startingtenals were commercially available. All the
anilines and solvents were purified by distillation sublimation prior to use. The others

chemicals were used without further purification.
6.9.2. Synthesis of arenediazonium tetrafluoroborates

Procedure A

In an Erlenmeyer flask, the aniline (10 mmol) wéssdlved in an aqueous solution of HBF
(50%, 5 mL, 40 mmol) and a saturated solution aliwn nitrite (760 mg, 11 mmol) was added
dropwise at 0°C. The excess of oxidant was remdwedhe addition of urea. Then, the
precipitated diazonium salt was filtered off andsdilved in the less amount of acetone. Diethyl
ether was added to the clear solution, causing prexipitation of the arenediazonium
tetrafluoroborate that was filtered off and washedh diethyl ether (3 x 10 mL). The
arenediazonium tetrafluoroborate was driied/acuo (10 mbar) for 10 minutes and was then

directly used without further purification.

Procedure B

In a 50 mL roundbottom flask, the aniline (10 mmol) was dissolvediimixture of absolute
ethanol (3 mL) and an aqueous solution of HE0%, 2.5 mL, 20 mmol) anert-butyl nitrite
(2.7 mL, 20 mmol) was added dropwise to the sofudb0°C. The reaction was stirred at room
temperature for 1h and diethyl ether (20 mL) wadeadto precipitate the arenediazonium
tetrafluoroborate that was filtered off and washedh diethyl ether (3 x 10 mL). The
arenediazonium tetrafluoroborate was driedzacuo(10° mbar) for 10 minutes and was then

directly used without further purification.
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6.9.3. Synthesis of benzotrifluorides

Standard procedure for the synthesis of benzotrdtides from the corresponding

arenediazonium salts

An ovenrdried 20 mL crimp cap vessel with Teftecoated stirrer bar was charged with
copper thiocyanate (73.5 mg, 0.60 mmol) and cesiarbonate (489 mg, 1.50 mmol) and was
brought under an atmosphere of dry nitrogen. Adeten (2mL) and
trifluoromethyltrimethylsilane (240 pL, 1.50 mmaiere added via syringe under nitrogen. The
resulting suspension was stirred at room tempegator 10 minutes and a solution of the
arenediazonium tetrafluoroborate (1 mmol) in acétibe (2 ML) was added dropwiseia
syringe. The reaction mixture was stirred at antbiemperature for 16 h. The resulting mixture
was filtered through a short pad of celite (5 gyl amsed with diethyl ether (20 mL). The
resulting organic solution was washed with watex (B0 mL) and brine (10 mL). The organic
layer was dried over MgSQfiltered and concentrated (700 mbar, 40°C). Tésidue was
further purified by flash chromatography (SiQpentane/diethyl ether gradient), yielding the
corresponding benzotrifluorides.

Synthesis of ¥methoxy4—(trifluoromethyl)benzene (4.2.22)

[CAS: 402-52-8]

MeO

Compound 4.2.2-2 was prepared following the standard procedure/rtisga from
4-methoxybenzenediazonium tetrafluoroborate [CAS: -6893] (444 mg, 2.00 mmol)
prepared byrocedure A. After purification,4.2.2-2 was isolated as colourless liquid (286 mg,
1.62 mmol, 81%).

'H-NMR (400 MHz, CDCJ): = 7.56 (d,*J(H,H)=8.5 Hz, 2H), 6.97 (d*J(H,H)=8.5 Hz,
2H), 3.86 ppm (s, 3H; Cit *F-NMR (376 MHz, CDC)): o= -61.5 ppm;*C-NMR
(101 MHz, CDC}): d= 162.0, 126.9 (¢J(C,F)=3.6 Hz, 2C), 124.5 (4J(C,F)=270.6 Hz, 1C),
122.8 (q,%J(C,F)=32.7 Hz, 1C), 113.9 (2C), 55.4 ppMS (lon trap, El): m/z (%) = 176
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[M*](68), 157 (100), 146 (75), 145 (77), 113 (89),(83), 63 (67)HRMS—EI (TOF): m/z [M]
calcd. for GH;Fs0, 176.0449; found, 176.0448.

Synthesis of ¥methoxy-2—(trifluoromethyl)benzene (4.2.23)

[CAS: 395-48-2]

OMe
CF,

Compound 4.2.2-3 was prepared following the standard procedure/rtisga from
2-methoxybenzenediazonium tetrafluoroborate [CAS: -9825] (111 mg, 0.50 mmol)
prepared byprocedure B. After the reaction, trifluoroethanol as intersédndard (36 pL, 0.5
mmol) was added to the reaction mixture and thudromethylated product.2.2-3 was
formed in 57% vyield as determined BYF-NMR spectroscopic analysis and confirmed by
GC-MS analytics.

YF-NMR (376 MHz, DMSG-dg): 0= -62.9 ppmMS (lon trap, El): m/z (%) = 176 [f] (9),
175 (100), 156 (8), 132 (8), 126 (8), 113 (9), (1Q).

Synthesis of Fmethyl-3—trifluoromethyl)benzene (4.2.24)

[CAS: 401-79-6]

\©/CF3

Compound 4.2.2-4 was prepared following the standard procedure/rtisga from
3—-methylbenzenediazonium tetrafluoroborate [CAS: ¥220] (103 mg, 0.50 mmol) prepared
by procedure A. After the reaction, trifluoroethanol as interséndard (36 pL, 0.5 mmol) was
added to the reaction mixture and the trifluoromketted product.2.2-4 was formed in 98%

yield as determined bYF-NMR spectroscopic analysis and confirmed by-®/S analytics.

YF-NMR (376 MHz, DMSG-dg): 0= -63.1 ppmMS (lon trap, El): m/z (%) = 160 [f] (7),
159 (100), 140 (14), 108 (10), 91 (8), 68 (8), B@)(
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Synthesis of Fmethyl-2~trifluoromethyl)benzene (4.2.5)

é/ca

Compound 4.2.2-5 was prepared following the standard procedure/rtisga from

[CAS: 5146-17-6]

2-methylbenzenediazonium tetrafluoroborate [CAS: 2@®%31] (103 mg, 0.50 mmol) prepared
by procedure A. After the reaction, trifluoroethanol as intersédndard (36 pL, 0.5 mmol) was
added to the reaction mixture and the trifluoromletted product.2.2-5 was formed in 75%

yield as determined bYF-NMR spectroscopic analysis and confirmed by-®/S analytics.

YF-NMR (376 MHz, DMSG-dg): o= -62.1 ppmMS (lon trap, El): m/z (%) = 160 [K] (8),
159 (100), 140 (13), 139 (10), 108 (9), 91 (12)(&}

Synthesis of 4trifluoromethyl)biphenyl (4.2.26)

‘/‘/O CF,

Compound 4.2.2-6 was prepared following the standard procedure/rtisga from

[CAS: 398-36-7]

[1,1’-biphenyl}-4-diazonium tetrafluoroborate (268 mg, 1.00 mmol)yjared byprocedure B.
After purification,4.2.2-6 was isolated as colourless solid (173 mg, 0.78 mi@8%).

m.p. 69-70 °C; *H-NMR (400 MHz, CDCY): d= 7.80-7.72 (m, 4H), 7.577.63 (m, 2H),
7.58-7.51 (m, 2H), 7.537.44 ppm (m, 1H)!**-NMR (376 MHz, CDC}): J= -62.3 ppm;
¥C-NMR (101 MHz, CDC}): d = 144.7, 139.7, 129.3 (4J(C,F)=32.7 Hz, 1C), 129.0 (2C),
128.2, 127.4 (2C), 127.3 (2C), 125.7 Y(C,F)=3.6 Hz, 2C), 124.4 ppm (4I(C,F)=272.5 Hz,
1C); IR v = 1614 (w), 1327 (m), 1273 (m), 1112 (vs), 1078 &3 (s), 767 (s), 727 (vs), 689
cm™ (s); MS (lon trap, EI): m/z (%) = 223 [} (14), 222 (100), 203 (5), 153 (9), 152 (11), 69
(5), 50 (6);HRMS—-EI (TOF): m/z [M] calcd. for GsHgFs, 222.0656; found, 222.0657.
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Synthesis of *chloro-4—(trifluoromethyl)benzene (4.2.27)

[CAS: 98-56-6]

/©/CF3
Cl

Compound 4.2.2-7 was prepared following the standard procedure/tista from
4—chlorobenzenediazonium tetrafluoroborate [CAS:-6/36] (113 mg, 0.50 mmol) prepared
by procedure A. After the reaction, trifluoroethanol as intersédndard (36 pL, 0.5 mmol) was
added to the reaction mixture and the trifluoromketted product.2.2-7 was formed in 98%

yield as determined bYF-NMR spectroscopic analysis and confirmed by-®/S analytics.

YF-NMR (376 MHz, DMSG-ds): d= -63.1 ppm;MS (lon trap, El): m/z (%) = 182 [K}
(32), 180 [M] (100), 161 (33), 145 (41), 130 (23), 75 (23),(20).

Synthesis of Hiodo-4—trifluoromethyl)benzene (4.2.28)

[CAS: 455-13-0]

/©/CF3
|

Compound 4.2.2-8 was prepared following the standard procedure/rtisga from
4-iodobenzenediazonium tetrafluoroborate [CAS: F&D47] (649 mg, 2.00 mmol) prepared
by procedure A. After chromatography4.2.2-8 was obtained as light yellow liquid (373 mg,
1.37 mmol, 69%) which contained traces of diiodadese that can be removed by low

temperature crystallization from pentane.

'H-NMR (400 MHz, CDCY): d= 7.86 (d,%J(H,H)=8.1 Hz, 2H), 7.36 ppm (dJ(H,H)=8.1
Hz, 2H); '*F-NMR (376 MHz, CDC}): J = -63.0 ppm;**C-NMR (101 MHz, CDC}): d =
138.0 (2C), 130.2 (q2J(C,F)=33.0 Hz, 1C), 126.8 (q2J(C,F)=3.7 Hz, 2C), 124.0 (q,
1J(C,F)=272.2 Hz, 1C), 98.6 ppm @C,F)=2.2 Hz, 1C)MS (lon trap, El): m/z (%) = 272 [K}
(7), 271 (100), 252 (3), 145 (2), 144 (7), 143 @,(3);HRMS—EI (TOF): m/z [M] calcd. for
C;H4Fsl, 271.9310; found, 271.9303.
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Synthesis of 4(trifluoromethyl)benzonitrile (4.2.29)

[CAS: 455-18-5]

NC

Compound 4.2.229 was prepared following the standard procedure/tisga from
4-cyanobenzenediazonium tetrafluoroborate [CAS: 23326] (108 mg, 0.50 mmol) prepared

by procedure B. After purification,4.2.2-9 was isolated as colourless solid (58 mg, 0.34 mmol
68%).

m.p. 38-39 °C;*H-NMR (400 MHz, CDC}): d= 7.83 (d,%J(H,H)=8.3 Hz, 2H), 7.77 ppm
(d, 3J(H,H)=8.5 Hz, 2H);F-NMR (376 MHz, DMSGds): J= -63.9 ppm;C-NMR
(101 MHz, CDCH): d= 134.6 (q,2)(C,F)=33.0 Hz, 1C), 132.7 (2C), 126.2 {i(C,F)=4.4 Hz,
2C), 123.0 (q2J(C,F)=272.9 Hz, 1C), 117.4, 116.0 ppm JC,F)=1.5 Hz, 1C)MS (lon trap,
El): m/z (%) = 171 [M] (9), 170 (100), 152 (23), 121 (32), 75 (11), 69) 50 (13)HRMS-EI
(TOF): m/z [M7] calcd. for GH4FsN, 171.0296; found, 171.0299

Synthesis of 3(trifluoromethyl)acetophenone (4.2:20)

[CAS: 349-76-8]

(e}
)UCFs

Compound 4.2.2-10 was prepared following the standard procedurertista from
3-acetylbenzenediazonium tetrafluorobot3t(234 mg, 1.00 mmol) prepared psocedure B,
After purification,4.2.2-10 was isolated as colourless liquid (126 mg, 0.670mBY7 %).

'H-NMR (400 MHz, CDC}): = 8.22 (s, 1H), 8.15 (d®J(H,H)=7.8 Hz, 1H), 7.83 (d,
3)(H,H)=7.8 Hz, 1H), 7.63 (t3J(H,H)=7.8 Hz, 1H), 2.66 ppm (s, 3H, GH *F-NMR
(376 MHz, CDC}): d= -62.8 ppm;”*C-NMR (101 MHz, CDC}): J= 196.6, 137.5, 131.4,
131.2 (9,2)(C,F)=32.7 Hz, 1C), 129.5 (§)(C,F)=3.6 Hz, 1C), 129.3, 125.1 &j(C,F)=3.6 Hz,
1C), 123.7 (q:J(C,F)=272.5 Hz, 1C), 26.6 pprMS (lon trap, EI): m/z (%) = 188 [K] (9), 173
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(33), 169 (24), 145 (100), 75 (21), 50 (22), 43)(38RMS-EI (TOF): m/z [M] calcd. for
CoHF50, 188.0449; found, 188.0446.

Synthesis of methyl 4trifluoromethyl)benzoate (4.2.211)

[CAS: 2967-66-0]

CF,
MEOY@

O

Compound 4.2.2-11 was prepared following the standard procedurertista from
4-(methoxycarbonyl)benzenediazonium tetrafluorob&ist€250 mg, 1.00 mmol) prepared by
procedure A. After purification,4.2.2-11 was isolated as colourless liquid (144 mg, 0.71obm

71%) but contained traces of methyl benzoate, which was easily separable by
chromatography on silica gel.

'H-NMR (400 MHz, CDC}): o= 8.16 (d,*J(H,H)=8.2 Hz, 2H), 7.72 (?J(H,H)= 8.3 Hz,
2H), 3.97 ppm (s, 3H)'*F-NMR (376 MHz, CDC}): d= -63.1 ppm;**C-NMR (101 MHz,
CDCl): d= 165.9, 134.4 (cfJ(C,F)=32.7 Hz, 1C), 133.3, 130.0 (2C), 125.4%4C,F)=3.6 Hz,
2C), 123.6 (q,J(C,F)=272.5 Hz, 1C), 52.5 pprMS (lon trap, El): m/z (%) = 204 [§] (11),
203 (11), 185 (17), 174 (9), 173 (100), 145 (38),(7); HRMS-EI (TOF): m/z [M] calcd. for
CoH7F305, 204.0398; found, 204.0395.

Synthesis of methyl 4trifluoromethyl)acetanilide (4.2.212)
[CAS: 349-97-3]

PN

H

Compound 4.2.2-12 was prepared following the standard procedurertistg from
4-acetamidobenzenediazonium tetrafluoroborate (249 In@® mmol) prepared byrocedure
B. After purification,4.2.2-12 was isolated as colourless solid (81 mg, 0.4 md).

m.p. 150-151 °C; *H-NMR (400 MHz, CDC{): = 7.70 (br. s, 1H; NH), 7.64 (d,
J(H,H)=8.5 Hz, 2H), 7.56 (d’J(H,H)=8.7 Hz, 2H), 2.21 ppm (s, 3H; GH *F-NMR
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(376 MHz, CDCY): d= -62.1 ppm:®*C-NMR (101 MHz, CDCY): 5= 168.7, 140.9, 126.2 (q,
3J(C,F)=3.6 Hz, 2C), 125.9, 124.0 (d(C,F)=271.6 Hz, 1C), 119.3 (2C), 24.6 ppiR; v = 3319
(m), 1673 (s), 1602 (m), 1529 (m), 1408 (m), 134)7 {111 (vs), 1068 (s), 833 (s), 677 Lis);
MS (lon trap, EI): m/z (%) = 203 [N (9), 202 (62), 183 (9), 160 (100), 110 (15), 40) 43
(33); HRMS—-EI (TOF): m/z [M1] calcd. for GHgFsNO, 203.0558; found, 203.0557.

Synthesis of N,Ndimethyl-4—trifluoromethyl)aniline (4.2.2-13)

[CAS: 329-17-9]

o
N

Compound 4.2.2-13 was prepared following the standard procedurertista from
4—(dimethylamino)benzenediazonium tetrafluorobora@®A$: 2456452-1] (470 mg, 2.00
mmol) prepared byprocedure A. After purification,4.2.2-13 was isolated as colourless solid
(358 mg, 1.89 mmol, 95%).

m.p. 69-70 °C;*H-NMR (400 MHz, CDC}): d= 7.51 (d,3J(H,H)=9.0 Hz, 2H), 6.74 (d,
%J(H,H)=9.0 Hz, 2H), 3.04 ppm (s, 6H; G “F-NMR (376 MHz, CDC}): J= -60.7 ppm;
BC-NMR (101 MHz, CDCJ): Jd= 152.3, 126.2 (q,°)(C,F)=3.6 Hz, 2C), 125.3 (q,
1J(C,F)=269.8 Hz, 1C), 117.3 (§)(C,F)=32.7 Hz, 1C), 111.1 (2C), 32.9 ppm (2R);v = 1615
(m), 1535 (w), 1324 (s), 1232 (m), 1195 (m), 1168,(1094 (vs), 1064 (vs), 940 (m), 816 ¢m
(vs); MS (lon trap, El): m/z (%) = 189 [K} (43), 188 (100), 172 (11), 170 (7), 145 (8), 18}
118 (10);HRMS-EI (TOF): m/z [M] calcd. for GH1gF3N, 189.0765; found, 189.0753.
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Synthesis of phenyl(Atrifluoromethyl)phenyl)methanone (4.2.214)

[CAS: 727-99-1]

o
CF3

Compound 4.2.2-14 was prepared following the standard procedurertistg from
2-benzoylbenzenediazonium tetrafluoroborate [CAS:-8221] (296 mg, 1.00 mmol) prepared
by procedure B. After purification, 4.2.2-14 was isolated as colourless solid (184 mg, 0.74

mmol, 74%).

m.p. 60-61 °C;'H-NMR (400 MHz, CDC{): = 7.83-7.76 (m, 3H), 7.6%7.58 (m, 3H),
7.50-7.44 (m, 2H), 7.427.38 ppm (m, 1H):*F-NMR (376 MHz, CDC}): d= -58 ppm;
13C-NMR (101 MHz, CDC}): 6= 195.5, 138.3 (q°J(C,F)=2.2 Hz, 1C), 136.4 (§)(C,F)=1.5
Hz, 1C), 133.8, 131.4, 130.2 (2 C), 130.0, 12948.9 (2 C), 128.2 (¢fJ(C,F)=32.3 Hz, 1C),
126.7 (q,3)(C,F)=4.4 Hz, 1C), 123.6 ppm (H)(C,F)=273.6 Hz, 1C)MS (lon trap, El): m/z (%)
= 250 [M] (18), 249 (100), 145 (31), 105 (17), 77 (86),(31), 50 (30)HRMS—EI (TOF): m/z
[M™] calcd. for G4HgFz0, 250.0605; found, 250.0617.

