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1 Abstract

Gellrich showed 2018 that the intramolecular frustrated Lewis pair boroxypyridine 1 reversible
activates H, under mild conditions. During the bond activation process the covalent O-B bond changes
to a dative bond in the product complex of pyridone and Piers' borane (HB(CsFs)2) 2. This concept, in
analogy to metal-ligand cooperation, was coined boron-ligand cooperation. The change in the bonding
mode facilitates the dissociation of the borane after bond activation which is then available for
follow-up reactivity, e.g. hydroborations. This work investigates the application of this concept in
catalysis. The boroxypyridine 1 catalyses the allylation of nitriles by in situ generated allylboranes from
H, and allenes, the semihydrogenation of terminal and internal alkynes, and the gem-selective
homodimerization of terminal alkynes by in situ generated alkynylboranes. Additionally, it facilitates
the efficient catalytic dehydrogenation of ammonia borane using 6-tert-butylthiopyridone as
organocatalyst.
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Furthermore, novel C—C coupling methods by carboborations of electron-poor alkenylboranes and
B(CsFs)s with terminal allenes and alkynes were developed. The reaction of BCF with arylallenes yields
CoFs-substituted indenes with simultaneous release of Piers' borane via a 1,1-carboboration.
Alkenylboranes can be synthesized in situ via the hydroboration of alkynes with Piers' borane. With
allenes they form boryl substituted 1,4-dienes via a 1,2-carboboration. With additional alkyne, they
tetramerize to tetrahydropentalenes in a reaction sequence presumably initiated by three 1,2-
carboborations.
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2 Zusammenfassung

2018 zeigte Gellrich, dass das intramolekulare frustrierte Lewis-Paar Boroxypyridin 1 H, reversibel
unter milden Bedingungen aktivieren kann. Im Zuge der Bindungsaktivierung kommt es zu einem
Wechsel der kovalenten O-B Bindung zu einer dativen Bindung im Produktkomplex aus Pyridon und
Piers Boran (HB(CeFs)2) 2. In Analogie zur Metall-Liganden-Kooperation kann dieses Konzept als
Bor-Liganden-Kooperation beschrieben werden. Der Wechsel des Bindungsmodus im Zuge der
Bindungsaktivierung ermoglicht die Dissoziation des Borans, welches fiir Folgereaktionen, z.B.
Hydroborierungen, zur Verfligung steht. Diese Arbeit beschaftigt sich mit der Anwendung dieses
Konzepts in der Katalyse. Boroxypyridin 1 katalysiert die Allylierung von Nitrilen mit in situ erzeugten
Allylboranen aus H; und Allenen, die Semihydrierung von terminalen und internen Alkinen mit H,, und
die gem-selektive Dimerisierung terminaler Alkine durch in situ erzeugte Alkinylborane. Es ermoglicht
auBerdem die effiziente Dehydrierung von Amminboran durch 6-tert-butylthiopyridon als
Organokatalysator.
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Zusatzlich wurden unkatalysierte Carboborierungen von elektronenarmen Alkenylboranen und
B(CsFs)s (BCF) mit terminalen Allenen und Alkinen als C—C-Kniipfungsmethoden entwickelt. So fihrte
die Reaktion von Arylallenen mit BCF Uber eine 1,1-Carboborierung unter Freisetzung von Piers Boran
zu CgFs-substituierten Indenen. Alkenylborane kdénnen in situ durch die Hydroborierung von Alkinen
mit Piers Boran synthetisiert werden. Diese reagieren mit Allenen in einer 1,2-Carboborierung zu
borylsubstituierten 1,4-Dienen und tetramerisieren mit weiteren Aquivalenten Alkin in einer
vermutlich durch drei 1,2-Carboborierungen initiierten Reaktionssequenz zu Tetrahydropentalenen.
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3 Einleitung

Die Entwicklung neuer (bergangsmetallbasierter Katalysatoren im Laufe des 20. Jahrhunderts
erweiterte die chemisch synthetischen Moglichkeiten enorm und ermoglichte die Synthese von
Molekiilen ungeahnter Komplexitdt. Der enorme Einfluss von libergangsmetallbasierten Katalysatoren
zeigt sich daran, dass allein in den 2000er Jahren die Arbeiten fiir die Entwicklung von Katalysatoren
fir enantioselektive Reduktionen und Oxidationen (2001)1, Metathese (2005)? und Kreuzkupplungen
(2010)"! mit dem Nobelpreis ausgezeichnet wurden. Neben komplexen chemischen Transformationen
fur die Synthese von Feinchemikalien im Labor ermdglichen Ubergangsmetalle industrielle Prozesse
im MultitonnenmaRstab mit Katalysatorladungen von teilweise weit unter einem Molprozent.[**!

Die Reaktivitit von Ubergangsmetallen wird durch ihre Kombination energetisch zugénglicher gefiillter
und leerer d-Orbitale bestimmt, die gleichzeitig als Elektronendonor und -akzeptor fungieren kénnen
und kooperativ mit einer Vielzahl von Substraten reagieren. Haufig verwendete Ubergangsmetalle in
der Katalyse wie beispielsweise Rhodium, Iridium oder Palladium sind jedoch teuer und toxisch und ihr
Vorkommen ist begrenzt.’®! Neben dem reinen Erkenntnisgewinn besteht somit auch im Kontext der
Griinen Chemie langfristig ein Interesse an der Entwicklung Gibergangsmetallfreier Synthesemethoden
und Katalysatoren.”! Dies zeigt sich im Besonderen seit den 2000er Jahren mit dem Aufkommen der
2021 mit dem Nobelpreis ausgezeichneten (asymmetrischen) Organokatalyse'® und dem Konzept der
frustrierten Lewis-Paare (s.u.).

Bei Versuchen, die Reaktivitat von Ubergangsmetallen durch Hauptgruppenverbindungen zu imitieren,
werden haufig borbasierte Verbindungen verwendet, da Bor durch sein freies p-Orbital als
Elektronenakzeptor reagieren kann. Im Falle der duRerst reaktiven niedervalenten Bor-Verbindungen
mit B—B-w-Bindungen und den Carbenen analogen Borylenen liegt die Elektronendonorfunktionalitat
analog zu den Ubergangsmetallen auch direkt am Bor. Diese Stoffklassen seien hier der Vollstandigkeit
halber erwdhnt und fiir einen detaillierten Uberblick sei auf entsprechende Ubersichtsartikel

verwiesen.[>10

Die im Zuge dieser Promotion bearbeiteten Projekte beschaftigen sich mit der Reaktivitat der haufiger
vorkommenden Stoffklasse der Borane. Diese reagieren selbst nur als Elektronenakzeptoren, kénnen
jedoch mit einem zusétzlichen Elektronendonor unter gewissen Umstinden den Ubergangsmetallen
dhnliche Reaktivitat zeigen, wobei Elektronenakzeptor- und Elektronendonorfunktionalitat nicht mehr
am selben Atom liegen (frustrierte Lewis-Paare). Die kooperative Reaktivitat aus Elektronenakzeptor
und -donor bei Hauptgruppenverbindungen wird auch als metallomimetisch bezeichnet.” Das erste
Kapitel dieser Einleitung beschaftigt sich mit dem Konzept der Bor-Liganden-Kooperation, einem
speziellen Reaktionsmodus bestimmter frustrierter Lewis-Paare, und dessen Anwendung in der
Katalyse.

Ohne zusatzlichen Elektronendonor wird die Reaktivitat von Boranen haufig durch deren Funktion als
Elektronenakzeptor bestimmt. So konnen sehr elektronenarme Borane beispielsweise mit
C—C-n-Bindungen in Alkinen oder Allenen in sog. Carboborierungen reagieren, mit denen sich das
zweite Kapitel dieser Einleitung beschaftigt.



3.1 Bor-Liganden-Kooperation

Die Bor-Liganden-Kooperation (BLK) lasst sich als Kombination der beiden Konzepte der frustrierten
Lewis-Paare (FLP) und der Metall-Liganden-Kooperation (MLK) beschreiben. Im Folgenden werden
diese drei Konzepte vorgestellt und reprasentative Beispiele fiir die Anwendung der BLK in der Katalyse
aufgezeigt. Im Kontext der BLK beschreiben zwei Unterkapitel zum einen die Synthese und Anwendung
von nukleophilen Allylboranen und zum anderen Methoden zur Dehydrierung von Amminboran. Fir
ein im Zuge dieser Promotion verfasster Mini-Ubersichtsartikel (iber BLK siehe Kapitel 5.6.

3.1.1 Metall-Liganden-Kooperation

Klassische Ubergangsmetallkomplexe aktivieren Molekiile direkt am Metallzentrum durch oxidative
Addition. Schema 1a zeigt dies am Beispiel der oxidativen Addition von H, an Vaskas Iridiumkomplex
3.'Y Dabei wird H, homolytisch zu zwei Hydridoliganden gespalten (Schema 1a). Wihrend beide
Wasserstoffe von der Oxidationsstufe 0 zu —1 reduziert werden, wird aus dem Ir(l)- ein Ir(lll)-Zentrum
in 4. Die Liganden beeinflussen die sterischen und elektronischen Eigenschaften des Komplexes, sind
jedoch an der Spaltung von H, nicht direkt beteiligt. Im Kontrast dazu beschreibt die MLK eine
Situation, bei der der Ligand aktiv an der Bindungsspaltung beteiligt ist.

Ein frihes Beispiel dafiir sind die Rutheniumphosphinkomplexe von Noyori und Mitarbeitern fir die
Hydrierung von Carbonylverbindungen. Durch Zugabe von Kaliumhydroxid und Ethylendiamin erhéhte
sich die Reaktionsgeschwindigkeit bei der Reduktion von Acetophenon zu 1-Phenylethanol stark.[*>13!
Die Forscher vermuteten, dass sich unter den Reaktionsbedingungen Rutheniumamid-Komplex 5
bildet, der H, unter aktiver Beteiligung des Amid-Stickstoffs spaltet (Schema 1b). Im Zuge der
heterolytischen H,-Spaltung in ein formales Proton und Hydrid kommt es zu einem Bindungswechsel
eines X- zu einem L-Typ Liganden in Komplex 6.1*4

a) Vaska, oxidative Addition
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Schema 1: Beispiele fiir die Aktivierung von H; durch oxidative Addition und Metall-Liganden-Kooperation.

Die Bindung eines X-Typ Liganden zum Metall kann dabei auch als kovalente Bindung bezeichnet
werden, bei deren Bildung sowohl Ligand als auch Metall ein Elektron zur Bindung beisteuern. Die
Bindung eines L-Typ Liganden wird auch als koordinative Bindung bezeichnet. Formal kommen in
diesem Fall beide Bindungselektronen vom Liganden. Bei einer formalen heterolytischen Dissoziation
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des Komplexes sind X-Typ Liganden anionisch und L-Typ Liganden neutral. Dieser Mechanismus der
Bindungsaktivierung wurde experimentell und computerchemisch ausfiihrlich untersucht.*>® Neuere
computerchemische Studien von Dub untersuchen, in welchem Umfang dieser Mechanismus in der
Katalyse eine Rolle spielt.'”! Wihrend bei der H,-Aktivierung durch Komplex 5, der direkt am
Ruthenium gebundene Amid-Stickstoff an der Bindungsspaltung beteiligt ist, verlduft dies bei dem von
Milstein und Mitarbeitern entwickelten Ruthenium-Pinzetten-Komplex 7 tiber eine Rearomatisierung
des Enamid-Liganden zu einem dativen Pyridin-Liganden in 8 (Schema 1c).*® Wihrend das Ruthenium
in der heterolytischen H,-Spaltung den hydridischen Wasserstoff bindet, wird der ungesattigte
Seitenarm des PNN-Liganden protoniert. Auch hier kommt es im Zuge der Bindungsaktivierung zu
einem Wechsel eines X- zu einem L-Typ Liganden. In beiden Fallen dndert sich die Oxidationsstufe des
Rutheniums nicht. Milstein und Khusnutdinova definieren in ihrem ausfiihrlichen Ubersichtsartikel drei
Kriterien fir die MLK™®):

“1. Sowohl das Metall als auch der Ligand nehmen an Bindungsbildungs- oder
Bindungsspaltungsschritten teil.

2. Sowohl das Metall als auch der Ligand werden bei der Bindungsaktivierung chemisch modifiziert.

3. Die Koordinationsweise des kooperativen Liganden unterliegt einer signifikanten Verdnderung in der
ersten Koordinationsschale infolge der Bindungsaktivierung.“

Kriterium drei beschreibt hierbei den bereits erwdahnten Wechsel eines X- zu einem L-Typ Liganden.

Die Anwendung der MLK in der Katalyse ist vielfiltig. Neben Hydrierungen'#?% konnten Milstein und
Mitarbeiter durch Verwendung von Komplex 7 sekundare Amide aus Alkoholen und primaren Aminen
synthetisieren, wobei als einziges Nebenprodukt H, entsteht (Schema 2).1?!! Die Reaktion verlduft tiber
die Dehydrierung des Alkohols zum Aldehyd, nukleophiler Angriff des Amins unter Bildung des
Halbaminals und erneuter Dehydrierung. Dabei dient Komplex 7 zur H,-Abspaltung vom Alkohol bzw.
Halbaminal. Der nach der Dehydrierung entstandene Komplex 8 setzt elementaren Wasserstoff frei
und regeneriert so Katalysator 7. In welchem Umfang und bei welchen Systemen der Mechanismus
lber eine Dearomatisierung/Aromatisierungssequenz in der Katalyse eine Rolle spielt, ist noch
Gegenstand einer wissenschaftlichen Debatte.??

N R N R
R . OH 7,1 mol% ' H 2 9 Beispiele
< " Toluol, Reflux + 58-99% Ausbeute
2 2 Ar-Strom, 7-12 h 2H,

Schema 2: Synthese sekundarer Amide durch dehydrogenative Kupplung von Alkoholen und primaren Aminen katalysiert
durch Ruthenium-Komplex 7.

Des Weiteren konnen die chirale Ruthenium-Diamid-Komplexe von Noyori wie 9 in der
enantioselektiven Transferhydrierung von Ketonen eingesetzt werden (Schema 3).116231 Als
Wasserstoffsurrogat dient dabei Isopropanol, das von Komplex 9 iber MLK unter Beteiligung des
Amid-Stickstoffs zu Aceton dehydriert wird und anschliefend den abgespaltenen Wasserstoff auf das
Substrat Ubertragt. Durch Abdestillation des niedrig siedenden Acetons kann das Gleichgewicht weiter
auf die Produktseite verschoben werden.



SN
N—

Ru
Ph /
R NH
Ph Y
o 9, 0.5 mol% o o} 14 Beispiele
)J\ in situ generiert Ar alkyl + )J\ 22—328% A;usbeute
Ar alkyl -98% ee

45 °C, (CH3),CHOH (S)-Enantiomer

Schema 3: Enantioselektive Transferhydrierung von Ketonen mit Isopropanol katalysiert durch Komplex 9 Giber MLK.

Das Konzept der MLK wurde auf eine Vielzahl weiterer Ubergangsmetalle, Liganden und Anwendungen
Uibertragen. Fiir einen umfangreicheren Uberblick sei hier auf entsprechende Ubersichtsartikel
verwiesen, 1924

3.1.2 Frustrierte Lewis-Paare

Die reversible Aktivierung von H, war bis zu den 2000er Jahren nur fiir Ubergangsmetallkomplexe
bekannt. Zwar berichten einzelne wissenschaftliche Arbeiten, dass Supersiuren,® Alkyl- oder
lodoboranel®® und starke Basen wie Kalium-tert-butanolat?”? unter harschen Bedingungen die
Hydrierung von Kohlenwasserstoffe oder Ketonen unter hohen H,-Driicken katalysieren kénnen, aber
die direkte und reversible Aktivierung von H; durch metallfreie Systeme konnte nicht beobachtet
werden. Dies anderte sich durch die Entdeckung der frustrierten Lewis-Paare. Dabei bezeichnen FLP
eine Kombination aus Lewis-Saure und -Base, die durch sterische AbstoRung keine klassischen Lewis-
Addukte bilden kdnnen und somit mit anderen (kleinen) Molekilen reagieren. Bereits Brown und
Mitarbeiter beobachteten 1942, dass Trimethylboran mit Pyridin ein Lewis-Addukt bildet, jedoch
aufgrund sterischer AbstoRung zwischen den Methylgruppen nicht mit 2,6-Lutidin (Schema 4).12%

\ \
\ \
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I Me BMe; E/Ie/ N \Me  Abstortung
B 7 Me__Me\
Me™  “Me B
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Schema 4: Beobachtung von Brown zur Reaktion von BMes mit Pyridin und 2,6-Lutidin.

Die Gruppe um Stephan synthetisierte 2006 das Phosphinboran 10, welches aufgrund von sterischer
Abschirmung durch die Mesityl- und Pentafluorphenylsubstituenten in Lésung als Monomer
vorliegt.? Durch das ungequenchte Lewis-acide und Lewis-basische Zentrum kann 10 kooperativ als
Elektronendonor und -akzeptor mit H, zu Phosphinoborat 11 reagieren. Unter Hitze gibt dieses H,
unter Regeneration von 10 ab (Schema 5a). Der Begriff frustriertes Lewis-Paar wurde ein Jahr spater
in einer Publikation derselben Gruppe erstmalig verwendet."

Neben der sterischen Abschirmung muss die energetische Lage des Lewis-Basen zentrierten HOMO
(engl. fur highest occupied molecular orbital) und Lewis-Sauren zentrierten LUMO (engl. fir lowest
unoccupied molecular orbital) passend sein, um eine kooperative Reaktion mit H, oder anderen
Substraten zu ermoglichen. Praktisch wird dies meistens durch eine energetische Anhebung des
HOMO durch elektronenschiebende Gruppen am Lewis-basischen Zentrum und Absenkung des LUMO
durch elektronenziehende Gruppen am Lewis-aciden Zentrum erreicht. Dies wurde unter anderem



systematisch von der Gruppe um Paradies untersucht.?¥ Aus diesem Grund werden héaufig
elektronenreiche Phosphine oder Amine als Lewis-Basen und elektrophile Borane wie B(CsFs)s (BCF) 12
oder B(CeFs), substituierte Molekile als Lewis-Saure eingesetzt. BCF ist dhnlich Lewis-acide wie
Borhalogenide (z.B. BCl3), im Vergleich z.B. gegeniiber Luft jedoch wesentlich stabiler.[3%3]

a) Stephan 2006

AT > 100 °C Ho oH
MeSZP B(C6F5)2 —— MeSZP B(CBF5)2
H, (1 atm) r.t.

10
b) Stephan 2007

H © @
B(CeFs)s + PRy —2 > (CoFs)sB—H + H—PRy
12 13ab 14 15a,b

R =tBu (a), Mes (b)

c) Erker 2007
H

MeSZP_»B(Cer)Z . MeSZP B(CGF5)2 H2 | ©)
\ — \_/ —2 > Mes,P
®52%5™~" "B(CqFs),
16 17 18 M

Schema 5: Beispiele von FLP fiir die Aktivierung von H,.

2007 zeigte Stephans Gruppe, dass die intermolekulare Kombination aus BCF 12 und den Phosphinen
13a und 13bin Losung nicht miteinander reagieren, jedoch H, zu Hydroborat 14 und den
Phosphoniumkationen 15a und 15b spalten (Schema 5b).B2* Erkers Gruppe zeigte 2007, dass das
zyklische Addukt 16 im Gleichgewicht mit seiner offenen Form 17 steht, die wiederum in der Lage ist
H, zu Phosphinoborat 18 zu spalten (Schema 5¢).B!

Das Konzept der FLP lasst sich auch fir die Bindungsaktivierung anderer Molekile nutzen. Die
Kombination aus BCF 12 und Phosphin 13a aktiviert Olefine wie Ethylen in einer 1,2-Addition unter
Bildung des Zwitterions 19%%, wihrend das geminale FLP 20 CO, zu Heterozyklus 21 anbindet (Schema
6).%°) Des Weiteren gelang die Aktivierung anderer kleiner Molekiile wie N,OB”, SO,B® oder
verschiedener Isocyanide.!

tBu |
o » M ]\ 0 H‘%j\csac F
B(CGF5)3 —— (C6F5)BB/\/PtBu3 es\p B(CGFS)Z Mes/ I( 6 5)2
PtBU3 |l| }’O
12 13a 19 (0]
20 21

Schema 6: Beispiele fiir die Aktivierung von Ethylen und CO, durch FLP.

Neben Boranen, Aminen und Phosphinen kdnnen auch andere Elemente oder funktionelle Gruppen in
FLP verwendet werden. Als Lewis-Basen konnten beispielsweise N-heterocyclische Carbene!*® oder
Verkades Superbase!® eingesetzt werden, wihrend die Bandbreite von Lewis-Sduren unter anderem
auf Kohlenstoff*? Aluminium™3! Silizium™“* oder Borenium-Kationen*! erweitert werden konnte. Des
Weiteren konnen auch bestimmte Lewis-Addukte Uber einen FLP-Mechanismus H, aktivieren
kénnen 146481

Der Mechanismus der H,-Aktivierung wurde intensiv durch computerchemische Methoden von den
Arbeitsgruppen von Pépai und Grimme erforscht.[*=>3 Beide Gruppen gehen davon aus, dass sich
Lewis-Sdure und -Base vor der Reaktion mit H, zu einem sog. Begegnungskomplex zusammenfinden.
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Dieser leicht endergon gebildete Komplex wird hauptsachlich durch dispersive Wechselwirkungen
zwischen den sterisch anspruchsvollen Resten von Lewis-Saure und -Base stabilisiert (Abbildung 1). Die
theoretische Vorhersage dieses Komplexes wurde durch Molekiildynamiksimulation gestiitzt® und
konnte experimentell unter anderem durch NMRP®' und Neutronenstreuungl® nachgewiesen
werden.l”!

Der Modus der Hx-Spaltung unterscheidet sich in beiden Modellen. Das ,,electron transfer” (ET) Modell
nach Papai beschreibt die Spaltung von H, durch einen simultanen Elektronentransfer (Abbildung 1,
oben). Dabei werden die o-Elektronen der H,-Bindung in das freie p-Orbital der Lewis-Sdure doniert,
wahrend das freie Elektronenpaar der Lewis-Base in das o*-Orbital von H, doniert.[*>°%5354 Das
Lelectric field“ Modell (EF) von Grimme beschreibt, dass Lewis-Sdure und -Base des FLP ein elektrisches
Feld erzeugen, das stark genug ist, um H, barrierefrei zu spalten (Abbildung 1, unten). Die
experimentell beobachtete Aktivierungsenergie muss aufgrund des Eintritts von H; in die Kavitat des
FLP und der damit verbundenen geometrischen Verzerrung des Begegnungskomplexes aufgebracht
werden.’*2l Zwar konnte Papai zeigen, dass das bei sechs beispielhaft untersuchten FLP erzeugte
elektrische Feld zu schwach und inhomogen ist, um H, zu spalten®, jedoch bestitigte Pinter die
Wichtigkeit des elektrischen Felds flr die Polarisation der o-Elektronen in H; fiir den darauf folgenden
Elektroneniibertrag.l”® Zusatzlich konnte gezeigt werden, dass bei bestimmten FLP die H,-Aktivierung
Uiber Radikale ablauft (sog. frustrated radical pairs).>”

G*
@
+H, ©LB H—H p
o
NES \
/‘ Elektronentransfer ? P
LA LB B=H H—Gl):’

= O\ s ’—O\
é R d
Begegnungskomplex HS_ H8
+ Hy

Elektrisches Feld

Abbildung 1: Schematische Darstellung des EF und ET Modells zur H,-Spaltung durch FLP.

Die Aktivierung von H; pradestiniert die FLP als Katalysatoren fiir Hydrierungen.[®® 2008 gelang es den
Gruppen um Stephan und Klankermeyer, sterisch gehinderte Imine und Aziridine zu den
entsprechenden Aminen durch Verwendung von BCF 12 zu hydrieren (Schema 7a).!®" Dabei dient das
Substrat selbst als Lewis-Base im FLP. Nach der H,-Aktivierung wird ein Hydrid von Hydroborat 14 auf
das protonierte Iminium- bzw. Aziridinium-Kation Gbertragen. Auch die Amin-Produkte selbst kénnen
mit BCF 12 H, aktivieren und als Protonenquelle dienen.®? Aufgrund der Oxophilie der borbasierten
Lewis-Sauren ist die katalytische Hydrierung von Ketonen und Aldehyden durch FLP schwierig.B
Ashley und Stephan losten dieses Problem parallel 2014 durch den dualen Einsatz von Ethern als
Losungsmittel und Lewis-Base (Schema 7b).[%3 Uber die Jahre wurden weitere Protokolle unter
anderem fir die Hydrierung von Heterocyclen®, Amiden®!, Olefinen®®, Allenen!®,
Phosphanoxiden!®® sowie enantioselektive Varianten entwickelt.[®® Fiir einen vollstindigen Uberblick
sei hier auf entsprechende Ubersichtsartikel verwiesen.!””!



a) Stephan 2008

R
N
A
R7OR
Ho .R
BCF (12) 5 mol% N 6 Beispiele
R 5 atm, Hy, 120 °C, RS\R 89-99 % Ausbeute
l{l 1-41 h, Toluol
R™ R
b) Ashley 2014
- o H.
(e} BCF (12) 5 - 20 mol% H O 13 Beispiele
L 5-13 atm, Hy, 80-100 °C, Sl 74-99 % Ausbeute
R” R/ R” R/

6-120 h, 1,4-Dioxan

Schema 7: Katalytische Hydrierungen von Iminen, Aziridinen und Carbonylverbindungen durch FLP.

Die Hydrierung von unpolarisierten Alkinen ist fiir FLP problematisch, da die nach der H,-Aktivierung
entstandenen Borate nicht mit C—C-Dreifachbindungen reagieren und die protonierten Lewis-Basen
nicht acide genug sind, um Alkine zu protonieren. Durch einen alternativen Reaktionsmodus ber eine
Hydroborierung gelang Repo und Mitarbeitern 2013 die katalytische (2)-selektive Semihydrierung von
internen Alkinen durch das in situ generierte FLP 22 (Schema 8)."* Der Prakatalysator 23 aktiviert H,
und spaltet Gber eine Protodeborylierung Pentafluorbenzol ab. Der aktive Katalysator 22 hydroboriert
das Alkin zum Alkenylboran 24. Dieses aktiviert H,, bildet Zwitterion 25 und setzt das Produkt durch
eine Protodeborylierung frei (Schema 8). Neben Hydrierungen gelang der Einsatz von FLP fiir die
Aktivierung der zur H-H Bindung &hnlichen H-Si Bindung in Hydrosilylierungen” und der
Hydroaminierung von terminalen Alkinen.!

Sy

H CeFs
22 5 mol%
in situ generiert H H 19 Beispiele
R——R =
2.2 bar H,, 80 °C, 3 h, Benzol-dg R R 20%—quant. Ausbeute
Postulierter Reaktionsmechanismus R—— R

NMez H2 NM92

f HCeF !

B(CgF5), ~'1-6"5 B,

23 H H 22
>_< NMe2
R R é
/ =
FsCe R
Me,
N- 24
® H
O H
/B
FsCs  r—\ H
25 R R

Schema 8: (Z)-selektive Semihydrierung von internen Alkinen durch 22 und der postulierte Reaktionsmechanismus.



3.1.3 Konzept und Beispiele der Bor-Liganden-Kooperation

Die BLK Ubertragt das Konzept der MLK auf metallfreie Systeme. Es beschreibt die Bindungsaktivierung
bestimmter borhaltiger FLP. Im Zuge der heterolytischen Bindungsaktivierung kommt es zu einer
Reorganisation von m-Elektronen. Dies fiihrt zu einem Wechsel im Bindungsmodus zwischen Bor und
einem Substituenten. In Analogie zum Wechsel eines X- zu einem L-Typ Liganden (siehe Schema 1) fur
Ubergangsmetallkomplexe bei der MLK kann dies fiir Hauptgruppenverbindungen als Wechsel einer
kovalenten zu einer dativen Bindung beschrieben werden (Schema 9).

' : ‘ . ¥ ' \
Y@T o y2x Y7SX Y=0,N
kovalente Bindung dative Bindung

Schema 9: Allgemeines Konzept der BLK am Beispiel der H,-Aktivierung.

FLP, MLK und BLK haben als Konzepte gemeinsam, dass die Bindungsaktivierung durch eine
kooperative Reaktion des Substrats mit einem Lewis-aciden und Lewis-basischen Zentrum
stattfindet.”* Die Besonderheit der BLK (und MLK fiir Metalle) liegt im Wechsel des Bindungsmodus.
So entsteht bei der Bindungsaktivierung von H, durch BLK als Produkt ein dativ gebundener
Borankomplex (Schema 9), wahrend bei klassischen FLP ein Hydroborat entsteht (vgl. Schema 5).

a) Mikhailov 1980

R' = tBu, iPr, N=< HN_<

R" = tBu, iPr, Cy N |

b) Stephan 2010

co, NK ?
NS
IPI'\ IPI'\ N’B(CGFS)Z
A N 7 iPr
~
</ _B(CeFs)s ~—— /< 32
N N—B(CFs); 0
iPr iPr P )k
30 31 \ TN B(CoFs):
co =

Schema 10: Beispiele von BLK durch Reaktivitat von Boramidinen.

Ein frihes Beispiel fiir die BLK, ist die 1980 entdeckte Addition von Nitrilen an die Boramidine 26 zu
den Aminoboranen 29.7°! Die Autoren vermuteten, dass 26 im Gleichgewicht mit der tautomeren Form
27 steht. Diese reagiert mit Nitrilen via Ubergangszustand UZsss, wo es zur Verschiebung der
ni-Elektronen kommt und die vormalig kovalente N-B-Bindung zu einer dativen in Produkt 28 wird,
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welches zuletzt zu 29 tautomerisiert (Schema 10a). Stephan und Mitarbeiter zeigten 30 Jahre spater,
dass das Boramidin 30 lber seine offene Form 31 unter anderem mit CO; und CO zu den zyklischen
Boran-Komplexen 32 und 33 reagiert.”® Auch hier kommt es zum Wechsel einer kovalenten N—B-
Bindung in 31 zu einer dativen Bindung in 32 und 33 (Schema 10b). Diese Boramidinate konnten auch
fir die Bindungsaktivierung von Alkinen, Isonitrilen, Aldehyden und Nitrilen eingesetzt werden, die
Uiber BLK verlduft.””! In keinem der gezeigten Fille gelang jedoch die Aktivierung von H,.

Dies gelang zuerst durch das Pyrazolboran 34 von Tamm und Mitarbeitern (Schema 11).7® Neben der
irreversiblen Anbindung von H; in 35 und CO; in 36 gelang die Aktivierung von terminalen Alkinen zu
37, Benzonitril zu 38 und Paraformaldehyd zu 39. In allen Produkten kommt es laut
Kristallstrukturanalyse zu einer Verlangerung der N—B-Bindung und Verkiirzung bzw. Verlangerung der
entsprechenden C—C-Bindungen im Pyrazolring, wie es nach den gezeigten Lewis-Strukturen in Schema
11 zu erwarten ware. Dies unterstitzt die Beschreibung des Bindungswechsels einer kovalenten zu
einer dativen N—B-Bindung in den Pyrazol-Boran-Komplexen 35-39 unter gleichzeitiger Reorganisation
der m-Elektronen im Pyrazolkern.

tBu
H’QtBu
Ph——— é
T 1 'CeFs
CsFs
37
tBu TPh H tBu
N, 2 (ef6) / N_ ~
Oﬁ/ N Bu 2 N‘N\ B Hy H™ tBu
o é; ! é
- B\ ~Dy
} ‘CeFs CeFs™ “CeFs H™\ CeFs
CsFs H CeFs
36 34 35

Ph\(QtBu N>_/>\tBu

' Y
N—B., —B.,
i ‘CeFs © } ‘CeFs
CesFs CesFs
38 39

Schema 11: Bindungsaktivierung via BLK durch Pyrazolboran 34.

Der erste konzeptionell geplante Versuch die Bindungsaktivierung liber eine Rearomatisierung analog
zu Milsteins Ruthenium-Pinzetten-Komplexen auf metallfreie Systeme zu Ubertragen, geschah durch
eine computerchemische Studie von Wang und Mitarbeitern 2011.7°! Die Autoren berechneten, dass
Enamidboran 40 mit einer Aktivierungsbarriere von 25.2 kcal mol* iiber Ubergangszustand UZso/a1
unter Rearomatisierung des Pyridinrings H, spaltet und sich Komplex 41 bildet (Schema 12). Die
Rickreaktion hingegen sollte aufgrund der Stabilitdt des Pyridinrings nicht moglich sein. Die Autoren
vermuteten jedoch, dass die experimentelle Realisierung dieses Systems aufgrund von Nebenreaktion
von 40 wie z.B. Dimerisierung nicht moglich sei.
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T
-H
/H :
4 / N—g 72
N—BH, N—BH, N—B
R _ . H2
40 41

0Z 40141
AG* = 25.2 kcal mol™

Schema 12: Ubertragung des Bindungsaktivierungskonzepts der MLK auf metallfreie Systeme durch computerchemische
Studien. Theorielevel: CCSD(T)/6-311++G(2d,p)//MP2/6-31G(d,p).

Von dieser Arbeit inspiriert, synthetisierten Gellrich und Milstein Aminoboran 42, welches bei
erhohten Temperaturen H; abspaltet und Boran 43 mit einem dearomatisierten Pyridinring bildet
(Schema 13).8% Wahrend im Zuge der H,-Abspaltung der Pyridinring dearomatisiert, gewinnt der
flinfgliedrige Borazyklus in 43 an Aromatizitat und wird so stabilisiert. Die Autoren zeigten diesen
Transfer von Aromatizitdt unter anderem durch die Berechnung der entsprechenden NICS-Werte
(engl. nucleus independent chemical shift).BY

Komplex 43 reagierte zwar nicht mit H,, jedoch aktivierte er die N-H-Bindung von Benzylamin und die
O—H von Benzoesdure kooperativ Giber den nukleophilen Enaminkohlenstoff als Lewis-Base und Bor
als Lewis-Saure unter Rearomatisierung des Pyridinrings. Dabei bildet sich im ersteren Fall Aminoboran
44 und im letzteren Fall 45. Im Zuge dieser Reaktionssequenzen &ndert sich die dative
Pyridin-N—B-Bindung in 42 zu einer kovalenten in 43 und bei der Reaktion mit Benzylamin und
Benzoesaure wieder zu einer dativen Bindung in 44 und 45 (Schema 13). In dieser Publikation wird der
Begriff ,,boron-ligand cooperation” erstmalig genutzt.

O NICS =-6.0 O NICS =-10.9

= ° =
| —H, AN N\E{
H ¥
42 43 (0]

PN

Ph OH

Schema 13: H,-Abspaltung durch 42 und N—H bzw. O—H Aktivierung durch 43. Theorielevel: M06-2X/def2-TZVPP.

Die reversible H,-Aktivierung durch BLK gelang Gellrich im Jahr 2018 durch Zugabe von Piers Boran
(HB(CsFs),) 46 zu 6-tert-butyl-2-pyridon 47.82 Dadurch bildet sich das Lewis-Addukt Pyridon-Boran 2.
Dieses verliert beim Erhitzen H;, unter der Bildung von Boroxypyridin 1, welches im Gleichgewicht mit
der Pyridonat-Struktur 1‘ steht (Schema 14). Reaktion mit H, fiihrt zur Regeneration von 2. Laut
computerchemischen Rechnungen ist die Reaktion thermoneutral, wahrend die H;-Aktivierung
ausgehend von 1’ eine freie Aktivierungsenthalpie von 19.6 kcal mol™? benétigt, was in exzellenter
Ubereinstimmung mit den experimentellen Beobachtungen ist. Der Wechsel einer dativen O-B
Bindung in 2 zu einer kovalenten Bindung in 1 im Zuge der H,-Abspaltung bzw. umgekehrt im Zuge der
H,-Aktivierung konnte durch computerchemische und experimentelle Untersuchungen gestiitzt
werden. Laut Rechnungen erhoht sich die Bindungslange der C—0-Bindung im Zuge der H,-Abspaltung
von 1.27 A auf 1.36 A wihrend sich die O—B-Bindung von 1.55 A auf 1.36 A verkiirzt. Experimentell
zeigt sich eine typische C=0 Streckschwingungsbande im IR-Spektrum von 2. Die Berechnung von NICS-
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Werten zeigt, dass im Zuge der H,-Abspaltung von 2 zu 1 die Aromatizitdt zunimmt. Die potentielle
Anwendung von Boroxypyridin 1 und Derivaten fiir die Hydrierung von CO, wurde computerchemisch
durch die Arbeitsgruppe von Chattaraj untersucht.!®3 Im Zuge dieser Arbeit konnte gezeigt werden,
dass Pyridon-Boran 2 stéchiometrisch Benzaldehyd Gber BLK reduzieren kann (siehe Kapitel 5.1).

O NICS(1,,) =-6.8 O NICS(1,,)=-9.4
X A H
@/um @/1.3% m
Bu” "N” 0 AT=60°C, — H P P
u ) y—1.55 A <:2> tBu N (o) ——~ Bu N\ /O
: ~Bc F Hy (2 bar), RT g 1.36 A B
X s
" EoFs FsCe  CoFs FsCs CoFs
2 1 1
AG = 0.2 kcal mol! 0.9 kcal mol™ 0

exp. v (C=0): 1643 cm™"

Schema 14: Reversible Hy-Aktivierung durch Boroxypyridin 1. NICS-Werte berechnet mit PBEO/def2-TZVP mit der GIAO
Methode, Bindungslangen berechnet mit PBE0O-D3(BJ)/def2-TZVP und freie Enthalpien berechnet mit SMD(Benzol)-DLPNO-
CCSD(T)/def2-TzVP//PBEO-D3(BJ)/def2-TZVP.

3.1.4 Anwendung der Bor-Liganden-Kooperation in der Katalyse

Der Wechsel einer kovalenten zu einer dativen Bindung im Zuge der Bindungsaktivierung mittels BLK
impliziert eine interessante Folgereaktivitat flr die entsprechenden Systeme. Laut der IUPAC-
Definition nach Haaland® ist eine dative Bindung schwicher als eine kovalente Bindung und der
energetisch glinstigste Mechanismus der Dissoziation in der Gasphase oder einem inerten
Losungsmittel ist die heterolytische Bindungsspaltung.’®* Dies erméglicht die Dissoziation des Borans
aus dem Produktkomplex nach der Bindungsaktivierung (Schema 15).

Ay Y/§

Y X i ‘ot X
Dissoziation —
| > | H—BR
oo H ¥ 2
.BR
Ho 2 l
dative Bindung Boran-Reaktivitat

Schema 15: Schematische Darstellung der Dissozation eines dativ gebundenen Boran Komplexes.

Dies ermoglichte beispielsweise die Transferborylierung von Furylcatecholboran 48 auf verschiedene
Heterozyklen, wo die Dissoziation im Zuge der BLK fiir die Freisetzung des Produkts und Regeneration
des Katalysators verantwortlich ist.®®®”!  Fontaine und Mitarbeiter entwickelten zwei
Katalysatorgenerationen. Mit Thiopyridon 49 werden 25 mol% Katalysatorladung und fiinf Aquivalente
Furylcatecholboran bendtigt. Durch Verwendung von Thiothiazolon 50 konnte die Katalysatorladung
bei bis zu 71 % besseren Ausbeuten auf 5 mol% und die benétigten Aquivalente Furylcatecholboran 48
auf zwei reduziert werden (Schema 16).
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H

Bcat S
48 5 AO 49, 25 mol%
PP " o4 h, 110 °C@
~ Benzol-d ~
o ]I\/\> 6 >y Beat s 2u 71%
ey ~E L:\ B | E) mehr Ausbeute
- 4-24 h, 110 °C@ 7 mit 50
Benzol-dg
Bcat—@ H
o) N
48, 2 Aq. [ >=s
S
50, 5 mol%

Schema 16: Transferborylierung von Furylcatecholboran auf Heterozyklen katalysiert durch 49 und 50. (a) geschlossenes
Reaktionssystem.

Der postulierte Mechanismus ist fiir beide Katalysatoren analog und wird in Schema 17 allgemein
erldutert. Im ersten Schritt bildet das S—H-Tautomer des Katalysators 51 mit 48 das Lewis-Addukt 52.
Dieses wird anschlieBend unter Abspaltung von Furan konzertiert zu 53 boryliert, was mit einem
Bindungswechsel der dativen N-B zu einer kovalenten Bindung einhergeht. Der Borylrest wird
anschlieRend konzertiert auf das Substrat tbertragen, wobei es wieder zum Bindungswechsel in 54
kommt. Dies ermoglicht die Dissoziation des borylierten Substrats 55 und regeneriert den Katalysator.

~

O A Bcat
r ]|\/\<) D—Bcat
SN E o

55 TN 48
P
SN sH
51
NP SH NP sH
f f
catB?/ | “R3 catB o
/ |
E \;”d 52 I/
54

) \\ \N&S/(

LR

(6]
Schema 17: Mechanismus fir die Transferborylierung von Furylcatecholboran 48 auf verschiedene Heterozyklen.

Durch Verwendung von Thioimidazolon 56 konnte die Substratbreite auf terminal Alkine erweitert
werden.®”) Die in situ generierten Alkinylborane nutzten Fontaine und Mitarbeiter auRerdem fiir die
Michaeladdition an Chalkone zu Alkinonen mit katalytischen Mengen 57 (Schema 18).8”!

/
N
[ \FS MeO@Bcet
l}l R

o) H
Ar Ar 10 mol% 40 mol% 12 Beispiele
+ Ar Ar 28-95% Ausbeute

Benzol-dg, 18 h, 110 °C®

Schema 18: Bildung von Ketoalkinen aus Alkinen und Chalkonen (a) geschlossenes Reaktionsgefal3.
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Im ersten Schritt wird analog, wie in Schema 17 gezeigt, der aktive Katalysator 58 durch die Borylierung
von 56 (iber das S—H-Tautomer 60 durch Anisylcatecholboran 57 erzeugt (Schema 19). Dieser boryliert
anschlielend ein terminales Alkin unter Bildung von 59. Der Bindungswechsel ermdglicht die
Dissoziation von Alkinylboran 61, das in einer Michaeladdition an Chalkone zu 62 addiert. Diese bilden
ein Lewis-Addukt mit 60. Durch eine Protodeborylierung von 63 bildet sich der Produktkomplex 64.

Ar Ar

iiber H—="Ar
| Ar s N\_/N—Bcat
A o=Beat —
T /J'\ 58
Bc —

64
B NRGPN
at ~N NH N N—>Bcat Ar
07N )\ \—/ \=/
—
N~ N 56 59
63 \—/
SH
\N)%N
Ar \—/
|| _Bcat 60
0 _
P Ar——Bcat
Ar Ar

Schema 19: Mechanismus der Bildung von Alkinonen durch in situ Erzeugung von Alkinylboranen und Addition an Chalkone.

Der erneute Wechsel des Bindungsmodus der O—B und N-B Bindung ermdoglicht die Freisetzung des
Produkts durch Dissoziation und regeneriert den Katalysator 58. Dies von den Autoren als , boron
recycling” benannte Prinzip bendtigt nur katalytische Mengen Bor und wird durch die BLK ermdglicht.

i
tBu/S\NHZ + H_B(C6F5)2
65 46 17 oBeispieIe
_Ar 10-30 mol% 10-20 mol% A 80-99% Ausbeute
N l )\ bis zu 95% ee
|
AI’)\ 'Tl Ar
R o B(Cefs) R 16 Beispiele
I R 40-78% Ausbeute
A R tBu/S\NHz N bis zu 90% ee
N 66 H
_Ar
HN’Ar H3N—BH3 HN 35 Beispiele
1-2 Aq. RO,C ph  51-90% Ausbeute

Ph H bis zu 91% ee

H
N R N R 25 Beispiele
@ I 72-95% Ausbeute
= N~ 'R bis zu 86% ee
N R b

Schema 20: Substratbreite der enantioselektiven Transferhydrierung durch 66 und Amminboran.
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Eine weitere Anwendung der BLK zeigte die Gruppe um Du in der substratbreiten enantioselektiven
Transferhydrierung verschiedener ungesattigter Stickstoffverbindungen mit Amminboran. Als
Katalysator diente dabei das chirale Sufinamid 65 in Kombination mit Piers Boran 46. Als Substrate
eigneten sich Imine'®®, Indole®®, Enamine® und substituierte Chinoxaline (Schema 20).°"

Die Autoren gehen aufgrund ihrer mechanistischen Untersuchungen davon aus, dass das Lewis-Addukt
66 der aktive Katalysator ist.®® Dieser transferiert seinen hydridischen und protischen Wasserstoff
konzertiert auf das Substrat, wobei sich das dehydrierte Aminoboran 67 bildet (Schema 21). Dieses
wird Uber den sechsgliedrigen Ubergangszustand UZsz6s durch Amminboran rehydriert. In diesem
Zuge andert sich die kovalente N—B-Bindung zu einer dativen in 68. Dies ermdglicht die Dissoziation
vom Piers Boran 46 und die Rekoordination am Sauerstoff und regeneriert so den Katalysator 66.

/ \ * /
Cc=X C-X
/ /N O\
H R’ R" H H
B(CgFs)2
o” X=C,N 0
I
S. _.B(C4F
tBu'S\NHz Bu” H (CeFs)2
66 67
1 1H3N_BH3
t
Cefs .
Q " BH
S, B(CeFs) FsCe—B 2
Buw N H - N._ _NH,
H, - HN—BH, O=g”\ “n
68 tBu UZg765

Schema 21: Postulierter Mechanismus der enantioselektiven Transferhydrierung.

Im Zuge dieser Arbeit wurden synthetische Anwendungen der BLK mit Boroxypyridin 1 als Katalysator
untersucht. Durch H,-Aktivierung von 1 gelang die Z-selektive Semihydrierung von internen und
terminalen Alkinen Uber in situ erzeugte Alkenylborane (Schema 22, linker Katalysezyklus). Dabei
aktiviert Boroxypyridin 1 H,, wobei es zum Bindungswechsel einer kovalenten O—B zu einer dativen
Bindung in 2 kommt. Dies ermdglicht die Dissoziation von Piers Boran 46, welches das Substrat zum
Alkenylboran 69 hydroboriert. Das Alkenylboran 69 bildet mit Pyridon 47 den Borankomplex 70,
welcher Uber eine Protodeborylierung das Produkt freisetzt und den Katalysator regeneriert (siehe
Kapitel 5.4).

Ohne H; und in Anwesenheit terminaler Alkine katalysiert Boroxypyridin 1 deren gem-selektive
Homodimisierung (Schema 22, rechter Katalysezyklus). Ahnlich der H, Spaltung aktiviert 1 die C—H-
Bindung terminaler Alkine unter Bildung von Borankomplex 71. Der Wechsel im Bindungsmodus der
O-B-Bindung ermoglicht in diesem Fall die Dissoziation von Alkinylboran 72, welches mit einem
weiteren Aquivalent Alkin {iber eine 1,2-Carboborierung Enin 73 bildet. Durch Anlagerung an Pyridon
47 bildet sich Komplex 74. Eine darauffolgende Protodeborylierung regeneriert den Katalysator
Boroxypyridin und setzt das Produkt frei (siehe Kapitel 5.2).
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R
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Schema 22: Mechanismus der Semihydrierung von internen und terminalen Alkinen und der gem-Dimerisierung von
terminalen Alkinen katalysiert durch Boroxypyridin 1.
(a) Reaktionsbedingungen: 5-10 mol% 1, 5 bar H,, n-Hexan, 80 °C, 20 h (b) 20 mol% 1, Toluol, 100 °C, 6 h.

3.1.4.1 Allylierung von Acetonitril mit katalytischen Mengen Allylboran mittels BLK

Allylborane sind eine wichtige Klasse von Nukleophilen in der Organischen Synthese und werden haufig
in der Totalsynthese von komplexen Molekiilen verwendet.? In der Reaktion mit Elektrophilen, wie
z.B. Aldehyde oder Ketone (ibertragen sie (bei der Verwendung chiraler Borane auch enantioselektiv)
eine Allylgruppe unter der Bildung des entsprechenden Homoallylalkohols nach Aufarbeitung (Schema
23a).%¥ Synthetisiert werden kénnen Allylborane z.B. durch die Addition von Allylorganometall-
Reagenzien an Bormethoxide oder durch die regioselektive Hydroborierung von Allenen oder 1,3-
Dienen.® Die Gruppe um Brown synthetisierte beispielsweise Allylboran 76 durch die Hydroborierung
von 1,1-Dimethylbuta-1,2-dien durch 9-BBN 75 (Schema 23b).°*

a) Schematische Darstellung einer Allylborierung

RzB\

B )J\ _>/\)V

. X =zB. N, O
b) Synthese eines Allylborans

:<Me

= Me

}B_H —Me, }B/\/\Me
76

75

Schema 23: (a) Schematische Darstellung einer Allylierung durch ein Allylboran und (b) Synthese von Allylboran 76 durch
die Hydroborierung von 1,1-Dimethylbuta-1,2-dien mit 9-BBN 75.
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Die Gruppe um Danishefsky nutzte Allylboran 76 in der Totalsynthese von Gypsetin 79.%! Dabei wird
das chlorierte Indolderivat 77 in C2-Position von 76 allyliert, wobei nach Aufarbeitung Intermediat 78
erhalten wird, welches anschlieRend zum Zielmolekil Gypsetin umgewandelt wird (Schema 24). Wie
schon in Schema 23 gezeigt, wurde Allylboran 76 (iber eine Hydroborierung synthetisiert.

cl COQMG } /\/I\
Q\K\N‘/Phth
N

77

Schema 24: Allylborierung als Teil der Totalsynthese von Gypsetin 79.

Wie in Kapitel 3.1.4 gezeigt, entsteht nach der H,-Aktivierung durch Boroxypyridin 1 und Dissoziation
aus 2 Piers Boran 46. Dieses kann genutzt werden, um in situ die terminale C—C-Doppelbindung von
Allenen unter Bildung eines Allylborans zu hydroborieren. In Anwesenheit von Acetonitril als
Elektrophil und BCF als zuséatzliche Lewis-Sdure ermdoglichte Boroxypyridin 1 eine Allylierung von
Acetonitril zu den entsprechenden Allyliminen mit nur katalytischen Mengen eines in situ erzeugten
Allylborans.

Der postulierte Mechanismus ist dabei dhnlich dem in Schema 22 abgebildeten. Boroxypyridin 1
aktiviert H; und bildet Pyridon-Boran 2, das in Pyridon 47 und Piers Boran 46 dissoziiert (Schema 25).
Durch die Hydroborierung eines Allens durch Piers Boran 46 bildet sich Allylboran 80, das Acetonitril
zum Imin-Boran-Komplex 81 allyliert. Nach Rekoordination von 81 an Pyridon 47 und barrierefreiem
Protonibertrag zu Komplex 82 dissoziiert das Allylimin und wird von BCF 12 als Lewis-Addukt
abgefangen, wobei gleichzeitig Katalysator 1 regeneriert wird (siehe Kapitel 5.5).

tBu l}l ?
Ha H g
1 'CeFs
CsFs 47
AN 2
B | N7 H
! ! R\%\/ B(CsFs)2
R R LT TN (@)
FSCG CeFs - 7 Beispiele | 80
49 90% Ausbeute -
W BCFsl ) MeCN
J‘J\/K H
/(j\ R
B(CsFs5)3 NS
12 Cst B(CeFs)2

Schema 25: Mechanismus der Allylierung von Acetonitril, katalysiert durch Boroxypyridin 1. (a) Reaktionsbedingungen:
10 mol% 1, 1.1 bar H,, Benzol, 80 °C, 16 h—7 Tage.
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3.1.4.2 Katalytische Dehydrierung von Amminboran mittels BLK

Mit drei hydridischen sowie drei protischen Wasserstoffatomen und einem entsprechenden
19,6 % ist Amminboran (AB) als potentielles
Wasserstoffspeichermaterial interessant.®® Pro Molekiil AB kénnen bis zu drei Aquivalente H;

Wasserstoff-Gewichtsanteil von

abgespalten werden. Die thermische Freisetzung von mehr als einem Aquivalent H, benétigt jedoch
Temperaturen von (weit) iber 100 °C und ist mit signifikanter Zersetzung verbunden."”! Katalysatoren,
welche die H,-Abspaltung aus AB bei niedrigeren Temperaturen selektiv katalysieren, basieren haufig
auf Ubergangsmetallkomplexen der fiinften und sechsten Periode.®® Aber auch Nickel und Eisen
basierte Komplexe katalysieren die AB-Dehydrierung mit hohen Wechselzahlen.®® Beispiele fiir
metallfreie Systeme sind starke Brgnsted-Basen!® und -Siuren.!"®Y) Wegner und Mitarbeiter zeigten,
dass eine Bisboran basierte Lewis-Saure die Abspaltung von bis zu 2,5 Aquivalenten H, aus AB bei 60 °C
katalysieren kann.[%2

Durch ihre Fahigkeit, H, (reversibel) zu spalten, wurden auch FLP als mogliche Katalysatoren fiir die AB
Dehydrierung untersucht. Die Polarisation der Wasserstoffatome in AB in hydridische und protische
Wasserstoffe pradestiniert diese zur Reaktion mit Lewis-aciden bzw. Lewis-basischen Zentren, wie sie
in FLP vorhanden sind. Miller und Gruppe entdeckten, dass das prototypische FLP aus Phosphin 13a
und BCF 12 stéchiometrisch H, aus AB entfernen kann.'%! Die ionischen Produkte 15a und 14 spalten
jedoch selbst kein H; ab, was eine Katalyse verhindert (Schema 26a). Die Gruppe um Slootweg fand
2013 heraus, dass das geminale Al/P-FLP 83 stochiometrisch unter H,-Abspaltung an AB addiert. Eine
Katalyse wird durch Verwendung von Dimethylamminboran 84 erméglicht.l’% Dabei entsteht das
Zwitterion 85, das unter Bildung von 86 das FLP 83 als Katalysator regeneriert (Schema 26b).

a) Miller 2010 b) Slootweg 2013
Me,HN—BH3 Hy
HsN—BH; (HoN—BHy), % Ph
® Ph |
PtBus HPtBu; | CPSS)
13a 15a MeszP\ /A|tBU2
+ . M652P AltBUz HzB_NMez
B(CeFs)3 HB(C¢Fs)s 83 85
12 14 MeoN—BH
05 €2NTBH3
H,B—NMe,
86

Schema 26: Katalytische und stochiometrische Dehydrierung von Amminboranen durch FLP.

Aldridge et al. nutzten fiir die katalytische AB Dehydrierung das Xanthen basierte FLP 87.1*%) |m ersten
Schritt des Katalysezyklus wird die B—H-Bindung von AB unter Bildung von 88 gespalten (Schema 27).
Dieses reagiert in einer dehydrogenativen Kupplung mit einem weiteren Aquivalent AB zu 89. Durch
weitere Kupplung mit AB und anschlieRendem Ringschluss spaltet sich 90 ab und der Katalysator wird
regeneriert. Im weiteren Verlauf der Reaktion wird 90 durch 87 weiter zu Borazin 91 dehydriert. Mit
einer Wechselzahl von 4 h! ist 87 jedoch wesentlich weniger reaktiv als (ibergangsmetallbasierte
Katalysatoren.
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S)
mw thP\IIBH2 1-B(CoFs)2 ~_HaN—BH;
NH3 'H2
L0 - L0
(0] (0]

-H, ® o
PPh, B(CGFS)Z H H2 H-N—BH thP\BH H’B(CGF5)2
87 HB ~BH M2 N o ’
|O| - H,B” “BH, HaN- g
HNSZZNH 87 rlle 5H2
Hy
91 90 89

Schema 27: Mechanismus der katalytischen Dehydrierung von AB durch das Xanthen-basierte FLP 87.

Im Zuge dieser Arbeit konnte gezeigt werden, das Thiopyridon 92 als Organokatalysator die AB-
Dehydrierung ber BLK mit einer Wechselzahl von 88 h! iiber BLK katalysiert. Schema 28 zeigt den
postulierten Mechanismus dieser Dehydrierung. Im verwendeten Lésungsmittel THF liegt Thiopyridon
92 als wasserstoffbriickengebundenes Dimer 92, vor. Uber diese Struktur tautomerisiert es zum
Mercaptopyridindimer 93,. Das Monomer 93 reagiert nach Dissoziation mit der sauren
S—H-Funktionalitit mit AB Uber UZsssa in einer dehydrogenativen Kupplung zu Addukt 94. Die
Wasserstoffbriickenbindung des Pyridinstickstoffs zum N-H pradestiniert diesen fiir eine
intramolekulare Deprotonierung unter Reorganisation von m-Elektronen. Der mit der Deprotonierung
einhergehende Wechsel der kovalenten S—B-Bindung zu einer dativen, ermoglicht die Dissoziation von
95 und regeneriert unter Dimerisierung mit 92 den Katalysator 92, (siehe Kapitel 5.3). Im Laufe der
Reaktion reagiert 95 weiter zu Borazin 91 und Polyborazylen.

92
X —
| 92, Bu” N” S
tBu N/ S !
C ! I l;' w
H~ BH, Sy

s /N tBu
X o
94 | N _l 93, X

—
tBu N S
DT HyB—NHg
H , (H
2 \
Mol

HoN—B; [
~
H H tBu N SH
UZg3/94 93

Schema 28: Mechanismus der katalytischen Dehydrierung von AB durch Thiopyridon 92.

Flr Beispiele fur die katalytische AB Dehydrierung liber z.B. heterogene Systeme oder Nanopartikel sei
hier auf entsprechende Ubersichtsartikel verwiesen.[*%! Eine weitere groRe Herausforderung fiir den
Einsatz von AB als Wasserstoffspeichermaterial ist die Regeneration des verbrauchten AB, meistens
aus Borazin, Polyborazylen. Ein grofRer Fortschritt wurde dabei durch die Gruppe von Gordon erzielt,
die durch Hydrazin AB aus Borazin und Polyborazylen fast quantitativ regenerieren konnten. %"
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3.2 Carboborierungen

Borane kdnnen mit C—C-Mehrfachbindungen unter Bildung einer neuen C-B- und C-C-c-Bindung
unter Bruch der C-C-m-Bindungen und einer urspriinglichen C—B-c-Bindung reagieren. Diese
Carboborierungen sind synthetisch von Interesse, da sie neben einer neuen C—C-Bindung das Substrat
borylieren. Borylgruppen kdénnen z.B. durch die immens wichtige Suzuki-Miyaura-Kupplung weiter
funktionalisiert werden.!*%®! Aufgrund der Stabilitat der zu brechenden C—B-Bindung benétigen die
meisten Carboborierungen (ibergangsmetallbasierte Katalysatoren.[**®! Unter Verwendung von sehr
Lewis-aciden Boranen oder speziellen Substraten kénnen diese auch unkatalysiert ablaufen. Diese
unkatalysierten Carboborierungen sind atom-6konomisch und wurden in den letzten zehn Jahren
verstarkt erforscht. Dabei sind 1,1-Carboborierungen, bei denen unter Wanderung eines Restes am
Substrat die neue C—B- und C—C-Bindung am selben Kohlenstoff gebildet wird, haufiger als die
entsprechenden 1,2-Carboborierungen (Schema 29). Im Folgenden werden Beispiele der 1,1- und
1,2-Carboborierungen erlautert.

1,1-Carboborierung , 1,2-Carboborierung
R R R ! R R BR,
R——MG + R—B ——> >=< | R—=——R + R—B/ —_— >=<
A ) \ | \
et R MG BR;, ! R R R

Schema 29: Schematische Darstellung von 1,1- und 1,2-Carboborierungen von Alkinen (MG engl. fir migrating group).