Synthesis of 3(trifluoromethyl)benzoic acid (4.2.215)

[CAS: 454-92-2]

HOZC\©/CF3

Compound 4.2.2-15 was prepared following the standard procedurertista from
3-carboxybenzenediazonium tetrafluorobdfafe(236 mg, 1.00 mmol) prepared pyocedure
B. After purification,4.2.2-15 was isolated as colourless solid (139 mg, 0.73 mi#g%0) but
contained traces of benzoic acid, which was nollyeasparable by chromatography on silica
gel.

m.p. 102-103 °C;*H-NMR (400 MHz, CDC}): 6= 10.74 (br. s, 1H), 8.41 (s, 1H), 8.33 (d,
3)(H,H)=7.8 Hz, 1H), 7.90 (d3J(H,H)=7.8 Hz, 1H), 7.66 ppm (£J(H,H)=7.8 Hz, 1H);

F—NMR (376 MHz, CDC}): d= -62.9 ppm;*C-NMR (101 MHz, CDC}): = 170.9, 133.4,
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131.3 (q, 2J(C,F)=33.0 Hz, 1C), 130.4 (¢#J(C,F)=3.7 Hz, 1C), 130.1, 129.3, 127.2 (q,
%)(C,F)=3.7 Hz, 1C), 123.5 ppm (HI(C,F)=272.2 Hz, 1C)IR v = 1686 (vs), 1419 (w), 1334
(m), 1266 (vs), 1172 (s), 1120 (vs), 1072 (s), &0 759 (s), 684 cm (s); MS (lon trap, EI):
m/z (%) = 190 [M] (77), 173 (100), 145 (39), 95 (12), 75 (14), 13) 69 (10);HRMS-EI
(TOF): m/z [M7] calcd. for GHsFz0,, 190.0242; found, 190.0237.

Synthesis of 2(trifluoromethyl)benzoic acid (4.2.216)

[CAS: 433-97-6]

2
@cg

Compound 4.2.2-16 was prepared following the standard procedurertista from
2—carboxybenzenediazonium tetrafluoroborate [CAS: 8B489-2] (236 mg, 1.00 mmol)
prepared byrocedure B. After purification,4.2.2-16 was isolated as colourless solid (166 mg,
0.87 mmol, 87%).

m.p. 106-107 °C;'H-NMR (400 MHz, methaneld,): = 7.84-7.76 (m, 2H), 7.727.63
ppm (m, 2H);*F-NMR (376 MHz, methaneid,): o= -60.8 ppm;**C-NMR (101 MHz,
methanotd,): d= 170.2, 133.7 (q2)(C,F)=2.7 Hz, 1C), 133.4, 132.4, 131.2, 129.5 (q,
2J(C,F)=32.7 Hz, 1C), 127.8 (3)(C,F)=5.5 Hz, 1C), 125.1 ppm (§)(C,F)=272.5 Hz, 1C)IR
v = 1698 (s), 1301 (s), 1284 (vs), 1275 (vs), 11981137 (s), 1125 (vs), 1107 (vs), 1056 (s),
1037 (vs), 764 (vs), 677 ¢n(s); MS (lon trap, EI): m/z (%) = 190 [f) (39), 151 (50), 145
(100), 95 (41), 75 (56), 50 (57), 45 (4BRMS-EI (TOF): m/z [M] calcd. for GHsFzO,,
190.0242; found, 190.0240.
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Synthesis of 5(trifluoromethyl)-1H-indole (4.2.2-17)

[CAS: 10084624-0]

CF,
1T
N
H
Compound 4.2.2-17 was prepared following the standard procedurertistg from
1H-indole-5-diazonium tetrafluoroborate (231 mg, 1.00 mmolpared byprocedure B. After

purification,4.2.2-17 was isolated as colourless solid (85 mg, 0.46 mAtso).

m.p. 70-71 °C; '"H-NMR (400 MHz, CDC}): d= 8.35 (br. s, 1h; NH), 7.97 (m, 1H),
7.51-7.42 (m, 2H), 7.33 (m, 1H), 6.67 ppm (m, 1HF-NMR (376 MHz, CDC}): 5= -60.3
ppm; *C-NMR (101 MHz, CDC}): d= 137.1, 127.2, 125.8, 122.6 (§(C,F)=271.6 Hz, 1C),
122.3 (9,2)(C,F)=31.8 Hz, 1C), 118.8 (4J(C,F)=3.6 Hz, 1C), 118.5 (d)(C,F)=4.5 Hz, 1C),
111.2, 103.6 ppmiR v = 3433 (m), 1423 (w), 1332 (s), 1160 (s), 1083,(¥649 (vs), 816 (s),
742 cm* (s); MS (lon trap, EI): m/z (%) = 185 [K] (100), 184 (14), 166 (25), 158 (7), 69 (8),
63 (8), 62 (7)HRMS-EI (TOF): m/z [M] calcd. for GHgF3N, 185.0452; found, 185.0452.

Synthesis of 3(trifluoromethyl)quinoline (4.2.2-18)

[CAS: 25199-76-2]

N CF,
~
N

Compound 4.2.2-18 was prepared following the standard procedurertistg from
quinoline-3—-diazonium tetrafluorobordt8® (243 mg, 1.00 mmol) prepared Ipyocedure B

After purification,4.2.2-18 was isolated as colourless solid (145 mg, 0.74 mMA48%6).

m.p. 42-43 °C;'"H-NMR (400 MHz, CDCY): d= 9.12(d,*J(H,H)=2.3 Hz, 1H), 8.498.46
(m, 1H), 8.21 (d,*J(H,H)=8.5 Hz, 1H), 7.95 (d>J(H,H)=8.0 Hz, 1H), 7.947.85 (m, 1H),
7.72-7.66 ppm (m, 1H)*F-NMR (376 MHz, CDC}): J= -61.8 ppm;"*C-NMR (101 MHz,
CDCly): 0= 149.4, 146.1 (¢£J(C,F)=3.3 Hz, 1C), 134.0 (4J(C,F)=2.2 Hz, 1C), 131.8, 129.6,
128.6, 128.0, 126.3, 123.7 (@(C,F)=272.2 Hz, 1C), 123.6 ppm ((C,F)=32.9 Hz, 1C) MS
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(lon trap, El): m/z (%) = 198 [N (15), 197 (100), 178 (13), 177 (11), 176 (11)7142), 128
(14); HRMS-EI (TOF): m/z [M7] calcd. for GoHeFsN, 197.0452; found, 197.0452.

Synthesis of 6&(trifluoromethyl)quinoline (4.2.2-19)

[CAS: 325-13-3]

Compound 4.2.2-19 was prepared following the standard procedurertista from
quinoline-6-diazonium tetrafluorobordté" (243 mg, 1.00 mmol) prepared Ipyocedure B.
After purification,4.2.2-19 was isolated as colourless solid (136 mg, 0.69 m&@8s).

'H-NMR (400 MHz, CDC}): d= 9.04(d,"J(H,H)=2.8 Hz, 1H), 8.368.20 (m, 2H), 8.15 (s,
1H), 7.89 (dd>*J(H,H)=8.9, 1.9 Hz, 1H), 7.52 ppm (dii*J(H,H)=8.2, 4.1 Hz, 1H)**F-NMR
(376 MHz, CDC}): d= -62.4 ppm;"*C-NMR (101 MHz, CDC}): d= 152.5, 149.2, 136.8,
130.7, 128.5 (q,%)(C,F)=32.7 Hz, 1C), 127.2, 125.8 (§)(C,F)=4.5 Hz, 1C), 125.1 (q,
3)(C,F)=2.7 Hz, 1C), 123.9 (4J(C,F)=272.5 Hz, 1C), 122.3 pprtR v = 1466 (W), 1429 (w),
1337 (s), 1144 (s), 1123 (s), 1106 (vs), 106284D, cm? (s); MS (lon trap, EI): m/z (%) = 197
[M*] (70), 196 (43), 178 (59), 147 (100), 128 (40),(%5), 50 (48)HRMS-EI (TOF): m/z [M]
calcd. for GoHgF3N, 197.0452; found, 197.0446.

Synthesis of 8(trifluoromethyl)quinoline (4.2.2-20)

[CAS: 31757-7]

B

CF,

Compound 4.2.2-20 was prepared following the standard procedurertistg from
quinoline-8—diazonium tetrafluoroborate (243 mg, 1.00 mmol)pared byprocedure B. After

purification,4.2.2-20 was isolated as colourless solid (110 mg, 0.56 M58%).

m.p. 64-65 °C;*H-NMR (400 MHz, CDC}): = 9.09 (dd,J(H,H)=4.3, 1.8 Hz, 1H), 8.23
(dd, *%(H,H)=8.4, 1.9 Hz, 1H), 8.09 (dJ(H,H)=7.3 Hz, 1H), 8.03 (d*J(H,H)=8.3 Hz, 1H),
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7.61 (t,%)(H,H)=7.8 Hz, 1H), 7.52 ppm (dd;*J(H,H)=8.3, 4.3 Hz, 1H)*F-NMR (376 MHz,
CDCly): d= -60.3 ppm;"*C-NMR (101 MHz, CDCY): = 151.2, 144.7, 136.3, 132.4, 128.7,
128.0 (q,3J(C,F)=5.5 Hz, 1C), 127.7 (§J(C,F)=29.5 Hz, 1C), 125.2, 124.1 (4(C,F)=273.4
Hz, 1C), 121.9 ppmiR v = 1331 (m), 1294 (m), 1205 (m), 1141 (m), 1117,(¢967 (m), 981
(s), 831 (s), 797 (s), 767 €M(s); MS (lon trap, El): m/z (%) =197 [M'] (100), 178 (23), 177
(21), 147 (41), 75 (13), 69 (15), 50 (14JRMS-EI (TOF): m/z [M] calcd. for GoHeFaN,
197.0452; found, 197.0444.
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6.10. Sandmeyer Trifluoromethylthiolation of Arenediazonium Salts with

Sodium Thiocyanate and Ruppert—Prakash Reagent

6.10.1. Optimization of the reaction conditions

+

MeO

TMS-CF,
[Cu], additive

sulfur source
—_—

MeO

solvent, rt
4.2.4-1 4.2.4-2
entry  [Cu] sulfur source additve  solvent yield of 4.2.4-2 [%]®
1® CuSCN $ CsF MeCN 5
2! " Lawesson’s reagent " " traces
3 " NaS " " 0
4 " NaSCN " " 30
5 ! KSCN ! ! traces
6 ! NH,SCN ! ! traces
7 " NaSCN CsCO; " 98
8 ! " " DMF 81
9 ! ! ! acetone 18
10 Cu(0) " " MeCN 1
11 CuSQ " " " 10
12 CuOAc " " " 85
13 Cul " " " 6
14 CuSCN " - " 0
15 " - CsCOs " 0
16 - NaSCN " " 0
179 CuSCN " " " 34
189 " " " " 98
19¢ " " " " 67

Reaction conditions0.5 mmol [Cu], 2 equiv. additive, 1.5 equiv. smlfsource, 2 mL solvent, RT, dropwise
addition of 0.5 mmoll in 2 mL of solvent, then 2 equiv. TMSGF.2h. [a] Yields were determined B3F-NMR
using 1,3difluorobenzene as internal standard. [b] TM$@Hded beford. [c] 1 equiv. CgCOs. [d] 0.5 equiv.
CuSCN. [e] 0.1 equiv. CuSCN., Lawesson’s reager, 4&=bis(4methoxyphenyh1,3,2,4dithiadiphosphetane-
2,4-dithione.
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6.10.2. General Methods

The diazonium salts were prepared from the cormedipg anilines following the procedure
below and were directly used. All other startingtenals were commercially available. All the
anilines and solvents were purified by distillation sublimation prior to use. The other

chemicals were used without further purification.

6.10.3. Synthesis of arenediazonium tetrafluoroborates

In a 50 mL roundbottom flask, the aniline (10 mmol) was dissolvediimixture of absolute
ethanol (3 mL) and an aqueous solution of HE0D%, 2.5 mL, 20 mmol) anert-butyl nitrite
(2.7 mL, 20 mmol) was added dropwise to the sotuéb0 °C. The reaction was stirred at room
temperature for 1 h and diethyl ether (20 mL) wdsdea to precipitate the arenediazonium
tetrafluoroborate that was filtered off and washedh diethyl ether (3 x 10 mL). The
arenediazonium tetrafluoroborate was dried/acuo (10 mbar) for 10 minutes and was then

directly used without further purification.

6.10.4. Synthesis of trifluoromethyl thioethers

Standard procedure for the synthesis of trifluorothgl thioethers from the corresponding

arenediazonium salts

An ovenrdried 20 mL crimp cap vessel with Teftecoated stirrer bar was charged with
copper thiocyanate (61.4 mg, 0.50 mmol), caesiurboreate (652 mg, 2.00 mmol) and sodium
thiocyanate (122 mg, 1.50 mmol) and was broughteureh atmosphere of dry nitrogen.
Acetonitrile (4 mL) was added via syringe and tlesuiting suspension was stirred at room
temperature for 10 minutes. A solution of the adémonium tetrafluoroborate (1.00 mmol) in
acetonitrile (4 mL) was added dropwis®@ syringe and the reaction mixture was stirred for
another 10 minutes. Trifluoromethyltrimethylsila(821 pL, 2.00 mmol) was added at once via
syringe and the mixture was then stirred at amiiemiperature for 16 h. The resulting mixture
was filtered through a short pad of celite (5 gyl amsed with diethyl ether (20 mL). The
resulting organic solution was washed with watérrfiL) and brine (10 mL). The organic layer
was dried over MgSg) filtered and concentrated (700 mbar, 40 °C). Témdue was further
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purified by flash chromatography (SIO diethyl ether/hexane gradient), vyielding the
corresponding trifluoromethyl thioethers.

Synthesis of Emethoxy-4-(trifluoromethyl)thiolbenzene (4.2.42)

[CAS: 78914-94-0]

MeO

Compound 4.2.4-2 was prepared following the standard procedure/rtisga from
4-methoxybenzenediazonium tetrafluoroborate [CAS:—-6893] (222 mg, 1.00 mmol). After
purification,4.2.4-2 was isolated as colourless liquid (171 mg, 0.820inB82%).

Rf (SiO,, hexane:diethyl ether = 4:10.43; *H-NMR (400 MHz, CDC}): d= 7.59 (d,
3J(H,H)=8.8 Hz, 2H), 6.95 (d*J(H,H)=8.8 Hz, 2H), 3.85 ppm (s, 3H)*F-NMR (376 MHz,
CDCl): 0= -44.0 ppm;**C-NMR (101 MHz, CDC}): J= 161.8, 138.3 (2C), 129.6 (q,
1J(C,F)=308.8 Hz, 1C), 115.0 (2C), 114.8 §C,F)=1.8 Hz, 1C), 55.4 pprMS (lon trap, EI):
m/z (%) = 208 [M] (10), 207 (100), 138 (75), 123 (10), 95 (14), (89, 68 (25);HRMS—EI
(TOF): m/z [M7] calcd. for GH;F;0S, 208.0170; found, 208.0172.

Synthesis of #Fmethoxy-2-(trifluoromethyl)thiolpenzene (4.2.43)

[CAS: 75168-99-9]

OMe
SCF.

Compound 4.2.4-3 was prepared following the standard procedure tisga from
2-methoxybenzenediazonium tetrafluoroborate [CAS:—2825] (222 mg, 1.00 mmol). After
the reaction, 1 3difluorobenzene as internal standard (100 pL, Tx®0ol) was added to the
reaction mixture and produeét2.4-3 was formed in 77% yield as determined F-NMR

spectroscopic analysis and confirmed by-®AS analytics.

YF-NMR (376 MHz, DMSG-ds): d= -43.3 ppm;MS (lon trap, El): m/z (%) = 208 [K}
(11), 207 (100), 138 (13), 111 (31), 109 (8), 95 6B (13).
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Synthesis of 4{(trifluoromethyl)thio]toluene (4.2.44)

[CAS: 352-68-1]

/©/SCF3

Compound 4.2.4-4 was prepared following the standard procedure/rtisga from
4-methylbenzenediazonium tetrafluoroborate [CAS:4BB9] (206 mg, 1.00 mmol). After the
reaction, 1,3difluorobenzene as internal standard (100 pL, In@@ol) was added to the
reaction mixture and produet2.4-4 was formed in 98% vyield as determined BF-NMR

spectroscopic analysis and confirmed by-®4S analytics.

YF-NMR (376 MHz, DMSG-ds): d= -44.0 ppm;MS (lon trap, El): m/z (%) = 191 [M
(100), 122 (56), 91 (20), 79 (13), 77 (9), 69 (4A),(22).

Synthesis of 3{(trifluoromethyl)thio]Jtoluene (4.2.45)

[CAS: 705-46-4]

\©/SCF3

Compound 4.2.4-5 was prepared following the standard procedure/rtisga from
3—-methylbenzenediazonium tetrafluoroborate [CAS: &0] (206 mg, 1.00 mmol). After
the reaction, 1 3difluorobenzene as internal standard (100 pL, T®0ol) was added to the
reaction mixture and produeét2.4-5 was formed in 98% yield as determined BF-NMR

spectroscopic analysis and confirmed by-®AS analytics.

¥F-NMR (376 MHz, DMSG-ds): d= -43.6 ppm;MS (lon trap, EI): m/z (%) = 191 [K
(100), 122 (34), 91 (28), 79 (10), 77 (9), 69 (¥&),(27).
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Synthesis of 2{(trifluoromethyl)thio]Jtoluene (4.2.46)

ij/su:3

Compound 4.2.4-6 was prepared following the standard procedure tisga from

[CAS: 1736-75-0]

2-methylbenzenediazonium tetrafluoroborate [CAS: 28®31] (206 mg, 1.00 mmol). After
the reaction, 1 3difluorobenzene as internal standard (100 pL, T®0ol) was added to the
reaction mixture and produét2.4-6 was formed in 92% yield as determined BF-NMR

spectroscopic analysis and confirmed by-®AS analytics.

YF-NMR (376 MHz, DMSG-dg): 0= -43.3 ppmMS (lon trap, EI): m/z (%) 492 [M'] (9),
191 (100), 122 (55), 91 (8), 77 (8), 68 (14), 49)(3

Synthesis of 4{(trifluoromethyl)thio]biphenyl (4.2.4-7)

Compound 4.2.4-7 was prepared following the standard procedure/tisga from
[1,1-biphenyl}l-4-diazonium tetrafluoroborate [CAS: 5204931-2] (268 mg, 1.00 mmol). After

[CAS: 17755%63-2]

purification,4.2.4-7 was isolated as colourless solid (187 mg, 0.74 mi48%6).

m.p. 41-42 °C;Rf (SiO,, hexane:diethyl ether = 4:19.57; '"H-NMR (400 MHz, CDC}):
0= 7.79 (d,*J(H,H)=8.3 Hz, 2H), 7.67 (m, 4H), 7.53 (m, 2H), 7.8Bm (m, 1H);"F-NMR
(376 MHz, CDC}): d= -42.6 ppm;*C-NMR (101 MHz, CDC}): 6= 143.8, 139.6, 136.7 (2C),
129.6 (g,"J(C,F)=308.8 Hz, 1C), 128.9 (2C), 128.1, 128.1 (20)7.2 (2C), 123.0 ppm (q,
3J)(C,F)=1.8 Hz, 1C)JR v = 1477 (w), 1395 (w), 1123 (s), 1105 (vs), 1086)(836 (m), 759
(vs), 715 (m), 689 ci (s); MS (lon trap, El): m/z (%) = 255 [K] (13), 254 (100), 186 (9), 185
(66), 184 (15), 152 (15), 69 (LMRMS—EI (TOF): m/z [M] calcd. for GzHoFsS, 254.0377;
found, 254.0386.
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Synthesis of 4{(trifluoromethyl)thio]benzonitrile (4.2.48)

[CAS: 332-26-3]

NC

Compound 4.2.4-8 was prepared following the standard procedure tisga from
4-cyanobenzenediazonium tetrafluoroborate [CAS: 23326] (217 mg, 1.00 mmol). After
purification,4.2.4-8 was isolated as colourless liquid (175 mg, 0.860nB86%).

m.p. 41-42 °C;Rf (SiO, hexane:diethyl ether = 4:10.32; ‘H-NMR (400 MHz, CDC}):
5=7.77 (d,3J(H,H)=8.6 Hz, 2H), 7.71 ppm (FJ(H,H)=8.6 Hz, 2H);"*F-NMR (376 MHz,
CDCl): &= -41.5 ppm;**C-NMR (101 MHz, CDC}): 3=135.9 (2C), 132.9 (2C), 130.5 (q,
3)(C,F)=1.8 Hz, 1C), 129.0 (4J(C,F)=308.8 Hz, 1C), 117.6, 114.6 ppiR; v = 2231 (w), 1488
(w), 1404 (w), 1159 (w), 1116 (vs), 1083 (s), 1qh¥, 834 cm’ (m); MS (lon trap, El): m/z
(%) = 203 [M] (15), 184 (15), 135 (9), 134 (100), 106 (12),(28), 69 (43)HRMS-E| (TOF):
m/z [M"] calcd. for GH4F3sNS, 203.0017; found, 203.0019.

Synthesis of 3{(trifluoromethyl)thio]acetophenone (4.2.49)

[CAS: 56773-33-2]

o
)Uscg

Compound 4.2.4-9 was prepared following the standard procedure/rtisga from
3—acetylbenzenediazonium tetrafluoroborf@AS: 5920656-3] (234 mg, 1.00 mmol). After
purification,4.2.4-9 was isolated as colourless liquid (136 mg, 0.620nG2%).

Rf (SiO,, hexane:diethyl ether = 4:10:25;'H-NMR (400 MHz, CDCY): = 8.22 (s, 1H),
8.07 (d,2J(H,H)=7.8 Hz, 1H), 7.85 (fJ(H,H)=7.8 Hz, 1H), 7.54 (EJ(H,H)=7.8 Hz, 1H), 2.63
ppm (s, 3H)**F-NMR (376 MHz, CDC})): 0= -42.5 ppm;*C-NMR (101 MHz, CDC})): =
196.6, 140.4, 138.2, 136.0, 130.5, 129.8, 129.31(G, F)=307.9 Hz, 1C), 125.3 (§J(C,F)=1.8
Hz, 1C), 26.6 ppmMS (lon trap, EI): m/z (%) = 220 [§ (11), 206 (10), 205 (100), 177 (10),
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108 (11), 69 (15), 42 (12HRMS—EI (TOF): m/z [M] calcd. for GH-Fs0S, 220.0170; found,
220.0159.

Synthesis of 4{(trifluoromethyl)thio]acetophenone (4.2.410)

QSCF3

O

[CAS: 713-67-7]

Compound 4.2.4-10 was prepared following the standard procedurertistg from
4-acetylbenzenediazonium tetrafluoroborate [CAS:-3580] (234 mg, 1.00 mmol). After
purification,4.2.4-10 was isolated as colourless liquid (156 mg, 0.71omifl%).

Rf (SiO,, hexane:diethyl ether = 4:10.25; *H-NMR (400 MHz, CDC}): d= 7.98 (d,
3J(H,H)=8.2 Hz, 2H), 7.74 (d*J(H,H)=8.3 Hz, 2H), 2.62 ppm (s, 3H)*F-NMR (376 MHz,
CDCl): 0= -41.8 ppm;®*C-NMR (101 MHz, CDC}): = 197.0, 138.4, 135.7 (2C), 129.9 (q,
3)(C,F)=1.8 Hz, 1C), 129.2 (4J(C,F)=308.8 Hz, 1C), 129.0 (2C), 26.6 ppMiS (lon trap, El):
m/z (%) = 220 [M] (10), 206 (10), 205 (100), 136 (8), 108 (10),(a8), 42 (11);HRMS-EI
(TOF): m/z [M7] calcd. for GH;Fs0S, 220.0170; found, 220.0162.

Synthesis of 4{(trifluoromethyl)thio]lpbenzophenone (4.2411)

[CAS: 41836-99-3]

! O SCF,

\
o]

Compound 4.2.4-11 was prepared following the standard procedurertista from
4-benzoylbenzenediazonium tetrafluoroborate [CAS:48824-1] (296 mg, 1.00 mmol). After
purification,4.2.4-11 was isolated as colourless solid (165 mg, 0.59 m&598%).

m.p. 69-70 °C;Rf (SiOz, hexane:diethyl ether = 4:10.41; *H-NMR (400 MHz, CDC}):
o= 7.81 (m, 6H), 7.62 (m, 1H), 7.51 ppm (m, 2fE-NMR (376 MHz, CDC}): J= -41.8
ppm; *C-NMR (101 MHz, CDCY): d= 195.5, 139.4, 136.7, 135.5 (2C), 132.9, 130.6),2C

130.0 (2C), 129.3 (d,)(C,F)=308.8 Hz, 1C), 129.0 (&)(C,F)=1.8 Hz, 1C), 128.4 ppm (2GR
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V= 1652 (m), 1590 (w), 1280 (w), 1142 (m), 1108) (1980 (s), 924 (M), 847 (m), 792 (m), 730
(m), 696 (m), 664 cit (m); MS (lon trap, El): m/z (%) = 283 [N (6), 281 (100), 204 (35), 108
(7), 77 (18), 68 (8), 50 (OHRMS-EI (TOF): m/z [M] calcd. for G4HoFs0S, 282.0326; found,
282.0338.

Synthesis of methyl 4(trifluoromethyl)thiolbenzoate (4.2.412)

SCF,
MEOY©/

(e}

[CAS: 88489-60-5]

Compound 4.2.4-12 was prepared following the standard procedurertista from
4—-(methoxycarbonyl)benzenediazonium tetrafluoroborf@AS: 369-48-2] (250 mg, 1.00
mmol). After purification4.2.4-12 was isolated as colourless liquid (187 mg, 0.7%in#0%).

Rf (SiO,, hexane:diethyl ether = 4:10.37; *H-NMR (400 MHz, CDC}): J= 8.06 (d,
3J(H,H)=8.5 Hz, 2H), 7.71 (d®J(H,H)=8.3 Hz, 2H), 3.93 ppm (s, 3HY’F-NMR (376 MHz,
CDCly): 0= -41.9 ppm**C-NMR (101 MHz, CDC}): 6= 166.9, 135.5 (2C), 132.1, 130.4 (2C),
129.8 (g,3)(C,F)=1.8 Hz, 1C), 129.3 (dJ(C,F)=308.8 Hz, 1C), 52.4 pprMS (lon trap, EI):
m/z (%) = 235 [M] (91), 206 (9), 205 (100), 176 (7), 108 (11), 8) 63 (7);HRMS—EI
(TOF): m/z [M7] calcd. for GH;F:0,S, 236.0119; found, 236.0116.

Synthesis of N,Ndimethyl-4-(trifluoromethyl)thiolaniline (4.2.4-13)

[CAS: 2677-71-6]

>N

Compound 4.2.4-13 was prepared following the standard procedurertistg from
4—(dimethylamino)benzenediazonium tetrafluorobora@®A$: 2456452-1] (235 mg, 1.00
mmol). After purification4.2.4-13 was isolated as colourless liquid (183 mg, 0.830inB8B8%).

Rf (SiO,, hexane:diethyl ether = 4:10.40; *H-NMR (400 MHz, CDC}): d= 7.51 (d,

3J(H,H)=8.8 Hz, 2H), 6.70 (d*J(H,H)=8.8 Hz, 2H), 3.03 ppm (s, 6H)*F-NMR (376 MHz,
273



Experimenteller Teil

CDClh): o= -44.7 ppm;C-NMR (101 MHz, CDC}): = 151.9, 137.9 (2C), 129.8 (q,
1J(C,F)=308.8 Hz, 1C), 112.3 (2C), 108.2 {§C,F)=1.8 Hz, 1C), 40.0 ppm (2QYIS (lon trap,
El): m/z (%) = 222 [M] (14), 221 (100), 220 (7), 152 (57), 151 (8), 188 69 (8);HRMS-EI
(TOF): m/z [M7] calcd. for GH1oF3NS, 221.0486; found, 221.0488.

Synthesis of *chloro-4-(trifluoromethyl)thiolbenzene (4.2.414)

[CAS: 407-16-9]

/©/SCF3
cl

Compound 4.2.4-14 was prepared following the standard procedurertista from
4—chlorobenzenediazonium tetrafluoroborate [CAS:-8/36] (226 mg, 1.00 mmol). After the
reaction, 1,3difluorobenzene as internal standard (100 pL, In@@ol) was added to the
reaction mixture and produdt2.4-14 was formed in 98% yield as determined lj—-NMR

spectroscopic analysis and confirmed by-®S analytics.

YF-NMR (376 MHz, DMSG-dg): o= -43.7 ppm;MS (lon trap, El): m/z (%) = 213 [K]
(36), 211 (100), 144 (27), 108 (40), 69 (24), 68)(19 (6).

Synthesis of Hhromo—4-(trifluoromethyl)thiolnaphthalene (4.2.415)

! SCF,
Br

Compound 4.2.4-15 was prepared following the standard procedurertistg from
4-bromonaphthalefili-yldiazonium tetrafluoroborate [CAS: 3489-9] (321 mg, 1.00 mmol).
After purification,4.2.4-15 was isolated as colourless liquid (227 mg, 0.740mi@4%).

Rf (SiO,, hexane:diethyl ether = 4:10:62; '"H-NMR (400 MHz, CDC}): 6= 8.57 (m, 1H),
8.32 (m, 1H), 7.81 (m, 2H), 7.69 ppm (m, 2HFE-NMR (376 MHz, CDC}): = -42.1 ppm;
13C-NMR (101 MHz, CDCY): o= 137.5, 136.1, 132.7, 129.7, 129.2 \#C,F)=309.7 Hz, 1C),
128.4, 128.1, 128.0, 127.9, 126.4, 121.6 ppntde;,F)=1.8 Hz, 1C)MS (lon trap, El): m/z
(%) = 308 [M (12), 307 (100), 239 (66), 237 (57), 158 (46)4115), 69 (22)JR (NaCl): v=
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3073 (w), 1497 (s), 1370 (m), 1158 (s), 1146 (48Q (vs), 1110 (vs), 976 (s), 828 (m), 760
cm™t (s); HRMS-EI (TOF) Mm/2: [M'] caled for GiHe79BrFs32S, 305.9320; found,
305.9336.

Synthesis of Hiodo-4-(trifluoromethyl)thiolbenzene (4.2.416)

[CAS: 372-15-6]

/©/SCF3
|

Compound 4.2.4-16 was prepared following the standard procedurertista from
4—-iodobenzenediazonium tetrafluoroborate [CAS: FED47] (318 mg, 1.00 mmol). After
chromatography4.2.4-16 was obtained as colourless liquid (238 mg, 0.78ommB%) which

contained traces of iodobenzene.

Rf (SiO,, hexane:diethyl ether = 4:10.61; *H-NMR (400 MHz, CDC}): J= 7.63 (d,
3J(H,H)=8.5 Hz, 2H), 7.23 ppm (d®J(H,H)=8.3 Hz, 2H):**F-NMR (376 MHz, CDC})):

= -42.6 ppm;*¥®C-NMR (101 MHz, CDC)): 4= 138.7 (2C), 137.7 (2C), 129.1 (q,
1J(C,F)=308.8 Hz, 1C), 124.1 (§)(C,F)=1.8 Hz, 1C), 98.0 ppnMS (lon trap, El): m/z (%) =
304 [M'] (9), 303 (100), 235 (11), 127 (3), 108 (13), 8%, 69 (9);HRMS-EI (TOF): m/z [M]
calcd. for GH4FlIS, 303.9030; found, 303.9030.

Synthesis of 3{(trifluoromethyl)thio]benzoic acid (4.2.417)

[CAS: 946-65-6]

HOZC\©/SCF3

Compound 4.2.4-17 was prepared following the standard procedurertistg from
3-carboxybenzenediazonium tetrafluoroborate [CAS:73087-6] (236 mg, 1.00 mmol). After
chromatography4.2.4-17 was obtained as colourless solid (52 mg, 0.23 m2&%) which

contained 5% of benzoic acid.
m.p. 74-75 °C;Rf (SiO,, hexane:diethyl ether = 4:10.05; '"H-NMR (400 MHz, CDC}):
0= 8.43 (bs, 1H), 8.26 (dt*J(H,H)=7.9, 1.4 Hz, 1H), 7.93 (d)(H,H)=7.8 Hz, 1H), 7.59 ppm
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(d, 3J(H,H)=7.8 Hz, 1H):"®F-NMR (376 MHz, CDC}): = -42.4 ppm;*C-NMR (101 MHz,
CDCl): d= 170.9, 141.4, 137.9, 132.5, 130.8, 129.8, 12§,4)C,F)=308.8 Hz, 1C), 125.4
ppm (q,%J(C,F)=2.2 Hz, 1C)jR v = 1692 (s), 1426 (w), 1404 (w), 1305 (m), 1291,(41)68
(m), 1157 (m), 1102 (vs), 1072 (s), 937 (m), 753, (A0 (m), 680 crt (m); MS (lon trap, EI):
m/z (%) = 222 [M] (100), 205 (24), 173 (1), 153 (33), 69 (22), @3) 50 (13);HRMS—EI
(TOF): m/z [M7] calcd. for GHsF30.S, 221.9962; found, 221.9957.

Synthesis of 3{(trifluoromethyl)thio]quinoline (4.2.4-18)

[CAS: 133341590-9]

—
N

Compound 4.2.4-18 was prepared following the standard procedurertistg from
quinoline-3—diazonium tetrafluoroborate [CAS: 3981-4] (243 mg, 1.00 mmol). After
purification,4.2.4-18 was isolated as colourless solid (142 mg, 0.62 n&28%).

Rf (SiO,, hexane:diethyl ether = 4:10.13; *H-NMR (400 MHz, CDC}): d= 9.03 (d,
“J(H,H)=2.3 Hz, 1H), 8.50 (d}J(H,H)=2.0 Hz, 1H), 8.15 (m, 1H), 7.82 (m, 2H), 7.6@m (m,
1H); **F-NMR (376 MHz, CDC}): d= -43.3 ppm;*C-NMR (101 MHz, CDC}): J= 154.5,
148.3, 144.7, 131.6, 129.5, 129.1 {#(C,F)=308.8 Hz, 1C), 128.0, 127.7, 127.7, 118.2 gggm
3)(C,F)=1.8 Hz, 1C)MS (lon trap, El): m/z (%) 229 [M] (100), 160 (37), 133 (9), 116 (7), 89
(20), 69 (11), 63 (6)HRMS-EI (TOF): m/z [M7] calcd. for GoHgF3NS, 229.0173; found,
229.0172.