3.2.1 1,1-Carboborierungen

Systematisch untersucht wurden Ubergangsmetallfreie Carboborierungen durch Wrackmeyer und
Mitarbeiter in den 1970er Jahren.''% |n der als Wrackmeyer-Reaktion bekannten 1,1-Carboborierung
reagiert Triethylboran mit dem Trimethylzinn substituierten Alkin 96 zu dem Alkenylboran 98 (Schema
30). Dabei kommt es zur Bildung des Intermediates 97, in der die Sn—C-Bindung gebrochen wurde. Das
Alkenylboran 98 bildet sich unter 1,2-Verschiebung des Zinnsubstituenten, wahrend die neue C—C- und
C—B-Bindung am selben Kohlenstoff gebildet werden. Typisch fiir die Wrackmeyer-Reaktion ist die
Verwendung von Alkinen, die mit schwereren Elementen der vierten Hauptgruppe substituiert sind,
da diese eine (partiell) positive Ladung im Reaktionsverlauf stabilisieren.*'%

Et
‘o) w Et |
BEt; + Mez;Sn———H Et,B .:/A H >~ >=< EMISC:Lénlg aus
| J EtzB SnMe3 -un -lsomer
96 ®SnMejy
97 98

Schema 30: Wrackmeyer-Reaktion von Triethylboran mit dem Trimethylzinn substituierten Alkin 96.

Ein Durchbruch in der Weiterentwicklung dieser Reaktionen gelang 2010 parallel den Gruppen von
Erker und Berke.!**? Diese entdeckten, dass Carboborierungen unter Verwendung der Lewis-acideren
RB(CsFs)2 basierten Borane (meistens BCF 12) auch mit unsubstituierten Alkinen ablaufen. Erker und
Mitarbeiter setzten dabei symmetrische interne Alkine mit BCF 12 oder dem Methylderivat 99 um,
wobei sich unter 1,2-Umlagerung eines R'-Substituenten Alkenylboran 100 bildet (Schema 31a). Diese
Reaktionen bendtigen neben hohen Temperaturen auch lange Reaktionszeiten.

Die Folgereaktivitat der 1,1-Carboborierungsprodukte wurden ein Jahr spater durch Erker untersucht.
Im Zuge der Carboborierung von terminalen Alkinen mit den Boranen 12 oder 99 kommt es zur Bildung

21



von Alkenylboran 101 als unselektive Isomerenmischung (Schema 31b). In einer Eintopfreaktion wurde
diese photochemisch zum thermodynamisch stabileren Isomer umgewandelt und die Borylgruppe
anschlieRend in einer Suzuki-Miyaura-Reaktion mit Aryliodiden zu 102 gekuppelt.!**3!

a) Erker 2010

R! R
RB(CgF R=CgF5(12
R—F 11(()-16255)"20 = Rz nPr <:> | CT-ISE99;
37a R B(CFs) :
100
b) Erker 2011 1. hv
H R H R ispi
RB(CgFs), 2. Ar—I _ 6 Beispiele
H—R >_{_ R —— > < 64-90 % Ausbeute
RT, Minuten R B(CcFs), kat. Pd(PPh3); R’ Ar ’
101 THF / NaOH 102
E oder Z

Schema 31: 1,1-Carboborierungen von internen und terminalen Alkinen durch Lewis-acide Borane.

Je nach verwendetem Substrat kann die Reaktion von Lewis-aciden Boranen mit ungesattigten
Verbindungen Tandem-Reaktionen initiieren, die mehrere C—C-Bindungen in einer Reaktionssequenz
kniipfen. Bei der Reaktion von Eninen mit BCF 12 kénnen je nach Substitutionsmuster im Substrat 103,
Bizyklus 107 oder die entsprechenden Ringdffnungsprodukte 108 oder 109 isoliert werden.[**¥ Laut
postuliertem Mechanismus wird die Reaktionssequenz durch die Koordination von BCF 12 an die
Dreifachbindung der Substrate 103 in 104 initiiert. Dies aktiviert die Dreifachbindung fiir einen
intramolekularen Angriff durch die Doppelbindung, wodurch sich Zwitterion 105 unter Ausbildung
eines flinfgliedrigen Rings bildet. Durch anschlieRende Dreiringbildung in 106 befindet sich ein
Carbokation in a-Position zur B(CsFs)s-Gruppe. Ladungsneutralitdt wird durch die Wanderung eines
CsFs-Rings in 107 in einer 1,1-Carboborierung wiederhergestellt.

B(CoFs)s
o b B(CFs)s
" R BCeFss10) R/ R~
B(Cefs)s (1) .
R R I;{d
N\ \ R R
R R ®
R R R
103 104 105
R R
R
\ CgFs ® ©

(C6Fs5)2B B(CeFs)2 B(CsFs)3
108 R R R R
-
y CeFs R R R R
R R /107 R 106 °
R
R R
B(CsFs)2
109

Schema 32: Tandem Reaktion von Eninen mit BCF 12.

In dhnlichen Systemen konnte computerchemisch gezeigt werden, dass solch eine 1,2-Umlagerung
eines CeFs-Rings barrierefrei verlauft.[!*>! Abhingig vom Substitutionsmuster kommt es anschlieRend
zu einer Ringoffnung zum flinfgliedrigen Ring 108 oder sechsgliedrigen Ring 109. In Kombination mit
PtBus 13a zeigten die Produkte 108 und 109 typische FLP-Reaktivitdt in der Aktivierung von H; und
CO,. Fiir einen vollstindigeren Uberblick {iber 1,1-Carboborierungen sei auf die entsprechende
Literatur verwiesen.[115117]



Im Zuge dieser Arbeit konnte gezeigt werden, dass Arylallene mit BCF 12 zu CgFs-substituierten Indenen
112 unter Abspaltung von Piers Boran 46 zyklisieren (Schema 33). Dabei bildet BCF 12 mit dem Allen
das Zwitterion 110. Nach einer Friedel-Crafts-artigen Zyklisierung und Rearomatisierung durch
Protonenwanderung kommt es im Schlisselschritt zu einer wie oben beschriebenen 1,2-Wanderung
eines CgFs-Rings in 111 in einer formalen 1,1-Carboborierung. Durch eine Retrohydroborierung spaltet
sich Piers Boran 46 und das Produkt Inden 112 wird gebildet (siehe Kapitel 5.7).

= ® CoFs
Ar X X © N
o bboat=e [
6F5)3 m6F5)3 @’—B(Cer)z [ 6Fs
R 11 © R 111 R 112
0 46

12

Schema 33: In dieser Arbeit untersuchte Bildung von Indenen 112 durch die Zyklisierung von Arylallenen mit BCF 12.

3.2.2 1,2-Carboborierungen

Im Kontrast zur weit verbreiteten 1,2-Hydroborierung und verglichen mit 1,1-Carboborierungen sind
unkatalysierte 1,2-Carboborierung seltener. Melen und Mitarbeiter entdeckten 2015, dass BCF 12 mit
Allenylketonen 113 eine formale 1,2-Carboborierung mit der terminalen Doppelbindung des Allens
eingeht.['*® Die Regioselektivitit wird durch intramolekulare Bildung des sechsgliedrigen Rings in 114
mit dativer O—B-Bindung gesteuert (Schema 34a).

a) Melen 2015
FsCe CeFs

(0]
= B(CeFs)3 _B
A,—)l\// “RT <somin Ol 5 Beispiele
’ min = 40-99% Ausbeute
Ar C6F5
113 114
b) Woerpel 2017
tBu R'
5 R 45O
f U\S_,O . BR; tBu—Y! 8 Beispiele
Bu] - T 2nRT /R 26-87% Ausbeute
CeHg/THF K %R,
rac rac
115 116

R = Et, nBu, Ph(CH,),

Schema 34: Beispiele fiir unkatalysierte 1,2-Carboborierungen.

Durch die Verwendung gespannter siebengliedriger Ringe mit einer E-konfigurierten Doppelbindung
konnten Woerpel und Mitarbeiter statt der typischen Cg¢Fs-substituierten alkylsubstituierte Borane mit
einer geringeren Lewis-Aciditit verwenden.[**! Diese Carboborieren die Doppelbindung in 115 in einer
konzertierten syn-Addition diastereoselektiv zu den Produkten 116 (Schema 34b).

Die durch die eingesetzten Borane (ibertragenen Gruppen in Carboborierungen sind haufig auf
CsFs-Ringe (im Falle von BCF 12) oder Alkylgruppen limitiert. Studer und Mitarbeiter zeigten 2021, dass
Alkine mit Sulfonamidgruppen 117 von einer Vielzahl von Dichloroarylboranen unter selektiver
Wanderung des Arylrests carboboriert werden.[*?% Die luftempfindlichen Dichloroborane 118 setzten
sie in einer Eintopfreaktion mit Pinakol und Triethylamin zu stabileren BPin-Derivaten 119 um (Schema
35). Die Dichlorarylborane 121 wurden in situ durch eine Transmetallierung der entsprechenden Silane
120 mit BCl; erzeugt.!*?!
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BCl3 + Ar—SiMes

l 120
HO  OH
RO,S Ar—BCl, R BCl, R BPin
A = = 41 Beispiele
R"N ——R R—N. R NEt, R—N R 38-91 % Ausbeute
SO,R' SOzR'
17 118 119

Schema 35: 1,2-Carboborierung von Alkynylsulfonamiden 117 mit Dichlorboranen 121 und Kondensation mit Pinakol.

Im Zuge dieser Arbeit konnte gezeigt werden, dass Alkenylborane 122 1,2-Carboborierungen mit
Allenen und terminalen Alkinen eingehen. Die Alkenylborane 122 werden dabei in situ durch die
Hydroborierung von Alkinen mit Piers Boran 46 erzeugt. Durch Zugabe eines Allens bildet sich liber die
1,2-Carboborierung der internen Doppelbindung des Allens das borylsubstituierte 1,4-Dien 123
(Schema 36). Durch Wechsel des Losungsmittels von DCM zu THF/NaOH(ag.) und katalytischen
Mengen Pd(PPhs)s kdnnen diese mit Aryliodide in einer Suzuki-Miyaura-Kupplung zu den 1,4-Dienen
124 umgesetzt werden. Alle drei Reaktionspartner (Alkin, Allen und Aryliodid) kénnen modular
getauscht werden und die synthetische Vielfiltigkeit dieser drei Stufen Eintopfsynthese wurde durch
die Synthese 20 verschiedener Diene gezeigt (siehe Kapitel 5.9).

20 Beispiele
36-74% Ausbeute
HB(CsFs)2 —= B(CeFs)2 Ar
R_— _ 46 R B(CeFs)2 Af RM Ar—l RM
122 kat. Pd(PPhj3),
Ar Ar
123 124

Schema 36: 1,2-Carboborierung von Allenen mit Alkenylboranen und anschliefende Suzuki-Miyaura Kupplung.

Mit einem Uberschuss Alkin reagieren die Alkenylborane 122 in einer Tetramerisierung zu den
borylsubstituierten Tetrahydropentalenen 128 (Schema 37). Dabei deuten die mechanistischen
Untersuchungen darauf hin, dass die Reaktionssequenz durch eine 1,2-Carboborierung von
Alkenylboran mit einem weiteren Aquivalent Alkin zu 1,3-Dien 125 initiiert wird. Nach zwei weiteren
1,2-Carboborierungen von Alkinen bildet sich das Octatetraen 126, was einer 8-t konratorische
Elektrozyklisierung zu Cyclooctatrien 127 reagiert. Dieses bildet durch zwei konsekutive Umlagerungen
Tetrahydropental 128 (siehe Kapitel 5.8). Neben computerchemischen Untersuchungen konnte die
Position des ersten Aquivalents Alkin durch Deuterierungsexperimente bestimmt werden.

. R R R
R/\/B(Cer)z R—_ /\)\ . — —
B(CF — — B(CeFs)2
(C6Fs)2 R

R
122 125 126
R R R R
R%B(Csmz — Q—-B(CGFS)Z
H R R R
rac rac
128 127

Schema 37: Piers Boran induzierte Tetramersierung von Alkinen zu Tetrahydropentalenen 128.
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5.1 Aldehyde Reduction by a Pyridone Borane Complex through Boron-
Ligand-Cooperation: Concerted or Not?
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Aldehyde reduction by a pyridone borane complex was studied experimentally and computationally.
The results indicate that a concerted hydrogen transfer mechanism is operative, resulting in the
formation of a transient alcohol complex that undergoes a barrierless addition. The concerted
hydrogen transfer is associated with a pyridone borane to boroxypyridine transformation.
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Aldehyde Reduction by a Pyridone Borane Complex through
Boron-Ligand-Cooperation: Concerted or Not?

Tizian Miiller,[?! Max Hasenbeck,?! Jonathan Becker,® and Urs Gellrich*[!

Abstract: The reduction of benzaldehyde by a pyridone bor-
ane complex was investigated by NMR, X-ray analysis as well as
DFT and DLPNO-CCSD(T) cemputations. The reaction leads to
the formation of a pyridone borenic ester complex stabilized
by an NH-O hydrogen bond. The computations show that the
hydrogenation takes place in a concerted fashion, yielding a

transient benzyl alcohol boroxypyridine complex that under-
goes a barrierless O-H addition. The concerted hydrogen trans-
fer is associated with a transformation of a pyridone borane to
a boroxypyridine, and thus with the interconversion of a neutral
donor ligand to a covalently bound substituent.

Introduction

Since the seminal reports from Stephan and Ashley on the
metal-free hydrogenation of aldehydes and ketones catalyzed
by B(CsFs)s in an ethereal solvent, the mechanism of this trans-
formation has gained considerable attention.? Stephan and
Ashly proposed a mechanism consisting of an initial hydrogen
splitting by a Frustrated Lewis Pair (FLP) formed by an ether
solvent molecule and B(CgFs); (Scheme 1). A hydrogen bond
between the protonated ether and the carbenyl compound ac-
tivates the latter towards hydride transfer (Scheme 1).

0
@ =)
H27/' Et,OH +‘)HB(CE;=533 ‘\Q RJ\R'
'
ELOR-—0 8
tOH
Et:0 + B(CsFs)s 2 ps + HB(CgFs)s
R7R

HO_ H

X

R R

Scheme 1. Proposed mechanism for the hydrogenation of aldehydes and
ketones catalyzed by BIC4Fs); in an ethereal solvent,

Based on DFT computations, Das et al. proposed a stepwise
mechanism in which the protonation of the ketone by the pro-
tonated ether precedes hydride transfer, which is, however,
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somewhat conflicting with the experimentally determined pKj,
values of a protonated ether and a protonated ketone.! A re-
cent computational study reported by Heshmat et al. suggests,
based on GGA DFT computations, a mechanism for the H; split-
ting in which the carbonyl carbon atom of a ketone coordi-
nated to B(C¢Fs); acts as a Lewis acid in conjunction with an
ether molecule of the solvent as a Lewis base.”!

Concerted hydrogenations via a pericyclic six-membered
transition state were the generally accepted mechanistic picture
for ketone reductions catalyzed by Noyori-type bisphosphine-
bisamino-ruthenium complexes (Scheme 2).51 Inspired by
these systems, Li et al. computationally designed a bifunctional
metal-free system, that should, according to the computations,
allow concerted hydrogen transfers to carbonyl compounds
(Scheme 2).9 It should be mentioned that recent DFT studies

a) b)

Arg F'\ i, NH

A s
3 N
H H,
[S
) R R R 5
=0 9
R7 - H &
R H
ArsP /NU Ar3P\®/NH
Ru u
AP I NN APy
H H, H H

Scheme 2. a) Generally accepted concerted mechanism for the ketone reduc-
tion by Noyori-type ruthenium complexes. b) Metal-free system computation-
ally designed by Li et al. to enable concerted ketone hydrogenation. ) Re-
vised stepwise mechanism.
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Scheme 4. Concerted aldehyde reduction involving a pyridone to oxypyridin transition {upper panel) or a stepwise mechanism involving the formation of an

ion pair (lower panel).

by Dub et al. rebut a concerted mechanism for hydrogenation
of ketones by Noyori-type bisphosphine bisamino ruthenium
complexes.”! Instead, based on these investigations, a stepwise
mechanism commencing with a hydride transfer yielding a
hydrogen bond stabilized ion pair was proposed (Scheme 2).

We recently reported reversible hydrogen activation by the
boroxypyridine 1 (Scheme 3).®! Upon hydrogen activation and
formation of the pyridene borane complex 2, the oxypyridine
substituent undergoes a transformation to a pyridone ligand.
In analogy to the concept of metal-ligand cooperation, this in-
terconversion of a covalently bound substituent to a neutral
donor ligand during the bond activation process was described
as boron-ligand cooperation.

In the aforementioned context, we became interested to elu-
cidate whether hydrogenation of a carbonyl compound by 2
was possible and, moreover, consisted of a concerted mecha-
nism that involves a pyridone to oxypyridine transition, or
rather proceeded via activation of the carbonyl by an NH--O
hydrogen bond (Scheme 4).

For the aldehyde reduction by 2, a concerted pathway seems
plausible since the pyridone to oxypyridine transition would
result in a higher degree of electron donation from oxygen to
boren, rendering the boron hydride mere nucleophilic.

Results and Discussion

We commenced our attempts for the reaction of 2 with
1.2 equivalents of benzaldehyde. Since our previous studies re-
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vealed that the hydrogen liberation from 2 takes place already
at room temp,, the reaction was performed under moderate H,-
pressure (2 bar).’®! After 18 h, complete conversion of 2 and the
formation of a new borane complex was observed. Reduction
of the aldehyde is evident from the detection of a signal at
4.8 ppm by 'H NMR that shows an HSQC cross peak to a '3C
NMR signal at ¢ = 66.4 ppm and can, therefore, be assigned
to the CH,-group of a phenylboronic acid. Based on HH-COSY
experiments, a signal at & = 14.3 ppm can be assigned to an
NH--O hydrogen bond. This is further indicative for the forma-
tion of the pyridone boronic ester complex 3 (Scheme 5). For-
mation of a tetra-coordinated borane is elucidated from the
"B NMR shift at 6.3 ppm. A similar structure was observed
upen benzaldehyde reduction with an intramolecular phos-
phine-borane FLPI)

1 L
X . Bu N ™0

tBu h O H; (2 bar), 1.2 equiv. Ph™ ~0 i 7
H & benzene-dg, rt, 18 h - o By CeFs
H7}"CoFs CoF5
i H
CeFs P,
2 3

Scheme 5. Formation of 3 upon reduction of benzaldehyde by 2.

This assignment is further supported by an excellent agree-
ment of the experimentally found NMR shifts and those com-
puted at PBEO-D3(BJ)/def2-TZVP (Table 1).1'%
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Table 1. Comparison of selected experimentally observed and computed
NMR spectroscopic data of 3,

exp. PBEQ-D3(B))/def2-TZVPll
'H (NH) [ppm] 13.74 15.23
H (PhCH,0B) [ppm] 456 476
"8 [ppml 6.2 6.3
13C (PhCH,0B) [ppm] 66.4 68.7

[a] Computed NMR shifts are referenced to TMS ('H) and MesN-BH; ("'B).

Slow evaporation of a hexane solution of 3 yielded single
crystals suitable for X-ray diffraction. The XRD structure reveals
that 3 is stabilized by an N-H--O hydrogen bond (Figure 1).

Fo @
©
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Figure 1. ORTEP representation of 3 (50 % probability ellipsoids, all hydrogens.
but the ones on N1 are omitted for clarity).

The structural features of the N-H-+O hydrogen bond de-
rived from X-ray analysis are in good agreement with those
computed at PBEO-D3/def2-SV(P) (Table 2).

Table 2. Comparison of selected experimentally observed and computed
structural features of 3.

XRD PBEO-D3/def2-5v(P)*"!
d NoHe0O [A] 2.656(9) 2594
i N-He0 [%) 138(3) 1409

The computations reveal a second minimum structure of 3
(Figure 2) that is more stable by 2.0 kcal/mol and differs from
the XRD structure with regard to the alignment of the phenyl
ring. This computed minimum structure is characterized by a
close contact between the phenyl ring and one of the penta-
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AGpgnzene = - 4.2 keal mol”!
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fluorophenyl rings at boron. Such an interaction is not unex-
pected given the large quadrupole moments with opposite
signs of benzene and perfluorophenyl!'" Indeed, phenyl-per-
fluorophenyl interactions have been used as a design element
for supermolecular arrays.!'?L

AG (AH) [keal mot-T]
20(2.1)

0.0(0.0)

Figure 2, Conformers of 3 and their relative Gibbs free energy computed at
DLPNO-CCSD(T)/def2-TZVP//PBEO-D3/def2-SV(P). The dotted black line indi-
cates the pentafluorophenyl-phenyl interaction. Bulk solvation was consid-
ered implicitly with the SMD model for benzene.#!

A closer inspection of the crystal structure reveals that this
difference between XRD structure and the computed structure
can be explained by intermolecular pentaflucrophenyl-phenyl
interactions in the solid state that are absent in the computed
structure. Assuming that low reaction temperatures will allow
the detection of possible intermediates, the aldehyde reduction
by 2 was monitored at -20 °C by means of 'H NMR spectro-
scopy (Figure 4). This experiment showed that the reaction is
fast, the formation of 3 can be directly detected after addition
of the aldehyde. It should further be noted that upon addition
of the benzaldehyde, the previously reported bispyridone com-
plex 4 and the uncoordinated boronic ester 5 are detectable.l'?!
Formation of 4 and 5 from 3 in the presence of 1, formed upon
hydragen liberation from 2, is predicted to be exergonic and
exothermic (Scheme 6).

Over the course of 1 h at -20 °C, the signal intensity of the
peaks assigned to 4 and 5 decreases, indicating that formation
of 4 is reversible. While the sharp signals observed in the 'H
NMR of the bispyridone complex 4 indicate a symmetric struc-
ture, previous computations support a global minimum struc-
ture with an NH.-Q hydrogen bond. We were able to obtain

tBu l}l =0
H. g Csfs
oG s B
CeFs Ph™ "0 "CgFg
N™ |
5
tBu =
4

Scheme 6. Gibbs free energy and enthalpy of the formation of 4 computed at DLPNO-CCSD(T)/def2-TZVP//PBEQ-D3/def2-SV(P). Bulk solvation was considered

implicitly with the SMD model for benzene.
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single crystals suitable for X-ray analysis after independent syn-
thesis of 4. The XRD structure is indeed in close agreement to
the previously computed structure (Figure 3).

Figure 3. ORTEP representation of 4 (50 % probability ellipsoids, all hydrogens
but the ones on N1 are omitted for clarity).

The low-temperature NMR experiment further revealed that
a small amount of 2 is still detectable, but the corresponding
shifts experienced broadening (Figure 4 and Figure S8 in the
Sl). The low field shift of the NH signal, which is now found at
d = 11.14 ppm, indicates the formation of the hydrogen-
bonded complex of 2 and benzaldehyde 2:PhCHO (Scheme 7).
The results obtained so far, e.g., the formation of 3 (and not of
a boroxypyridine-benzy! alcohol complex) as well as the forma-
tion of a hydrogen-bonded intermediate both indicate that a

3 PhCHO
) 4 2PhCHO |

J l l ‘ _}J i h&,‘, ‘_|
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Figure 4. NMR spectra recorded every 300 s after addition of 1.2 equiv. benz-
aldehyde to 2 at -20 °C.
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hydride transfer mechanism (Pathway B in Scheme 4) is opera-
tive.

Furthermore, the low-temperature experiment clearly shows
that the benzaldehyde reduction is faster than the hydrogen
liberation from 2 since no H, pressure was applied in this exper-
iment.

The mechanism of aldehyde reduction mediated by 2 was
further investigated by accurate DLPNO-CCSD(T)/def2-TZVP//
PBEQ-D3/def2-SV(P) computations (Figure 5).'" In agreement
with the experimental findings, computations predict the for-
mation of 3 to be exothermic and exergonic by -40.2 kcal/
mol and -23.5 kcal/mol, respectively. However, the formation of
2-PhCHO is predicted to be exothermic, but endergenic, which
is in conflict with the experimental cbservations. Previous stud-
ies revealed that taking infinitely separated reactants as refer-
ence states leads to an overestimation of the entropy loss for
bimolecular reactions."® Thus, enthalpies might be more in-
sightful than the Gibbs free energies for the mechanism under
consideration. In agreement with this assumption, the com-
puted activation enthalpy of the benzaldehyde reduction via
TSz/3 (11.8 kecal/mol) agrees favorably with the finding that the
reaction proceeds smoothly at -20 °C. Furthermore, the com-
puted activation enthalpy of the benzaldehyde reduction is
considerably lower than the barrier for H; liberation from 2,
which agrees with the finding that the benzaldehyde reduction
occurs without the need for H;, pressure. Based on the mecha-
nism discussed by Heshmat et al, a transition state in which
the aldehyde, coordinated to the borane, acts as Lewis acid was
also considered (TS';,3). However, this mechanistic scenario can
be ruled out based on the computed high barrier. In light of
the question whether a concerted mechanism via a pericyclic
six-membered transition state is operative, the fact that no alco-
hol boroxypyridone complex could be localized is relevant and
suggests a stepwise mechanism. However, a visual inspection
of the imaginary frequency of TS;;3 indicates that the hydride
transfer is associated with a proton transfer. Considering solva-
tion implicitly with the SMD model for benzene within the
structure optimizations did not alter these results.

Therefore, the intrinsic reaction coordinate (IRC) of the benz-
aldehyde reduction was analyzed (Figure 6). The reaction com-
mences with the formation of a hydrogen bond between alde-
hyde and pyridone (Structure A in Figure 6). The shortening of
the O--H distance by 0.3 A in the transition structure (TS;3)
reveals a concerted proton and hydride transfer. Indeed, the OH
bond length of 1.00 A in structure B shows that this structure
can be regarded as a transient alcohol boroxypyridine complex.
However, this transient structure undergoes a barrierless O-H

X
tBu N™ ™
tBu” NTT0 1.2 equiv. PhCHO (Bu” "N" 70O fast " ¢
f L H i e - B=CgF
H H/B_%C . toluene-dsg, -20 °C o H’B"‘CGF5 o ‘C Fé‘ 5
] )| IG F )} 61 5
CoFs R 6Fs phH
2
2PhCHO 3
Scheme 7. Formation of 2-PhCHO observed by a low-temperature experiment.
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Figure 5. Gibbs free energy and enthalpy profile for the aldehyde reduction by 2 computed at DLPNO-CCSD(T)/def2-TZVP//PBE0-D3/def2-5V(P). Bulk solvation
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Figure 6. Intrinsic reaction ccordinate associated with TS,z and selected structures along the IRC.
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addition, as can be deduced from the bond lengths computed
for structure € (Figure 6). The elongation of the pyridone CO
bond length and the shortening of the BO bond length further-
more indicate a boroxypyridine to pyridone transformation is
associated with the concerted hydrogen transfer (Structures A
and B in Figure 6). In turn, the computed bond lengths in struc-
ture € clearly indicate that the OH addition regenerates the
pyridone borane complex. Since previous studies revealed that
an increased aromaticity is indicative for a pyridone to hydroxy-
pyridine conversion, we studied the NICS,, values of the struc-
tures discussed in Figure 6.7 Indeed, by going from A via
TS,2 10 B, the NICS,, values show an increased aromaticity of
the heterocycle, indicating in agreement with the computed
bond lengths a pyridone to oxypyridine transition (Figure 7).
The NICS,,, value computed for € shows that the OH addition
results in a decreased aromaticity, diagnostic for the reforma-
tion of a pyridone donor ligand.

A c
— —
e TS,
-7.25 e T —T22
. B
I NICS(1,,) -8.17 —
-8.94

Figure 7. NICS,,, values for the structures discussed in Figure 4.

Conclusions

The aldehyde reduction mediated by a pyridone borane com-
plex was studied experimentally and computationally. While
conventionally, stepwise or concerted mechanisms are dis-
cussed for the carbonyl reduction by metal-free systems, we
show that there is a third possibility: concerted hydrogenation
yielding a transient alcohol complex that undergoes barrierless
CH addition to the bifunctional system. In case of the pyridone
borane complex studied herein, the concerted hydrogenation
is associated with a pyridone borane to boroxypyridine transi-
tion. In turn, the barrierless OH addition regenerates the pyr-
idone borane form.

Experimental Section

General Specifications: All manipulations with air and moisture
sensitive compounds were carried out under a nitrogen atmosphere
using standard Schlenk and glovebox techniques. 6-tert-Butyl-2-pyr-
idone and HB(C4Fs), were synthesized from 3,3"-dimethyl-2-butan-
one and B(C4Fs)s, respectively, according to literature proce-
dures.!'®'9 Deuterated solvents were degassed with argon and kept
in the glovebox over 4 A molecular sieves. NMR spectra were re-
corded on Bruker Avance Il HD 400 MHz and Bruker Avance Il
HD 600 MHz spectrometers. 'H and '3C NMR chemical shifts are
referenced to residual solvent resonance peaks.

3: A solution of 6-tert-butyl-2-pyridone (4.5 mg, 0.03 mmol) in
[Dglbenzene (0.3 mL) was added to HB(C4F5), (10.8 mg, 0.03 mmol,
1 equiv,) and the suspension transferred te an NMR tube equipped
with a closed J Young valve. Upon shaking of the tube, the suspen-
sion dissolved within 15 min. Benzaldehyde (3.6 pL, 3.8 mg,
0.036 mmol, 1.2 equiv.) was added. After three freeze-pump-thaw
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cycles, the tube was backfilled with H, (2 bar). The sample was
stored for 18 h at rt, and analysed by NMR spectroscopy, Crystals
suitable for X-ray analysis were obtained from a saturated cyclohex-
ane solution of 3. "H NMR (600 MHz, [D¢lbenzene): 8 = 13.74 (s, 1
H, NH), 7.40 (br. d, J = 7.5 Hz, 2 H, PhH), 7.19-7.12 (m, 2 H, PhH),
7.10-7.05 (m, 1 H, PhH), 6,57 (dd, J = 8.8, 7.5 Hz, 1 H, p-pyridoneH),
6.32 (d, /= 8.7 Hz, 1 H, m-pyridoneH), 565 (dd, J= 7.5, 1.0 Hz, 1 H,
m-pyridoneH), 4.61 (br. s, 2 H, OCH,Ph), 0.57 (s, 9 H, CCH3) ppm. 13C
NMR (151 MHz, [Dglbenzene): & = 1626, 157.5, 144.9 (p-pyridone),
133.5, 1283 (Ph), 128.0 (Ph), 127.8 (Ph), 115.0 (m-pyridone), 109.3
(m-pyridone), 66.4 (OCH,Ph), 34.6 (CCH3), 27.7 ppm (CCH,)*. (*As-
signment only partially possible based on an HSQC experiment due
to partial overlap with the solvent residue signals) ''B° NMR
(193 MHz, [D¢lbenzene): & = 6,19 ppm, "°F NMR (377 MHz, [Dgl-
benzene): & = -134.20 (br), -157.12 (br), -163.88 ppm.