Synthesis of {(trifluoromethyl)thio]quinoline (4.2.4-19)

N SCF,

P

N

Compound 4.2.4-19 was prepared following the standard procedurertista from
quinoline-6—diazonium tetrafluoroborate [CAS: 2368-1] (243 mg, 1.00 mmol). After
purification,4.2.4-19 was isolated as colourless solid (125 mg, 0.55 n5%8%).
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m.p. 54-55 °C; Rf (SiO,, hexane:diethyl ether = 4:10.08; '"H-NMR (400 MHz, CDC}):
o= 9.02 (br. s, 1H), 8.17 (m, 3H), 7.9 (di*J(H,H)=8.5, 1.8 Hz, 1H), 7.49 ppm (dd,
343)(H,H)=8.0, 4.0 Hz, 1H)**F-NMR (376 MHz, CDC}): o= -42.3 ppm}*C-NMR (101 MHz,
CDCl): J= 152.2, 148.6, 136.7, 136.2, 135.4, 130.9, 129,5)(C,F)=308.8 Hz, 1C), 128.3,
122.7 (9,2J(C,F)=1.8 Hz, 1C), 122.1 ppniR (KBr): v= 1489 (m), 1158 (vs), 1132 (vs), 1116
(vs), 1106 (vs), 1070 (s), 894 (s), 836 (vs), 764 154 cm' (s); MS (lon trap, El): m/z (%) =
230 [M7] (5), 229 (100), 160 (46), 116 (21), 89 (11), @8); 63 (5);HRMS-EI (TOF) (m/2:
[M™] calcd for GoHeN1F3S;, 229.0168; found, 229.0165.

Synthesis of 8{(trifluoromethyl)thio]quinoline (4.2.4-20)

Compound 4.2.4-20 was prepared following the standard procedurertista from
quinoline-8—diazonium tetrafluoroborate [CAS: 27388-8] (243 mg, 1.00 mmol). After
purification,4.2.4-20 was isolated as colourless liquid (72 mg, 0.31 iB1%0).

Rf (SiO,, hexane:diethyl ether = 4:1p.15; '"H-NMR (400 MHz, CDC}): d= 9.02 (dd,
343)(H,H)=4.2, 1.7 Hz, 1H), 8.20 (dd:"J(H,H)=8.3, 1.7 Hz, 1H), 8.08 (dJ(H,H)=7.3 Hz, 1H),
7.88 (m, 1H), 7.637.45 ppm (m, 2H)**F-NMR (376 MHz, CDC}): J= -41.1 ppm;*C-NMR
(101 MHz, CDC4): d= 150.7, 146.7, 136.5, 134.0, 129.9 {§C,F)=308.8 Hz, 1C), 129.6,
128.8, 126.9 (q3J(C,F)=1.8 Hz, 1C), 126.6, 122.1 pphR (NaCl): v= 1607 (m), 1595 (m),
1491 (s), 1459 (m), 1306 (w), 1108 (vs), 980 (n22 8m), 788 (m), 756 cth (w); MS (lon trap,
El): m/z (%) = 230 [M] (5), 229 (100), 161 (6), 160 (48), 116 (21), 82) 69 (13)HRMS-EI
(TOF) (m/2: [M™] calcd for GoHsN1FsS;, 229.0166; found, 229.0168.

277



Experimenteller Teil

Synthesis of Sethyl-3-(trifluoromethyl)thio] 9H —carbazole (4.2.421)

sCFs

N
_
Compound 4.2.4-21 was prepared following the standard procedurertistg from

9-ethyF9H—-carbazot3—-diazonium tetrafluoroborate [CAS: 1157A0-0] (309 mg, 1.00
mmol). After purification4.2.4-21 was isolated as colourless solid (195 mg, 0.66 m&®©8%).

m.p. 71-72 °C; Rf (SiO,, hexane:diethyl ether = 4:10:.26; '"H-NMR (400 MHz, CDC}):
J= 8.45 (d,"J(H,H)=1.8 Hz, 1H), 8.15 (J(H,H)=7.8 Hz, 1H), 7.78 (dd;"J(H,H)=8.5, 1.8 Hz,
1H), 7.57 (m, 1H), 7.44 (BI(H,H)=8.3 Hz, 1H), 7.41 (d3J(H,H)=8.5 Hz, 1H), 7.35 (d,
34)(H,H)=7.5, 0.9 Hz, 1H), 4.32 (¢J(H,H)=7.2 Hz, 2H), 1.45 ppm (£J(H,H)=7.2 Hz, 3H);
F-NMR (376 MHz, CDC)): = -43.9 ppm;**C-NMR (101 MHz, CDC}): J= 141.0, 140.3,
133.7, 130.0 (q;J(C,F)=308.8 Hz, 1C), 129.5, 126.6, 123.8, 122.10.62119.7, 112.4 (q,
3)(C,F)=1.8 Hz, 1C), 109.2, 108.8, 37.6, 13.7 ppi;(KBr): v= 2975 (w), 1475 (s), 1449 (s),
1234 (s), 1134 (vs), 1124 (vs), 1108 (vs), 744,(V8P (vs), 604 cit (s);MS (lon trap, El): m/z
(%) = 296 [M] (6), 295 (100), 281 (5), 280 (31), 227 (7), 228) 69 (14)HRMS-EI (TOF)
(m/2): [M™] caled for GsH12N1F332S, 295.0637; found, 295.0636.

Synthesis of methyl J(trifluoromethyl)thio]thiophene-2-carboxylate (4.2.422)

SCF
4
S COZMe

3

Compound 4.2.4-22 was prepared following the standard procedurertistg from
2—-(methoxycarbonyl)thiopher8-diazonium tetrafluoroborate [CAS: 1004&D-9] (256 mg,
1.00 mmol). After purification4.2.4-22 was isolated as colourless liquid (142 mg, 0.59am
59%).

Rf (SiO,, hexane:diethyl ether = 4:10.33; *H-NMR (400 MHz, CDC}): J= 7.60 (d,
3J(H,H)=5.3 Hz, 1H), 7.25 (dg*J(H,H)=5.3 Hz, °J(H,F)=1.4 Hz, 1H), 3.91 ppm (s, 3H);
F—NMR (376 MHz, CDC}): = -41.4 ppm;"*C-NMR (101 MHz, CDC}): = 161.7, 131.7,
130.6 (9,°J(C,F)=1.8 Hz, 1C), 129.6 (4J(C,F)=308.8 Hz, 1C), 129.2 (§)(C,F)=1.8 Hz, 1C),
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128.4, 52.5 ppmiR (NaCl): v= 3105 (m), 2957 (s), 1701 (vs), 1501 (s), 1439 1407 (s),
1274 (s), 1152 (s), 1136 (s), 1106 ¢rts); MS (lon trap, El): m/z (%) = 243 [N (10), 241
(100), 211 (50), 173 (42), 143 (11), 142 (15), B9){HRMS-EI (TOF) (m/2: [M*] calcd for
C/Hs0,F332S, 241.9675; found, 241.9678.

Synthesis oR-(Trifluoromethyl)thio]benzothiazolg4.2.4-23)

[CAS: 63647-63-2]

NYSCF3
as

Compound 4.2.4-23 was prepared following the standard procedurertistg from
1,3-benzothiazole2-diazonium tetrafluoroborate [CAS: 29162-2] (249 mg, 1.00 mmaol).
After purification,4.2.4-23 was isolated as colourless solid (98 mg, 0.42 mAZo).

m.p. 36-37 °C;Rf (SiO,, hexane:diethyl ether = 4:10.40; '"H-NMR (400 MHz, CDC}):
J= 8.15 (d,J(H,H)=8.0 Hz, 1H), 7.91 (fJ(H,H)=8.0 Hz, 1H), 7.54 ppm (m, 2H’F-NMR
(376 MHz, CDCh): J= -40.2 ppm;**C-NMR (101 MHz, CDC}): o= 153.1, 151.7 (q,
3)(C,F)=2.7 Hz, 1C), 137.9, 129.7 ({I(C,F)=310.6 Hz, 1C), 127.0, 126.7, 124.1, 121.3 ppm
MS (lon trap, El): m/z (%) = 236 [K] (19), 235 (27), 166 (100), 122 (16), 108 (24),(89), 63
(12); HRMS-EI (TOF): m/z [M7] calcd. for GH4FsNS,, 234.9737; found, 234.9740.
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6.11. Pd(dippf)maleimide as highly selective catalyst fothe monoarylation

of primary amines

6.11.1. General Methods

9H-fluoren-2—amine @.3.2-2e, CAS: 153-78-6), 2-dibenzofuranamine4(3.2-2f, CAS:
3693-22-9) and 2dibenzothiophenamine4@3.2-2g, CAS: 742891-3) were synthesised
following standard procedur&$?33 All other starting materials were commercially éatale.
The liquid compounds were fractionally distillediqorto use, the solids were used without
further purification.

6.11.2. TLC studies

For the TLC studies, small samples of the reactiortures were taken, diluted in ethyl
acetate, washed with water and deposited on the #&de. The compounds were eluted by
hexane/ethyl acetate = 4:1.

aryl bromide
tertiary amine

product (secondary amine)
amine or decomposed product

catalyst

amine aryl bromide

Since the separation on Si@ways led to the partial decomposition of their@elssecondary

amines, basic AD; was used for the column chromatography. The sgigheof
9,9-dimethy-N—(4—-(9—-phenyt9H-carbazot3-yl)phenyl)-9H-fluoren-2-amine  @.3.2-3f)
was chosen as the model reaction.

Ph Pd(dba), (0.2mol%)  Ph
N dippf (0.2 mol%) N
‘ NaOtBu (1.2 equ.) O
. -
O O’ toluene Q ’
H,N 16h, 70°C N
Br H
4.3.2-1a 4.3.2-2a 4.3.2-3f
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Influence of the reaction temperature: Comparisortwveen dippf and dppf

The starting materials were completely consumest 4% h at 70 °C. The reaction with dippf

only led to the formation of the secondary aminppDwas far less selective.

-Pr
dippf dppf @P\‘, By
-Pr Fe
N
P—@
25 &0 TOC
dippf
fF'h
Nl
Fle Ph
dppf

Catalyst loading

At 70 °C, 0.2 mol% of the Patatalyst was needed for the full conversion. Tleetien also

works in 1,4-dioxane and mixtures of toluene and-dibxane.

100°C 0°c

70°C 100°C 70°C 100°C

0.1% 0.2% 03% 0.4% 0.1% 0.1% 0.2% 0.3% 0.4% 0.1%

1,4—di0xane toluene 1.4-dioxane toluene

Ligand Screening

The catalyst screening was repeated for the syistliécompoun.3.2-3f. The catalysts
Pd(dbay/dippf and Pd(dippf)maleimide/dippf formed the dedi product selectively at 70 °C
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and 80 °C. The reaction with Pd(dippf)maleimidenalavas not finished after 16 h. All other
catalysts formed the diarylated product as byprbdspot above the product) or were less

reactive.

0.2 mol% Pd{dba); + 0.2 mol% dippf
0.2 mol% Pd{dippfimaleimide + 0.2 mol% dippf
0.2 mol% Pd{dippfimaleimide

[N e QY

0.2 mol% Pd{dba); + 0.2 mol% dippf, 80°C
0.2 mol% Pd{dippfimaleimide + 0.2 mol% dippf, 80°C
0.2 mol% Pd{dippfmaleimide, 80°C

oy e

0.2 mol% Pd{dba)z + 0.2 mol% deyppf
0.2 mol% Pd{dba)z + 0.2 mol% dtBuppf
0.2 mol% Pd{dba); + 0.2 mol% dppf

0 0.2 mol% Pd{dba); + 0.2 mol% XantPhos

== D 0O =

0.2 mol% Pd{dba), + 0.2 mol% (BuJohnPhos
0.2 mol% Pd{dba), + 0.2 mol% XPhos
0.2 mol% Pd{dba), + 0.2 mol% CyBretiPhos
0.2 mol% Pd(dba), + 0.2 mol% RuPhos
0.2 mol% Pd(dba), + 0.2 mol% MorDalPhos
0.2 mol% Pd(dba), + 0.2 mol% BINAP
0.2 mol% Pd(PtBua):
0.2 mol% [Pd(uwBr)(PiBus)]»
0.2 mol% (IPr)Pd(allyl)Cl

0 0.2 mol% (IPr)Pd(cinnamyl)Cl

Reactivity of Pd(dippf)maleimide

After these findings, the reactivity of Pd(dippfieianide was further investigated. As can be
seen on the TLC plate, the addition of 0.1 mol%dipipf to 0.2 mol% Pd(dippf)maleimide is
sufficient for the full conversion of the startintaterials.

0.3 mol% Pd(dippf)maleimide + 0.15 mol% dippf, 70°C
0.3 mol% Pd{dippf)maleimide + 0.3 mol% dippf, 70°C
0.3 mol% Pd(dippf)maleimide + 0.15 mol% dippf, 80°C

0.2 mol% Pd(dippfimaleimide + 0.1 mol% dippf, 70°C
0.2 mol% Pd(dippfimaleimide + 0.2 mol% dippf, 70°C
0.2 mol% Pd(dippf)maleimide + 0.1 mol% dippf, 80°C

0.2 mol% Pd(dba)2 + 0.2 mol% dippf, 70°C

123 45867 123 44587
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Pd(dippf)(vs)tol as catalyst solution

The TLC plate below shows, that the reaction cao @k catalysed by the catalyst solution
Pd(dippf)(vs)tol. While 0.1 mol% of palladium is tsufficient for the full conversion of the

starting materials, 0.2 mol% of palladium led te fuantitative conversion after 16h.

Pdidba}, 0.2 mol% 0.1 mol%
+dippf  PdidippTivs Pdidippfive

One-pot synthesis of the tertiary amines

The following reaction was monitored by TLC:

Ph
Pd(dba), (0.5 mol%) N
dippf (0.5 mol%) O
O NaOtBu (2 4 equ.) O O.
Q O’ toluene 20h, 80°C N
H,N then 24h, 120°C
4.3.2-1a 4.3.2-2a

The TLC plates show the following: First, the startreaction without aryl chloride after

20 h. The secondary amine is formed selectivelywatitbut the diarylated byproduct.

Then 3 reactions with different amounts of the atyloride (1 equ., 1.1 equ. and 1.2 equ.)
were added to the reaction mixture after 20 hpfedld by 24 h at 120 °C. The full conversion of
the secondary to the tertiary amine was only oleskrwhen at least 1.1 equivalents of the third
coupling partner, the aryl chloride, were addece @ksired product is then accompanied by the

excess aryl chloride that can easily be distilléd The additional, lightblue signal underneath
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the tertiary amine originates in the decompositddrsmall amounts of the product in SiO

Therefore, the column chromatography was perforaredasic AJOs.

Finally, in the last 3 reactions, all the startimgterials were directly put together, heated to
80 °C for 20 h and then to 120 °C for 24 h. Agdinequ., 1.1 equ. and 1.2 equ. Of the aryl
chloride were employed. In this case, only the tieaowith 1.2 equivalents of the aryl chloride

led to the full conversion of the intermediate setary amine.

Addition
after 20h One-pot
' '

L L1 1

Exceszs aryl chicride
tertiary amine
decomposed tert. amine
secondary amine

decomposed sec. amine

legu. 1.1equ. 1.2equ
aryl chloride

6.11.3. Synthesis of Pd(dippf)maleimide (4.32)

1,1-Bis(diisopropylphosphino)ferrocene (dippf) (213 m@50 mmol) was dissolved in
diethyl ether (5 mL) and a solution of palladium{D)3-divinyl-1,1,3,3-tetramethyldisiloxane
(0.5 mL, 10.87% palladium) was added. The orangigtiea was stirred at room temperature for
1h and maleimide (99.1 mg, 1.00 mmol) in diethjleet(5 mL) was added at once. The mixture
was brought in an ultrasonic bath, which resultedhie immediate precipitation of a yellow
solid. After 10 minutes, the solid was allowed #&itle and the supernatant was removed via
syringe. The crude product was washed with dietftitler (3 x 5 mL) and drieth vacuo
(102 mbar) to obtain the title compound as yellow s¢281 mg, 0.47 mmol, 94%). Suitable
crystals for the crystal structural analysis webtamed by cooling a saturated solution of the
palladium complex in an acetonitrile/THF mixturel(bto—20°C for 24h.
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'H-NMR (400 MHz, dioxaneds): d= 7.78 (s, 1H), 4.39-4.33 (m, 6H), 4.30 (m, 2H}33.
(dd, J=4.9 Hz, 1.4 Hz, 2H), 2.45-2.37 (m, 2H), 2.22 (8.8 Hz, 2.0 Hz, 2H), 1.29 (d=7.0
Hz, 3H), 1.25 (dJ= 7.0 Hz, 3H), 1.21 (d}=7.0 Hz, 3H), 1.17 (m, 6H), 1.13 (&6.8Hz, 3H),
1.08 (d,J=7.0 Hz, 3H), 1.04 ppm (dI=6.8 Hz, 3H);"*C-NMR (101 MHz, dioxaneds): o=
177.2 (d,J=2.2 Hz, 1C), 81.5 (m, 1C), 74.9 (4.0 Hz, 2C), 73.4 (J)=2.9 Hz, 2C), 70.8 (m,
4C), 51.6 (t,J=11.7 Hz, 2C), 27.1 (d}=10.3 Hz, 1C), 27.0 (d, J=11.0 Hz, 1C), 25.7J<8.8
Hz, 1C), 25.6 (dJ=8.8 Hz, 1C), 21.0 (1)=2.9 Hz, 2C), 20.5 (1J=2.9 Hz, 2C), 20.0 (}=4.0 Hz,
2C), 19.8 ppm (tJ=1.5 Hz, 2C);*'P-NMR (162 MHz, dioxaneds): = 38.87 ppm (s, 2P);
CHN Anal. Calcd. for GgHzsFeNG,P,Pd: C 50.22, H 6.32, N 2.25; found: C 50.24, H 6181
2.37.

6.11.4. Preparation of the Pd(dippf)(vs)tol toluene solutio

The catalyst solution was prepared by the addiwiba Pd(vs) solution (0.5 mL, 10.87% Pd)
to dippf (214 mg, 0.50 mmol) in toluene (0.5 mLhe*'P-NMR showed several different
Pd(0)dippf species’’P-NMR (162 MHz, tolueneds): J = 32.54, 32.31, 32.25, 32.22, 32.13,
32.07, 32.00, 31.81, 31.77 ppm.