X-ray Analysis of 3: The X-ray crystallographic data for 3 were
collected using a BRUKER/NONIUS KappalCD detector with a
BRUKER/NONIUS FR591 rotating anode radiation source and an
OXFORD CRYOSYSTEMS 600 low-temperature system at 120 K using
¢- and er-scans. Mo-K,, radiation with wavelength 0.71073 A and
a graphite monochromator were used. Semi-empirical absorption
corrections from equivalents were applied using SADABS.?Y The
unit cell was determined using 969 reflections and the structure
was solved by direct methods using SHELXT in the triclinic space
group P12V The structure was refined against F on all data by
full-matrix least-squares using SHELXL2016/6.221 All non-hydrogen
atoms were refined anisotropically and C-H hydrogen atoms were
positioned at geometrically calculated positions and refined using
a riding model. The N-H hydrogen atom was located in the Fourier
difference map and set to ideal distance. The isotropic displacement
parameters of all hydregen atoms were fixed to 1.2x or 1.5x (CHs
hydrogens) the U,, value of the atoms they are linked to. One part
of the structure was found to be disordered and the disorder ratio
was refined and converged to 0.59(2). The disorder was refined with
the help of similar ADP restraints and similarity restraints on 1,2-
and 1,3-distances. Advanced rigid bond restraints were used for the
refinement of the whole structure. The crystallographic data were
deposited at the Cambridge Crystallographic Data Centre as CCDC
18446271231

Reaction Monitoring by "H NMR: A solution of 6-tert-butyl-2-pyr-
idone (4.5 mg, 0.03 mmol) in [Dgltoluene (0.3 mL) was added to
HB(CgsFs); (10.8 mg, 0.03 mmol, 1 equiv.) and the suspension trans-
ferred to an NMR tube equipped with a closed J Young valve. Upon
shaking of the tube, the suspension dissolved within 15 min. A 'H
NMR was recorded at room temp. to ensure the formation of 2. The
sample was cooled to -20 °C and an additional "H NMR spectrum
recorded at this temperature. Benzaldehyde (3.6 uL, 3.8 mg,
0.036 mmol, 1.2 equiv.) was added at room temp. and the sample
immediately placed again into the precooled NMR spectroscopy.
"H NMR spectra were recorded at 20 °C every 300 s over 1 h,

Synthesis of 4: 4 was synthesized as described previously.® Crys-
tals suitable for X-ray analysis were obtained from laying a benzene
solution of 4 with cyclohexane.

X-ray Analysis of 4: Diffraction data for 4 were collected at low
temperatures (100 K) using ¢- and @-scans on a BRUKER D8 Venture
system equipped with dual IuS microfocus sources, a PHOTON100
detector and an OXFORD CRYQSYSTEMS 700 low-temperature sys-
tem. Cu-K,, radiation with wavelength 1.54178 A and a collimating
Quazar multilayer mirror were used. Semi-empirical absorption cor-
rection from equivalents was applied using SADABS."?”! The unit cell
was determined using 9612 reflections and the structure was solved
by direct methods using SHELXT in the monoclinic space group

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cc!?V The structure was refined against F2 on all data by full-matrix
least-squares using SHELXL, All non-hydrogen atoms were refined
anisotropically and C-H hydrogen atoms were positioned at geo-
metrically calculated positions and refined using a riding model.
The N-H hydrogen atoms were located in the Fourier difference
map and set to ideal distances. The isotropic displacement parame-
ters of all hydrogen atoms were fixed to 1.2x or 1.5x (CH; hydro-
gens) the U,, value of the atoms they are linked to. The asymmetric
unit contains two molecules of 4 and one cyclohexane molecule,
The absolute structure could be determined using the anomalous
dispersion effect with a Flack x parameter of 0.036(53) and a
Parsons parameter of 0.021(14). The crystallographic data were de-
posited at the Cambridge Crystallographic Data Centre as CCDC
1845181131

Computational Details: All structures were fully optimized with
the hybrid version of the Perdew-Burke-Ernzerhof functional con-
taining 25 % exact HF-exchange (PBEO) and a double zeta def2-
SV(P) basis set.l'"bdl Dispersion interactions were taken into ac-
count with Grimme's D3 correction.'%! Thermodynamic properties
were obtained at the same level of theory from a frequency compu-
tation. Single-Point energies were computed at the DLPNO-CCSD(T)
level [T with the triple zeta def2-TZVP basis set.l'%d! Solvent effects
were taken into account implicitly using the SMD model for benz-
ene!’® The computed free energies were corrected with regard to
the standard state by adding RT-In{ces/cog) (e, about 1.84 kcal/
mol) to energies of all structures. NMR computations were done at
the PBEO/def2-TZVP level with the GIAO method.[24]
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5.2 Metal-free gem selective dimerization of terminal alkynes catalyzed by
a pyridonate borane complex
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A metal free gem selective dimerization of terminal alkynes catalyzed by a pyridonate borane complex is
described. Each individual step of the catalytic cycle was verified experimentally and a protocol for the cat-
alytic reaction was developed. The mechanism of the reaction was further investigated by DFT and
DLPNO-CCSDI(T) computations. The catalytic transformation commences with C-H cleavage by a
baoroxypyridine that displays frustrated Lewis pair reactivity. The pyridone borane complex that forms upon
Received 2nd February 2019, C-H cleavage dissociates into a pyridone and an alkynylborane. An unprecedented 1,2-carboboration and a
Accepted 15th April 2019 protodeborylation effected by the pyridone yield the 1,3-enyne and complete the catalytic cycle. The
change in the coordination mode of the boroxypyridine upon C-H cleavage, described by the term boron-
ligand cooperation, enables the dissociation of the formed pyridone borane complex and the 1,2-

DOI: 10.1039/c9cy00253g

rscli/catalysis carboboration and is thus vital for the catalytic reaction.

Introduction change in the coordination mode of a substituent that is in-
volved in the bond activation process was described as

The dimerization of terminal alkynes via a formal hydro-  boron-ligand cooperation.” We envisioned that the reaction

alkynylation of the carbon-carbon triple bond is an attractive  of 2 with a terminal alkyne would, unlike the reaction of a
route towards 1,3-enynes due to its intrinsic atom economy.!  classic FLP, not yield a borate anion, but rather a pyridone
A variety of synthetic protocols using metal complexes as cata-  allynylborane complex that could show further reactivity
lysts have been reported.” Notable recent examples include  upon dissociation.
iron complex catalyzed highly regioselective reactions.” The
activation of the terminal C,p-H-bond of the alkyne by the
metal complex is a prerequisite for its catalytic activity. Sev-
eral inter- and intramolecular frustrated Lewis pairs (FLP) are
also capable of splitting the Cq,-H-bond of terminal alkynes
in a heterolytic fashion.*”

A classic example is the reaction of the sterically encum-
bered tris-tert-butyl-phosphine and the highly Lewis acidic

tris-perfluorophenylborane with phenylacetylene that yields g0 the experimental IR spectrum and from the computed

da : . '
salt 1."“ We recently reported reversible H, activation by the .. 41ra] changes (vide infra). When 4 was heated to 90 °C
boroxypyridine 2' that is in equilibrium with the pyridonate

borane complex 2 and can be regarded as a single compo-
nent FLP.° Significantly, upon H, activation the

Results and discussion

Upon addition of two equivalents of phenylacetylene to 2,
complete conversion to the CH activation product 4 was ob-
served within 15 minutes (Scheme 2). The cleavage of the
Cgp-H bond is accompanied by the transformation of the
boroxypyridine to a pyridone alkynylborane complex, evident

boroxypyridine undergoes a change in coordination mode. a) R ° ®
The pyridone borane complex 3, in which the pyridone is B(CoFs) 4"3(;% Ph—=—8(CeFe)y|  [H-PUBuY|
only coordinatively bound to the borane, is formed. In anal- 1

ogy to the term metal-ligand cooperation, this significant b

)
I 2, Ip
P &
BuTONT 0 === Bu N7 o Hz 2ban). RT fBu™ "N 70
B, B,

Institute of Organic Chemistry, Justus-Liebig University, Heinrich-Buff-Ring 17, 60 °C, - Hz
35392 Giessen, Germany. E-matl: urs.gellrich@org.chemie.uni-giessen.de

# Electronic supplementary information (ESI) available: Experimental details,
1D- and 2D-NMR spectra and details of the quantum chemical calculations are Scheme 1 a) Reaction of a classic FLP with phenylacetylene and b)

given. See DOT: 10.1039/c9cy00253g reversible hydrogen activation by 2.
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Scheme 2 Methylidyne C-H cleavage and the gem selective dimeriza-
tion of phenylacetylene promoted by the pyridonate borane complex 2.

in the presence of the remaining one equivalent
phenylacetylene, formation of the dimerization product 1,3-
diphenyl-but-3-en-1-yne 5 was observed by 'H NMR (Fig. 1
and ESIf). No regioisomers of the gem dimer 5 could be
detected.

Notably, '"H and "'B NMR show no significant change in
the spectral features of 4, indicating that 4 is not a reactant,
but rather the resting state of a catalytic reaction (Fig. 1).

The anticipated catalytic reaction is initiated by a
heterolytic CH cleavage by pyridonate borane 2
(Scheme 3). It seems further plausible to assume that the
carbon-carbon bond is formed, after dissociation of 4, by
the  carboboration of  phenylacetylene. A  final
protodeborylation generates 5 and completes the cycle.*®
Since dissociation of a FLP upon CH cleavage of a termi-
nal alkyne as well as the 1,2-carboboration of an alkyne
by an alkynylborane are both unprecedented, we decided
to investigate the elementary steps of the presumed cata-
Iytic cycle individually.

N
Lo N\
WG =
8"CFs
Pn/CJs P W CREET
4 5

il

S0 85 80 75 70 65 6o 55
1 (pom)

Fig. 1 'H NMR (600 MHz, toluene-dg) of 4 in the presence of
phenylacetylene (red, lower panel) and the spectrum obtained after
heating the solution to 90 °C for 2 h (blue, upper panel).
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Scheme 3 Hypothetical catalytic cycle for the observed gem selective
dimerization of phenylacetylene.

Stepwise investigation of the catalytic cycle

I. C-H cleavage. The reaction of 2 with phenylacetylene or
1-octyne is complete within 15-30 minutes (Scheme 4). The
pyridone alkynylborane complexes 4 and 9 were fully charac-
terized by NMR and IR spectroscopy.

Characteristic for the formation of 4 and 9 are the NMR
signals for the NH group at 12.09 ppm and 12.50 ppm as well
as ''B NMR signals at -5.9 ppm and —6.3 ppm, indicating a
tetravalent borane.” The pyridone C=O0 stretching vibration
of 4 and 9 is found at 1642 cm ™', indicating the formation of
an pyridone ligand in course of the C-H cleavage. The hetero-
Iytic C-H cleavage was also investigated by accurate
TightPNO-DLPNO-CCSD(T) computations (Fig. 2)."° Since no
pronounced difference regarding the reactivity of
phenylacetylene or 1-octyne was found experimentally,
propyne was used as model alkyne throughout this study. As
anticipated, the active form is the boroxypyridine 2’ that is
connected with the pyridonate borane complex 2 by the tran-
sition state TS,/ The boroxypyridine 2’ can be regarded as
an intramolecular frustrated Lewis pair. The barrier for the
exergonic C-H cleavage is computed to be 20.9 keal mol .
The computations further reveal that the C-H cleavage is

o S i SRR |

P S
BN 0 —= @By N0 i N0
'8 B benzene-dg, r. t., H &,
Foch CoFs FoCd CeFs  15-30min . = L <F:5Fs
3 5 quant. o8
4 (R=Ph)
9 (R = n-Hex)

Scheme 4 Heterolytic cleavage of the methylidyne C-H bond of
phenylacetylene and 1-octyne by 2.
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Fig. 2 Gibbs free energy and enthalpy for the heterolytic C-H cleav-
age computed at TightPNO-DLPNO-CCSD(T)/def2-TZVP//PBEO-
D3(BJ)/def2-TZVP.'** The SMD model for toluene was used to implic-
itly account for solvent effects.?

associated with shortening of the C=0 bond and an elonga-
tion of the B-O bond. These structural changes indicate, in
agreement with IR spectral features, the transition of the
boroxypyridine to a datively bound pyridone.

1I. Dissociation. If the observed C-C bond formation en
route to 5 occurs via a 1,2-carboboration, dissociation of the
pyridone alkynylborane complex would be required. This dis-
sociation cannot be observed directly. However, when the
strong Lewis acid B(CeF;); is added at r.t. to a solution of 4,
exchange of the alkynylborane with B(CeF;); is observed
within 2 h (Scheme 5a). The exchange is evident from a shift
of the NH signal in the *H NMR from 12.09 ppm to 9.54
ppm. Furthermore, a new set of signals appears in the region
that is typical for the CH signals of the pyridone. The ''B
NMR signal shift from -6.3 ppm to -1.2 ppm. The spectro-
scopic data are identical to a sample of 11 obtained from
6-tert-butylpyridone and B(C¢F5);. A second 'B NMR signal at

{Bu b B(CeFs)y  fBU E \::)
H [ —— . + Ph—==—BICsF
= Ei. CoFe benzen;;‘da,r t, . c/Bl CoFs (CoFs)e
Ph CeFs 58 Cofs 8
95%
4 "
b}
\
[ = Cef
Bu” NS0 _AG= 16,6 kealimol | g
H i Bu” N0 CoF,
% | ‘CsFs H e
10 CeFs &-tert-butylpyridone + 12

Scheme 5 a) Exchange of alkynylborane in 4 with B(CgFs)z. b) Gibbs
free energy for the dissociation of 10 computed at TightPNO-DLPNO-
CCSD(T)/def2-TZVP//PBEQ-D3(BJ)/def2-TZVP. The SMD model for
toluene was used to implicitly account for solvent effects.
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48.3 ppm indicates the presence of a trivalent borane,
alkynylborane 6.” Since the observed exchange cannot occur
via an associative mechanism, the reaction indicates that dis-
sociation of 4 can occur already at r.t. The AGp, of 16.6 keal
mol ', computed for the dissociation of 10 in 6-tert-
butylpyridone and the trivalent propynylborane 12 agrees
favourably with this observation (Scheme 5b). A relaxed po-
tential energy scan did not reveal any dissociation barrier.

III. 1,2-Carboboration. The most notable step in the pro-
posed catalytic cycle is the 1,2-carboboration. 1,1-
Carboborations of metal- and silylacetylenes, referred as
Wrackmeyer reaction, are well established.'® Furthermore,
carboborations of alkynes by borenium cations and 1,1-
carboborations of alkynes by B(C4F;); have been reported.'"™'*
Recently, the 1,2-carboboration of alkynes by borafluorenes, a
1,2-halogenoboration of alkynes, a FLP-mediated 1,2-
hydrocarbation of alkynes, a 1,2-carboboration of alkenes via
a radical pathway and a trans-alkenylboration of propargylic
alcohols were shown.'”' However, while a Ni-catalyzed vari-
ant exist, we are unaware of any example of an uncatalyzed
1,2-carboboration of a non-functionalized alkyne by an
alkynylborane.* In order to study this reaction in detail,
alkynylborane 6 was synthesized according to a known proce-
dure from CIB(C¢Fs), and the respective tin organyl. Pure 6
was isolated by crystallization from benzene/n-hexane.* The
1,2-carboboration reaction was then studied by reacting 6
with phenylacetylene. However, monitoring the reaction of 6
with 3-phenyl-1-propyne by NMR spectroscopy proved to be
more insightful: in that case, HH COSY and NOSY contacts
between the benzylic methylene group and the terminal Cgp—
H allowed following the shift of this signal from 1.96 ppm to
6.80 ppm upon addition of 3-phenyl-1-propyne to a solution
of 6 in benzene-d; at r.t. (Scheme 6).

To further support the interpretation of the NMR experi-
ment, the shielding of 13 was computed. For that purpose,
six conformers were computed at DLPNO-CCSD(T)/def2-
TZVP//PBE0-D3(B])/def2-SVP. The relative free energies of
these conformers were then used to calculate their
Boltzmann-weighted contribution to the shielding that was
computed with PBEO and the triple-zeta basis set peS-2, spe-
cifically designed for this purpose (Table 1).** The computed
NMR shifts agree well with those observed experimentally,
thus supporting the assumption that the 1,2-carboboration
product 13 is formed.

Computations reveal that association of the alkynylborane
with the free alkyne precedes carboboration (Fig. 3). This as-
sociation is predicted to be exothermic but endergonic. The

1.96 ppm Ph

CgF,
Ph—== B:GEFS 4'%\%" \\ _ %ECEFB
CgFs benzene-dj, r. t. - H ~—6.50 ppm
H'/éOSY, NOSY
13

Scheme 6 1,2-Carboboration reaction with 3-phenyl-1-propyne.

This journal is © The Roval Society of Chernistry 2019
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Table 1 Comparison of the experimental and the computed NMR data
of 13

Exp.” PBEO/peS-2"
'H (PhCH,) 3.59 3.37
'H (CypH) 6.80 6.58
"B 59.8 57.1
15C (PhCH,) 18.9 43.0
1€ (Cype-H) 138.7 143.0

“'H and "C NMR shifts in ppm, experimental shifts referenced to
solvent residual signals of benzene-d; and computed shifts to
benzene computed with the same protocol. ? B shift referenced to
Me;N-BH; computed with the same protocol. © Based on a DLPNO-
CCSD(T)/def2-TZVP//PBE0-D3(B])/def2-SVP conformer analysis.

*
H?j

4G (4H) [keal mol™']
l CeFs

CeFs
TS1ans
28.4(16.1)

~=-H —|‘

+ CeFs
=
Cefs

TS1ans
24.1(12.2)

H

/_3 B-CeFs
CeFs

16
-20.5 (-32.1)

3

Fig. 3 Gibbs free energy and enthalpy for the 1,2-carboboration
computed at TightPNO-DLPNO-CCSD(T)/def2-TZVP//PBEQ-D3(BJ)/
def2-TZVP. The SMD model for toluene was used to implicitly account
for solvent effects. The inset shows the transition structure of the 1,2-
carboboration.

carboboration takes place in a concerted fashion, but the
bond formation is asynchronous with formation of the B-C
bond being further advanced in the transition structure
(Fig. 3, inset), which therefore bears a partial negative charge
on boron and a partial positive charge on the non-terminal
carbon of the former triple bond. In contrast to the stoichio-
metric 1,1-carboboration of alkynes by B(C¢F5); no zwitter-
ionic intermediate is formed."* A protodeborylation of 15
leads to the observed gem product. The addition of the
alkynyl group to the terminal carbon (TS;4.5), that would
lead to a trans-hydroallkynylation, is disfavored by 4.3 keal
mol . This is in agreement with the experimentally observed
exclusive gem selectivity.

IV. Protodeborylation. In order to complete the hypotheti-
cal catalytic cycle, 6-tert-butylpyridone was added to a solution
of 13 in benzene-ds, resulting in formation of gem hydro-
alkynylation product 16 and bispyridone complex 17

This journal is @ The Royal Society of Chemistry 2019
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Scheme 7 Protodeborylation of 13 by 6-tert-butylpyridone and
formation of 17.

(Scheme 7 and Fig. 4). Complex 17 had been previously syn-
thesized and completely characterized, including SC-XRD
analysis.”> The product of protodeborylation 16 was charac-
terized by NMR and its identity supported further by ESI-MS
analysis of the reaction mixture.

The reaction is accompanied by the formation of
unidentified impurities (Fig. 4). However, by use of an inter-
nal standard the yield of 16 over the carboboration and
protodeborylation steps was determined to be 25%. Note that
since half of the pyridone is bound in complex 17, the theo-
retical yield of 16 is 50%. A computational analysis of the
transition structure of the protodeborylation revealed a short-
ening of the B-O bond compared to the enynylborane com-
plex 18 (Fig. 5). Simultaneously, the Cj,s,~O bond is elon-
gated. This structural changes hint to the transition of the
pyridone ligand back to a boroxypyridine substituent in
course of the exergonic protodeborylation that completes the
catalytic cycle.

Catalytic reactions

With the information on the single steps of the cycle, we
attempted the catalytic gem selective dimerization of terminal
alkynes (Scheme 8). Since our previous results showed that
the pyridone borane complex 3 liberates hydrogen upon mod-
erate heating (Scheme 1), this complex was used as catalyst,
facilitating the experimental setup. With a catalyst loading of
phenylacetylene,

20 mol%, p-tolylacetylene and p-tBu-

Fig. 4 'H NMR spectrum obtained upon addition of 6-tert-
butylpyridone to 13 (600 MHz, benzene-dg). The inset shows the
corresponding HSQC spectrum.

Catal. Sci. Technol, 2019, 9, 2438-2444 | 2441
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Scheme 8 Gem selective dimerization of terminal alkynes catalyzed
by 3. Yields determined by 'H NMR with trimethoxybenzene as internal
standard. Abbreviations: tBu = tert-butyl, Ad = adamantyl. a) In paren-
thesis: yield of isolated product.

phenylacetylene were dimerized with fair yields from 54% to
62%. Weakly coordinating groups such as ethers are toler-
ated, albeit the reaction with p-anisolacetylene gives a slightly
lower yield of 46%. The protocol can be applied to aliphatic
alkynes such as 1-octyne, which displays a reactivity similar
to that of phenylacetylene. Cyclohexylacetylene is dimerized

2442 | Catal Sci. Technot, 2019, 9, 2438-2444

44

View Article Online

Catalysis Science & Technology

with a good yield of 70%. The gem dimerization product of
cyclopropylacetylene was obtained in excellent 93% yield. The
higher reactivity of cyclopropylacetylene is attributed to the
ability of the cyclopropyl group to stabilize a positive partial
charge on the a-carbon in the transition structure of the
carboboration.*® Sterically demanding substituents are toler-
ated, as demonstrated by the successful dimerization of
adamantylacetylene. The results show that the reaction is in-
deed catalytic with respect to pyridone borane 3. This is, to
the best of our knowledge, the first dimerization of terminal
alkyne catalyzed by a metal free system. Note that the pres-
ence of 6-tert-butylpyridone is vital for the catalytic reaction:
the isolated alkynylborane 6 does not show any catalytic ac-
tivity under identical reaction conditions.

Potential energy surface of the catalytic reaction

Finally, the computed individual steps of the catalytic trans-
formation were joined to one potential energy surface (PES,
Fig. 6). For the sake of brevity, the equilibrium between 2
and 2’ (Fig. 2) is omitted. The barrier of the C-H activation is
20.9 keal mol™ as already discussed (Fig. 2). However, the
possibility of free 6-tert-butylpyridone coordinating to 2' re-
duces the enthalpic penalty associated with dissociation.
Note that the coordination of free 6-tert-buty-pyridone to 2,
yielding the bispyridone complex 17, was observed experi-
mentally in course of this study (Scheme 7). It is the 6-tert-
butylpyridone contained within the bispyridone complex 17
that after  the
enynylborane 15 and effects the protodeborylation. If the PES
is analyzed in terms of the “Energetic Span™ concept, intro-
duced by Kozuch and Shaik, the kinetic barrier between the
pyridone alkynylborane complex 10 and the transition state
of the carboboration must be regarded as the “Energetic
Span”, that is, the barrier, of the catalytic reaction.”” This
barrier of 25.0 keal mol™ is slightly higher than that for the
protodeborylation, which is 21.5 keal mol™. The pyridone
alkynylborane complex represents the resting state of the cat-
alytic cycle. This is in agreement with the initial NMR experi-
ment that revealed 4 as an observable species during the cat-
alytic reaction (Fig. 1).

re-coordinates 1,2-carboboration  to

Conclusions

In summary, we have documented a metal-free gem selective
dimerization of terminal alkynes that is catalyzed by a
pyridonate borane complex. Each elementary step of the cata-
Iytic reaction was examined individually and the results hint
to a mechanistic scenario that consist of a 1,2-carboboration
as C-C bond forming event. A change in the coordination
mode of the pyridonate substituent upon C-H cleavage en-
ables the dissociation of the pyridone borane complex and
precedes the 1,2-carboboration. The novel reactivity of the
pyridone borane complex reported herein might stimulate
the development of novel metal-free C-C bond forming
reactions.

This journal is © The Royal Society of Chemistry 2019
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5.3 Efficient Organocatalytic Dehydrogenation of Ammonia Borane
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Efficient dehydrogenation of ammonia borane by the organic catalyst 6-tert-butyl-2-thiopyridone is
described. Mechanistic investigations show that the reaction commences with dehydrogenative S-B

coupling. An inorganic retro-ene reaction closes the catalytic cycle and regenerates the catalyst.
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Efficient Organocatalytic Dehydrogenation of Ammonia Borane
Max Hasenbeck, Jonathan Becker, and Urs Gellrich*

Abstract: Dehydrogenation of ammonia borane by sterically
encumbered pyridones as organocatalysts is reported. With 6-
tert-butyl-2-thiopyridone as the catalyst, a turnover frequency
(TOF) of 88h™ was achieved. Experimental mechanistic
investigations, substantiated by DLPNO-CCSD(T) computa-
tions, indicate a mechanistic scenario thai commences with the
protonation of a B—H bond by the mercaptopyridine form of
the catalyst. The reactive intermediate formed by this initial
protonation was observed by NMR spectroscopy and the
molecular structure of a surrogate determined by SCXRD. An
intramolecular proton transfer in this intermediate from the
NH; group to the pyridine ring with concomitant breaking of
the S—B bond regenerates the thiopyridone and closes the
catalytic cycle. This step can be described as an inorganic retro-
ene reaction.

The controlled release of dihydrogen from ammonia borane
(AB) with its H, content of 19.7 wt% is of interest consid-
ering its polential use as a hydrogen-siorage material.'l
Several transition metals catalyze the dehydrogenation of
AB efficiently.”) Among the most ecffective catalysts are
nickel carbene complexes and noble transition-metal com-
plexes with pincer-type phosphine ligands, but iron pincer
complexes have also proved to be effective.’! Since Wegner
and co-workers showed that this reaction can also be
catalyzed by a bidentate Lewis acid, the dehydrogenation of
AB by main group systems has attracted considerable
attention.” Slootweg, Uhl, and co-workers reported a phos-
phine/aluminium-based frustrated Lewis Pair (FLP) that
effects the stochiometric dehydrogenation of AB and the
catalytic  dehydrogenation ol  dimethylamine-borane
(DMAB).® Aldridge etal. showed that a xanthene-based
FLP catalyzes hydrogen release from AB and provided
evidence for a chain-growth mechanism.”’ However, the
reported turnover frequencies (TOF) of 4 h ' are moderate
compared to transition-metal catalysts. Earlier this year, the
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field was advanced by the report that a geometrically con-
strained phosphine-borane FLP displays improved activity
for the dehydrogenation of DMAB, but the catalyst showed
only moderate activity regarding dehydrogenation of AB.I'
For practical applications, an efficient and easily accessible
organic catalyst is desirable. Dixon and co-workers showed
that strong Bregnsted acids initiate the dehydrogenation of
AB, presumably by protonation of the hydridic B—H group.!'!)
We thus envisioned that an organic molecule possessing an
acidic group and a basic site could serve as an organocatalyst
for the dehydrogenation of AB by protonation of the BH;
group and deprotonation of the NH; group (Scheme 1).

= Q 2

X=H H. X X—H

f--\<J V?Hi f-{ . ,---\<

WA L I W -
2 % 2

Scheme 1. The working hypothesis of this research project: Dehydro-
genation of AB by an organocatalyst through simultaneous protonation
and deprotonation.

This organocatalyst would have to be able to revert to its
initial form in order to form a catalytic cycle. 2-Hydroxypyr-
idine satisfies the criteria of an acidic OH group and a basic
pyridine ring. Furthermore, the tautomers 2-pyridone and 2-
hydroxypyridinc are almost isocnergetic. We therefore con-
sidered 2-pyridone as a suitable candidate for the catalytic
dehydrogenation of AB. Aside from simple 2-pyridone 1, the
sterically more encumbered 6-tert-butyl-2-pyridone (2) was
tested as a catalyst. Furthermore, the more acidic thiopyr-
idones 3 and 4 were used.I'”) We attempted the dehydrogen-
ation of AB by reacting 1 mol % of the respective organo-
catalyst with AB at reflux in THF (Scheme 2). The results of
the catalytic reactions are summarized in Table 1.

The parent pyridone 1 shows only moderate catalytic
activity. However, 1 mol % of the sterically more encumbered

H

H. .N.__H
B B
A,

‘B
H

Cat. (1 mol%)

3 NH;3BH;
THF, reflux, 2h

R” 'N” "0 R N

1(R=H)
2(R = tBu)

3(R=H)
4(R = (Bu)

Scheme 2. Dehydrogenation of AB by various pyridine derivatives.
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Table 1: Results of the catalytic dehydrogenations of AB by pyridone
derivatives (conditions shown in Scheme 2).

Catalyst equiv H,"! TOF [h™']® conv. AB [%]
1 0.06 32 13
2 0.62 30.8 28
3 0.10 4.8 17
4 1.76 88.0 99

[a] Based on the volumetric determination of H,. [b] Calculated as
[H,)-[cat.] "h™". [c] Determined by ''B NMR using a linear fit of the AB
signal/integration ratio.

6-tert-butyl-2-pyridone (2) catalyzes hydrogen release from
AB with a notably higher efficiency: 0.6 equivalents of
hydrogen were liberated within 2 h, which corresponds to
aTOF of 31 h™'. Borazine is the main product of this reaction,
as demonstrated by ''B NMR. Thiopyridone 3 is less active
than 2 but displays a slightly higher activity than parent
pyridone 1. This result indicates that the combination of steric
demand and increased acidity should lead to an active
catalyst. Indeed, 1 mol% 6-tert-butyl-2-thiopyridone (4) cat-
alyzes the liberation of 1.8 equiv H, from AB within 2 h,
which corresponds to a TOF of 88 h™". This is, to the best of
our knowledge, hitherto the highest TOF for H, release from
AB reported for a metal-free system. Analysis of the reaction
mixture shows that AB is completely converted into borazine
and polyborazylene.

At 120°C in toluene, dehydrogenation of DMAB was
efficiently catalyzed by 4 (1 mol %) within 4 h (Scheme 3).
This experiment demonstrates the chemical robustness of 4.