6.11.5. Synthesis of the secondary amines

Standard procedure for the synthesis of the diaaphines

A dry 20 mL crimp cap vessel was charged with thg laromide (1.00 mmol), the primary
amine (1.00 mmol), sodiutert-butoxide (118 mg, 1.20 mmol) and a magnetic stirdral was
kept in vacuo for 10 min. After three nitrogetvacuum cycles, a stock solution of
Pd(dippf)maleimide (1.24 mg, 0.002 mmol) and dig@pB85 mg, 0.002 mmol) in dry, distilled
toluene (2 mL) was added via syringe. The reaatiaxture was stirred at 70°C for 20h, cooled
to room temperature and diluted with dichloromethé0 mL) and water (30 mL). The aqueous
layer was separated and extracted with fresh dichiethane (2 x 20 mL). The combined
organic layers were dried over Mgg@ltered and concentrated vacuo(40°C, 500 mbar). The
crude product was further purified by flash chroogaaphy (basic AlDs, hexane:ethyl acetate or
hexane/diethyl ether), yielding the correspondingre (76-96%).
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Synthesis of 4methyl-N—phenylaniline (4.3.23a)

s¥es

Compound 4.3.2-3a was prepared following the standard procedurertistg from
4-bromotoluene4.3.2-1a) (175 mg, 1.00 mmol, 126 pL) and aniline3.2-2a) (93.1 mg, 1.00

[CAS: 620-84-8]

mmol, 91.2 pL). After column chromatography (hexetteyl acetate = 4:1)4.3.2-3a was
obtained as colourless solid (172 mg, 0.94 mmd&% P4

'H-NMR (400 MHz, chloroformd): o= 7.36 (m, 2H), 7.23-7.17 (m, 2H), 7.14-7.09 (m,
4H), 7.01 (tt,J=1.1 Hz, 7.3 Hz, 1H), 5.66 (s, 1H), 2.43 ppm (s);38C-NMR (101 MHz,
chloroform-d) d= 143.9, 140.2, 130.8, 129.8 (2C), 129.2 (2C), 22018.8 (2C), 116.8 (2C),
20.6 ppmMS (70 eV): m/z (%): 183 [M] (44), 182 (100), 167 (12), 91 (10), 63 (6), 54)(150
(10).

Synthesis of N,9,9triphenyl-9H -fluoren—2-amine (4.3.23b)

[CAS: 86046514-1]

SWas, ~
Compound 4.3.2-3b was prepared following the standard procedurerytistg from
bromobenzene  4(3.2-1b) (159 mg, 1.00 mmol, 106 pL) and
9,9-diphenyr9H-fluoren-2-amine 4.3.2-2b) (333 mg, 1.00 mmol). After column

chromatography (hexane:ethyl acetate = %13,2-3b was obtained as colourless solid (390 mg,
0.95 mmol, 95%).

m.p. 197198 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.584-NMR (400 MHz,
DMSO-dg) d= 8.37 (s, 1H), 7.76 (dI=8.0 Hz, 2H), 7.37 (d)}=7.7 Hz, 1H), 7.33 (t}=7.5 Hz,
1H), 7.30-7.17 (m, 9H), 7.16—7.09 (m, 5H), 7.06 {¢1.9 Hz, 1H), 7.02 (d]=7.7 Hz, 2H), 6.81
ppm (t,J=7.4 Hz, 1H);"*C-NMR (101 MHz, DMSG-ds) J= 152.1, 149.9, 145.8 (2C), 143.4,
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143.0, 140.1, 131.2, 129.2 (2C), 128.4 (4C), 123Q), 127.6, 126.6 (2C), 126.2, 125.8, 121.3,
120.0, 129.3, 116.9 (2C), 115.7, 114.1, 64.8 pliRny = 3388 (w), 1595 (m), 1489 (m), 1451
(m), 1351 (w), 1314 (s), 1236 (w), 752 (vs), 728 @99 cm® (vs); CHN Anal. Calcd. for
CaiH23N: C 90.92, H 5.66, N 3.42; found: C 90.97, H 5.M63.49.

Synthesis of N{[1,1'-biphenyl]-4-yl)-9,9-dimethyl-OH —fluoren 2-amine (4.3.2-3c)

N
H

[CAS: 89767+69-1]

Compound 4.3.2-3c was prepared following the standard procedurerytisgg from
4-bromo-1,1-biphenyl @¢.3.2-1¢) (259 mg, 1.00 mmol) and
9,9-dimethyF9H-fluoren-2—-amine @.3.22c) (209 mg, 1.00 mmol). After column
chromatography (hexane:diethyl ether = 2413.2-3c was obtained as colourless solid (323 mg,
0.89 mmol, 89%).

m.p. 140-141 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.584-NMR (400 MHz,
chloroform-d) 0= 7.72 —7.63 (m, 4H), 7.59 (m, 2H), 7.51744 (m, 3H), 7.37 (m, 2H), 7.32 (t,
J=7.0 Hz, 1H), 7.25 (br. s, 1H), 7.22 @8.3 Hz, 2H), 7.13 (br. d}=7.5 Hz, 1H), 5.92 (br. s,
1H), 1.54 ppm (s, 6H)**C-NMR (101 MHz, chloroformd) J= 155.3, 153.1, 142.7, 142.1,
140.8, 139.2, 133.5, 132.8, 128.7 (2C), 128.0 (229.9, 126.6, 126.5 (2C), 126.1, 122.4, 120.8,
119.1, 117.6 (2C), 117.2, 112.6, 46.8, 27.2 ppm);(B v = 3372 (m), 2954 (w), 1604 (m),
1521 (m), 1461 (m), 1308 (s), 828 (s), 766 (Vs &&), 701 crt (vs); CHN Anal. Calcd. for
Co7/H23N: C 89.71, H 6.41, N 3.87; found: C 89.69, H 6.873.84.

Synthesis of N{(9,9-dimethyl-OH -fluoren-2-yl)phenanthren9-amine (4.3.23d)

odx

N
H

[CAS: 137277826-1]

Compound 4.3.2-3d was prepared following the standard procedurertistg from
9-bromophenanthrend (3.2-1d) (268 mg, 1.00 mmol) and %8imethyF9H-fluoren-2—-amine
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(4.3.2-20) (209 mg, 1.00 mmol). After column chromatograghgxane:diethyl ether = 2:1),
4.3.2-3d was obtained as tan solid (335 mg, 0.87 mmol, 87%)

m.p. 132-133 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.634-NMR (400 MHz,
DMSO-dg) d= 8.86 (m, 1H), 8.72 (m, 1H), 8.42 (s, 1H), 8.37,(@=8.2 Hz, 1.1 Hz, 1H),
7.77-7.65 (m, 5H), 7.63 (s, 1H), 7.51 (m, 2H), 7.45Jd7.5 Hz, 1H), 7.32 (dJ=2.0 Hz, 1H),
7.27 (dtJ=7.5 Hz, 1.1 Hz, 1H), 7.20 (di=7.3 Hz, 1.0 Hz, 1H), 7.13 (dd=8.3 Hz, 2.0 Hz, 1H),
1.40 ppm (s, 6H)*C-NMR (101 MHz, DMSG-ds) J= 154.7, 152.7, 144.6, 139.0, 137.8,
132.5, 131.0, 130.8, 127.5, 127.1, 127.1, 127.6,92126.6, 126.4, 125.8, 124.5, 123.3, 123.3,
122.6, 122.5, 120.9, 118.9, 116.8, 112.4, 111.B8,45.1 ppm (2C)R v = 1610 (w), 1600 (w),
1461 (m), 1447 (m), 1424 (w), 1319 (m), 1300 ()33 (w), 734 (vs), 722 crh (vs); CHN
Anal. Calcd. for GgH23N: C 90.35, H 6.01, N 3.63; found: C 89.98, H 6.813.49.

Synthesis of (4(9,9-dimethyl-OH —fluoren -2-yl)amino)phenyl)(phenyl)methanone

(4.3.2-3e)

N
H

Compound 4.3.2-3e was prepared following the standard procedurerytisga from
4-bromobenzophenone 4.3.21¢ (269 mg, 1.00 mmol) and
9,9-dimethyF9H-fluoren-2—-amine @.3.22c) (209 mg, 1.00 mmol). After column
chromatography (hexane:diethyl ether = 123.2-3e was obtained as yellow solid (296 mg,
0.76 mmol, 76%).

m.p. 206-207°C; Rf (SiO;, hexane:ethyl acetate = 4:1): 0.384-NMR (400 MHz,
DMSO-ds) 0= 9.08 (s, 1H), 7.80-7.45 (m, 10H), 7.41-7.35 (id),17.33—-7.13 (m, 5H), 1.43
ppm (s, 6H);*C-NMR (101 MHz, DMSG-ds) d= 193.6, 154.8, 152.9, 148.7, 140.6, 138.5
(2C), 132.9, 132.4 (2C), 131.5, 129.0 (2C), 128B3)( 127.0, 126.7, 126.4, 122.6, 120.9, 119.3,
118.6, 114.1, 113.9 (2C), 46.4, 26.9 ppm (2R);v = 3345 (m), 1587 (m), 1563 (s), 1444 (m),
1313 (s), 1280 (vs), 1148 (s), 830 (m), 731 (v8B 6m™* (s); CHN Anal. Calcd. for GgH23sNO:

C 86.34, H 5.95, N 3.60; found: C 86.05, H 6.1(8.BR.
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Synthesi®of9,9-dimethyl-N H4—9-phenyl-OH —carbazoF3-yl)phenyl)OH fluoren-2-amine
(4.3.2-3f) [CAS: 135465333-0]

Q
N
g
o o
Compound 4.3.2-3f was prepared following the standard procedurerstisga from

3—-(4-bromophenyh9-phenytOH-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and
9,9-dimethyF9H-fluoren-2—-amine @.3.22¢c) (209 mg, 1.00 mmol). After column
chromatography (hexane:diethyl ether = 1413.2-3f was obtained as colourless solid (496 mg,

0.94 mmol, 94%).

m.p. 196-197 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.4H-NMR (400 MHz,
chloroform-d) = 8.41 (d,J=1.3 Hz, 1H), 8.26 (dJ=7.8 Hz, 1H), 7.75-7.60 (m, 9H), 7.55-7.44
(m, 5H), 7.41-7.21 (m, 6H), 7.13 (@7.0 Hz, 1H), 5.91 (s, 1H), 1.55 ppm (s, 6EC-NMR
(101 MHz, DMSG-ds) 6= 154.8, 152.6, 143.1, 142.3, 140.5, 139.1, 13836,9, 132.6, 132.1,
130.7, 130.2 (2C), 127.6, 127.5 (2C), 126.9, 128(®), 126.3, 125.8, 124.6, 123.4, 123.0, 122.5,
120.9, 120.8, 120.1, 118.8, 117.6, 117.2 (2C), 1,1511.1, 109.9, 109.7, 46.3, 27.1 ppm (2C);
IR v=1598 (m), 1500 (s), 1451 (s), 1303 (m), 1230884 (vs), 750 (s), 744 (s), 731 (vs), 699
cm™ (vs); CHN Anal. Calcd. for GsHsoNy: C 88.94, H 5.74, N 5.32; found: C 88.79, H 586,
5.19.

Synthesi®f N+4~(9-phenyl-9H —carbazoF3-yl)phenyl)-{1,1'-biphenyl]4-amine
(4.3.2-3g) [CAS: 116029496-1]

S, o

H
Compound 4.3.2-3g was prepared following the standard procedurerytista from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and
[1,1-biphenyl}-4—amine @.3.2-2d) (169 mg, 1.00 mmol). After column chromatography
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(hexane:diethyl ether = 1:14.3.2-3g was obtained as colourless solid (462 mg, 0.95 immo
95%).

m.p. 179-180 °C; Rf (SiO;, hexane:ethyl acetate = 4:1): 0.484-NMR (400 MHz,
DMSO-dg) o= 8.53 (d,J=1.3 Hz, 1H), 8.47 (s, 1H), 8.35 (@7.5 Hz, 1H), 7.74-7.53 (m, 12H),
7.47-7.38 (m, 5H), 7.34-7.19 ppm (m, 6HE-NMR (101 MHz, DMSG-ds) d= 143.0, 142.9,
141.9, 140.5, 140.1, 139.1, 136.9, 132.6, 132.5,201330.2 (2C), 128.9 (2C), 127.6, 127.5 (2C),
127.4 (2C), 126.6 (2C), 126.4 (2C), 125.8 (2C),.12423.4, 123.0, 120.8, 120.1, 117.7, 117.5
(2C), 116.8, 110.0, 109.7 ppnR v = 1597 (s), 1501 (vs), 1474 (s), 1451 (vs), 1303 1231
(s), 1178 (m), 807 (vs), 757 (vs), 698 ¢nvs); CHN Anal. Calcd. for GeHo¢No: C 88.86, H
5.39, N 5.76; found: C 88.49, H 5.39, N 5.68.

Synthesis of N{4<9—phenyl-9H —carbazok3-yl)phenyl)-9H -fluoren 2-amine (4.3.2-3h)

o

N
H

Compound 4.3.2-3h was prepared following the standard procedurerytistg from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and
9H-fluoren-2-amine @.3.2-2¢) (181 mg, 1.00 mmol). After column chromatography
(hexane:diethyl ether = 1:14,3.2-3h was obtained as colourless solid (460 mg, 0.92 inmo
92%).

m.p. 192-193 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.484-NMR (400 MHz,
DMSO-ds) 3= 8.54 (d,J=1.5 Hz, 1H), 8.44 (s, 1H), 8.35 (@7.8 Hz, 1H), 7.77—7.63 (M, 9H),
7.55 (m, 1H), 7.51 (dJ=7.5 Hz, 1H), 7.47—7.36 (m, 4H), 7.31 (m, 2H), 7(86J=8.8 Hz, 2H),
7.20 (dt,J=7.5 Hz, 1.3 Hz, 1H), 7.15 (dd=8.3 Hz, 2.0 Hz, 1H), 3.87 ppm (s, 2HJC-NMR
(101 MHz, DMSG-dg) 0= 144.6, 142.7, 142.3, 142.2, 141.5, 140.5, 138386,9, 133.3, 132.6,
132.2, 130.2 (2C), 127.6, 127.5 (2C), 126.7, 12B3), 126.4, 125.3, 124.9, 124.7, 123.4, 123.0,
120.8, 120.7, 120.1, 118.8, 117.6, 117.4 (2C),3,1715.9, 113.1, 110.0, 109.7 ppi&, v =
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1596 (m), 1499 (s), 1451 (vs), 1317 (m), 1226 ()8 (m), 815 (s), 767 (s), 740 (vs), 731tm
(vs); CHN Anal. Calcd. for G/H26N2: C 89.13, H 5.26, N 5.62; found: C 88.83, H 5185.54.

Synthesi®f 9,9-diphenyl-N (4—(9-phenyl-OH —carbazo3-yl)phenyl)-OH fluoren2-amine
(4.3.2-3i) [CAS: 144783887-0]

A dry 20 mL crimp vessel as charged with
3-(4-bromophenyh-9-pheny-9H-carbazole 4.3.2—1f) (398 mg, 1.00 mmol),
9,9-dipheny9H-fluoren-2-amine 4.3.2-2b) (333 mg, 1.00 mmol), sodiurtert-butoxide
(118 mg, 1.20 mmol) and a magnetic stir bar and kegasin vacuofor 10min, followed by three
nitrogen-vacuum cycles. A stock solution of Pd(dippf)mala&mi(1.24 mg, 0.002 mmol) and
dippf (0.85 mg, 0.002 mmol) in dry, distilled tohe (3 mL) was added via syringe and the
mixture was stirred at 70°C for 24h until TLC analy showed full conversion of the starting
materials. After cooling to room temperature, dyetlether (15 mL) was added and the
precipitate was filtered off, washed with water (&), ethanol (15 mL) and diethyl ether
(15 mL). The crude product was recrystallized frowt toluene and drieth vacuo (70°C,
102 mbar) for 24 h to yield the title compoudd.2-3i as colourless solid (605 mg, 0.93 mmol,
93%).

m.p. 270-271 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.334-NMR (400 MHz,
DMSO-dg) = 8.55 (d,J=7.5 Hz, 2H), 8.34 (dJ=7.8 Hz, 1H), 7.77 (t}=8.8 Hz, 2H), 7.70-7.58
(m, 7H), 7.50 (m, 1H), 7.44-7.13 ppm (m, 21C-NMR (101 MHz, dioxaneds) o= 153.8,
151.6, 147.3 (2C), 144.6, 142.9, 142.1, 141.3,8,4038.8, 134.9, 134.1, 133.3, 130.7 (20C),
129.1 (4C), 129.1 (4C), 129.0, 128.7 (2C), 12828.1, 128.0 (2C), 127.3 (2C), 127.1, 126.8,
126.8, 125.6, 124.8, 124.5, 121.9, 121.2, 120.8,02118.7 (2C), 116.9, 115.9, 110.7, 110.6,
66.3 ppm;IR v = 3413 (w), 1596 (m), 1475 (m), 1455 (s), 1320, (kD27 (m), 761 (vs), 753
(vs), 746 (vs), 697 ci (vs); CHN Anal. Calcd. for GeHasN2: C 90.43, H 5.27, N 4.30; found:

C 90.15, H 5.52, N 4.18.
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Synthesis of NM{4—<9—henyl-9H -carbazol3-yl)phenyl)dibenzo[b,d]furar2-amine
(4.3.2-3))

Q
o
A0
Compound 4.3.2-3] was prepared following the standard procedurertirsga from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and
2-dibenzofuranamine 4(3.2-2f) (183 mg, 1.00 mmol). After column chromatography

(hexane:diethyl ether = 1:1%.3.2-3] was obtained as colourless solid (442 mg, 0.88 immo
88%).

m.p. 153-154 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.434-NMR (400 MHz,
DMSO-dg) 0= 8.72 (s, 1H), 8.55 (d=1.5 Hz, 1H), 8.35 (dJ=7.8 Hz, 1H), 7.99-7.93 (m, 2H),
7.77-7.62 (m, 7H), 7.60 (dJ=8.0 Hz, 1H), 7.54 (m, 1H), 7.47-7.27 (m, 9H), 7d@n (dd,
J=8.5 Hz, 1.8 Hz, 1H)**C-NMR (101 MHz, DMSG-d¢) d= 157.1, 155.3, 144.0, 141.6, 140.5,
139.2, 136.9, 133.0, 132.5, 130.2 (2C), 127.6,322C), 126.6 (2C), 126.4, 125.6, 124.7, 124.2,
123.4, 123.0 (2C), 121.6, 120.8, 120.1, 119.7,@18C), 117.7, 115.5, 113.1, 111.2, 110.0,
109.7, 97.9 ppmR v = 1636 (w), 1598 (m), 1500 (s), 1456 (vs), 1327, (1235 (m), 1123 (m),
808 (s), 746 (vs), 694 cm(s); CHN Anal. Calcd. for GsH2aN,0: C 86.38, H 4.83, N 5.60;
found: C 86.02, H 5.04, N 5.43.

Synthesis of NM{4—<9—henyl-9H —carbazol3-yl)phenyl)dibenzo[b,d]thiopherR2-amine
(4.3.2-3k)

2

N
H
Compound 4.3.2-3k was prepared following the standard procedurerytistg from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and
2-dibenzothiophenamine43.2-2g) (199 mg, 1.00 mmol). After column chromatography
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(hexane:diethyl ether = 1:14.3.2-3k was obtained as colourless solid (496 mg, 0.96 inmo
96%).

m.p. 121-122 °C; Rf (SiO;, hexane:ethyl acetate = 4:1): 0.4%-NMR (400 MHz,
DMSO-dg) 0= 8.54 (d,J=1.5 Hz, 1H), 8.51 (s, 1H), 8.35 (@7.5 Hz, 1H), 8.25 (m, 1H), 8.07
(d, J=2.0 Hz, 1H), 7.99 (m, 1H), 7.89 (&:38.5 Hz, 1H), 7.75-7.63 (m, 7H), 7.55 (m, 1H), 7.48
(m, 2H), 7.45-7.37 (3H), 7.36-7.27 ppm (m, 4HE-NMR (101 MHz, DMSG-ds) d= 142.7,
141.0, 140.5, 139.5, 139.1, 136.9, 136.0, 134.92,61.3132.1, 130.2 (2C), 129.7, 127.6, 127.5
(2C), 126.9, 126.6 (2C), 126.4, 124.7, 124.5, 12323.4, 123.1, 123.0, 121.9, 120.8, 120.1,
119.0, 117.6, 116.8 (2C), 110.0, 109.7, 109.2 piptny = 1599 (s), 1500 (vs), 1472 (vs), 1452
(vs), 1228 (vs), 802 (vs), 759 (vs), 745 (s), 786),(697 cm® (vs); CHN Anal. Calcd. for
CseH24N2S: C 83.69, H 4.68, N 5.42, S 6.21; found: C 83H4,76, N 5.35, S 6.31.

Synthesis of 9ethyl-N <4 —+9—-phenyl-9H -carbazol3-yl)phenyl)-9H -carbazo3-amine

(4.3.2-3)
NEt
sleud

N
Compound 4.3.2-31 was prepared following the standard procedurerytisga from
3—-(4-bromophenyh9-phenytOH-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and

9-ethyF9H-carbazot2—amine ¢.3.2-2h) (221 mg, 1.00 mmol). After column chromatography
(hexane:ethyl acetate = 2:#)3.2-3| was obtained as tan solid (502 mg, 0.95 mmol, 95%)

m.p. 139-140 °C; Rf (SiO;, hexane:ethyl acetate = 4:1): 0.4H-NMR (400 MHz,
DMSO-dg) 0= 8.50 (d,J=1.5 Hz, 1H), 8.33 (d)=7.8 Hz, 1H), 8.14 (s, 1H), 8.11 (d7.5 Hz,
1H), 7.96 (d,J=2.0 Hz, 1H), 7.72-7.61 (m, 7H), 7.58-7.51 (m, 3M¥6-7.37 (m, 4H),
7.35-7.27 (m, 2H), 7.17-7.11 (m, 3H), 4.41 @7.0 Hz, 2H), 1.31 ppm (=7.0 Hz, 3H);
3C-NMR (101 MHz, DMSG-ds) 0= 144.6, 142.7, 142.3, 142.2, 141.5, 140.5, 1393869,
133.3, 132.6, 132.2, 130.2 (2C), 127.6, 127.5 (229.7, 126.6 (2C), 126.4, 125.3, 124.9, 124.7,
123.4, 123.0, 120.8, 120.7, 120.1, 118.8, 117.6,4.1{2C), 117.3, 115.9, 113.1, 110.0, 109.7,
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36.5 ppm;IR v = 1597 (m), 1490 (s), 1472 (vs), 1450 (vs), 1326, 1299 (m), 1227 (vs), 799
(s), 744 (s), 697 cim (s); CHN Anal. Calcd. for GsHzoN3: C 86.50, H 5.54, N 7.96; found: C
86.32, H5.63, N 7.90.

Synthesis of N-phenyl-N?~4~(9—-phenyl-9H —carbazol3-yl)phenyl)benzenel, 2-diamine
(4.3.2-3m)

Y
ch

H HN\©
Compound 4.3.2-3m was prepared following the standard procedurertisga from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol) and
N'-phenylbenzenel,2-diamine ¢.3.2-2i) (188 mg, 1.00 mmol). After column chromatography
(hexane:ethyl acetate = 2:#)3.2-3m was obtained as tan solid (423 mg, 0.84 mmol, 84%)

m.p. 92-93 °C;Rf (SiO,, hexane:ethyl acetate = 4:1): 0.53-NMR (400 MHz, DMSG-dg)
0= 8.49 (d,J=1.5 Hz, 1H), 8.33 (d}=7.8 Hz, 1H), 7.72-7.61 (m, 7H), 7.53 (m, 1H), %=4B7
(m, 4H), 7.36 (s, 1H), 7.34-7.26 (m, 3H), 7.19 @H), 7.10 (d,J=8.5 Hz, 2H), 6.99 (ddJ=8.7
Hz, 0.9 Hz, 2H), 6.94 (m, 2H), 6.76 ppm (m, 1HE-NMR (101 MHz, DMSG-ds) o= 144.5,
143.4, 140.5, 139.0, 136.9, 134.6 (2C), 132.7,6,3130.2 (2C), 129.0 (2C), 127.6, 127.3 (2C),
126.6 (2C), 126.3, 124.6, 123.4, 123.0, 122.1,Q,2220.8, 120.1, 119.9 (2C), 119.0, 117.5,
116.7 (2C), 116.2 (2C), 109.9, 109.6 pdR; v = 1592 (m), 1498 (s), 1475 (s), 1452 (s), 1300
(m), 1231 (m), 1177 (w), 804 (m), 743 (vs), 695 tifs); CHN Anal. Calcd. for GgHx/N3: C
86.20, H 5.43, N 8.38; found: C 85.82, H 5.62, RP8.

6.11.6. Synthesis of tertiary amines

Standard procedure for the synthesis of tertiary im@s

A dry 20 mL crimp cap vessel was charged with thg laromide (1.00 mmol), the primary

amine (1.00 mmol), sodiutert-butoxide (235 mg, 2.40 mmol) and a magnetic stirdra was
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kept in vacuo for 10 min. After three nitrogeivacuum cycles, a stock solution of
Pd(dippf)maleimide (3.11 mg, 0.005 mmol) and difpfl3 mg, 0.005 mmol) in dry, distilled
toluene (2 mL) was added via syringe. The reactrorture was stirred at 80 °C for 20 h,
whereupon a solution of the second aryl halideQ(Iritmol) in toluene (0.5 mL) was added via
syringe. The temperature was increased to 120 8Cttee mixture was stirred for another 24 h,
then allowed to cool to room temperature and diluéth dichloromethane (30 mL) and water
(30 mL). The aqueous layer was separated from thganac layer and extracted with fresh
dichloromethane (2 x 20 mL). The combined orgaayets were dried over MgGTiltered and
concentratedn vacuo (40 °C, 500 mbar). The crude product was furtherifipd by flash
chromatography (basic ADs;, hexane/ethyl acetate), yielding the correspontiéngary amines
(75-96%).

Synthesis of 4methoxy-N —phenylHN <p-tolyl)aniline (4.3.2-9a)

[CAS: 97126-56-2]
QL

s

OMe

Compound 4.3.2-9a was prepared following the standard procedurertista from
4-bromotoluene 4.3.2-1a) (175 mg, 1.00 mmol, 126 pL), anilind.8.2-2a) (93.1 mg, 1.00
mmol, 91.2 pL) and -dbromo-4-methoxybenzene4(3.2-1g) (206 mg, 1.10 mmol, 138 pL).
After column chromatography (hexane:ethyl acetatel}, 4.3.2-9a was obtained as colourless
solid (276 mg, 0.95 mmol, 95%).

'H-NMR (400 MHz, chloroformd) d=7.26 (m, 2H), 7.17-7.03 (m, 8H), 6.97 (m, 1HRG.
(m, 2H), 3.86 (s, 3H), 2.38 ppm (s, 3HC-NMR (101 MHz, chloroformd) = 155.8, 148.4,
145.5, 141.0, 131.8, 129.7 (2C), 128.9 (2C), 128@), 123.8 (2C), 122.0 (2C), 121.1, 114.6
(2C), 55.4, 20.7 ppmMS (70 eV): m/z (%): 290 [M (20), 289 (92), 275 (22), 274 (100), 77
(6), 51 (7), 50 (5).
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Synthesis of N{[1,1'-biphenyl]-4-yl) -9,9-dimethyl-N {(4—<9—-henyl-OH —carbazol3-
yl)phenyl)-9H-fluoren 2-amine (4.3.29b) [CAS: 124205642-3]

@
g

Compound 4.3.29b was prepared following the standard procedurerytistg from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmoal),
9,9-dimethyF9H-fluoren-2—amine @.3.2-20) (209 mg, 1.00 mmol) and
4-bromo-1,1-biphenyl @4.3.2-1c) (262 mg, 1.10 mmol). After column chromatography
(hexane:ethyl acetate = 4:1)3.2-9b was obtained as beige solid (624 mg, 0.92 mmak)92

m.p. 155-156 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.634-NMR (400 MHz,
DMSO-ds) 6= 5.58 (d,J=1.5 Hz, 1H), 8.34 (dJ=7.8 Hz, 1H), 7.79-7.60 (m, 13H), 7.54 (m,
2H), 7.47-7.37 (m, 5H), 7.36-7.24 (m, 5H), 7.19J&B.8 Hz, 2H), 7.15 (dJ=8.5 Hz, 2H), 7.06
(dd, J=8.0 Hz, 2.0 Hz, 1H), 1.39 ppm (s, 6H{C-NMR (101 MHz, DMSG-ds) o= 154.9,
153.2, 146.8, 146.4, 145.9, 140.6, 139.5, 139.8,213136.8, 135.4, 134.1, 134.1, 132.0, 130.2
(2C), 128.9 (2C), 127.7 (2C), 127.7, 127.6 (2C){.12127.0, 126.7, 126.6 (2C), 126.4, 126.2
(2C), 124.9, 124.3, 123.6, 123.4, 123.4 (2C), 1222.7, 121.2, 120.8, 120.2, 119.6, 118.8,
118.2, 110.0, 109.7, 99.5, 46.5, 26.8 ppm (2R);v = 1599 (m), 1484 (s), 1474 (s), 1458 (s),
1449 (vs), 1298 (m), 1232 (s), 760 (s), 735 (v8F 6m " (vs);: CHN Anal. Calcd. for G HsgNy:

C 90.23, H5.64, N 4.13; found: C 90.27, H 5.464.10.
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Synthesis of N{2-fluoro H{1,1'-biphenyl]-4-yl) -9,9-dimethylHN {(4—<9—-phenyl-9H-
carbazok3-yl)phenyl)-9H —fluoren 2-amine (4.3.29c¢)

<
s

Compound 4.3.229c was prepared following the standard procedurertirsgg from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmoal),
9,9-dimethyF9H-fluoren-2—amine @.3.2-20) (209 mg, 1.00 mmol) and
4-bromo-2—fluoro-1,1-biphenyl @.3.2-1h) (282 mg, 1.10 mmol). After column
chromatography (hexane:ethyl acetate = %13,2-9c was obtained as beige solid (655 mg, 0.94
mmol, 94%).

m.p. 171-172 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.624-NMR (400 MHz,
DMSO-ds) = 8.58 (d,J=1.5 Hz, 1H), 8.33 (d)=7.8 Hz, 1H), 7.77 (m, 4H), 7.69 (m, 3H), 7.62
(m, 2H), 7.53 (m, 4H), 7.46-7.22 (m, 13H), 7.1 (@8.3 Hz, 2.0 Hz, 1H), 6.89 (dd=8.5 Hz,
2.3 Hz, 1H), 6.82 (ddJ=13.3 Hz, 2.3 Hz, 1H), 1.39 ppm (s, 6HJC-NMR (101 MHz,
DMSO-dg) 0= 159.5 (d, J=245.8 Hz, 1C), 155.1, 153.3, 148,9410.3 Hz, 1C), 145.6, 145.1,
140.6, 139.5, 138.1, 136.8, 136.4, 135.0, 135.0%d,5 Hz, 1C), 131.8, 131.2 (d, J=5.9 Hz, 1C),
130.2 (2C), 128.6 (2C), 128.4 (d, J=3.7 Hz, 2C).222C), 127.7, 127.3, 127.1, 127.0, 126.6
(2C), 126.5, 125.1 (2C), 125.0, 124.4, 123.4, 1222.7, 121.4, 121.0 (d, J=13.9 Hz, 1C),
120.8, 120.2, 119.8, 119.7, 118.3, 117.7 (d, J¥z51C), 110.0, 109.7, 108.4 (d, J=25.7 Hz,
1C), 46.6, 26.7 ppm (2C}*F-NMR (376.5 MHz, DMSGdg) J= -116.70 ppm (s, 1IF)R v =
1600 (m), 1501 (m), 1474 (s), 1458 (s), 1449 (3L01(m), 1232 (m), 759 (s), 736 (s), 696 tm
(vs); CHN Anal. Calcd. for GiH3s7FN,: C 87.90, H 5.35, N 4.02; found: C 87.77, H 5/8(8.93.
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Synthesis of 9,9dimethyl-N —«(naphthalen-2-yl) -N +(4—<9-henyl-9H -carbazol-3-
yl)phenyl)-9H —fluoren-2-amine (4.3.29d)

Q
e

Compound 4.3.2-9d was prepared following the standard procedurertistg from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmoal),
9,9-dimethyF9H-fluoren-2—amine 4.3.2-2¢) (209 mg, 1.00 mmol) and-Bromonaphthalene
(4.3.2-1i) (230 mg, 1.10 mmol). After column chromatograpghgxane:ethyl acetate = 9:1),
4.3.2-9d was obtained as beige solid (628 mg, 0.96 mmal)96

m.p. 196-197 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.644-NMR (400 MHz,
DMSO-dg) 0= 8.58 (m, 1H), 8.33 (dJ=7.8 Hz, 1H), 7.84 (m, 2H), 7.77-7.60 (m, 10H),
7.577.47 (m, 3H), 7.46—7.35 (m, 5H), 7.34 (&2.0 Hz, 1H), 7.33-7.23 (m, 4H), 7.19 (8.5
Hz, 2H), 7.05 (ddJ=8.3 Hz, 2.0 Hz, 1H), 1.36 ppm (s, 6HJC-NMR (101 MHz, DMSG-ds)
0= 154.9, 153.2, 146.6, 146.1, 145.0, 140.6, 13938.3, 136.8, 135.4, 134.1, 134.0, 131.9,
130.2 (2C), 129.7, 129.1, 127.7 (2C), 127.7, 12U25,1, 126.9, 126.7, 126.6 (2C), 126.5, 126.4,
124.9, 124.6, 124.2 (2C), 124.0, 123.4, 123.3,9,2222.7, 121.2, 120.8, 120.2, 119.6 (2C),
118.5, 118.2, 110.0, 109.7, 46.5, 26.7 ppm (2R)y = 1597 (m), 1501 (m), 1458 (s), 1449 (s),
1299 (m), 1229 (m), 807 (m), 745 (s), 735 (vs), 687" (m); CHN Anal. Calcd. for GeHsgNy:

C 90.15, H 5.56, N 4.29; found: C 89.93, H 5.704.1M.
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Synthesis of N{(9,9-dimethyl-9OH fluoren -2-yl) N «(4~9-phenyl-OH -carbazol-3-
yl)phenyl)quinolin-6-amine (4.3.29¢)

o
e

g
Compound 4.3.2-9e was prepared following the standard procedureytisga from
3-(4-bromophenyh9-pheny-9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol),
9,9-dimethyF9H-fluoren-2—amine é.3.2-2c) (209 mg, 1.00 mmol) and-6hloroquinoline
(4.3.2-1)) (182 mg, 1.10 mmol). After column chromatograpghgxane:ethyl acetate = 2:1),