® ©
Me,N—BH
2MeNHBH; —4(1mol%) _ Mei—Pra

toluene, 120 °C, 4h H,B—NMe,
[CC]

2H,

95 %

Scheme 3. Dehydrogenation of DMAB catalyzed by 4.

With these unexpected results in hand, we aimed for
a mechanistic understanding regarding the mode of action by
which 4 catalyzes hydrogen release [rom AB. To verily that 4
does not act as a Brgnsted acid and initiates the dehydrogen-
ation of AB through a chain-growth mechanism, a catalytic
reaction using 1 mol % thiophenol (which is more acidic than
thiopyridone), was performed. This reaction led to the
formation of B-(cyclotriborazanyl)-amine-borane as the
main product (Scheme 4). The observed TOF of 27h ! is
significantly lower than that achieved with 4 as a catalyst. This
corroborates the importance of catalyst bifunctionality, that
is, the presence of the basic pyridine ring for the catalytic
activity of 4. It is tempting to attribute the higher activity of
the tert-butyl derivatives 2 and 4 to the destabilization of their
respective dimers. The synthesis of 4 has been described
previously, but its SCXRD structure has not been reported
yet!"l Single crystals suitable for X-ray analysis were
obtained in the course of this study."! The SCXRD structure
is that of the thiopyridone dimer 4, (Figure 1). The N-H:--S
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Scheme 4. Attempted dehydrogenation of AB by thiophenol. The
formal charges on nitrogen and boron are omitted for clarity.
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Figure 1. Gibbs free energies for the formation of 4SH and 3SH
computed at the TightPNO-DLPNO-CCSD(T)/def2-QZVPP//PBEO-D3-
(BJ)/def2-TZVP level. Solvent effects were implicitly considered using
the SMD model for THF. The inset shows the molecular structure of
4, derived from SCXRD (ellipsoids shown at 50% probability, all
hydrogen atoms attached to carbons omitted for clarity). Selected
bond lengths and angles: N(H)---S: 3.46 A, C-S: 1.70 A, N—H---S:
173.290

distance of 3.46 A is elongated by 0.17 A compared to the C5,
symmetric dimer of 3.

The formation of monomeric 4SH that is assumed to be
the active catalyst was further investigated computationally at
the SMD(THF)-TightPNO-DLPNO-CCSD(T)/def2-
QZVPP//PBE0-D3(BJ)/def2-TZVP level (Figure 2).['-!%]
Tautomerization of 4, requires an activation energy of
15.8 kcalmol™". The formation of 4SH from 4, is slightly
endergonic. In comparison, the formation of 3SH from 3, is
thermodynamically disfavored by 5.2 kcalmol ™. This result
indicates that a ground-state effect, that is the destabilization
of 4,, contributes to the activity of 4.

We then focused our attention on the detection of
potential reactive intermediates. Upon monitoring a stoichio-
metric reaction of 4 with AB at 60°C by NMR, the formation
of the mercaptopyridine-borane complex 5 was observed
within 5 h. The NH; group of 5 gives rise to a coalescent signal
at 5.48 ppm in the 'H NMR spectrum. The BH, group shows
a signal at 2.62 ppm that integrates to two. A triplet at
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Figure 2. Molecular structure of 5y, derived from SCXRD (ellipsoids
shown at 50% probability, all hydrogen atoms attached to carbons
omitted for clarity). Selected bond lengths and angles: N(H)--N:
2.8777(16) A, B—S: 1.9107(18) A, C-S-B: 102.61(7)".

—13.3 ppm s observed by "B NMR, which is a typical shift for
a tetracoordinated borane.”! A NOE contact detected by
NOSY NMR confirms spatial proximity between the NH;
group and the tert-butyl group of the thiopyridone. Attempts
to isolate 5 from solution were not successful. However, upon
reaction of 4 with DMAB, a stable surrogate of 5 was
obtained. The molecular structure of this surrogate Sy,
derived from SCXRD, supports the structural assignment of §
(Figure 2). The structure shows a short N(H)--N hydrogen
bond that indicates the possibility of an intramolecular proton
transfer to the pyridine ring.

It is reasonable to assume that 5 is the product of
a dehydrogenative coupling between the mercaptopyridine
form of 4 and AB. That implies that the dehydrogenation of
AB commences with this dehydrogenative coupling, which
liberates the first equivalent H, and yielding S.

When NH;BD; was used as the substrate in the catalytic
reaction, a kinetic isotope effect (KIE) of 1.20+0.15 was
observed. This result is consistent with the computed
transition state for the dehydrogenative coupling: While the
S—H bond is ruptured, the B—H bond is only slightly distorted
(Figure 3).” Indeed, the computed KIE for the dehydrogen-
ative coupling of 1.01 agrees favorable with experimentally
observed KIE.’Y A second AB molecule is required to
stabilize the partial negative charge on the thiolate in the
transition state.

Upon prolonged heating of a solution of 5, the formation
of borazine and regencration of 4 was observed (Scheme 5).
The reactivity of 5 was further investigated computationally
(Figure 4). Proton transfer from the NH, group to the
pyridine ring and the concomitant breaking of the S—B
bond requires a free activation energy of 11.0 kcalmol .12
This result indicates that 5 is not inert at 60°C. However, the
liberation of NH,BH, and the regeneration of 4 are ender-
gonic. Therefore, 5 can be observed in a stoichiometric
reaction since it is thermodynamically stable with respect to
the formation of NH,BH, and 4. The fact that 5 does react to
borazine and 4 at elongated reaction times further indicates
that the formation of borazine renders the stoichiometric
reaction exergonic (Scheme 5).%¥ We note that, regarding the
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Figure 3. Gibbs free energies of the dehydrogenative coupling between
4 and AB computed at the TightPNO-DLPNO-CCSD(T)/def2-QZVPP//
PBEOQ-D3(BJ)/def2-TZVP level. All Gibbs free energies are given with
respect to 4, and AB,. Solvent effects were implicitly considered using
the SMD model for THF. Formal charges on nitrogen and boron in the
transition state are omitted for clarity.
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Scheme 5. Intermediate 5 observed in the stoichiometric reaction of 4
with AB by NMR. Reaction conditions: [Dg] THF, 60°C.
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Figure 4. Gibbs free energies of the liberation of NH,BH, from 5
computed at the TightPNO-DLPNO-CCSD(T) /def2-QZVPP//PBEQ-D3-
(BJ)/def2-TZVP level. Solvent effects were implicitly considered using
the SMD model for THF. All Gibbs free energies are given with respect
to 4, and AB,. Formal charges on nitrogen and boron in the
transitionstate are omitted for clarity.
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reorganization of m-electron density, liberation of NH,BH,
from 5 can be described as an inorganic retro-ene reaction.

Further evidence that the retro-ene reaction is part of the
catalytic cycle came from a stoichiometric experiment with 4
and ND;BH,. Upon reaction at elevated temperatures, the
formation of borazine and incorporation of deuterium in 4 is
observed (Scheme 6). A pronounced KIE of 2.4+03 is

Bu” NS Bu” NS Ho N
) ND;BH; —HF o %
H * N g D '
Sy N 1Bu Ha, - HD Sy MN._Bu D
19 19
4 4D,
> 90% deuterium
incorporation

Scheme 6. Deuterium incorporation into 4 upon reaction with
ND;BH;.

observed when ND:BH; is used as the substrate in the
catalytic reaction. Given the low barrier for the retro-ene
reaction, this KIE is presumably due to the deuterium
incorporation in 4. Indeed, the computed KIE for the
dehydrogenative coupling (see Figure 3) starting from deu-
terated 4SD and ND;BH; is 3.2, which is in reasonable
agreement with the experimentally observed KIE.

Based on the experimental and computational investiga-
tions, we propose a mechanism for the dehydrogenation of
AB by 4 that commences with tautomerization of 4 to the
mercaptopyridine form 4SH, presumably via its dimer
(Scheme 7). A dehydrogenative coupling of AB with mono-
meric 4SH yields borane 5. The liberation of NH,BH,
regenerates monomeric 4, which dimerizes and completes
the catalytic cycle. However, contributions from an acid-
induced chain-growth mechanism in the dehydrogenation of
AB catalyzed by 4 cannot be excluded.

Bu” "N =s
fow
® o SN Bu
HaN=BH,
2
4,
=
® L
BN T
U
iy y o
:
NGB 2 S _N._-fBu
H H i
N
5
T 4SH,
H, H o H
HaN-BH,
® 0"’

Scheme 7. Proposed mechanism for the dehydrogenation of AB cata-
lyzed by 4.

Angew. Chem. Int. Ed. 2020, 59, 1590-1504 © 2020 The Authors. Published
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In summary, we have documented that hydrogen release
from AB is efficiently catalyzed by 6-tert-bulyl-2-thiopyri-
done. Mechanistic investigations highlight the importance of
bifunctionality of thiopyridone for the catalytic activity, while
the rert-butyl group facilitates the monomerization of 4. The
results reported herein are likely to stimulate the develop-
ment of efficient organocatalysts for hydrogen-storage appli-
cations.**l
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5.4 Semihydrogenation of Alkynes Catalyzed by a Pyridone Borane
Complex: Frustrated Lewis Pair Reactivity and Boron-Ligand
Cooperation in Concert
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The semihydrogenation of alkynes catalyzed by a pyridonate borane complex is reported. While the
catalyst can be described as an intramolecular frustrated Lewis pair, it is the change in the coordination
mode of the pyridonate substituent upon H; bond activation that enables dissociation of the formed
pyridone borane complex and hydroboration as the first C-H bond-forming step. This mode of action
is referred to as boron-ligand cooperation.
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Semihydrogenation of Alkynes Catalyzed by a Pyridone Borane
Complex: Frustrated Lewis Pair Reactivity and Boron-Ligand

Cooperation in Concert

Felix Wech, Max Hasenbeck, and Urs Gellrich*™

Abstract: The metal-free cis selective hydrogenation of al-
kynes catalyzed by a boroxypyridine is reported. A variety of
internal alkynes are hydrogenated at 80°C under 5 bar H,
with good yields and stereoselectivity. Furthermore, the cat-
alyst described herein enables the first metal-free semihy-
drogenation of terminal alkynes. Mechanistic investigations,
substantiated by DFT computations, reveal that the mode of
action by which the boroxypyridine activates H, is reminis-

cent of the reactivity of an intramolecular frustrated Lewis
pair. However, it is the change in the coordination mode of
the boroxypyridine upon H, activation that allows the disso-
ciation of the formed pyridone borane complex and subse-
quent hydroboration of an alkyne. This change in the coordi-
nation mode upon bond activation is described by the term
boron-ligand cooperation.

Introduction

The seminal finding that specific combinations of sterically en-
cumbered Lewis bases and Lewis acids, named ,frustrated
Lewis pairs” (FLPs), can activate hydrogen, stimulated the de-
velopment of catalytic metal-free hydrogenations." Early ex-
amples included the hydrogenation of (dilimines, nitriles, aziri-
dines, silyl enol ethers, and enamines, but the scope of FLP
catalyzed hydrogenations was extended to heterocycles, al-
kenes, allenes, and aromatic hydrocarbons.”? The heterolytic
hydrogen cleavage by the FLP yields a tetravalent borohydride
species. Therefore, hydrogenations by FLPs consist of a hydride
and a subsequent proton transfer step (or vice versa) and re-
quire activated alkenes.”’ A notable exception is the semihy-
drogenation of alkynes catalyzed by an intramolecular FLP that
was reported by Repo et al."” In that case, mechanistic investi-
gations showed that the protolysis of the FLP under the reac-
tion conditions yields an amine-hydroborane that initiates the
catalytic cycle by hydroboration of the alkyne.”” A protodebor-
ylation of the alkenylborane yields then, in a highly stereose-
lective reaction, the cis-alkene.”? We recently reported reversi-
ble H, activation by the boroxypyridine 3" A distinguishing
feature of this system is that the H, activation is associated
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with a transition of the covalently bound oxypyridine substitu-
ent to a neutral pyridone donor ligand (Scheme 1). This mode
of action was, in analogy to the concept of metal-ligand coop-
eration, termed boron-ligand cooperation. The change in the
coordination mode of the pyridone substituent might enable
the dissociation of the pyridone borane complex4 in the
ligand 6-tert-butylpyridone 5 and Piers borane 6. Piers borane
has been shown to display the typical reactivity of a trivalent
borane, for example, it effects the hydroboration of alkenes
and alkynes. Such dissociation is not possible for classic FLPs
that, as aforementioned, therefore rather display borohydride
reactivity upon H, activation (Scheme 1).

a)

H
B(CsF Hy ® :
(Mes),p~ ™ (CsFe)a — (Mes)gf‘/\/g(csFe)z

1 2

borohydride reactivity

b)

(S B
H; (2 bar), RT =
Bu” N7 —_— BN D
° 50°C, -, 6
FeCs 'CoF H7Y Cef's
5Cs  CeFs &Fs
3 4
}
s
e C R G

borane reactivity?
Scheme 1. A classic intramolecular FLP that displays borehydride reactivity

and reversible H, activation by the boroxypyridine 3 that might display
borane reactivity upon H, activation and dissociation.

3445 © 2020 The Authars. Published by Wiley-VCH GmbH

54

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202001276

Results and Discussion

We envisioned the hydroboration of an alkene to be a valid
test reaction to elucidate whether 3 displays borane reactivity
upon hydrogen activation, since hydroboration requires the
presence of a trivalent borane. Indeed, when 3 was reacted
with one equivalent of styrene under moderate H,-pressure at
RT, the formation of the alkyl borane 7 was observed
(Scheme 2). The alkylborane 7 is also formed when styrene is
reacted with the pyridone borane 4, which supports the as-
sumption that 4 is an intermediate in the formation of 7 start-
ing from 3.

The alkylborane 7 does not undergo a protodeborylation.
However, we envisioned that an analogous alkenylborane,
originating from a reaction sequence consisting of H, activa-
tion and hydroboration of an alkyne might succumb to proto-
nolysis. This reaction would regenerate the boroxypyridine 3
and close a catalytic cycle for the hydrogenation of alkynes
that consists of H, activation by 3, hydroboration of an alkyne
and protonolysis of the alkenylborane (Scheme 3).

Indeed, 2-hexyne was stereoselectively converted to cis-2-
hexene in 87 % yield in the presence of catalytic amounts of 4
at 80°C under 5 bar H, pressure (Scheme 4). The catalyst 4 was
generated in situ by coordination of 5 to Piers borane 6. An in-
itial screening of reaction conditions showed that a slight
excess of Piers borane 6 (1.3 equivalents with respect to 5) is
beneficial to obtain reproducible good yields. Under the same
conditions, cis-2-octene is obtained in very good yields from
the hydrogenation of 2-octyne. Likewise, cis-3-hexene is
formed upon hydrogenation of 3-hexyne in excellent yield
after only 8 h reaction time. The hydrogenation of 4-methyl-2-
pentyne leads to the corresponding cis alkene in a very good
yield after 16 h reaction time. Upon hydrogenation of the re-
spective alkyne, 1-phenyl-1-propene is obtained in an excellent
yield of 93%. Ethers are suitable substrates, as proven by the
successful hydrogenation of 1-(para-methoxyphenyl)-propyne.

While 3-hexyne is obtained after 8 h exclusively as cis
isomer, a prolonged reaction time of 16 h led to a 1:1 mixture

S
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Scheme 2. Hydroboration of styrene upon H, activation by 3.
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Scheme 3. Envisioned mechanism of the hydrogenation of alkynes catalyzed
by 3: H, activation yields the pyridone borane complex 4 that undergoes a
dissaciation. Piers barane 6 hydroborates an alkyne, formation of the pyri-
done alkenylborane complex and its protolysis are closing the catalytic
cycle.

5 (5 mol%)

R R
__ . _6(6.5mol%), Hy (5 bar) _
R=== ‘n-hexane, 80 °C, 20 h =
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Scheme 4. Substrate scope of the semihydrogenation of internal alkynes.
Yields were determined by 'H NMR with trimethoxybenzene as internal stan-
dard and are given as the average of two runs a) 8 h reaction time; b) 16 h
reaction time.

of the cis and the trans isomer (Scheme 5). After 20 h, the trans
isomer is the major product. Liu etal. reported that Piers
borane can isomerize cis-alkenes via reversible hydroboration.
We, therefore, assume that the catalytic reaction yields first cis-
3-hexene that is then subsequently isomerized by the Piers
borane 6 that is present in the reaction mixture. Thus, both
stereoisomers are accessible with the catalytic protocol de-
scribed herein.

bl B, Et B H
— 6 (6.5 mal%), Hp (5 bar) — o
B=—n R
n-hexane, 80 °C H H H Bt
8 h reaction time: 95% yield 100 0
16 h reaction time: 96% yield 49 51
20 h reaction time: 95% yield 20 80

Scheme 5. Stereoselectivity of the hydrogenation of 3-hexyne in depend-
ence of the reaction time.
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The known metal-free protocols for the hydrogenation of al-
kynes are limited to internal alkynes. We were pleased to find
that the catalyst described herein is capable to hydrogenate 1-
octyne in good vyield with a catalyst loading of 10 mol%
(Scheme 6). The catalytic protocol can also be used for the hy-
drogenation of other aliphatic alkynes such as cyclohexyl- and
adamantly acetylene. While aromatic rings are tolerated, the
hydrogenation of phenylacetylene and para-(trifluoromethyl)-
phenylacetylene yielded the corresponding alkenes in lower
yields. Again, ethers are suitable substrates, as demonstrated
by the hydrogenation of 6-methoxy-1-hexylacetylene.

With these results in hand, we aimed for a mechanistic un-
derstanding of the catalytic reaction. To verify that the pyri-
done 5 is indeed vital for the reaction, we attempted the hy-
drogenation of 2-hexyne only with Piers borane 6 as catalyst
(Scheme 7). Less than 1% product was formed under reaction
conditions that are identical to those reported in Scheme 4,
clearly indicating that the presence of the pyridone 5 is essen-
tial for the reaction outcome.

We then focused on the identification of the resting state of
the catalytic reaction. For this purpose, the catalytic hydroge-
nation of 3-hexyne was monitored by NMR (Scheme 8). Under
4 bar H,-pressure, rapid formation of cis-3-hexene was ob-
served at 70°C in [Dglbenzene, which implies that the observa-
tions made by this experiment are meaningful regarding the
catalytic transformation.

5 (10 mol%)

R H
o 6 (13 mol%), Hy (5 bar) o
R—=—H n-hexane, 80 °C, 20 h
H H
Hex, H Cy, H Ph H
H H H H H H
75% 1% 61%
F3C,
H
. e
B H H
H H H H
47% 76% 58%

Scheme 6, Substrate scope of the semihydrogenation of terminal alkynes.
Yields were determined by 'H NMR with trimethoxybenzene as internal stan-
dard and are given as the average of two runs.

Pr, Me
6 (6.5 mol%), Hs (2 bar) : o

Pr—=—Ne ~hexane, 80°C,20h

H
<1%

Scheme 7, Attempted hydrogenation with Piers borane 6 as the catalyst,

5 (10 mol%),

£t 6 (13 mol%), H, (4 bar)

Et—= [Dglbenzene, 70 °C

Et Et
H H
Scheme 8. NMR monitoring of the catalytic hydrogenation of 3-hexyne.
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The bispyridone complex 8 that was previously described
and characterized in detail was observed by 'HNMR as the
resting state of the catalytic reaction (Figure 1)."¥! Furthermore,
"H and "BNMR proved formation of boroxypyridine 3 with
progressing reaction and hydrogen consumption. This finding
strongly supports the assumption that 3 is part of the catalytic
cycle”

To elucidate whether the envisioned protonolysis of the al-
kenylborane can be assumed to be part of the catalytic reac-
tion, 5 was added to the borane 9, derived from the reaction
of Piers borane 6 and 3-hexyne. The reaction progress at RT
was monitored by NMR spectroscopy (Scheme 9). Within
30 minutes, the formation of the expected pyridone alkenyl-
borane complex 10 was observed. Furthermore, signals that
were assigned to ¢is-3-hexene, the product of the protonolysis,
were detected. The presence of cis-3-hexene implies that bor-
oxypyridine 3, originating from the protonolysis must be pres-
ent. Indeed, the formation of the bispyridone complex 8 that
contains one equivalent of 3 was observed.

EXSY NMR spectroscopy shows an exchange of the pyri-
done 5 between 10 and 8 at RT, which further supports that 8
is not an unreactive, irreversibly formed species but rather a
resting state. The mechanism of the catalytic reaction was fur-
ther investigated computationally at revDSD-PBEP86-D4/def2-
QZVPP//PBEh-3c (Figure 2)."%" The SMD model for n-hexane
was used to implicitly account for solvent effects."? The hydro-

Figure 1. "'B NMR spectra (193 MHz, [D benzene) obtained by monitoring of
the catalytic reaction (Scheme 8) before heating (blue) and after 15 h at
60 °C (red).

Q ~
1 o ‘
Et Bu” NS0

H&(El e H. B CeFs + H}Z(H
X [Dslbgnzene RT E| E "CoF CeFs Et Et
FsCq" 'CoFs  30min Ilc;: : N
. Et”H P
10 w__ A 8

Pyridone exchange observed by EXSY NMR

Scheme 9. Stoichiometric reaction of the alkenylborane 9 with the tert-butyl-
pyridone 5.
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Figure 2. Gibbs free energy profile for the hydrogen activation by 3 computed at revDSD-PBEP86-D4/def2-QZVPP//PBEh-3¢. Bulk solvation was considered im-

plicitly with the SMD model for hexane.

gen activation by 3 requires a free activation energy of
19.4 kcalmol ™. This elementary step is according to our com-
putations thermoneutral, which agrees with the previously ob-
served facile reversibility of the hydrogen activation.” The free
energy change that is associated with the dissociation of 4
into Piers borane 6 and the pyridone 5 is 16.8 kcalmol™'. Re-
laxed potential energy surface scans indicate that the dissocia-
tion is barrierless, As the experimental results indicate that the
bispyridone complex 8 is the resting state of the transforma-
tion, we considered the coordination of the free pyridone 5 to
the boroxypyridine 3. Indeed, the formation of 8 is according
to the computations exergonic. The hydroboration of the
model substrate 2-butyne requires a moderate activation
energy of 4.9 kcalmol ' and yields the alkenylborane 11. The
bispyridone complex 8 together with 11 is the resting state of
the catalytic transformation."” The pyridone 5, that is bound
in complex 8, coordinates than to 11 forming the pyridone al-
kenylborane complex 12,

Note that pyridone exchange between 8 and the pyridone
alkenylborane complex 10 was observed experimentally by
EXSY NMR. The activation barrier for the protodeborylation is
22.2 kcalmol ™', which corresponds to a half-life time of 12 of
35.8 minutes at 25°C."" This agrees with the experimental ob-
servation that the protodeborylation takes place at RT
(Scheme 9). The ,Energetic Span”, that is the kinetic barrier of
the catalytic transformation, is between the resting state (8
1

Chem. Eur. J. 2020, 26, 13445 - 13450 www.chemeurj.org

and 11) and the transition state of the protodeborylation."
Classic FLP type catalysts are not suitable for the hydregena-
tion of terminal alkynes, presumably because they are deacti-
vated by an irreversible C,,—H cleavage.”’ To understand why
the catalyst system described herein tolerates terminal alkynes,
3 was reacted with cyclohexylacetylene at RT. As previously re-
ported, this reaction led to the formation of the alkynylborane
complex 13 (Scheme 10)."” Upon addition of phenylacetylene

S
® L
— =
g N N _SYT=—H BT NTRO
5 [Dg]benzene, RT H B
FsCf CeFs  auant Z LG s
Cy CeFs
3 13
Ph—=—H

[Dglbenzene, 80 °C

Bu” "NTT0
Hod
B.,
=" 1"CsFs
Z
Ph CeFs
14

Scheme 10. C,;—H cleavage of cyclohexylacetylene by 3 and exchange with
phenylacetylene upon heating to 80°C.
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and heating to 80°C, 13 was partially converted to the phenyl-
alkynylborane complex 14.

After 1 h at 80°C, the ratio of 14 to 13 was 4:1. This experi-
ment indicates that the C,,—H cleavage is reversible under the
reaction conditions. The assumption that the formation of the
alkynylborane is reversible is further supported by DFT compu-
tations (Figure 3). According to the computations, the libera-
tion of cyclohexyacetylene from 13 requires a free Gibbs acti-
vation energy of 24.1 kcalmol ', which corresponds to a half-
life time of 79 seconds at 80 °C. The formation of the phenyl al-
kynyl borane complex 14 is kinetically and thermodynamically
favored.

T AG [keal moi' ']

By NS0
B
B,

/ ) 'CoFs

Cy CeFs
13
el

Figure 3. Gibbs free energy profile for the C,,—H activation of cyclohxylace-
tylene and phenylacetylene by 3 computed at revDSD-PBEP86-D4/def2-
QZVPP//PBER-3c. Bulk solvation was considered implicitly with the SMD
model for hexane

The computed Gibbs free energy difference of 0.4 kcalmol ™’
corresponds to a ratio of 2:1, which is in reasonable agreement
with the experimentally observed proportion of the two alkyn-
yl borane complexes. It is certainly the reversibility of the C,,—
H cleavage that allows H, activation in the presence of termi-
nal alkynes and thus the first metal-free hydrogenation of ter-
minal alkynes.

Conclusions

We have documented the efficient semihydrogenation of inter-
nal and terminal alkynes by a boroxypyridine that displays frus-
trated Lewis pair reactivity and is, therefore, able to activate
hydrogen. However, the change in the coordination mode of
the pyridonate substituent enables hydroboration as the initial
step of the hydrogenation and is thus vital for the catalytic re-
action. We expect this finding to pave the way for novel
metal-free catalytic reactions that rely on this mode of action.

Experimental Section

General Procedure for hydrogenation of alkynes: Piers borane 6
(13.5mg, 0.039 mmol) and 6&-tert-butyl-2-pyridone 5 (4.5 mg,

Chem. Eur. J. 2020, 26, 13445 - 13450 www.chemeurj.org
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0.030 mmol) were dissolved in n-hexane (5 mL) in a Fisher-Porter
type 150 mL reaction vessel equipped with a stirring bar. The re-
spective alkyne (0.60 mmol or 0.30 mmol) was added. The reaction
vessel was closed and connected to an H, bomb with a gas hose.
The hose was rinsed with H, several times and the reaction vessel
pressurized with H, (5 bar). The reaction vessel was placed inside
an 80°C preheated oil bath and stirred at 1000 rpm. After 20 h, the
reaction mixture was cooled to room temperature and the excess
H, gas was released. An aliquot was taken, and the yield deter-
mined by 'H NMR using 1,3,5-trimethoxybenzene as internal stan-
dard.
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5.5 Formation of Nucleophilic Allylboranes from Molecular Hydrogen and
Allenes Catalyzed by a Pyridonate Borane that Displays Frustrated
Lewis Pair Reactivity
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Formation of Nucleophilic Allylboranes from Molecular Hydrogen and
Allenes Catalyzed by a Pyridonate Borane that Displays Frustrated

Lewis Pair Reactivity

Max Hasenbeck, Sebastian Ahles, Arthur Averdunk, Jonathan Becker, and Urs Gellrich*

Abstract: Here we report the in situ generation of nucleophilic
allylboranes from H, and allenes mediated by a pyridonate
borane that displays frustrated-Lewis-pair reactivity. Exper-
imental and computational mechanistic investigations reveal
that upon H, activation, the covalently bound pyridonate
substituent becomes a datively bound pyridone ligand. Dis-
sociation of the formed pyridone borane complex liberates
Piers borane and enables a hydroboration of the allene. The
allylboranes generated in this way are reactive towards nitriles.
A catalytic protocol for the formation of allylboranes from H,
and allenes and the allylation of nitriles has been devised. This
catalytic reaction is a conceptually new way to use molecular
H, in organic synthesis.

Introduction

Allylboranes are a prevalent class of C-nucleophiles.!'!
Classic ways for their preparation include the addition of
nucleophilic allyl Grignard or allyl lithium compounds to
electrophilic boron methoxides.”! However, already in 1977
Kramer and Brown reported the formation of nucleophilic
allylboranes upon hydroboration of allenes by 9-borabicyclo-
[3.3.1]nonane (9-BBN, 1) (Scheme 1).°! The allylborane 2
prepared in this way was used in the first total synthesis of
Brevianamide A, a highly challenging target for organic
synthesis, reported earlier this year. This demonstrates the
ongoing importance of this class of nucleophiles for organic
synthesis.”!

We recently reported reversible H, activation by the
pyridonate borane 3 that can be described as an intra-
molecular frustrated Lewis pair (FLP)." ! A distinguishing
feature of this system is that the H, activation is associated
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with a transition of the covalently bound pyridonate sub-
stituent to a datively bound pyridone ligand (Scheme 2).
Piers borane 6 has been shown to display the typical
reactivity of a trivalent borane, for example, the hydrobora-
tion of unsaturated double bonds.!'"? We, therefore, envi-
sioned that Piers borane 6, formed in situ upon H, activation
by 3 and dissociation of 4, is able to hydroborate an allene,
yielding a nucleophilic allylborane.” The formation of
a nucleophilic allylborane from H, and an allene would be
an atom economic and conceptually new way to use
molecular hydrogen for the formation of a reactive organic
intermediate. Furthermore, a reaction sequence consisting of
allylation of an electrophile by the allylborane formed in this

a) Brown 1977
B-H —=<. Eg H
hexane, 7 h, rt. B\)\(
1 2

b) Lawrance 2020

HN
o ~NH

i (o

(+)-Brevianamide A

Scheme 1. a) Formation of B-3,3-dimethallyl-9-BBN 2 by hydroboration
of dimethylallene reported by Brown. b) Structure of Brevianamide A
with the fragment originating from an allylborane highlighted.
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Scheme 2. Envisioned in situ formation of a nucleophilic allylborane
upon hydrogen activation by 3 and hydroboration of an allene.
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way, followed by a protodeborylation mediated by the
pyridone 5, would regenerate the pyridonate borane 3. That
would enable us to realize an allylation that requires only
catalytic amounts of the pyridonate borane 3.

Results and Discussion

To prove the working hypothesis, phenylallene was added
to a solution of 3 in benzene and the reaction mixture was
exposed to H, (1.1 bar). This led to the formation of a new
borane complex that was assigned to be the pyridone
allylborane complex 7 in 66 % yield (Scheme 3). To substan-
tiate the assumed reaction sequence involving a hydrobora-
tion and re-coordination of the pyridone 5 to the formed
allylborane, Piers borane 6 was reacted with phenylallene
(Scheme 3). At —35°C in diethylether, phenyallene was
quantitatively hydroborated and the allylborane 8 was
obtained with a regioselectivity of 81:19. In the next step,
the pyridone 5 was added at r.t. This yielded the pyridone
allylborane complex 7 in quantitative yield.

Thus, we were able to demonstrate that it is indeed
possible to form an allylborane from hydrogen and phenyl-
allene. In the next stage of this research project, we aimed to
examine if the allylboranes generated in this way could be
used as nucleophiles for an allylation reaction, A prerequisite
for the use of 3 for an allylation is that the pyridonate borane
3 is able to activate hydrogen in the presence of a Lewis basic
electrophile. To elucidate if this condition is met and if 7
serves as a source for nucleophilic allylboranes, 3 was reacted
with phenylallene and one equivalent acetonitrile under
moderated H, pressure (1.1 bar). However. this reaction did
not yield the expected allylimine, but the B-diketiminate
borane complex 9 together with the bispyridone complex 10
(Scheme 4).

The f-diketiminate borane complex 9 that proved to be
air stable was isolated by silica gel column chromatography in

| —_ u” N0
Bu” "N 0 al LS
8 Hgz (1.1 bar), r.t T
CoF CeF. 2 (1.1 bar), r. Cefs
875 ~6'S 4 h, benzene-dy HTS
3 66% Ph
7
5 rt, 20 min
benzene-dy
quant.
H = H o G
| Ph 26" 5
B, g B - W W -
CeFs’ CeFs -35°C,16h \A/ CeFs
g Et;0 i
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81:19 regioselectivity

Scheme 3. Formation of the pyridone allylborane complex 7 upon
hydrogen activation by 3 and the stepwise formation of 7 upon
hydroboration of phenylallene by Piers borane 6 and addition of the
pyridone 5. Yields were determined by "H NMR with 1,3,5-trimethox-
ybenzene as internal standard.
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Scheme 4. Formation of the fi-diketiminate borane complex 9 upon the
reaction of 3 with acetonitrile and phenylallene under hydrogen
pressure.

56 % yield and fully characterized by NMR and ESI-MS. The
structural assignment is [urther supported by single-crystal X-
ray diffraction (SCXRD, Figure 1). The -diketiminate bor-
ane complex 9 is reminiscent to the core structure of
BODIPY dies.!"” Indeed, 9 is a fluorophore that absorbs at
Amax =339 nm and emits at A, (fluorescence) =409 nm with
a molar attenuation coefficient of 550 = 6928 em ' M ! (see SI
for full spectra).

The p-diketiminate borane complex 9 presumably origi-
nates from a nucleophilic attack of the enamine tautomer of
an intermediately formed allylimine to acetonitrile. To verify
this hypothesis and to check if an allylimine was formed as
intermediate en route to 9, the allylborane 8, in situ generated
by hydroboration of phenylallene, was reacted with one
equivalent acetonitrile. This reaction furnished the ketimino-
borane 11, which is the allylation product of acetonitrile, in
83 % yield. The formation of 11 demonstrates that allylborane
8 is indeed nucleophilic (Scheme 5).

The "B NMR shift of 21.4 ppm and the C=N stretching
vibration of 1864 cm ! indicate that 11 is present as mono-
meric ketiminoborane with linearity at nitrogen."! Next,
pyridone 5 was added to the ketiminoborane 11. This
sequence yielded the allylimine complex 12 (Scheme 5). The
NH signal of 12 is found at 10.90 ppm, indicating an N—H---N
hydrogen bond. A "N-'H HSQC NMR experiment shows
that the proton is bound to a nitrogen with a shift of

Figure 1. Molecular structure of 9 derived from SCXRD (50% proba-
bility ellipsoids, all hydrogens attached to carbons are omitted and
CsF; rings are shown in stick representation for clarity). Selected bond
lengths and angles: N1-B: 1.528(17) A, N1-C2 1.336(17) A, C2-C3
1.403(19) A, C3-C4 1.390(19) A, N2-C4: 1.315(17) A, N2-B: 1.53¢-
(17) A, C2-N1-B: 125.5(2)°, C4-N2-B: 126.7(2)°.
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Scheme 5. Stepwise formation of the f-diketiminate borane complex 9
from Piers borane 6. Yields were determined by "H NMR with 1,3,5-
trimethoxybenzene as internal standard.

2273 ppm. Additional "N-'H HMBC NMR experiments
revealed that this nitrogen couples to the methyl group and
to the CHPh group of the allylimine 12 (Figure 2, for full
spectra see SI).

Thus, the NMR experiment confirms the proton transfer
[rom the pyridon 5 to the nitrogen of the ketiminoborane 11
and formation of an allylimine. The addition of one further
equivalent acetonitrile and pyridonate borane 3 led to the
clean formation of the f-diketiminate borane complex 9 in
86 % yield (Scheme 5). This experiment strongly supports the
assumption that upon the reaction of 3 with phenylallene and
acetonitrile under H, pressure, which leads to the formation
of 9, the desired allylimine was indeed formed intermediately
(Scheme 4). Therefore, the formation of 9 from phenylallene
and acetonitrile proves that 3 is not only able to activate
dihydrogen in the presence of acetonitrile, but also mediates
the subsequent allylation, leading to an allylimine. However,
the B(CyFs), [ragment is irreversibly bound in 9 which inhibits
any further catalytic reactivity. We envisioned that the

o
™
0 -
|
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Figure 2. "N-"H HMBC NMR spectrum of the allylimine complex 12
(600 MHz, [Dg]toluene). The blue arrows indicate the observed "N-'H
correlations. The signal marked with a star can be assigned to a solvent
residue peak from [Dgtoluene.

Angew. Chem. Int. Ed. 2020, 59, 23885 —23891

Research Articles

© 2020 The Authors. Published by Wiley-VCH GmbH

An

internat}

addition of a strong Lewis acid would enable us to capture
the intermediately formed allylimine prior to the p-diketimi-
nate borane complex formation (Scheme 6).

As the liberation of the allylimine from 12 would
furthermore regenerate the pyridonate borane 3, a catalytic
allylation can be envisioned. Indeed, upon addition of
B(C4F;s)s the formation of the allylimine borane complex 13
from phenylallene, acetonitrile, and dihydrogen in presence
of catalytic amounts of the pyridone borane complex 4
(10 mol % ) was observed (Scheme 7).

The allylimine borane complex 13 proved to be air-stable
and was isolated in 65% yield. However, on silica gel 13
isomerizes to the vinylimine 13" as proven by two-dimensional
TLC (see SI). Thus, the two isomers, [ully characterized by
NMR and ESI-MS, were obtained in a 93:7 ratio after column
chromatography. The molecular structure of 13 in the solid-
state was further analyzed by SCXRD (Figure 3). The
allylimine borane complex 13 can be quantitatively isomer-
ized to the vinylamine 13" by addition of triethylamine at r.t.
within minutes, indicating that 13’ is the thermodynamically
more stable isomer. The molecular structure of 13" derived
from SCXRD confirms the E-configuration of the double
bond.

N
1
H
5
Bu” "N O
? R\)\,B(csﬁnz
FsC CeFs
3
MeCN
H
N R
(A |
1Bu N™ O @
i1 Me )
H'N" B| CoFs (CeFs)
| CeFs ,,(
H Me 5
R

Scheme 6. Envisioned catalytic cycle for the allylation of nitriles using
an additional Lewis acid that captures the allylimine (grey box)
(LA = Lewis acid).

B 'CeFﬁ
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.-B(CgFs)s
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Ph 1, (1.1 bar), B(CeFe)s,
(1.2equiv.) g§0°C, 16 h, benzene
65%

Scheme 7. Formation of the allylimine borane complex 13 catalyzed by
4, and its isomerization to the vinylimine 13 One equivalent acetoni-
trile and B(C4Fs); were used.
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Figure 3. Molecular structure of 13 and 13’ derived from SCXRD (50%
probability ellipsoids, all hydrogens attached to carbons are omitted
and C¢F; rings are shown in stick representation for clarity). Selected
bond lengths and angles: 13: C2-C3 1.528(8) A, C3-C4 1.514(9) A, Ca-
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(11)°, C3-C4-C5: 124.67(14)°.

To prove that the catalytic activity of 4 is more general, we
explored next the scope and limitations of this novel allylation
at the example of six different allenes (Scheme 8). Electron
withdrawing groups are tolerated, but longer reaction times
are required to obtain good yields. In the case of reri-butyl
phenyl substituted allene the product 16 is only obtained in
moderate yields. However, an NMR analysis of the crude
reaction mixture showed that the allene is consumed after
16 h reaction time, indicating that side reactions lower the
yield in this case. Aliphatic allenes are suitable substrates, but
again longer reaction times are required. The formation of the
adamantly substituted allylimine 19 in excellent yield further
shows that sterically demanding substituents are tolerated.
The products 17, 18, and 19 did not isomerize upon
purification by silica gel chromatography. However, we

H. _-B(CeFs)3 H‘ .-B(CeFs)s
== _4(10mol%) MeCN _
R Hy (1.1 bar), B(CFs),
(1.2 equiv.) 80 °C, benzene

ééé

14
72% (92:8) 80% (as.sylﬂl 49%"’1
6 nPent jm @

17
76%!°! 51%! 90%!

Scheme 8. Allylation of acetonitrile catalysed by 4 with different
allenes. One equivalent acetonitrile and B(C;F;); were used. All yields
are isolated yields. The number in parenthesis indicate the ratio of
allylimine to vinylimine. [a] Reaction time 5 days. [b] Reaction time
16 hours. [c] Reaction time 7 days.
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demonstrated at the example of 18 that the allylimines with
aliphatic subslituents can be isomerized to the respeclive
vinylimines by the addition of a base. Treatment of 18 with
NEt; at r.t. for 30 minutes allowed us to isolate the corre-
sponding vinylimine in 95% yield (see SI).

The mechanism of this novel catalytic transformation was
further addressed by dispersion-corrected Density Functional
Theory (DFT) computations at the revDSD-PBEP86-D4/
def2-QZVPP/PBEh-3c level (Figure 4).'"""" The revDSD-
PBEPS86-D4 functional is one of the best DFT methods for
ground-state thermochemistry and kinetics as shown by
benchmark computations using the GMTKNSS databa-
sel'™!”l The SMD model for benzene was used to implicitly
account for solvent effects. ™ We used 1,2-butadiene as model
substrate and further assumed, that under the reaction
conditions complex 20 forms upon coordination of acetoni-
trile to B(CF);. In agreement with previous investigations,
the computations reveal that the catalytic cycle commences
with hydrogen activation by the pyridonate borane 3. The
pyridone borane complex 4 that is formed in this way
dissociates to liberate Piers borane 6. As a stoichiometric
amount of B(C(Fs); is present, we considered that the
pyridone 5 coordinates to the B(CFs);, which overall renders
the liberation of Piers borane 6 thermodynamically more
favorable. The hydroboration of the terminal allene requires
passing a moderate barrier of 8.4 kcalmol ' and is according
to the computations exergonic by 27.6 kcalmol .

Coordination of acetonitrile to the allylborane 22 pre-
cedes the intramolecular allylation via a cyclic six-membered
transition state with a barrier of 16.2 kealmol . The com-
puted structure of the ketiminoborane 24 shows a C=N=B
angle of 178.7°, which agrees with the linearity at nitrogen
deduced from the experimental C=N stretching vibration of
11. Upon dissociation of pyridone B(CFs); complex 21 and
recoordination of 5, a virtually barrier-less intramolecular
proton transfer yields the allylimine complex 26. Based on our
experimental findings, we propose that the allylimine com-
plex 26 is the common intermediate for the formation of the
p-diketiminate borane complex 32 and the allylimine B-
(CFs)s complex 28. In the absence of B(C¢Fs);, an intra-
molecular proton transfer from the methyl group of the
allylimine to the pyridine nitrogen that requires a Gibbs free
activation energy of 213 kcalmol ' yields the pyridone
enamine borane complex 29. Dissociation of this complex,
thermodynamically favored by formation of the bispyridone
complex 10, enables the nucleophilic addition of the enamine
to acctonitrile via the six-membered transition state TSsys;.
While the C—C bond formation is already exergonic, the
tautomerization to the diketiminate borane complex 32
provides a further decisive driving [orce to the reaction. In
the presence of B(CgF;);, the kinetically favored pathway
commences with the dissociation of the allylimine complex 26
that is endergonic by 14.4 kcalmol'. Coordination of the
B(C:F;); to the free allylimine 27 yields the allylimine
B(C;Fs)y complex 28. The coordination of B(CiFs); to the
allyimine 27 imparts a barrier of 25.3 kcalmol ' for the
tautomerization to the pyridone enamine borane complex 29
and therefore suppresses the formation of the 3-diketiminate
borane complex 32. However, according to the computations,
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Scheme 9. Conversion of the allylimine B(C4Fs); complex 13 to the -
diketiminate borane complex 9, which is the thermodynamic product
of the allylation, catalyzed by 3. Yields were determined by 'H NMR
with 1,3,5-trimethoxybenzene as internal standard.

the allylimine B(CgF;); complex 28 must be regarded as the
kinetic product while the f-diketiminate borane complex 32 is
the thermodynamic product of the initial allylation. To verify
this computational result experimentally, the isolated allyli-
mine B(C¢Fs); complex 13 was reacted with one additional
equivalent MeCN and the pyridonate borane 3 at an elevated
temperature of 80°C (Scheme 9). Within 24 h, the formation
of the B-diketiminate borane complex 9 in 81% yield was
observed.

This result confirms, in agreement with computations, that
the p-diketiminate borane complex 9 is the thermodynamic
more stable product.

Conclusion

In summary, we have documented the formation of
allylboranes from molecular hydrogen and allenes mediated
by a pyridonate borane. The stochiometric reaction of these in
situ generated allylboranes with acetonitrile leads to a f-
diketiminate borane complex. By using an additional Lewis
acid, we were able to develop a method for the allylation of
nitriles that requires only catalytic amounts of the pyridonate
borane. Mechanistic investigations reveal that the change in
the binding mode of the pyridonate substituent in course of
the hydrogen activation is vital for the formation of the
allylborane. The results presented herein might stimulate the
development of metal-free, atom-economic catalytic allyla-
tions.
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5.6 Boron-Ligand Cooperation: The Concept and Applications

borane complex
e = datively bound ligand
__Hg
SN & i
B B = covalently bound substituent
covalent bond dative bond

The term boron—ligand cooperation (BLC) describes a specific mode of action by which distinctive
intramolecular borane-based frustrated Lewis Pairs (FLPs) activate chemical bonds. The central aspect
of this concept is that the substituent at the borane that is involved in the bond activation becomes a
datively bound ligand upon bond activation. The reactivity of systems that operate via BLC can
complement those of classic intramolecular FLPs.
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Abstract: The term boron-ligand cooperation was intro-
duced to describe a specific mode of action by which certain
metal-free systems activate chemical bonds. The main char-
acteristic of this mode of action is that one covalently
bound substituent at the boron is actively involved in the
bond activation process and changes to a datively bound
ligand in the course of the bond activation. Within this

review, how the term boron-ligand cooperation evolved is
reflected on and examples of bond activation by boron-
ligand cooperation are discussed. It is furthermore shown
that systems that operate via boron-ligand cooperation can
complement the reactivity of classic intramolecular frustrat-
ed Lewis pairs and applications of this new concept for
metal-free catalysis are summarized.

Introduction

The concept of boron-ligand cooperation was coined to de-
scribe a specific mode of bond activation by boranes that is
reminiscent of the concept of metal-ligand cooperation. How-
ever, these boranes can also be described as a specific class of
intramolecular frustrated Lewis pairs (FLPs). We, therefore,
commence this review with a brief reflection on metal-ligand
cooperation and frustrated Lewis pairs.

Metal-ligand cooperation

Metal-ligand cooperation (MLC) has emerged as a powerful
tool for bond activation and catalysis in the last decades.
Whereas classic transition-metal complexes activate chemical
bonds by an oxidative addition at the metal center, MLC de-
notes a situation where one of the ligands bound to the metal
center is actively involved in the bond activation process.
Prime examples for bond activation by MLC are the hydrogen
activation by Noyori's ruthenium catalyst 1 and by the rutheni-
um pincer complex 3 introduced by David Milstein and co-
workers.""? In the course of the hydrogen activation by the
Noyori system, the amide substituent is involved in the H, acti-
vation. Hydrogen activation by the Milstein system is accompa-
nied by the transfer of a proton to the benzylic position of the
dearomatized pincer ligand, leading to a re-aromatization of
the pyridine ring (Scheme 1).

In their comprehensive review on MLC from 2015 Khus-
nutdinova and Milstein gave three criteria for MLC that read
as:

“1) Both the metal and the ligand participate in the bond
cleavage or bond formation steps;

2) Both the metal and the ligand are chemically modified
during bond activation.

[a] M. Hasenbeck, Dr. U. Gellrich
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Scheme 1. The concept and examples of metal-ligand cooperation. (a) The
concept of metal-ligand cooperation according to the criteria defined by
Khusnutdinova and Milstein. (b) Hydrogen activation by Noyori's catalyst.
(c) Reversible hydrogen activation by Milstein’s pyridine-based pincer com-
plex through an aromatization/de-aromatization sequence.

3) The coordination mode of the cooperative ligand under-
goes significant changes in the first coordination sphere as a
result of bond activation.”

In the context of this review, it is important to emphasize
the third criterion, which stipulates that the “coordination
mode of the cooperative ligand undergoes significant changes”
during bond activation. An analysis of the examples given in
the review by Khusnutdinova and Milstein reveals that this
change in the coordination mode can usually be described as
the transition of a covalently bound substituent to a datively
bound ligand. For example, the amide substituent in the
Noyori system becomes a datively bound amine ligand during
the bond activation. The re-aromatization that is observed
upon bond activation by the Milstein pincer systems leads to
the regeneration of a datively bound pyridine ligand, which
was before bond activation better described as an enamide
substituent. As a consequence of this change in the coordina-
tion sphere, the formal oxidation state of the ruthenium does
not change. We note that inorganic chemists might prefer to
describe this change in the coordination mode as the transi-
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tion of an X-type ligand to an L-type ligand.” However, we use
the term “covalently bound substituent” here as equivalent to
the notation X-type ligand to establish an analogy to transi-
tion-metal-free systems.

Frustrated Lewis pairs

The term frustrated Lewis pairs (FLPs) describes combinations
of sterically encumbered Lewis bases and Lewis acids that are
able to activate strong chemical bonds.*® Classic examples for
intramolecular FLPs are the covalently linked phosphine-
borane pairs 5 and 7 developed by the groups of Stephan and
Erker (Scheme 2).°**) The hydrogen activation by these intra-
molecular FLPs leads to the formation of borohydrides (6 and
8). Numerous metal-free catalytic reactions that are based on
the FLP concept have been developed in recent years."

FF R F
H
H ® A
(Mes),P B(CeFs)y <——2—= (Mes),P B(CeFs),
A -Hy i
F F F F
5 6
H i
B(C4F, — ®
(Mes)zP/\/ (CeFs)2 (Mes)zp/\/g(cst)z
7 H
8

Scheme 2. Hydrogen activation by the intramolecular FLPs 5 and 7, which
leads to the formation of the borohydrides 6 and 8.

Boron-ligand cooperation: The concept

We and others recently reported bond activation by a specific
class of intramolecular FLPs in which bond activation leads to
a reorganization of m-electron density within the cooperative
substituent. Furthermore, bond activation is associated with a
transition of the involved substituent to a datively bound
ligand (Scheme 3a). Thus, in contrast to classic FLPs, bond acti-
vation does not lead to a borate salt, but rather a borane com-
plex. We note that the reorganization of m-electron density

a)

Scheme 3. Hydrogen activation by a specific class of intramolecular FLPs,
which leads to a change in the bonding mode of the cooperative substitu-
ent (a) and the analogy to hydrogen activation by the pincer complex 3 (b).

Chem. Eur. J. 2021, 27, 5615 - 5626
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and the concomitant change in coordination mode of the co-
operative substituent are reminiscent of hydrogen activation
by Milstein’s established pyridine-based pincer complexes
(Scheme 3b).%? In analogy, we proposed the term boron-
ligand cooperation (BLC) to describe the bond activation by
these specific FLPs.

Thus, the BLC concept emphasizes a change in the valence
sphere of the borane as a result of the bond activation. How-
ever, the systems that operate through BLC can in their reac-
tive state before bond activation be classified as intramolecular
FLPs. The three concepts of MLC, FLPs, and BLC have in
common that the bond activation involves two active sites
with Lewis basic and Lewis acidic character. These similarities
were noted in recent reviews by Greb and Slootweg.”” Within
the second part of this review, we will discuss examples of
bond activation by BLC with a special emphasis on changes in
the bonding between the substituent involved in the bond ac-
tivation and the borane. In the third part, we will discuss how
the novel reactivity based on BLC can complement the reactiv-
ity of FLPs and show how the BLC concept can lead to new
applications for transition-metal-free catalysis.

Bond Activation by Boron-Ligand Cooperation

In the following, we will discuss examples of bond activation
that fulfill the criteria for BLC formally. We will focus on the
question of whether experimental and computational data fur-
ther support that the transition of a covalently bound substitu-
ent to a datively bound ligand is a real chemical event.
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Early examples of boron-ligand cooperation

In 2010, Tamm and co-workers reported the H, activation by
the pyrazolylborane 9, which the authors described as a bi-
functional FLP (Scheme 4)."! The authors reported the prod-
uct 10 of the hydrogen activation as zwitterionic pyrazolium-
borate. However, 10 can also be described as a pyrazol borane
complex. The elongation of the N-B bond from 1.4281(16) A in
9 to 1.5794(13) A in 10, determined by single-crystal (SC)XRD,
does support this description.

Bu Bu
) S
Hy H'N}j\rsu HN #~mu
N -— N
7 =0 5 F—158A [
Bu, H’B[ ‘CsFs H’E{' "Cefs
)1 CeFs Fs
A
N\N Bu 10
143A—1
CeFs™ CgFs Bu Bu
9
/AR )Z)\
__COo; O tyn” ~Bu Os M |
I ‘ﬁ/ —1.59A
O_B; ‘CeFs O_B| ‘CeFs
CeFs CeFs

"

Scheme 4. Hydrogen and CO, activation by the pyrazolylborane 9 and the
possible description of the products as zwitterionic pyrazolium-borate or as
pyrazol borane complex.

A similar bend elongation is observed upon CO, activation
by 9, which yields 11 An alternative interpretation is that the
N—B mt-bonding in 9 is lost upon hydrogen activation, resulting
in an elongation of this bond. However, the reported SCXRD
structures further reveal that upon hydrogen activation the
N1—C3 is shortened by 0.05 A whereas the N2—C1 is elongated
by 0.03 A (Scheme 5). This change in the bond lengths, indicat-
ing a reorganization of m-electron density within the heterocy-
cle upon hydrogen activation, is better described when 10 is
depicted as a pyrazole borane complex.

fBu
c1
Bu, ¢t 134 A—F=\ g
131 A—0 \c3 H-N AR 18
N, N7\ TBU
N He § 135A
g 1.40A Bk
CoFs”~“CeFs H leFs 5
9 10

Scheme 5. Changes in the bond lengths of the heterocycle upon hydrogen
activation by 9 derived from SCXRD structures,

A computational examination of boron-ligand cooperation

To mimic the reactivity of Milstein’s ruthenium pyridine pincer
complex by metal-free systems, Wang, Schleyer, and colleagues
investigated the activation of dihydrogen by model com-
pound 12 (Scheme 6)."” From their computations, the authors
concluded that hydrogen activation by 12 yielding 13 is kinet-
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a)
7 N-BH,
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b)
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Scheme 6. The model system 12, designed to mimic the reactivity of Mil-
stein’s ruthenium pincer complex and the re-aromatization of 12 upon hy-
drogen activation, which is exemplified by the computed NICS values.

ically feasible but that the reverse reaction is not possible. The
computed nucleus independent chemical shifts (NICS(0)""! fur-
ther reveal an aromaticity gain upon hydrogen activation by
12, which is diagnostic for the formation of a datively bound
pyridine ligand.

Although the authors did not use the term BLC, this compu-
tational study named MLC as a design principle for bond acti-
vation by a borane.

Boron-ligand cooperation by re-aromatization of a pyri-
dine-borane complex

Inspired by the computational work by Schleyer and Wang,
Milstein and co-workers attempted to realize bond activation
by a dearomatized pyridine borane experimentally."? There-
fore, the amino-borane pyridine complex 14 was synthesized
(Scheme 7). Upon moderate heating, hydrogen liberation from
14 and formation of the dearomatized aminoborane 15 was
observed.

H H
E =
‘ N-Ph — 2= N-Ph X ] N-Ph
ZNwp -H 2 N-pg’ ZNwpg

;B\ = \ :B\

HH H H X

14 15 X = HNCH,Ph 16

X = 0,CPh 17

Scheme 7. Hydrogen liberation from 14 at elevated temperatures leads to
de-aromatization of the pyridine ring. The reaction with benzylamine or ben-
zoic acid results in re-aromatization of the pyridine ring.

As indicated by the 'H NMR chemical shifts of 14 and 15
and the computed NICS values, the de-aromatization event is
in this case better described as a shift of the aromaticity from
the pyridine ring in 14 to the five-membered boracycle in 15.
The reaction of 14 with benzylamine or benzoic acid leads to
N—H activation and O—H cleavage and formation of 16 and 17,
respectively. In both cases, the re-aromatization of the pyridine
ring shows that the bond activation was accompanied by the
change of the N—B bond from a covalent bond in 15 to a
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dative bond in the pyridine amino-borane complexes 16 and
17. To describe the reactivity of 15, the term boron-ligand co-
operation was introduced.

Boron-ligand cooperation by a pyridonate borane

In 2018, we reported reversible H, activation by the pyridonate
borane complex 18 (Scheme 8).%1 The closed-form of the pyr-
idonate borane 18 is in equilibrium with the open form 18/,
which can be regarded as an intramolecular FLP. Hydrogen ac-
tivation by 18" yields 19. The hydrogen activation is reversible.
Upon heating to 60°C, 19 liberates dihydrogen and 18 is re-
generated.

=
ol ot It
.
Ei N: /O N, ? Hy (2 bar), rt.  {Bu N0
B

o B, 60°C, - H l:‘ é
" y ol “ CeF:
FsCh Cofs FiCs' Cef's H N
18 1% 19

Scheme 8. Reversible hydrogen activation by 18’, leading to the formation
of the pyridene borane complex 19,

We became interested if 19 is better described as zwitterion-
ic borate or as a pyridone borane complex. A comparison of
the computed structures of 18" and 19 reveals an elongation
of the OB bond by 0.2 A (Scheme 9). Furthermore, the C—Q is
shortened in course of the bond activation to 1.27 A, a value
that is typical for a C=0 double bond. This indicates that the
heterocycle in 19 is present as pyridone. In agreement with
this interpretation, the C=0 stretching vibration of 19 at
1643 cm ' is similar to that observed for the “fixed” pyridone
tautomer 1-methyl-2-pyridone."¥ The reduced aromaticity of
19 compared with 18, deduced from the computed NICS
values, is further indicative of the formation of a pyridone."

&S
B N o BUT N0 esa
T—1.36 A H g i
N H™) "CeFs
FsCs  CeFs %:EFG
18' 19
NICS(1,,) -9.4 ppm -6.8 ppm

¥(C=0): 1643 cm’

Scheme 9. Computed bond lengths and NICS values for 18 and 19. The de-
scription of the pyridone borane complex is further supported by the experi-
mentally determined IR stretching vibration of 19.

The disappearance of the covalent B—O upon dihydrogen
activation of 18" to 19 is furthermore supported by the analysis
of the Laplacian of the electron density (Figure 1). For covalent
bonds, the Laplacian of the electron density should show a
minimum along the bond axis.™ In the case of pyridonate
borane 18, this is clearly visible ("blue valley”, Figure 1, left
side). This is not the case for pyridone borane 19 (Figure 1,
right side), indicating a closed-shell interaction between O and
B. An EDA-NOCV analysis further supports the change in the
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Figure 1. Analysis of the Laplacian of the electron density computed at
PBEO(D3BJ)/def2-TZVP."® Left: pyridonate borane 18'; right: pyridone borane
complex 19.

bonding mode of the pyridonate substituent upon hydrogen
activation.'”!

Boron-ligand cooperation as a concept for metal-free
catalysis

The IUPAC definition of a dative bond states that “The distinc-
tive feature of dative bonds is that their minimum-energy rup-
ture in the gas phase or in inert solvent follows the heterolytic
bond cleavage path”."® To substantiate the presence of a
dative bond in 19, we probed the heterolytic dissociation in a
pyridone and a borane (Scheme 10). As the equilibrium lies far
on the side of the pyridone borane complex, there is no possi-
bility to obtain direct spectroscopic evidence for such a disso-
ciation. Therefore, we investigated if 19 is able to effect hydro-
boration, as hydroboration requires the presence of a trivalent
borane.”” Indeed, when 18" was reacted under an H, atmos-
phere with styrene, the formation of the pyridone alkylborane
20 was observed (Scheme 10).

=
® Hy (2 bary, —/ /“\/j\
B NP0 Ha@ban=/ _ gy N
g toluene-dg, rt. gt
B-.
FiCe CoFs quant \‘CoF's
CeFs
18 PR H
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FsCorg_yy I
X
Hy (2 bar), . P FsCem _

Ph
via hydroboration

L.
B NS0 — - y
f g Bu E ° FsCs™ CoFs
H”'} ‘CeFs
CeFs 2 22
19

Scheme 10. Formation of the alkylborane 20, which shows that the pyridone
borane complex 19 formed upon H, activation by 18’ undergoes a hetero-
lytic dissociation to pyridone 21 and Piers borane 22.
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Thus, the change of the B-O from a covalent bond to a
dative bond during H, activation provides access to borane re-
activity. Classic intramolecular FLPs rather show borohydride
reactivity. In this regard, the concept of BLC complements the
reactivity of classic FLPs.