4.3.2-9ewas obtained as yellow solid (595 mg, 0.91 mmbY%}

m.p. 168-169 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.1#-NMR (400 MHz,
DMSO-ds) 0= 8.74 (ddJ=4.3 Hz, 1.8 Hz, 1H), 8.58 (d=1.5 Hz, 1H), 8.33 (d}=7.8 Hz, 1H),
8.14 (m, 1H), 7.93 (m, 1H), 7.78-7.60 (m, 9H), #B&7 (m, 4H), 7.45-7.35 (m, 5H),
7.34-7.20 (m, 5H), 7.08 (dd}=8.3 Hz, 2.0 Hz, 1H), 1.37 ppm (s, 6HJC-NMR (101 MHz,
DMSO-ds) 0= 155.0, 153.2, 148.7, 146.3, 145.7, 145.4, 1444).5, 139.4, 138.2, 136.8,
135.8, 134.7, 134.4, 131.8, 130.2 (2C), 130.1, @,2927.8 (2C), 127.6, 127.1, 126.8, 126.8,
126.6 (2C), 126.4, 124.9, 124.5 (2C), 123.6, 12320.9, 122.7, 121.7, 121.2, 120.8, 120.1,
119.6, 118.9, 118.3, 118.2, 110.0, 109.7, 46.77 ppm (2C);JIR v = 1599 (m), 1497 (s), 1474
(s), 1458 (vs), 1448 (vs), 1299 (s), 1231 (vs), @8735 (vs), 696 cm (s); CHN Anal. Calcd.
for C4gH3sN3: C 88.18, H 5.40, N 6.43; found: C 88.06, H 5,84.20.
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Synthesis of N{(9,9-dimethyl-OH -fluoren—2-yl) 2-phenyl-N<{4—+9—phenyl-9H-
carbazok3-yl)phenyl)quinazolinr4-amine (4.3.29f)

Qg
&g o
50

Compound 4.3.2-9f was prepared following the standard procedurerstisga from
3—-(4-bromophenyh9-phenyt9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol),
9,9-dimethyF9H-fluoren-2—amine @.3.2-20) (209 mg, 1.00 mmol) and

4—chloro-2—-phenylquinazoline4.3.2-1k) (273 mg, 1.10 mmol). After column chromatography
(hexane:ethyl acetate = 4:%)3.2-9f was obtained as yellow solid (549 mg, 0.75 mmb%o}.

m.p. 206-207 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.584-NMR (400 MHz,
DMSO-ds) o= 8.67 (d,J=1.5 Hz, 1H), 8.36 (d}=7.8 Hz, 1H), 8.23 (dd}=8.0 Hz, 1.8 Hz, 2H),
7.95 (d,J=8.0 Hz, 1H), 7.85 (ddJ=8.3 Hz, 5.3 Hz, 3H), 7.82-7.52 (m, 10H), 7.46-7(&8
13H), 7.14 (ddJ)=8.2 Hz, 1.9 Hz, 1H), 1.38 ppm (s, 6HJC-NMR (101 MHz, DMSG-dg) 5=
162.7, 158.7, 154.6, 153.5, 152.9, 145.9, 145.68,614139.6, 138.0, 137.8, 137.7, 136.7, 135.9,
133.0, 131.4, 130.4, 130.2 (2C), 128.7, 128.3,8%2C), 127.7 (3C), 127.2, 127.1, 126.7 (2C),
126.6, 126.6 (2C), 126.5, 125.8, 125.5, 125.0,9,2423.5, 122.9, 122.8, 121.2, 121.0, 120.9,
120.2, 120.0, 118.5, 116.4, 110.0, 109.7, 46.5 @pm (2C)]R v = 1484 (vs), 1474 (vs), 1457
(s), 1375 (vs), 1331 (vs), 1232 (s), 759 (vs), #&§, 707 (vs), 698 cim (vs); CHN Anal. Calcd.
for Cs3sHsgN4: C 87.09, H 5.24, N 7.67; found: C 86.78, H 5.M&.55.
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Synthesis of N{4—<1H—yrrol-1-yl)phenyl)-9,9-dimethyl-N «(4-9—henyl-9H-
carbazok3-yl)phenyl)-9H —fluoren 2-amine (4.3.299)

Q
§N>

N

W

Compound 4.3.229g was prepared following the standard procedurerytista from
3—-(4-bromophenyh9-phenyt9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol),
9,9-dimethyF9H-fluoren-2—amine @.3.2-2¢0) (209 mg, 1.00 mmol) and
1-(4—chlorophenyly1H-pyrrole @.3.2-1l) (199 mg, 1.10 mmol). After column chromatography
(hexane:ethyl acetate = 9:1,3.2-9g was obtained as colourless solid (633 mg, 0.95 inmo
95%).

m.p. 173-174 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.644-NMR (400 MHz,
DMSO-dg) d= 8.57 (d,J=1.5 Hz, 1H), 8.34 (dJ=7.5 Hz, 1H), 7.77-7.62 (m, 9H), 7.57—7.48
(m, 4H), 7.47-7.37 (m, 3H), 7.34—7.24 (m, 6H), 7(dA)=8.8 Hz, 4H), 7.03 (dd]=8.2 Hz, 2.1
Hz, 1H), 6.25 (tJ=2.1 Hz, 2H), 1.39 ppm (s, 6H)C-NMR (101 MHz, DMSG-ds) = 154.9,
153.2, 146.6, 146.0, 144.6, 140.6, 139.4, 138.8,8,3135.3, 135.1, 133.9, 132.0, 130.2 (2C),
127.7 (2C), 127.7, 127.1, 126.7, 126.6 (2C), 12628.9 (2C), 123.7 (2C), 123.4, 123.0, 122.9,
122.7,121.2, 120.8, 120.6 (2C), 120.2, 119.6,9413C), 118.2, 118.2 (2C), 110.3 (2C), 110.0,
109.7, 46.5, 26.8 ppm (2AR v = 1599 (W), 1512 (vs), 1501 (s), 1449 (s), 1311, (k@82 (m),
1069 (m), 735 (s), 723 (vs), 698 his); CHN Anal. Calcd. for GoHs/N3: C 88.12, H 5.58, N
6.29; found: C 88.07, H5.75, N 6.19.
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Synthesis of N{naphthalen-2-yl)-9,9-diphenyl-N {4—<9-phenyl-9H -carbazol-3-
yl)phenyl)-9H —fluoren-2-amine (4.3.29h)

o
N Y

ik

Compound 4.3.29h was prepared following the standard procedurertistg from
3—-(4-bromophenyh9-phenyt9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol),
9,9-dipheny9H-fluoren-2—amine ¢.3.2-2b) (333 mg, 1.00 mmol) and-Bromonaphthalene
(4.3.2-1i) (230 mg, 1.10 mmol). After column chromatograpghgxane:ethyl acetate = 9:1),
4.3.2-9h was obtained as beige solid (743 mg, 0.96 mmaly)96

m.p. 185-186 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.54-NMR (400 MHz,
DMSO-ds) 0= 8.48 (s, 1H), 8.27 (dJ=7.5 Hz, 1H), 7.77-7.65 (m, 4H), 7.61-7.47 (m, 8H),
7.47-7.40 (m, 2H), 7.38-7.20 (m, 8H), 7.19-6.95 ppm 16H); *C-NMR (101 MHz,
DMSO-dg) o= 151.9, 150.3, 146.9, 145.5, 145.3 (2C), 144.©.9,4139.4 (2C), 136.7, 135.8,
134.5, 133.9, 131.8, 130.1 (2C), 129.7, 129.7,d,2®8.2 (4C), 127.6 (br. s, 6C), 127.4, 127.0,
126.8, 126.6 (2C), 126.5 (3C), 126.4 (2C), 12521.8, 124.6, 124.5 (2C), 123.8, 123.4, 123.0,
122.9, 121.5, 121.1, 120.7, 120.1, 119.8, 119.8,111109.9, 109.7, 64.8 ppiR v = 1596 (m),
1501 (m), 1474 (m), 1452 (s), 1295 (m), 1281 (n@B1L(m), 805 (m), 743 (vs), 696 ch{vs);
CHN Anal. Calcd. for GgHaoN2: C 91.21, H 5.19, N 3.61; found: C 91.07, H 5M53.47.
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Synthesis of N{4<9H -carbazoF9-yl)phenyl)-9,9-diphenyl-N «(4—<9—-phenyl-9H-
carbazok3-yl)phenyl)-9H -fluoren 2-amine (4.3.2-9i)

g o

"o
Compound 4.3.2-9i was prepared following the standard procedurerytisga from
3—-(4-bromophenyh9-phenyt9H-carbazole 4.3.2-1f) (398 mg, 1.00 mmol),
9,9-dipheny9H-fluoren-2—amine @.3.2-2Db) (333 mg, 1.00 mmol) and
9-(4-bromophenyh9H-carbazole 4.3.21m) (414 mg, 1.10 mmol). After column

chromatography (hexane:ethyl acetate = 413,2-9i was obtained as beige solid (849 mg, 0.95

mmol, 95%).

m.p. 192-193 °C; Rf (SiO,, hexane:ethyl acetate = 4:1): 0.54-NMR (400 MHz,
dioxane-dg) 0= 8.45 (s, 1H), 8.23 (d=7.8 Hz, 1H), 8.16 (dJ=7.8 Hz, 2H), 7.76—7.53 (m, 9H),
7.48-7.35 (m, 12H), 7.34-7.14 ppm (m, 20HC-NMR (101 MHz, dioxaneds) J= 153.8,
152.0, 148.3, 147.8, 146.9, 146.9 (2C), 142.2,942C), 141.0, 140.8, 138.7, 137.8, 136.2,
133.7, 132.6, 130.7 (2C), 129.1 (4C), 129.0 (4@p.Q, 128.7 (2C), 128.4, 128.2, 128.0 (2C),
127.9, 127.5 (2C), 127.1, 127.0, 126.7 (2C), 123@®), 125.8 (2C), 125.3 (2C), 124.9, 124.6,
124.4,124.1 (2C), 123.2,122.0, 121.2, 121.1 (2¢},0, 120.6 (2C), 120.6, 119.1, 110.9, 110.7,
110.6 (2C), 66.4 ppmR v = 1598 (m), 1509 (s), 1475 (m), 1451 (vs), 130§ (@86 (m), 1232
(m), 747 (vs), 724 (s), 699 ¢M(s); CHN Anal. Calcd. for GHssNs: C 90.21, H 5.08, N 4.71;
found: C 89.99, H 5.18, N 4.72.

303



Experimenteller Teil

6.11.7. Preparative scale syntheses

Preparative scale synthesis of 9@methyl-N—<4—+9-phenyl-9H-carbazol3-yl)phenyl)-
9H —fluoren—2-amine (4.3.23f) with Pd(dippf)maleimide

3-(4-Bromophenyly9-pheny-9H-carbazole 4.3.2-1f) (7.97 g, 20.0 mmol),
9,9-dimethyF9H-fluoren-2—amine #.3.2-2¢) (4.17 g, 20.0 mmol), sodiutert-butoxide (2.35
g, 24.0 mmol), dippf (8.5 mg, 0.02 mmol) and a negnstir bar were added to a dry flask with
equipped reflux condenser, gas inlet and overpresslve and kepih vacuofor 10 min. After
three nitrogeAvacuum cycles, the degassed, distilled toluenem(BP and a solution of
Pd(dippf)maleimide (24.9 mg, 0.04 mmol) in toluét® mL) were added. The reaction mixture
was heated to 70 °C for 20 h and was then allowembol to room temperature. Water (60 mL)
was added and the mixture was extracted with diomethane (150 mL). The organic layer was
separated, dried over Mge@b g), filtered through a short plug of basic alnom oxide and
concentratedn vacuo (40 °C, 10 mbar). The slightly yellow residue waashed with diethyl
ether (3 x 20 mL) and drieid vacuo(102 mbar) for 2 h. The title compound was obtained as
colourless solid (10.2 g, 19.4 mmol, 97%). The wnzdl data matched those described before.

Preparative scale synthesis of $@imethyl-N—<4—+9-phenyl-9H -carbazol3-yl)phenyl)-
9H —fluoren2-amine (4.3.2-3f) with a Pd(dippf)(vs)tol solution

3-(4-Bromophenyly9-pheny-9H-carbazole 4.3.2-1f) (7.97 g, 20.0 mmol),
9,9-dimethyF9H-fluoren-2—amine #.3.2-2¢c) (4.17 g, 20.0 mmol), sodiutert-butoxide (2.35
g, 24.0 mmol) and a magnetic stir bar were addeddoy flask with equipped reflux condenser,
gas inlet and overpressure valve and kaptvacuo for 10 min, followed by three
nitrogen-vacuum cycles. A catalyst stock solution was pregdry mixing dippf (214 mg, 0.50
mmol), toluene (0.5mL) and a solution of pallad{Opl1,3-divinyl-1,1,3,3-
tetramethyldisiloxane (0.5 mL, 10.87% palladium)ryDdistilled toluene (40 mL) and the
catalyst solution (100 pL, 0.04 mmol palladium) gv@dded to the solid reactants. The reaction
mixture was stirred at 70 °C for 20 h and was takbowed to cool to room temperature. Water
(60 mL) was added and the mixture was extracted dithloromethane (150 mL). The organic
layer was separated, dried over MgS® Q), filtered through a short plug of basic aionom
oxide and concentrated vacuo(40 °C, 10 mbar). The slightly yellow residue wesshed with
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diethyl ether (3 x 20 mL) and drieid vacuo (102 mbar) for 2h. The title compound was
obtained as colourless solid (9,71 g, 18.4 mmolkoP2The analytical data matched those

described before.
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7. Kristallographische Daten

Pd(dippf)maleimide (4.3.2-8)

Table 1.Crystal data and structure refinement for 130710.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodnessof-fit on P2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

306

C26 H39 Fe N O2 P2 Pd
621.77
150(2) K
0.71073 A
Monoclinic
P121/n1
a =10.27050(10) A
b =11.51790(10) A
c=22.5794(3) A
2658.94(5) &
4
1.553 MgAn
1.366 mrh
1280
0.28 x 0.22 x 0.12 mfn
2.75to 30.00°.
-14<=h<=12-16<=k<=16,-31<=I<=29
17419
7746 [R(int) = 0.0216]
99.8%
Semémpirical from equivalents
0.8533 and 0.7010
Fulnatrix leastsquares on#
7746/0/ 315
1.072
R1 =0.0264, wR2 9827
R1 =0.0310, wR2 = 0.0542
0.437 arl628 e. A3

a= 90°.
B= 95.4520(10)°.
y = 90°.
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Table 2. Atomic coordinates ( x #pand equivalent isotropic displacement paramégiiets 10°)
for 130710. U(eq) is defined as one third of tlaee of the orthogonalizediWensor.

X y z U(eq)

Fe(1) 11721(1) -644(1) 3561(1) 14(1)

C(1) 9830(2) -69(1) 3506(1) 14(1)

C(2) 9928(2) -1050(2) 3124(1) 18(1)

C(3) 10417(2) -2007(2) 3473(1) 23(1)

C(4) 10623(2) -1646(2) 4073(1) 24(1)

C(5) 10266(2) -455(2) 4099(1) 18(1)

P(1) 9310(1) 1396(1) 3303(1) 13(1)
C(6) 8753(2) 1238(2) 2502(1) 19(1)
C(7) 9918(2) 1237(2) 2128(1) 26(1)
C(8) 7789(2) 2193(2) 2287(1) 35(1)
C(9) 7754(2) 1514(2) 3656(1) 20(1)
C(10) 8003(2) 1677(2) 4327(1) 27(1)
C(11) 6821(2) 496(2) 3501(1) 30(1)
C(12) 13014(2) 689(1) 3722(1) 16(1)
C(13) 12877(2) 404(2) 3101(1) 18(1)
C(14) 13246(2) ~773(2) 3033(1) 22(1)

C(15) 13606(2) -1237(2) 3605(1) 23(1)

C(16) 13471(2) -346(2) 4030(1) 19(1)

P(2) 12626(1) 2102(1) 4014(1) 14(1)
C(17) 12602(2) 1811(2) 4823(1) 18(1)
C(18) 13941(2) 1618(2) 5163(1) 26(1)
C(19) 11847(2) 2751(2) 5125(1) 25(1)
C(20) 14192(2) 2883(2) 3951(1) 19(1)
C(21) 14428(2) 3036(2) 3300(1) 25(1)
C(22) 14253(2) 4066(2) 4263(1) 27(1)
Pd(1) 10727(1) 2934(1) 3553(1) 12(1)
C(23) 10645(2) 5094(2) 4175(1) 20(1)
o(1) 11402(1) 5475(1) 4582(1) 26(1)
C(24) 10905(2) 4785(2) 3563(1) 19(1)
C(25) 9683(2) 4454(2) 3256(1) 20(1)
C(26) 8670(2) 4559(2) 3674(1) 22(1)
0(2) 7495(1) 4407(1) 3592(1) 29(1)
N(1) 9327(2) 4893(1) 4217(1) 23(1)
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Table 3.Bond lengths [A] and angles [] for 130710.