Semi-hydrogenation of alkynes

Repo and co-workers showed that alkenyl borate complexes
are prone to undergo intramolecular protodeborylations in the
presence of protic substituents.”" We, therefore, envisioned
that a pyridone alkenylborane complex, formed analogously to
20 upon hydroboration of an alkyne, could undergo a proto-
deborylation yielding a cis alkene. This would enable the usage
of 18’ as a potential hydrogenation catalyst in a sequence of
H, activation, hydroboration, and protodeborylation. Using this
strategy, several internal alkynes were hydrogenated in moder-
ate to excellent yields under mild hydrogen pressure to the
corresponding (2)-alkenes (Scheme 11).12%%%

Bt
N™ 70

fBu
H HB(CgFs)a
21 22 W
5 mol% 6.5 mol%
R—=-R - =
H, (5 bar), 80 °C F R
n-hexane, 8-20 h & examples
68 - 95% yield

Scheme 11. Semi-hydrogenation of internal alkynes to the corresponding
(2)-alkenes.

Extended reaction times lead to the isomerization of the (2)-
alkenes to the corresponding (£)-alkenes for some substrates.
We attributed this isomerization to the reversible hydrobora-
tion of alkenes by the Piers borane, which was reported earlier
by the Du group.??® The reaction mechanism of the hydroge-
nation was investigated experimentally and computationally
(Scheme 12). After hydrogen activation by the pyridonate
borane 18, the resulting pyridone borane complex 19 dissoci-
ates into the pyridone 21 and Piers borane 22. This endergonic
reaction is rendered thermodynamically more favorable by the
complexation of the pyridone 21 with the pyridonate borane
18, yielding the bispyridone complex 23.1"** After hydrobora-
tion of the alkyne by Piers borane 22, the resulting alkenylbor-
ane 24 has to re-coordinate to the pyridone 21 to undergo
protonolysis. Therefore, the bispyridone complex 23 has to dis-
sociate again into the pyridonate borane 18’ and the pyridone
21. The latter coordinates to alkenylborane 24, yielding the al-
kenylborane pyridone complex 25. Protodeborylation liberates
the (2)-alkene and regenerates the catalyst 18'.

The bispyridone complex 23 and the alkenylborane 24 were
identified as the resting state of the catalytic transformation by
NMR spectroscopy, whereas computations identified the proto-
deborylation as the turnover-determining transition state
(TDTS). For 2-butyne as a model substrate, the computed ki-
netic barrier or energetic span of the catalytic cycle is 22.6 kcal
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Scheme 12. Catalytic cycle of the semi-hydrogenation of internal alkynes to
the correspending (2)-alkenes.

mol ', which is in good agreement with the experimental reac-
tion conditions (Scheme 13).2%
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Scheme 13. Protoborylation of the alkenylborane and the computed ener-
getic span of the catalytic cycle at revDSD-PBEP86-D4/def2-QZVPP//PBEh-
3¢ The SMD model for n-hexane was used to account implicitly for sol-
vent effects.*®

Furthermore, several terminal alkynes could be hydrogenat-
ed in moderate to good yields although a higher catalyst load-
ing had to be used (Scheme 14a). This is the first example of
an FLP catalyst which is able to hydrogenate terminal alkynes.
Other FLPs are deactivated by terminal alkynes because of an
irreversible deprotonative borylation.”” Although pyridonate
borane 18 reacts with terminal alkynes in such a deproton-
ative borylation, a competition experiment revealed that the
C,,—H cleavage is reversible, thus enabling the hydrogenation
pathway (Scheme 14b).
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leased and the catalyst 18’ is regenerated. Computaticns and
Gem-dimerization of terminal alkynes experiments showed that the alkynylborane pyridone complex
28 is the resting state whereas the 1,2-carboboration is the
The ability of 18’ to cleave the C,,—H bond of terminal alkynes ~ TDTS of the reaction. The energetic span of the reaction for
was used to develop a catalytic protocol for the first metal-free  propyne as a model substrate was computed to be 25.0 kcal
gem-dimerization of terminal alkynes.” By heating a reaction ~ mol .
mixture of a terminal alkyne with 20 mol% of the pyridonate The 1,2-carboboration reaction was furthermore investigated
borane 18, several alkynes were dimerized to the respective by the reaction of the independently synthesized alkynylbo-
enynes with exclusive gem-regioselectivity (Scheme 15). The rane 32 with 3-phenylpropyne 33 (Scheme 17). The reaction
active catalyst was formed in situ by dehydrogenation of 19. yielded the enynylborane 34, which was fully characterized by
NMR spectroscopy. The addition of one equivalent of pyridone
21 yielded the enyne 35 and the bispyridone complex 23 as

| = the protodeborylation product,
Bu” N o Computations showed that the 1,2-carboboration itself is
Cer’B‘Cst . concerted but highly asynchronous. The computed transition
18
- 20 mol% AN H
R=="H Tuene 6n 100°C = /“\/1
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Ph B(CeFs)z
Scheme 15. Gem-dimerization of terminal alkynes by using pyridonate 32
borane 18’ as the catalyst, 2 B(Cst)z
Ph/%H
Mechanistic investigations reveal that for the observed reac- 33 —“NoEsy, cosy
tivity, the change in the B-O bonding from a covalent to a B4 icontact
dative bond upon C,,—H activation of the terminal alkyne by By rlq \o
the pyridonate borane 18 is essential (Scheme 16). This H E(Cer)z
change in the bond mode enables the dissociation of the pyri-
done alkynylborane complex 28 in the pyridone 21 and the tri- N7 ‘
valent alkynylborane 29, which undergoes an 1,2-carbobora- By
23

tion reaction with another equivalent of the terminal alkyne.”
The resulting enynylborane 30 re-coordinates to the pyridone Scheme 17. 1,2-Carbobaoration of 33 by 32 and subsequent protodeboryla-
21, forming 31. After protodeborylation, the gem-dimer is re-  tion by the pyridone 21.
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state structure shows that the formation of the new C-B bond
is more advanced than the formation of the new C—C bond
(Figure 2).

167 A

Figure 2. Computed transition state structure of the 1,2-carboboration with
propyne as model substrate at PBEQ(D3BJ)/def2-TZVP."

Michael-addition of alkynylboranes te chalcones

Recently, Fountaine and co-workers reported the catalytic addi-
tion of in situ generated alkynylboranes to chalcones.”" The
active catalyst is formed by the transfer borylation of furanbo-
ronate 36 to the bifunctional mercaptoimidazole 37
(Scheme 18). The boronate moiety of 38 is transferred to a ter-
minal alkyne (39), which changes the covalent N—B bond to a
dative bond. This change to a dative bond enables the dissoci-
ation of the trivalent alkynylborane 40 and is thus essential for
the observed reactivity. After dissociation, the free alkynylbo-
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Scheme 18. Catalytic cycle of the transfer borylation, in situ formation of an
alkynylborane and subsequent Michael addition to a chalcone,

Michael addition 37
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[32]

rane 40 adds to the chalcone®” in a 1,4-addition, yielding the
intermediary enolboronate 41, which re-coordinates to imid-
azole 37, yielding 42. Protodeborylation liberates the product
and regenerates the catalyst 38. The scope was thoroughly in-
vestigated by using different alkynes and chalcone derivatives
(Scheme 19). The authors demonstrated that this protocol can
be transferred to different nitrogen- and sulfur-containing het-
erocycles as nucleophiles.

/

N
[,}—SHI\

N o

Beat
fo) R
37 36
Ar/\)\m 10mol% 40 mol% If -

i benzene-dg, 110 °C, 18 h

Ar Ar

R H H
12 examples

28-95% yield

Scheme 19. Scope of the transfer borylation and the subsequent addition of
alkynylboranes to chalcones.

Furthermore, potential deactivation pathways were investi-
gated. By heating the catalyst 37 with trimethylsilylacetylene
43 and catecholboronate 36, the formation of the boron-con-
taining zwitterionic heterocycle 44, which deactivates the cata-
lyst, was observed (Scheme 20). The deactivation product is
probably formed by thioboration of trimethylsilylacetylene by
the in situ formed imidazole boronate 38.

o O O’l

N" SiMe,
P
| S + //
[;ﬂ)= Me;Si CDCly, 24 h, 110 °C
H
37 44

Scheme 20. Deactivation pathway of catalyst 37 by addition of trimethylsilyl-
acetylene to imidazol boronate 38.

Allylation of acetonitrile with in situ formed allylboranes

The allylation of electrophiles by allylboranes is an important
and frequently used reaction in organic synthesis.**** Brown
and co-workers described the synthesis of such allylboranes by
the hydroboration of allenes.* The approach for the synthesis
of allylboranes by hydroboration of allenes in combination
with BLC was used to realize a catalytic protocol for an allyla-
tion reaction requiring only catalytic amounts of an in situ
formed allylation reagent (Scheme 21).%9 Hydrogen activation
by the pyridonate borane 18" forms the pyridone borane com-
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Scheme 21. Catalytic cycle of the allylation of nitriles by an in situ generated allylborane.

plex 19, which dissociates into the pyridone 21 and Piers B(CeF5)3

catalytic
borane 22. Adding an allene to the reaction mixture produces 1;;2‘%:8. ANH 7 examples
the allylborane 45, which undergoes an allylation reaction with [ BCoFa R 49 - 90% yield
acetonitrile as electrophile yielding the ketiminoborane 46. Re- _ M

coordination of the pyridone 21 to the ketiminoborane 46, fol- | h Rﬁ Ha (1.1 bar) 48

lowed by a virtually barrierless proton transfer, affords com- ®u” "N" "0 * * TBo°C.16h
plex 47 (gray rectangle in Scheme 21). This intermediate is criti-

CeFs. CoFs
cal for the outcome of the reaction because two different reac- 18

R =Ph HN""NH
tion paths can be observed. In the presence of B(C4Fs); (BCF) all compounds S i
as an additional Lewis acid, the allylimine moiety of 47 can dis- equimolar Eh
sociate and form the kinetically stable complex 48 with BCF, 56%5?/!eld

while simultaneously catalyst 18’ is regenerated.

Without BCF, the pyridone moiety of 47 tautomerizes the al-
lylimine to a nucleophilic enamineborane 49, which dissociates
and attacks a second equivalent of acetonitrile forming the f3-
diketiminate borane complex 50. This prevents further catalytic
reactivity because the B(C¢Fs), moiety of catalyst 18" is irrevers-

Scheme 22. Formation of the [-diketiminate borane 50 upon reaction of the
pyridonate borane 18" with an allene and acetonitrile under an H, atmos-
phere and the catalytic allylation of nitriles catalyzed by 18" in the presence
of BCF.

ible bound in 50.

Both, the [-diketiminate borane 50 and the allylimine BCF
complexes 48 are air- and moisture-stable and can be isolated
by column chromatography in moderate to excellent yields
(Scheme 22).

The formation of nucleophilic allylboranes from dihydrogen
and allenes is a conceptually new way to use dihydrogen for
organic synthesis.
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Transfer borylations

Fountaine and co-workers developed a catalytic protocol for
the transfer borylation of 2-furylcatecholboran 36 to a wide
range of heterocycles and terminal alkynes.*”*" They devel-
oped two different types of catalysts (Scheme 23). The transfer
borylation with the first catalyst—mercaptopyridine 51—re-
quired relatively high catalyst loadings and five equivalents of
the boron source catecholboronate 36 to borylate different N-,
S-, and O-containing heterocycles.”” The mercaptoimidazole
37 as the second catalyst generation was significantly more
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valent to dative N-B bond enables the dissociation of the
product and regenerates the catalyst. This change of the bond
mode can again be described as BLC.

Transfer hydrogenations with ammonia borane

18 examples
8-87% yield

Another example of BLC was presented in a series of publica-
tions on enantioselective transfer hydrogenations catalyzed by
an FLP-type system by using ammonia borane as a hydrogen
source. Du and co-workers showed that by using a catalytic
amount of a chiral sulfinamide borane complex 53, imines, in-
doles, enamines, and quinoxalines can be enantioselectively

/
= N = hydrogenated (Scheme 25).%%
R—== [ />—SH R—==—RBcat
N 16 examples Ph Ph
K . 17 I
a7 30-84% yield N HNY 80.59% ik
5 mol% Pn)\ S - Ph)\ up to 95% ee
Scheme 23. Scope of the transfer borylation using 37 and 51.

H
\ R

active® The authors could show that they only needed

Iz /Z*:n
o

~B(CeFs)z 16 examples

9 40-78% yield

So N R up to 90% ee
tBu” " NH; H

5mol% catalyst loading to borylate the same heterocycles 53

under milder conditions by using only two equivalents of cate- A HsN-BH; 35 axamples

cholboronate 36. Furthermore, by using 37 as the catalyst, A HN-A 51-90% yield

they could expand the scope to terminal alkynes. ROZC\APn ] " RO?C\('\Pn SR
H

Both catalysts—mercaptopyridine 51 and mercaptoimid-
azole 37—react through the same mechanism, which is in the N LR N R 25examples
following exemplified for 37 (Scheme 24). First, the nitrogen of @ :I N _,CE I 72-95% yield
the catalyst 37 coordinates to the catecholboronate, yielding e R .
52. In a protodeborylation, the boron moiety of the furan bor-
onate 36 is transferred to the catalyst, yielding 38. A concerted
deprotonative borylation via TS;g3; transfers the boronate
from the catalyst to the substrate. Here, the change from a co-

Scheme 25. Scope of the enantioselective transfer hydrogenation using 53
as the catalyst and ammonia borane as the hydrogen source.

Catalyst 53 is generated in situ by adding Piers borane 22 to
the sulfinamide 54. To assess the structure of the Lewis adduct

@_ formed in this way, the authors investigated the adduct forma-
R N : g Beat tion of Piers borane 22 with all three Lewis basics sites of sulfi-
(/N;l\ namide 54 computationally (Scheme 26). Based on these re-
dinat )
Gaproiciaiiia o SH oordnaten sults, the authors concluded that the B-O coordinated form of
borylation 2 53 is the active catalyst.
e
(/*N/ /N
N’f&"\ N= SH active catalyst
L A |
Beat=-
R,H catB. | o
Vi
TS
il 52 AG =-22.3 keal/mol
s |
N S
(/\ Bu” ~NH; o
H '}[ s 54 T
R’ Beat + ——F——— e T BGF:  AG =44 kealimol
38 NH;
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Substrates: R—== or AG=0 H
I L)
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!Bu's NT 65)2
Hz
3
Products: R—== or
R Bcat Scheme 26. Comparison of the different free complexation enthalpies of 54
and 22 computed at M06-2X/6-31G(d).*” The PCM model for toluene was
Scheme 24, Catalytic cycle of the transfer barylation, used to implicitly account for solvent effects,*!
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Mechanistic investigations revealed that the hydrogenation
itself is a concerted transfer of the hydridic B—H and protic N—
H of 53 to the respective substrate. However, according to DFT
computations by the authors, the active species of the hydro-
gen transfer from the ammaonia borane via TSy is the sulfin-
amido borane 55 (Scheme 27). To regenerate the active cata-
lyst 53, the Piers borane moiety of 56 has to dissociate and re-
coordinate to the oxygen of the sulfinamide, which is only pos-
sible because of the change in bonding mode between boron
and nitrogen in the course of the hydrogen transfer from the
ammonia borane to 55.

t
CeFs
ATl
Q FgCs—B" BH,
i HaN-BH sCs |
‘Buvs~N‘B(CEF5)23—L /r:L_ ,-NH,
H O=g” ) "y
55 ,'Bu
TSssise
H H,B=NH,
- B(CsFs)2
0
tBu”" “NH, Ha
53 56

Scheme 27. Regeneration of the active catalyst 53 by hydrogen transfer
from ammonia borane to sulfinamido borane 55.

Summary and Outlook

We and others recently reported distinctive borane-based FLPs
that can activate chemical bonds with a simultaneous change
in the valence sphere of the borane. Specifically, the substitu-
ent at the borane that is involved in the bond activation be-
comes a datively bound ligand in a borane complex. To de-
scribe this mode of action, the term boron-ligand cooperation
(BLC) was introduced. Within this Minireview, we provide crite-
ria for BLC, framed in analogy to the criteria for MLC given by
Khusnutdinova and Milstein. We furthermore discussed sys-
tems that fulfill these criteria. Although for some systems BLC
is just a curiosity observed upon bond activation, certain sys-
tems provide access to the consequent reactivity, which can
be used for novel catalytic reactions. Examples covered in this
Minireview are hydroboration and 1,2-carboboration reactions
or the metal-free transfer borylation for the synthesis of syn-
thetically useful boronates. These reactivities rely on the pres-
ence of trivalent boranes formed upon dissociation of the re-
spective borane complexes. As such a dissociation is not possi-
ble for classic intramolecular FLPs that form zwitterionic bo-
rates upon bond activation, BLC can complement the reactivity
of classic FLPs. We hope that the discussion in this Minireview
and the examples given stimulate the development of new
metal-free catalysts.
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5.7 Indene formation upon borane-induced cyclization of arylallenes, 1,1-
carboboration, and retro-hydroboration
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The formation of pentafluorophenyl indenes upon reaction of arylallenes with B(C6F5)3 is reported.
Key steps are a 1,1-carboboration and a retrohydroboration.
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We herein report the reaction of arylallenes with tris(pentafluo-
rophenyllborane that yields pentafluorophenyl substituted indenes.
The tris(pentafluorophenyl)borane induces the cyclization of the allene
and transfers a pentafluorophenyl ring in the course of this reaction.
A Hammett plot analysis and DFT computations indicate a 1,1-carbo-
boration to be the C—C bond-forming step.

In 2010, Erker and co-workers reported that the reaction of the
strongly Lewis acidic tris(pentafluorophenyl)borane (B(CgFs);)
with terminal alkynes leads to a 1,1-carboboration of the
alkyne." The substrate scope of the 1,1-carboboration was
extended to phosphinyl substituted alkynes, yielding alkenyl-
bridged frustrated Lewis pairs.> Furthermore, the 1,
1-carboboration of internal alkynes with concomitant C-C
cleavage was demonstrated.”* More recently, Melen et al
reported the 1,2-carboboration of allenyl ketones.”

We found now that the reaction of B(C.F;); with phenylal-
lene 1 leads to the formation of the pentafluorophenyl-
substituted indene 2 (Scheme 1).° Our initial finding was that
the addition of 1 to a solution of B(CsF;); in dichloromethane-
d, (DCM-d,) leads to the formation of indene 2 in 48%
NMR-yield within 45 minutes (Scheme 2).

Hence, the B(C4Fs); induces a ring closure and transfers a
pentafluorophenyl ring to the allene.” As a side product of this
reaction, we observed the allylborane 3 that is likely formed by
hydroboration of the phenylallene 1.* Besides, minor amounts
of a vinylborane, originating from the hydroboration of the
internal double bond, and a 2-boryl-hexa-1,5-dien, formed by

“ Institut fiir Organische Chemie, Justus-Liebig-Universitiit Giefien,
Hetnrich-Buff-Ring 17, 35392 Giefien, Germany.
E-mail: urs.gellvich@org.chemie.uni-giessen. de
P Institut fiir Analytische und Anorganische Chemie, Justus-Liebig-Universitt
Giefien, Heinrich-Buff-Ring 17, Gieflen 35392, Germany
# Electronic supplementary information (ESI) available: Experimental and com-
putational details, spectroscopic and crystallographic data, copies of NMR
spectra. CCDC 2059168. For EST and crystallographic data in CIF or other
electronic format see DOL: 10.1039/d1cc01750k
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Indene formation upon borane-induced
cyclization of arylallenes, 1,1-carboboration, and
retro-hydroborationy

Max Hasenbeck,® Felix Wech,® Arthur Averdunk,® Jonathan Becker® and

Piers’ borane induced dimerization of the allene, were detected
(for details, see the ESIt). The detection of 3 gives a direct hint
to the intermediate formation of Piers’ borane HB(C4F;), in the
course of the reaction.’ Accordingly, the reaction constitutes a
formal exchange of a pentafluorophenyl group of the B(CgFs)s
with hydrogen. The reaction was subsequently performed on a
preparative scale and the indene 2 was isolated and fully
characterized. The structural assignment is further supported
by SCXRD (Scheme 2). We then investigated the scope of this
transformation by reacting different aryl allenes with B(CgF;)s.
As the hydroboration observed in the initial experiment con-
sumes some of the allene, these reactions were performed with
two equivalents of the allene. Under these conditions, 2 was
isolated in 68% yield with respect to B(CeFs)s, the limiting
reagent (Scheme 3). The same reaction with one equivalent
phenylallene and norbornene as sacrificial olefine to capture
Piers’ borane yielded 2 in 58% yield. The benzindene 4 is
obtained in 65% yield from the reaction of 1-naphthylallene
with B(CF;);. However, it was isolated as a mixture of isomers
that differ regarding the position of the benzylic double bond.
Likewise, the reaction of p-tolylallene and p-(isopropyl)pheny-
lallene gives the indenes 5 and 6 as a mixture of regioisomers.

Erker 2010
R __R'B(CeFsh i
(R=Cofs Me) & BicFa
R = alkyl, aryl
R'=H, Ph
This work
—=  B(CeFsk mc F
Arﬁ R‘/ > ers

Scheme 1 The context of this work: the 11-carboboration of alkynes
described by Erker and the borane-induced ring closure with concomitant
aryl group transfer described herein.
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— DCM-ds,
Ph/: + BiCeFsly r.t, 45 nfin CEFE + PhTSTUB(CF sl
1 2 3

48%° 22%*

TQM\

SCXRD structure of 2

Scheme 2 Formation of the pentaflucrophenyl-substituted indene 2
upon the reaction of 1 with B(CgFs)s. ®Yields determined by gNMR with
1,3,5-trimethoxybenzene as internal standard. The inset shows the mole-
cular structure of 2 derived from SCXRD (50% probability ellipsoids, all
hydrogen atoms are omitted for clarity)

X,
o s e mcﬁ
Vo DCM, r.t., 45 min I
R R
2 equiv.

2, 88% (58%)®

salie

4,65% (2:1)

Cst + Cng o CsF5+P Cst
Pr Pr

5, 46% (53%)° (2:1)

mcﬁ;ﬁ'mc‘iFEchFs *FCst

7, 37% (45%)° (4:1)

6, 56% (62%)° (2:1)

8, 47% (58%)° (4:1)

Scheme 3 Scope of the B(CgFs)z mediated formation of indenes from
allenes. Yields of products isolated by column chromatography are given
(a) With one equivalent phenylallene and one equivalent norbornene.
(b} Reaction temperature 0 “C. (c) Oil bath temperature 60 “C.

A better yield was obtained when the reactions with these
substrates were run at 0 °C, presumably because of side
reactions at r.t. In contrast, the reactions with p-(chlorojpheny-
lallene and p-(fluoro)phenylallene required an elevated reaction
temperature to give 7 and 8 in moderate yields. These findings
indicate that electron-rich arylallenes undergo a faster cycliza-
tion whereas electron-withdrawing substituents slow down the
reaction.

The effect of the substituents on the phenyl ring on the
reaction rate was further assessed by a Hammett analysis
(Fig. 1).'" The negative slope of the Hammett plot and the
rho value of —3.9 + 0.7 indicate that in the rate-determining
transition state of this reaction positive charge is built up in the
benzylic position of the arylallene.

The increased reactivity of electron-rich allenes was used for
a cyclization with a less Lewis acidic borane. The reaction of
p-(isopropyl)phenylallene with MeB(CgF;), leads to eyclization
of the allene and transfer of the methyl group (Scheme 4).
However, the formation of methylindene 9 required a pro-
longed reaction time.

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Hammett plot analysis of the B(CgFslz- mediated formation of
indenes from aryl allenes. Note that only the major isomer is shown in
the scheme.

/@Aﬁ + MeB(Ceely Mo Me rMe
iPr

2 equiv. 9
30% (8 1)

Scheme 4 Formation of the methyl indene 9 upon reaction of p-(iso-
propyliphenylallene with MeB(CgFs),

The mechanism of the B(C4F5);-mediated indene formation
was further investigated computationally by DFT at the revDSD-
PBEP86-D4/def2-QZVPP//PBEh-3c level of theory (Fig. 2).'**% As
zwitterionic intermediates are likely involved in the reaction,
the SMD solvent model for DCM was used for the structure
optimizations and the single point computations."" We assume
that the reaction commences with the addition of B(C4Fs); to
the m-system of 1. This step yields the zwitterion INT-1. The
positive charge in this intermediate is stabilized by allyl and
benzyl resonance. An intramolecular Friedel-Crafts alkylation
via TS-2 closes the five-membered ring of the indene core. We
further assume that an intermolecular proton shift leads to a
re-aromatization and the intermediate INT-3 (Scheme 5). How-
ever, all attempts to optimize the structure of INT-3 resulted in
a pentafluorophenyl transfer and lead to INT-4. Relaxed
potential energy surface scans further showed that the penta-
fluorophenyl transfer is a barrierless process. This finding
agrees with computational studies of the 1,1-carboboration of
alkynes by Erker, Grimme, and co-workers that showed that
once a carbocation is formed in «-position to the B(CgFs)s
moiety, the pentafluorophenyl transfer is barrierless.

A retro-hydroboration, f.e. the liberation of HB(CgF5), from
Int-4, forms product 2. According to the computations, this step
requires only a moderate activation energy of 16.7 kcal mol™".
Notably, the retro-hydroboration is computed to be exergonic
by 2.2 keal mol™'. According to the computations, TS-1, the
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Fig. 2 Gibbs free energies of the B(CgFsl3-mediated indene formation computed at the revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c level of theory.
The SMD solvent model for DCM was used for the structure optimizations and the single point computations. The inset shows the optimized structure of

TS-1.
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Scheme 5 Proposed mechanism for the pentafluorophenyl transfer.

addition of the phenyl allene to B(CeFs);, is the rate-
determining transition state. In this transition state, a positive
charge is built up in the benzylic position that is stabilized by
electron-donating groups in the para position. Thus, the com-
putations are in favorable agreement with the Hammett analy-
sis. In summary, we have documented that the reaction of
arylallenes with B(CeF;); leads to pentafluorophenyl substi-
tuted indenes. A plausible mechanistic scenario consists of a
B(C,F5);-induced cyclization, a pentafluorophenyl transfer, and
a retro-hydroboration. This reaction is a rare example of a
metal-free Cyp—Cype bond formation.'® The results reported
herein might inspire the development of synthetic methods
that rely on 1,1-carboboration and retro-hydroboration
reactions.
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The formation of tetra-aryl-tetrahydropentalenes upon the reaction of arylacetylenes with Piers’
borane (HB(CsFs)2) is reported. Isotope labeling experiments and DFT computations indicate that the
mechanism of this complex transformation commences with a series of unprecedented 1,2-
carboborations, followed by an electrocyclization and two skeletal rearrangements.
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Piers’ Borane-Induced Tetramerization of Arylacetylenes

Max Hasenbeck,™ Tizian Miiller,™ Arthur Averdunk,™ Jonathan Becker,® and Urs Gellrich*<

Abstract: We herein report that the reaction of Piers’ borane,
i.e. HB(CFs), with an excess of arylacetylenes at room
temperature leads to tetramerization of the acetylene and the
diastereoselective formation of boryl-substituted tetra-aryl-
tetrahydropentalenes. The reaction mechanism was investi-
gated by isotope labeling experiments and DFT computa-
tions. These investigations indicate that a series of 1,2-

carboboration reactions form an octatetraene that undergoes
an electrocyclization. Two skeletal rearrangements then
presumably lead to the formation of the tetrahydropentalene
core. Overall, this intricate and unprecedented transformation
comprises five carbon-carbon bond formations in a single
reaction.

Building molecular complexity from simple starting materials is
paramount for synthetic chemistry. Boranes are in this context
usually considered as reagents for transition metal-catalyzed
C—C and C-Het couplings.™” However, transformations of
organic molecules, including skeletal rearrangements and C—C
bond formations induced by highly Lewis acidic boranes have
been reported recently. Prime examples are the 1,1-carbobora-
tions of alkynes and aryl allenes by tris(perfluoro)phenylborane
(BCF).® Furthermore, the Piers’ borane-induced catalytic trime-
rization of alkyl allenes and the dimerization of aryl allenes were
reported by Erker and co-workers.” These reactions are initiated
by the hydroboration of the allene. When introducing HB(C¢Fs),
as a highly electrophilic borane reagent in 1995, Piers and co-
workers described the stoichiometric hydroboration of phenyl-
acetylene by this reagent that leads to the corresponding
alkenylborane.® We herein report the unexpected finding that
the reaction of Piers’ borane with an excess of phenylacetylene
yields cis-2-boryl-1,3,3a,5-tetraphenyl-tetrahydropentalene 1a
(Scheme 1).

Tetrahydropentalenes are frequently used as ligands in
transition-metal catalyzed reactions. Examples are the rhodium-
catalyzed 1,2- and 1,4-addition of boronic acids to imines and
enones.” Recently, a chiral bisborane, synthesized via double
hydroboration of a tetrahydropentalene with Piers’ borane was
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Ph
—_ rt,42h
HB(CgFs), +5Ph—= Tt
(CeFs)y + bova, ~ M B(CsFs),
2a 56% (41%) Ph pp,
1a

Scheme 1. Formation of cis-2-boryl-1,3,3a,5-tetraphenyl-tetrahydropentalene
1a upon reaction of Piers’ borane with five equivalents phenylacetylene. The
yield was determined by NMR with trimethoxybenzene as internal standard,
The yield of the isolated product is given in parenthesis.

used as the catalyst in the enantioselective metal-free hydro-
genation of imines® The synthesis of these tetrahydropenta-
lenes requires a multistep procedure starting from octahydro-
pentalenediol or 1,5-cyclooctadiene.”  Furthermore, the
rhodium-mediated formation of hydropentalenyl complexes
from terminal alkynes and the palladium-induced cyclotetrame-
rization of acetylenes have been reported.” However, the
transition-metal free tetramerization of alkynes is to the best of
our knowledge unprecedented. Upon reaction of Piers’ borane
with five equivalents of phenylacetylene at r.t. in DCM, 1a is
obtained after two days in an in situ yield of 56% as determined
by NMR. We were not able to detect a diastereomer of 1a.
Subsequently, 1a was isolated in 41 % yield upon crystallization
from n-hexane and fully characterized. Furthermore, crystals
suitable for single-crystal X-ray diffraction (SCXRD) were grown
from a saturated n-hexane solution. The molecular structure
derived from SCXRD supports the structural assignment and
confirms the cis-relationship of the substituents at the bridge-
head positions (Figure 1).