Fe(1)-C(5) 2.0250(17) C(12)-C(16) 1.437(2)
Fe(1)-C(16) 2.0277(17) C(12)-P(2) 1.8148(17)
Fe(1)}-C(12) 2.0401(17) C(13)-C(14) 1.420(2)
Fe(1)-C(1) 2.0447(16) C(13)-H(13) 0.9500
Fe(1)}-C(13) 2.0450(17) C(14)-C(15) 1.415(3)
Fe(1)}-C(4) 2.0459(18) C(14)-H(14) 0.9500
Fe(1)-C(15) 2.0462(17) C(15)-C(16) 1.420(2)
Fe(1)-C(2) 2.0581(17) C(15)-H(15) 0.9500
Fe(1)}-C(3) 2.0605(18) C(16)-H(16) 0.9500
Fe(1)}-C(14) 2.0624(17) P(2)-C(17) 1.8592(17)
C(1)-C(2) 1.431(2) P(2)-C(20) 1.8604(17)
C(1)-C(5) 1.440(2) P(2)-Pd(1) 2.3277(4)
C(1)-P(1) 1.8155(17) C(17)-C(18) 1.527(2)
C(2)-C(3) 1.418(3) C(17)-C(19) 1.529(2)
C(2-H(2) 0.9500 C(17)-H(17) 1.0000
C(3)-C(4) 1.414(3) C(18)-H(18A) 0.9800
C(3)-H(3) 0.9500 C(18)-H(18B) 0.9800
C(4)-C(5) 1.423(3) C(18)-H(18C) 0.9800
C(4)-H(4) 0.9500 C(19)-H(19A) 0.9800
C(5)-H(5) 0.9500 C(19)-H(19B) 0.9800
P(1)-C(6) 1.8542(17) C(19)-H(19C) 0.9800
P(1)-C(9) 1.8560(17) C(20)-C(21) 1.523(2)
P(1)-Pd(1) 2.3273(4) C(20)-C(22) 1.532(3)
C(6)-C(8) 1.528(3) C(20)-H(20) 1.0000
C(6)-C(7) 1.529(3) C(21)-H(21A) 0.9800
C(6)-H(6) 1.0000 C(21)-H(21B) 0.9800
C(7)-H(7A) 0.9800 C(21)-H(21C) 0.9800
C(7)-H(7B) 0.9800 C(22)-H(22A) 0.9800
C(7)-H(7C) 0.9800 C(22)-H(22B) 0.9800
C(8)-H(8A) 0.9800 C(22)-H(22C) 0.9800
C(8)-H(8B) 0.9800 Pd(1)-C(25) 2.1285(17)
C(8)-H(8C) 0.9800 Pd(1)-C(24) 2.1401(17)
C(9)-C(10) 1.526(3) C(23)-0(1) 1.227(2)
C(9)-C(11) 1.533(3) C(23)-N(1) 1.386(2)
C(9)-H(9) 1.0000 C(23)-C(24) 1.475(2)
C(10)-H(10A) 0.9800 C(24)-C(25) 1.427(3)
C(10)-H(10B) 0.9800 C(24)-H(24) 0.94(2)
C(10)-H(10C) 0.9800 C(25)-C(26) 1.474(3)
C(11)}-H(11A) 0.9800 C(25)-H(25) 0.91(2)
C(11)-H(11B) 0.9800 C(26)-0(2) 1.216(2)
C(11)}-H(11C) 0.9800 C(26)-N(1) 1.396(2)
C(12)-C(13) 1.434(2) N(1)-H(1N) 0.83(2)

C(5)-Fe(1)-C(16) 109.64(7) C(12)-Fe(1)-C(13) 41.10(7)

C(5)-Fe(1)-C(12) 108.49(7) C(1)-Fe(1)-C(13) 111.84(7)
C(16)-Fe(11C(12)  41.38(7) C(5)-Fe(1)-C(4) 40.92(7)

C(5)-Fe(1)-C(1) 41.44(6) C(16)-Fe(1)-C(4) 107.97(8)
C(16)-Fe(1)-C(1) 140.05(7) C(12)-Fe(1)-C(4) 135.09(7)
C(12)-Fe(1)-C(1) 111.45(6) C(1)-Fe(1)-C(4) 69.24(7)

C(5)-Fe(1)-C(13) 137.58(7) C(13)y-Fe(1)-C(4) 176.16(8)
C(16)-Fe(11C(13)  68.73(7) C(5)-Fe(1)-C(15) 139.04(7)
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C(16)-Fe(1)-C(15)  40.80(7) C(4)-C(5)-C(1) 108.52(15)
C(12)-Fe(11C(15)  69.21(7) C(4)-C(5)-Fe(1) 70.33(10)
C(1)-Fe(1)-C(15) 179.15(7) C(1)-C(5)-Fe(1) 70.01(9)
C(13)-Fe(11C(15)  68.25(7) C(4)-C(5)-H(5) 125.7
C(4)-Fe(1)-C(15) 110.72(8) C(1)-C(5)-H(5) 125.7
C(5)-Fe(1)-C(2) 68.54(7) Fe(1)-C(5)-H(5) 125.5
C(16)-Fe(1)-C(2) 175.77(7) C(1)-P(1)-C(6) 102.16(8)
C(12)-Fe(1)-C(2) 142.56(7) C(1)-P(1)-C(9) 101.80(8)
C(1)-Fe(1)C(2) 40.81(6) C(6)-P(1)-C(9) 103.15(8)
C(13)-Fe(1)-C(2) 115.28(7) C(1)-P(1)-Pd(1) 118.95(5)
C(4)-Fe(1)-C(2) 68.07(7) C(6)-P(1)-Pd(1) 116.03(6)
C(15)-Fe(1)-C(2) 138.34(7) C(9)-P(1)-Pd(1) 112.62(6)
C(5)-Fe(1)-C(3) 68.31(7) C(8)-C(6)-C(7) 110.06(16)
C(16)-Fe(1)-C(3) 135.64(7) C(8)-C(6)-P(1) 111.68(13)
C(12)-Fe(1)-C(3) 175.30(7) C(7)-C(6)-P(1) 110.79(12)
C(1)-Fe(1)C(3) 68.67(7) C(8)-C(6)-H(6) 108.1
C(13)-Fe(1)-C(3) 143.53(7) C(7)-C(6)-H(6) 108.1
C(4)-Fe(1)-C(3) 40.27(8) P(1)-C(6)-H(6) 108.1
C(15)-Fe(1)-C(3) 110.72(8) C(6)-C(7)-H(7A) 109.5
C(2)-Fe(1)-C(3) 40.29(7) C(6)-C(7)-H(7B) 109.5
C(5)-Fe(1)-C(14) 177.35(7) H(7A)-C(7)-H(7B) 109.5
C(16)-Fe(11C(14)  68.29(7) C(6)-C(7)-H(7C) 109.5
C(12)-Fe(1}C(14)  68.87(7) H(7A)-C(7)-H(7C) 109.5
C(1)-Fe(1)-C(14) 139.27(7) H(7B)-C(7)-H(7C) 109.5
C(13)-Fe(1}-C(14)  40.45(7) C(6)-C(8)-H(8A) 109.5
C(4)-Fe(1)-C(14) 140.87(8) C(6)-C(8)-H(8B) 109.5
C(15)-Fe(1}-C(14)  40.29(7) H(8A)-C(8)-H(8B) 109.5
C(2)-Fe(1)-C(14) 113.64(7) C(6)-C(8)-H(8C) 109.5
C(3)-Fe(1)-C(14) 114.31(7) H(8A)-C(8)-H(8C) 109.5
C(2)-C(1)-C(5) 106.44(15) H(8B)-C(8)-H(8C) 109.5
C(2)-C(1)-P(1) 128.20(13) C(10)-C(9)}-C(11) 111.23(16)
C(5)-C(1)-P(1) 125.34(13) C(10)-C(9)-P(1) 111.44(12)
C(2)-C(1)-Fe(1) 70.10(9) C(11)-C(9)-P(1) 113.06(12)
C(5)-C(1)-Fe(1) 68.54(9) C(10)-C(9)-H(9) 106.9
P(1)-C(1)-Fe(1) 124.85(8) C(11)-C(9)-H(9) 106.9
C(3)-C(2)-C(1) 108.72(16) P(1)-C(9)-H(9) 106.9
C(3)-C(2)-Fe(1) 69.94(10) C(9)-C(10)-H(10A)  109.5
C(1)-C(2)-Fe(1) 69.09(9) C(9-C(10)-H(10B)  109.5
C(3)-C(2)-H(2) 125.6 H(10A)-C(10)-H(10B) 109.5
C(1)-C(2)-H(2) 125.6 C(9)-C(10)-H(10C)  109.5
Fe(1)-C(21H(2) 126.9 H(10A)-C(10)-H(10C) 109.5
C(4)-C(3)-C(2) 108.41(16) H(10B)-C(10}-H(10C) 109.5
C(4)-C(3)-Fe(1) 69.31(10) C(9-C(111H(11A)  109.5
C(2)-C(3)-Fe(1) 69.77(10) C(9-C(111H(11B)  109.5
C(4)-C(3)-H(3) 125.8 H(11A)-C(11)}-H(11B) 109.5
C(2-C(3)-H(3) 125.8 C(9-C(111H(11C)  109.5
Fe(1)-C(3)-H(3) 126.7 H(11A)-C(11)}-H(11C) 109.5
C(3)-C(4)-C(5) 107.91(16) H(11B)-C(11)}-H(11C) 109.5
C(3)-C(4)-Fe(1) 70.42(10) C(13)-C(12)-C(16) 106.38(15)
C(5)-C(4)-Fe(1) 68.75(10) C(13)-C(12)-P(2) 123.79(13)
C(3)-C(4)-H(4) 126.0 C(16)-C(12)-P(2) 129.82(13)
C(5)-C(4)-H(4) 126.0 C(13)-C(12)-Fe(1) 69.63(10)
Fe(1)-C(4)-H(4) 126.4 C(16)-C(12)-Fe(1) 68.85(10)

309



Kristallographische Daten

P(2)-C(12)-Fe(1) 125.28(9) C(22)-C(20)-H(20) 107.8
C(14)-C(13)-C(12)  108.74(16) P(2)-C(20)-H(20) 107.8
C(14)-C(13)-Fe(l)  70.43(10) C(20)-C(21)-H(21A)  109.5
C(12)-C(13)-Fe(l)  69.27(9) C(20)-C(21H(21B)  109.5
C(14)-C(13)H(13) 1256 H(21A)-C(21)-H(21B) 109.5
C(12)-C(13)H(13) 125.6 C(20)-C(21)-H(21C)  109.5
Fe(1}C(13)-H(13)  126.2 H(21A)-C(21)-H(21C) 109.5
C(15)-C(14)-C(13)  108.11(16) H(21B)-C(21)}-H(21C) 109.5
C(15)-C(14)Fe(l)  69.24(10) C(20)-C(22-H(22A)  109.5
C(13)-C(14)Fe(1)  69.11(10) C(20)-C(22-H(22B)  109.5
C(15)-C(14)1H(14)  125.9 H(22A)-C(22)-H(22B) 109.5
C(13)-C(14)1H(14) 125.9 C(20)-C(22-H(22C)  109.5
Fe(1l}C(14yH(14)  127.3 H(22A)-C(22)-H(22C) 109.5
C(14)-C(15)-C(16)  108.15(16) H(22B)-C(22)-H(22C) 109.5
C(14)-C(15)-Fe(l)  70.47(10) C(25)-Pd(1)-C(24) 39.07(7)
C(16)-C(15)-Fe(1)  68.90(10) C(25)-Pd(1)-P(1) 105.36(5)
C(14)-C(15-H(15)  125.9 C(24)-Pd(1)-P(1) 144.25(5)
C(16)-C(15)-H(15)  125.9 C(25)-Pd(1)-P(2) 148.79(5)
Fe(1}C(15)-H(15)  126.3 C(24)y-Pd(1)-P(2) 109.77(5)
C(15)-C(16)-C(12)  108.62(16) P(1)}-Pd(1)-P(2) 105.856(15)
C(15)-C(16)-Fe(1)  70.30(10) O(1)-C(23)-N(1) 124.27(17)
C(12)-C(16)-Fe(1)  69.77(10) O(1)-C(23)-C(24) 128.93(17)
C(15)-C(16)-H(16)  125.7 N(1)-C(23)-C(24) 106.79(16)
C(12)-C(16)-H(16)  125.7 C(25)-C(24)-C(23) 106.89(16)
Fe(1)}C(16)-H(16)  125.8 C(25)-C(24)-Pd(1) 70.03(10)
C(12)-P(2-C(17) 102.69(8) C(23)-C(24)-Pd(1) 103.14(11)
C(12)-P(2)-C(20) 100.62(8) C(25)-C(24)-H(24) 125.2(14)
C(17)-P(2)-C(20) 104.74(8) C(23)-C(24)-H(24) 120.8(14)
C(12)-P(2)-Pd(1) 114.24(6) Pd(1)-C(24)-H(24) 118.6(14)
C(17)y-P(2)-Pd(1) 115.11(6) C(24)-C(25)-C(26) 107.93(16)
C(20)%-P(2)-Pd(1) 117.42(6) C(24)-C(25)-Pd(1) 70.91(10)
C(18)-C(17)-C(19)  110.44(15) C(26)-C(25)-Pd(1) 103.31(11)
C(18)-C(17)-P(2) 115.17(13) C(24)-C(25)-H(25) 125.5(15)
C(19-C(17)-P(2) 111.39(12) C(26)-C(25)-H(25) 120.2(15)
C(18)-C(171H(17)  106.4 Pd(1)-C(25)-H(25) 116.9(15)
C(19-C(17-H(17)  106.4 O(2)-C(26)-N(1) 124.25(18)
P(2-C(171-H(17)  106.4 0(2)-C(26)-C(25) 129.85(18)
C(17)-C(18)-H(18A) 109.5 N(1)-C(26)-C(25) 105.90(16)
C(17)-C(18)-H(18B) 109.5 C(23)-N(1)-C(26) 112.29(16)
H(18A)-C(18)-H(18B) 109.5 C(23)-N(1)-H(1N) 120.3(17)
C(17)-C(18)-H(18C) 109.5 C(26)-N(1)-H(1N) 125.9(17)

H(18A)-C(18)-H(18C) 109.5
H(18B)-C(18)-H(18C) 109.5
C(17)-C(19-H(19A) 109.5
C(17)-C(19-H(19B) 109.5
H(19A)-C(19)-H(19B) 109.5
C(17)-C(19)-H(19C) 109.5
H(19A)-C(19)-H(19C) 109.5
H(19B)-C(19)-H(19C) 109.5
C(21)-C(20)-C(22)  109.72(15)
C(21)-C(20)-P(2) 110.37(12)
C(22)-C(20)-P(2) 113.14(12)
C(21)-C(20)-H(20)  107.8
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Table 4. Anisotropic displacement parameter@{A®®)for 130710. The anisotropic
displacement factor exponent takes the for2mZ[ h2a*2Ull + ... + 2 h k a* b* 12]

L 22 uU3s3 U3 U3 U2
Fe(l) 14(1) 13(1) 17(1) 0(1) 1(1) 2(1)
c@) 12(1) 13(1) 17(1) 0(1) 2(1) ~1(1)
c) 17(1) 15(1) 22(1) —2(1) 0(1) -2(1)
c@3) 22(1) 12(1) 34(1) 0(1) 2(1) -3(1)
C(4) 22(1) 22(1) 27(1) 11(1) 2(1) 0(1)
c() 16(1) 22(1) 16(1) 2(1) 2(1) 1(1)
P(1) 12(1) 13(1) 15(1) ~1(1) ~1(1) 1(1)
c) 22(1) 18(1) 16(1) ~1(1) —5(1) 0(1)
c(7) 33(1) 28(1) 18(1) 1(1) 2(1) ~7(1)
C(8) 43(1) 30(1) 28(1) 1(1) -18(1) 12(1)
CO)  14(1) 21(1) 24(1) —2(1) 1(1) 2(1)
C(10) 21(1) 37(1) 25(1) -3(1) 6(1) 5(1)
c(11) 17(1) 31(1) 44(1) ~7(1) 6(1) —4(1)
c(12) 12(1) 17(1) 19(1) 1(1) 0(1) 1(1)
C(13) 14(1) 23(1) 19(1) 0(1) 4(1) 0(1)
c(14) 17(1) 26(1) 24(1) ~7(1) 6(1) 2(1)
C(15) 19(1) 20(1) 30(1) —4(1) 1(1) 8(1)
c(16) 15(1) 21(1) 21(1) ~1(1) —2(1) 5(1)
P2 11(1) 15(1) 15(1) 1(1) 0(1) 1(1)
C(17) 20(1) 18(1) 16(1) 2(1) ~1(1) 0(1)
C(18) 26(1) 32(1) 20(1) 2(1) -6(1) 4(1)
C(19) 26(1) 28(1) 21(1) —2(1) 7(1) 2(1)
C(20) 12(1) 21(1) 22(1) 2(1) 0(1) ~1(1)
c(21) 20(1) 29(1) 24(1) 5(1) 2(1) -5(1)
C(22) 25(1) 23(1) 33(1) -3(1) 3(1) ~7(1)
Pd(1) 12(1) 11(1) 13(1) 0(1) 0(1) 1(1)
C(23) 24(1) 11(1) 25(1) ~1(1) 1(1) 3(1)
o(1) 27(1) 23(1) 27(1) -8(1) 0(1) -3(1)
c(24) 23(1) 12(1) 23(1) 2(1) 2(1) 1(1)
C(25) 24(1) 15(1) 19(1) 3(1) —2(1) 5(1)
C(26) 23(1) 13(1) 28(1) 0(1) -2(1) 7(1)
0(2) 19(1) 29(1) 39(1) -2(1) ~4(1) 7(1)
N(L) 21(1) 23(1) 25(1) ~7(1) 4(1) 3(1)

311



Kristallographische Daten

Table 5.Hydrogen coordinates ( x 4Qand isotropic displacement parameter&(&0%) for 130710.

X y z U(eq)
H(2) 9703 -1059 2706 22
H(3) 10579 -2763 3328 27
H(4) 10943 -2115 4401 28
H(5) 10308 9 4448 22
H(6) 8296 474 2445 23
H(7A) 9604 1139 1707 40
H(7B) 10507 595 2254 40
H(7C) 10390 1975 2182 40
H(8A) 8197 2954 2365 53
H(8B) 7003 2133 2499 53
H(8C) 7549 2105 1859 53
H(9) 7303 2231 3493 24
H(10A) 7183 1889 4490 41
H(10B) 8648 2295 4414 41
H(10C) 8336 951 4511 41
H(11A) 7250 -233 3632 46
H(11B) 6591 472 3070 46
H(11C) 6026 597 3704 46
H(13) 12587 918 2786 22
H(14) 13251 -1179 2667 26
H(15) 13888 -2009 3691 28
H(16) 13653 -422 4449 23
H(17) 12102 1072 4856 22
H(18A) 14412 2359 5204 39
H(18B) 14444 1067 4945 39
H(18C) 13829 1306 5559 39
H(19A) 11781 2537 5541 37
H(19B) 10968 2825 4918 37
H(19C) 12309 3493 5108 37
H(20) 14916 2392 4144 22
H(21A) 13711 3488 3096 37
H(21B) 14469 2273 3111 37
H(21C) 15256 3446 3274 37
H(22A) 15097 4434 4216 40
H(22B) 14156 3958 4687 40
H(22C) 13545 4562 4085 40
H(1N) 9040(20) 4840(20) 4546(11) 34
H(24) 11600(20) 5130(20) 3386(10) 34
H(25) 9460(20) 4520(20) 2858(10) 34
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