Notably, the reaction also takes place if Piers’ borane is
reacted with two equivalents phenylacetylene. In this case,
hydroboration of the phenylacetylene is observed, followed by
the slow formation of 1a while unreacted alkenylborane
remains.’” The reaction is not limited to phenylacetylene as the
substrate: Treatment of alkynes 2b-i with Piers’ borane
furnishes the cis-2-boryl-1,3,3a,5-tetra-aryl-tetrahydropentalenes
1b~i in NMR yields ranging from 32 %-55% (Scheme 2).

Erker and co-workers demonstrated that boranes with
perfluorophenyl substituents can be engaged in transition-

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Molecular structure of cis-2-boryl-1,3,3a,5-tetraphenyl-tetrahydro-
pentalene 1a derived from SCXRD (50% probability ellipsoids, all hydrogens
attached to phenyl rings are omitted and CF; rings are shown in stick
representation for clarity). Selected bond lengths and angles: C1—C2:
1.533(2) A, C2-C3 1.357(2), C3-C3a 1.542(2) A, C3a-C4 1513(2) A, C4-C5:
1.338(3) A, C5—C6: 1.509(3) A, C2—C6a: 1.535(3) A, C6a—C1: 1.540(2) A.

H Ar
HB(CeFsl2 + Ar th—‘— Ar B(CFs)
2b—i H
(5 equiv.) Ar A
1b-i
Me,
- o) ) OH
1b (55%)* 1c (53%)° 1d (38%)° 1e (43%)°
0\
o
1F (32%)° 1g (46%)° 1h (53%)* 1i (50%)*

Scheme 2. Tetramerization of aryl allenes by Piers’ borane (a) yields
determined by 'H NMR with trimethoxybenzene as internal standard. The
yields have an estimated error of +/—5% (see Supporting Information for
details).

metal catalyzed coupling reactions.”***? To prove that 1a is a
suitable substrate for a Suzuki-Miyaura coupling, we reacted 1a
with phenyl iodide and 2-iodothiophene in the presence of
catalytic amounts tetrakis(triphenylphosphine) palladium. This
allowed us to isolate the penta-aryl-tetrahydropentalenes 3a
and 3b in very good yields (Scheme 3). Furthermore, 1a can be
protodeborylated by the addition of acetic acid at room
temperature yielding the tetrahydropentalene 4 in very good
yield (Scheme 3). The oxidation of 1a with H,0, and NaOH
leads to the corresponding ketones 5a and 5b. The diaster-
eoselectivity of this reaction can be controlled by the amount
of NaOH added. Both products were isolated as single
diastereomers in moderate to good yields and fully character-
ized including NOESY NMR (Scheme 3)."? The structural assign-
ments of 4 and 5b are further supported by SCXRD analysis
(Scheme 3).

To elucidate the mechanism of the transformation that
leads to the formation of 1a, we performed a series of isotope
labeling experiments. Hydroboration of deuterated phenyl-
acetylene with Piers’ borane yielded, as expected, the mono-
deuterated alkenylborane 6-d (Scheme 4a). The reaction of 6-d

Chemn. Eur. J. 2022, 28, e202104254 (2 of 5)
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ag. NaOH/THF, 70 °C, 20 h
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Scheme 3. Follow-up reactivity of 1a in a Suzuki-Miyaura coupling, oxida-
tions, and protodeborylation (yields of isolated products given). The insets
show the molecular structure for 4 and 5 b derived from SCXRD analysis (all
hydrogens attached to phenyl rings are omitted for clarity).
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Scheme 4, a) Isotope labeling experiments that reveal the position of
hydrogen from Piers’ borane and that of the initially hydroborated phenyl-
acetylene in the final product. b) NMR experiment that disclosed the position
of the non-deuterated phenyl moiety of 6 in the final product 1a-d,s.
Deuterium incorporation in the indicated position in each case was at least
88%, as determined by 'H NMR.

with four additional equivalents of deuterated phenylacetylene
lead to the formation of 1a-d, with protium exclusively in the
1-position of the pentalene core. On the other hand, the
reaction of 6-d with four equivalents non-deuterated phenyl-
acetylene led to 1a-d with deuterium incorporation in the 6a-
position. These experiments, therefore, show that the hydrogen
of the initial Piers’ borane ends up in the 1-position while the
hydrogen of the first equivalent of phenylacetylene is incorpo-
rated in the 6a-position of 1a. Furthermore, the labeling
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experiments suggest that the carbon atoms in the 1- and 6a-
positions of 1a originate from phenylacetylene that was hydro-
borated in the first step of the reaction. To substantiate this
hypothesis, we reacted alkenylborane 6 with four equivalents of
phenylacetylene bearing fully deuterated phenyl rings (Sche-
me 4b). As a result, all aromatic 'H NMR signals except those
originating from 6 could be suppressed. This enabled us to
determine the position of the phenyl moiety of 6 in the product
1a-d,s by long-range COSY and NOESY NMR. This experiment
revealed that the phenyl moiety of the alkenylborane which is
formed upon initial hydroboration eventually ends up in the 1-
position of the final product 1a.

The position of the first equivalent of phenylacetylene in
the final product suggests a reaction that consists of an initial
hydroboration and four 1,2-carboborations followed by electro-
cyclic ring closure of the formed octatetraene."'¥ Therefore,
we investigated the initial steps computationally at the
PCM(DCM)-revDSD-PBEP86-D4/def2-QZVPP//PCM(DCM)-PBEh-
3c level of theory (Figure 2)."*'® Furthermore, we considered
the barrier for a 1,1-carboboration. According to the computa-
tions, the exergonic hydroboration of phenylacetylene by Piers’

TAG [kcal mol™]

e 1

borane via TS, requires a Gibbs free energy of activation of
9.0 kcalmol™'. The 1,2-carboboration of phenylacetylene by
alkenylborane 6 is asynchronous: The formation of the C-—8
bond is further advanced in the transition state structure (see
inset in Figure 2). This is certainly a result of the high Lewis
acidity of 6 and explains the preference of transition state TSg,
over TS'. In the latter, the positive charge arising as a result of
asynchronous bond formation is not stabilized by a phenyl
substituent. Consequently, the 1,2-carboboration should lead to
the diene 7 in which the phenyl substituents are in a 1,3-
distance. The barrier for the 1,1-carboboration is computed to
be 4.8 kcalmol ' higher than the one for the 1,2-carboboration

We note that the computed transition state structure for the
1,1-carboboration is structurally similar to the one reported by
Grimme and Erker for the 1,1-carboboration of alkynes by
BCF.® While the barrier for the 1,2-carboboration via TS, is
surmountable at r.t., the computed barriers for the carbobora-
tions via TS’ (28.8 kcalmol ") and TS, ,.carboboration (274 kcalmol ™)
are conflicting with the experimental observation that the
tetramerization occurs at ambient conditions. The findings that
the formation of 1a is also observed when Piers' borane is

F'h—\\(:[B]—l:
}:H
PH

TSLI—camohomtion
-7.5

Ph

Figure 2. Schematic PES of the formation of the cyclooctatriene 10 and barriers for the 1,2- and 1,1-carboboration of phenylacetylene by 6 computed at
PCM(DCM)-revDSD-PBEP86-D4/def2-QZVPP//PCM(DCM)-PBh-3c, The insets show the computed transition state structures of the 1,2-carboboration leading to

7 and the 8x-electrocyclization leading to cycloocatriene 10.
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reacted with only two equivalents phenylacetylene and that no
intermediate except alkenylborane 6 can be detected by 'H
NMR reaction monitering further indicate that this initial 1,2-
carboboration is rate-determining."” Indeed, the computed
barriers for the subsequent 1,2-carboborations (TS;,s and TSg)
are lower than the one for the initial carboboration. An 87-
electrocyclization of the tetraene 9 via TSy, Yields then the
cyclooctatriene 10. The computed barrier of 20.8 kcalmol ' for
the 8m-electrocyclization of 9 does not differ substantially from
the barrier obtained experimentally for the electrocylization of
unsubstituted octatetraene (17.0 kcalmol™") and permits this
step to occur readily at r.t."” Although a fourth 1,2-carbobora-
tion via TS’ is slightly disfavored compared to the electro-
cyclization via TSy, both transition states are close in energy
so that further oligomerizations could be a possible side
reaction. The sequence of 1,2-carboborations and electrocycliza-
tion would locate the first equivalent of phenylacetylene in the
relative position to the boryl substituent that was deduced
from the isotope labeling experiments. The thermal and photo-
chemical rearrangements of cycloocatrienes to semibullvalenes
were reported."®'"” An analogous .4, + .2, rearrangement of 10
would lead to tricycle 11 (Scheme 5).

A vinylcyclopropane-cyclopentene rearrangement of 11
would form 12. These rearrangements usually require high
activation energies."®*” However, it was shown that Lewis acids
can lower the barrier for vinylcyclopropane-cyclopentene
rearrangements  significantly.?” Thus, we assume that this
transformation is catalyzed by Lewis acidic boranes present in
the reaction. Additionally, the electrophilic perfluorophenyl
substituted boranes could serve as one-electron acceptors and
promote the rearrangement from 10 to 11 via a (di)radical
pathway.”? Finally, a simple proton shift can convert 12 into
the experimentally observed product 1a. According to our
computations at PCM(DCM)-revDSD-PBEP86-D4/def2-QZVPP//
PCM(DCM)-PBEh-3c, formation of 1a from 10 is exergonic by
28.2 kcal mol~'. We note that the relative position of the phenyl
substituents in 1a that would result from the proposed ,4,+,2,
rearrangement and the vinylcyclopropane-cyclopentene rear-
rangement agrees with the experimentally determined one.
However, it must be stressed that other reaction pathways

o H Ph
Ph Ph ~nfatnZs o

Ph B(c.Fe) PR B(CgFs)z

“ 6Fsk bh

10

vinylcyclopropane-
rearrangement
HH pn H Ph
~H* .

tha(cﬁgh L. phma(cﬁmz

Ph b Ph b

12 1a

Scheme 5. Proposed mechanism for the formation of 1a. The first equivalent
alkenylborane, whose position was determined by isotope labeling experi-
ments, is highlighted in red.

Chemn. Eur. J. 2022, 28, e202104254 (4 of 5)

cannot be excluded at present and further computational and
experimental investigations to clarify the mechanistic details of
the formation of 1a are ongoing.

In summary, we have documented the unprecedented
tetramerization of simple arylacetylenes by Piers’ borane. We
expect this finding to stimulate the development of new
methods for organic synthesis that rely on the oligomerization
of alkynes by Lewis acidic boranes.

Experimental Section
See the Supporting Information for details.

Deposition Numbers 2107142, 2121641 and 2124445 contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service,
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1,2-Carboboration of Arylallenes by In Situ Generated
Alkenylboranes for the Synthesis of 1,4-Dienes

Arthur Averdunk*,” Max Hasenbeck*,”” Tizian Mdiller,”” Jonathan Becker,”™ and Urs Gellrich*®

Abstract: We herein report a novel method for the coupling
of unactivated alkynes and arylallenes, which relies on an
unprecedented and regioselective 1,2-carboboration of the
allene by an alkenylborane. The alkenylborane is conveniently
prepared in situ by hydroboration of an alkyne with Piers’
borane, i.e., HB(CsF:),. The boryl-substituted 1,4-dienes that
are formed by this carboboration are well-suited for a
subsequent Suzuki-Miyaura coupling with aryl iodides. This

allowed us to develop a three-step, one-pot protocol for the
synthesis of aryl-substituted 1,4-dienes. The generality of the
reaction was demonstrated by the synthesis of twenty dienes
with modular variations of all three reaction partners. The
mechanism of the new 1,2-carboboration was investigated
using dispersion corrected double-hybrid DFT computations
that allowed us to rationalize the chemo- and regioselectivity
of this key step.

S

. 1,1-carboboration
Introduction Erker et al. (2010)
Carboborations are a powerful and atom economic synthetic R—B(CgFs)2 R1_ R
method because they simultaneously form a C—C bond and Ri—R, R = C4Fs, Me Ry B(CeFsh
install a valuable boryl unit into a molecular framework by Ry = alkyl, aryl
adding an organoborane to a double or triple bond. In recent
years, uncatalyzed direct carboborations by Lewis acidic 1,2-carboboration
boranes have received increasing attention.! A seminal con- Melen et al. (2015) FeCo OoF
tribution to this field is the 1,1-carboboration of alkynes by the o 56 /675
Lewis acidic tris(perfluorophenyl)borane (BCF) that was inde- )j\// B(CgFs)3 o
pendently discovered by Erker and Berke.”” The groups of R & I
Hashmi and Stephan reported the cyclopropanation and the R CeFs
formation of allyl boranes by 1,1-carboboration of enynes and Studer et al. (2021)
propargylic esters, respectively.”*) We recently reported that R Avr, Bpin
the reaction of phenylallene with BCF leads to the formation of N———R + Ar—BCl, pinacol —
a C,Fs-substituted indene via a cyclisation, 1,1-carboboration, EWG NEt; R-N R
retro-hydroboration sequence.™ In contrast, there are still only EWG
a few reports on uncatalyzed 1,2-carboborations.”” Melen and ——_—
co-workers described the 1,2-addition of B(C.F,), to the terminal R
double bond of allenylketones (Scheme 1)19 In 2021, Studer
etal. reported the 1,2-carboboration of alkyne-substituted R— M =
sulphonamides with dichloroarylboranes. The dichloroborane 2-Ar&-\\. Ar B(CsFs)z
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Scheme 1. The context of this work: Recent examples of carboborations and
the consecutive hydroboration-1,2-carboboration sequence reported herein.

moieties were subsequently transformed in situ to their respec-
tive pinacol derivatives (Scheme 1),

We became now interested in devising a protocol that
allows the selective group transfer of an easily interchangeable
substituent at the boron to a non-activated substrate via a

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200470

carboboration. A fast and convenient way to synthesize
electron-poor boranes is the hydroboration of alkynes by the
very active hydroboration reagent HB(CsFs),, also known as
Piers’ borane.” Since allenes are reactive towards strong boron-
based Lewis acids, we aimed to elucidate whether the reaction
of electron-poor alkenylboranes, synthesized by hydroboration
of alkynes, could lead to a selective transfer of the vinyl group
to an allene in a carboboration reaction."*9”

Results and Discussion

We commenced our attempts by preparing alkenylborane 2 by
hydroboration of phenylacetylene with Piers’ borane 1 in

B(CgF
o _MBCER) — (GoFiz
s DCM-d, PH
r.t., 10 min & o
Ph/_
DCM-dy, 60 °C
16 h
Ph l X | A Ph
N N6 N 5
o/ -~
Ph B(CeFs)2 Ph B(CeFs)2
4 3
48% 66%°

Scheme 2. Formation of the 1,4-diene 3 upon 1,2-carboboration of phenyl-
allene by the alkenylborane 2 and isolation of the respective pyridine adduct
4. a) Yield determined by 'H NMR with trimethoxybenzene as internal
standard.

N
gl

|
D
@
Yoy

Figure 1. Molecular structure of 4 derived from SCXRD (50 % probability
ellipsoids, all hydrogens attached to phenyl rings are omitted and pyridine
and C6F5 rings are shown in stick representation for clarity).
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deuterated dichloromethane (Scheme 2).*! The corresponding
'HNMR shows complete conversion to alkenylborane 2 after
10 min at rt. Next, phenylallene was added to the reaction
mixture.

Upon heating to 60°C in a sealed NMR tube, the formation
of the 1,4-diene 3, which is the product of a formal 1,2-
carboboration to the internal double bond of the allene, was
observed. While we have recently proposed that the Piers’
borane mediated tetramerization of alkynes commences with a
carboboration of an alkyne by an alkenylborane, the carbobora-
tion of an allene by an alkenylborane is, to the best of our
knowledge, unprecedented.*! After 16 h, the yield of 3 was
determined by 'H NMR to be 66%. The reaction was repeated
on a preparative scale in 1,2-dichloroethane at 80°C and the
diene 3 was isolated as pyridine adduct 4 in 48% yield by
crystallization (Scheme 2). The structural assignment of 4 is
further supported by single-crystal X-ray diffraction (SCXRD,
Figure 1). With these promising initial experimental results in
hand, we addressed the mechanism and the observed
regioselectivity of the 1,2-carboboration by DFT computations
at the PCM(DCM)-revDSD-PBEP86-D4/def2-QZVPP//PCM(DCM)-
PBEh-3c level of theory (Figure 2).”! The dispersion corrected,
spin-component scaled double hybrid functional revDSD-
PBEP86-D4 was recently shown to be one of the most accurate
DFT functionals by benchmark computations against the
GMTKNS55 database.™ Since zwitterionic structures are likely to
be part of the mechanism, the structures were optimized with
an implicit solvent model for dichloromethane. According to
the computations, the exergonic hydroboration of phenyl-
acetylene by Piers’ borane 1 via TS,, requires a Gibbs free
activation energy of 9.0 kcalmol '. The coordination of phenyl-
allene to the alkenylborane TS, is computed to be rate
determining.

Furthermore, this step dictates the regioselectivity of the
carboboration. The central carbon of the allene binds to the
borane so that in the zwitterion 5 the positive charge is
resonance stabilized and in a benzylic and allylic position.’+"!
The computed barrier of 20.8 kcalmol~" for the formation of the
zwitterion 5 is in favourable agreement with the mild reaction
conditions. Attempts to locate minima on the potential energy
surface for the two other zwitterionic regioisomers of the
coordination of the allene to the borane lead to the direct
dissociation of the respective structures. A virtually barrierless
migration of the alkenyl substituent yields than the 1,4-diene 3
in an exergonic reaction. In contrast, the transfer of a
pentafluorophenyl ring via TS’ has an activation barrier of
12.5 kcalmol™" (see inset Figure2). Thus, the computations
agree with the experimentally observed chemoselectivity. We
further considered the formation of an indene ring system by
an intramolecular Friedel-Crafts type reaction.”® Again, the
respective transition state TS;ene is kinetically disfavoured by
7.1 kcalmol ™" (see inset Figure 2).

Erker and co-workers showed that B(CiF), groups are
suitable coupling partners in Suzuki-Miyaura®'® cross-coupling
reactions.?*<%*'l Therefore, we probed if it is possible to
develop a one-pot procedure for a 1,2-carboboration of allenes
by alkenylboranes and a consecutive Suzuki-Miyaura coupling.
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Figure 2. Gibbs free energies for the 1,2-carboboration of phenylallene by the alkenylborane 2 computed at PCM(DCM)-revDSD-PBEP86-D4/def2-QZVPP//

PCM(DCM)-PBEh-3c.

Indeed, the reaction of 3, formed in situ, with phenyliodide
under basic conditions lead to the formation of the diene 6a in
52% yield (Scheme 3). Notably, the reaction sequence did not
require the isolation of 3, only the solvent was removed before
the Suzuki-Miyaura coupling. This three-step one-pot method
with the 1,2-carboboration as key step offers a potentially broad
scope. As aforementioned, a variety of alkenylboranes is
accessible by hydroboration of different alkynes with Piers’
borane 1.°/ Furthermore, by adding different allenes the
substitution pattern of the boryl substituted 1,4-dienes can be
easily altered. Finally, these key intermediates can be cross-
coupled with different organoiodides to access various 1,4-
dienes. 1,4- or skipped dienes are of synthetic interest due to
their prevalence in several natural products.”*'¥' Therefore, we
explored the scope of this reaction sequence (Scheme 3). First,
we screened different allenes. Besides phenylallene, the corre-
sponding para-substituted methyl, iso-propyl, and tert-butyl
phenylallenes (6b-6d) are suitable reaction partners. With 64
to 74%, the yields for these substrates are better than for the
unsubstituted phenylallene. Additionally, the 1,2-carboboration
of para-tBu-phenylallene proceeds at r.t. while the reaction with
phenylallene requires elevated temperatures. These results
support the proposed mechanism: Electron donating groups
stabilize the (partial) positive charge which is present in the

Chen. Eur. J. 2022, 28, e202200470 (3 of 6)

zwitterionic intermediate and the respective transition state."”

While alcohols themselves are problematic substrates because
of the strong Lewis acidic character of the boron moiety,
protected alcohols like methyl aryl ethers are tolerated, as it
was demonstrated by the synthesis of 6e in 39% yield."” The
carboboration and coupling of para-fluorophenylallene gives
the respective diene 6f in 73% yield. We then tested different
alkynes. The reaction with alkyl- and phenyl-substituted phenyl-
acetylenes gives the dienes 7a-7c in moderate yields.
Furthermore, alkynes with electron withdrawing groups like
fluorine, chlorine, and bromine can also be used as coupling
partners with yields between 51-60% (7d-7g). To elucidate
whether aliphatic alkynes are suitable substrates for the
carboboration, we reacted ethynyl-cyclohexene and adamanty-
lacetylene with Piers’ borane and p-tBu-phenylallene and p-iPr-
phenylallene, respectively. Subsequent coupling with phenyl-
iodide gave 7h and 7i in 39% and 36% yield. The synthesis of
7 h demonstrates that double bonds are tolerated during the
carboboration. Additionally, several organoiodides were tested.
The reaction with 3-iodopyridine as an example for a hetero-
cycle gave diene 8a in 54% yield. The reaction with 4-
iodobenzonitrile and biphenyliodide gave the respective prod-
ucts 8b and 8¢ in 39% and 48% yield, respectively.
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The reaction of commercially available para-Bpin substi-
tuted phenylacetylene with p-iPr-phenylallene under the
standard conditions led to the replacement of both boron
groups upon coupling with phenyliodide. The respective
product 9 with four aromatic rings was isolated in 41% yield
(Scheme 4), The hydroboration of two equivalents of para-F-
phenylacetylene, the addition of one equivalent of diallene 10,
and a subsequent Suzuki-Miyaura coupling yielded the phenyl

Chemn. Eur. J. 2022, 28, ©202200470 (4 of 6)

bridged bis-1,4-diene 11 in 39% (Scheme 4). Products 9 and 11
demonstrate that complex molecular frameworks can be
synthesized from non- or low-functionalised starting materials
using the protocol presented herein. The structure of the dienes
7d, 7e, 7f, and 9 was additionally supported by SCXRD
(Schemes 3 and 4), Regarding the limitations of this method, we
observed that the internal alkynes 3-hexyne and diphenylacety-
lene are readily hydroborated by 1 but the resulting alkenylbor-
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Scheme 4, Special substrates of the hydroboration, carboboration, and
Suzuki-Miyaura coupling sequence and the molecular structure of diene 9
derived from SCXRD (50% probability ellipsoids, for clarity only the hydro-
gens of the 1,4-diene core are shown).

anes did not react with phenylallene. We further found that
alkynes with Lewis basic sides such as ethynyl phenylmethyl
ether and 2-ethynylthiophene are not suitable for this reaction
sequence. Furthermore, the carboboration of cyclohexylallene
with 2 was not successful. This is probably because of the
lacking stabilization of the positive charge in the rate-determin-
ing transition state and the zwitterionic intermediate.

Conclusion

In summary, we report a novel and regioselective 1,2-carbobo-
ration as the key step of a three-step one-pot protocol for the
synthesis of aryl-substituted 1,4-dienes from alkynes, allenes,
and organoiodides. This unprecedented 1,2-carboboration
transfers a vinyl group of an in situ generated alkenylborane to
the benzylic position of the aryl allene. All three components of
the reaction sequence that forms two C—C bonds can be
modified. Therefore, a variety of aryl-substituted 1,4-dienes is
accessible by this modular approach. The usefulness of this
protocol was demonstrated by the synthesis of twenty different

Chern. Eur. J. 2022, 28, e202200470 (5 of 6)

dienes. We expect this finding to stimulate the development of
new applications of carboboration reactions for organic syn-
thesis.

Crystal structures

Deposition Number(s) 2150152 (for 4 at 100 K), 2150153 (for 7e
at 100 K), 2150154 (for 7d at 100 K), 2150155 (for 9 at 100 K),
and 2150156 (for 7f at 100 K) contain(s) the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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6 Zusammenfassung und Schlussfolgerung

Die Anwendung der Bor-Liganden-Kooperation in der Katalyse zeigt, wie dieses Konzept die Reaktivitat
von klassischen frustrierten Lewis-Paaren, durch die in situ Erzeugung von Boranen statt Boraten
erganzt.

Die Entstehung von Piers Boran 46 bei der H,-Aktivierung durch Boroxypyridin 1 ermdglicht die
Hydroborierung von Alkinen und Allenen zu den entsprechenden Alkenyl- und Allylboranen. Erstere
Reaktion ermoglicht die katalytische Z-selektive Semihydrierung von internen Alkinen und die erste
metallfreie katalytische Semihydrierung von terminalen Alkinen. Letztere Reaktion ermdoglicht die
Allylborierung von Acetonitril zu Allyliminen mit BCF 12 als zusatzliche Lewis-Saure. Dies ist die erste
Allylborierung, die nur katalytische Mengen eines in situ erzeugten Allylierungsreagenz bendtigt und
die konzeptionell eine neue Methode fiir die Nutzung von H; in der organischen Synthese zeigt. Die
C—H-Aktivierung von terminalen Alkinen und das Entstehen der entsprechenden Alkinylborane durch
Dissoziation ermoglichte die katalytische gem-selektive Homodimerisierung von terminalen Alkinen zu
den entsprechenden Eninen. Schlisselschritt in dieser Katalyse ist eine neuartige 1,2-Carboborierung
von Alkinen durch Alkinylborane. In allen drei Fallen wird der Katalysezyklus durch eine
Protodeborylierung geschlossen, wodurch sich das intramolekulare FLP 1 regeneriert.

Darliber hinaus ermdglichte das Konzept der BLK die erste organokatalytische Dehydrierung von
Amminboran durch Thiopyridon 92 bzw. dessen Tautomer Mercaptopyridin 93. Dieses reagiert mit der
aciden S—H-Bindung in einer dehydrogenativen Kupplung mit der hydridischen B—H-Bindung von
Amminboran. Durch eine intramolekulare Deprotonierung der N-H-Bindung durch die
Pyridinfunktionalitat des Katalysators bildet sich Thiopyridon, das durch Tautomerisierung zum
Mercaptopyridin den Katalysezyklus schlieRen kann.

Zusatzlich wurden neue Carboborierungen von Boranen mit C—C-n-Systemen entwickelt. So fiihrt die
Reaktion von Arylallenen mit BCF 12 {iber einen intramolekularen Ringschluss mit Ubertragung eines
CsFs-Rings in einer 1,1-Carboborierung zur Bildung eines Indens. Als Nebenprodukt entsteht tber eine
Retrohydroborierung Piers Boran. Die Reaktion von Alkenylboranen, die durch die Hydroborierung von
Alkinen durch Piers Boran in situ erzeugt wurden, mit einem Uberschuss Alkin fiihrt zu
B(CsFs)2-substituierten Tetrahydropentalenen. Experimentelle und computerchemische
Untersuchungen deuten darauf hin, dass diese Reaktionskaskade durch eine Serie von
1,2-Carboborierungen von Alkenylboranen an Alkinen initiiert wird. In dieser Reaktion werden
insgesamt flinf neue C—C-o-Bindungen gebildet.

Wahrend die synthetische Vielseitigkeit der Tetramerisierung von Alkinen und der Indenbildung aus
Arylallenen begrenzt ist, konnte gezeigt werden, dass elektronenarme Alkenylborane mit Allenen
chemo- und regioselektiv den Alkenylrest in einer 1,2-Carboborierung Ubertragen. Entsprechende
Alkenylborane lassen sich leicht und variabel durch die Hydroborierung von terminalen Alkinen mit
Piers Boran 46 synthetisieren. Die nach der 1,2-Carboborierung erhaltenen borylsubstituierten
1,4-Diene konnten in einer Eintopfreaktion in einer Suzuki-Miyaura-Kupplung mit verschiedenen
Organoiodiden gekuppelt werden. Alle drei Reaktionskomponenten (Alkin, Allen und Organoiodid)
konnten unabhangig voneinander variiert werde und die synthetische Anwendungsbreite dieser
Methode konnte durch die Synthese von 20 verschiedenen 1,4-Dienen gezeigt werden.
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und Jama Ariai: Ich habe sehr gerne mit Euch zusammengearbeitet, das neue Labor eingerichtet und
den alltaglichen Laborwahnsinn mit Euch geteilt.

John Liebig ohne den (meine Zeit in) GielRen nicht mal halb so schén ware.

Felix Wech, Arthur ,,Ich schmeifs mal BCF drauf” Averdunk und Niklas Koch, die trotz meiner Betreuung
wahrend |hres Studiums dabei geblieben sind ;-).

Den ,weilRbartigen” Postdoktoranden Dr. Sebastian Ahles und Dr. Ravindra Phatake fiir die
Beantwortung etlicher Fragen.

Jil und Tim Kramer, Jean-Marie Pohl, Dr. Alex Francke, Lena Lipovsek und Fabian Stohr und fiir die
Aufnahme in GieRen und der Arbeitsgruppe Gottlich.

Prof. Dr. Richard Gottlich und Prof. Dr. Wegner fiir die Moglichkeit in der Anfangszeit Chemie ohne
eigenes Labor und Ausriistung machen zu kénnen.

Dr. Heike Hausmann, Dr. Jonathan Becker und Dr. Dennis Gerbig und dem Team der OC-Analytik mit
deren Hilfe aus farblosen oder farbigen Flissigkeiten und Kristallen Strukturen auf dem Blatt Papier
werden.

Der Chemikalien- und Gerateausgabe, der Glasblaserei, den Feinmechanikern, Edgar Reitz und den
Hausmeistern ohne die wahrscheinlich nichts mehr funktionieren wirde.

Michaela Richter und Anika Jager ohne die hier noch weniger laufen wiirde.

Meiner Familie Bettina, Michael, Felix Hasenbeck, Midori de la Rosa, Matthias Oelmann und meinen
Freunden fir die jetzt schon 29 Jahre andauernde Unterstitzung.

Cathi ohne die die ganze Arbeit mindestens doppelt so schwer gewesen wire ©.
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