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1 Abstract

In 2018, Gellrich and co-workers discovered a pyridonate borane (1), which represents an intramolecular
frustrated Lewis pair (FLP). This compound can activate H, under mild conditions upon which a
pyridone-borane complex is obtained that can dissociate to release free HB(CsFs)2. This concept has
been utilized in a variety of catalytic reactions. In this work, we utilized | to catalyze the (Z)-selective
semihydrogenation of alkynes. By increasing the steric demand of the substituent at the pyridone we
were also able to improve the yield of the reaction. Further investigations of structurally related catalysts
revealed that the simplest borane, BHs, in combination with an appropriate co-catalyst (II), can
efficiently hydrogenate alkynes (Z)-selectively. Experimental and computational studies showed that a
key step involves the formation of a tris(alkenyl)borane, which, with the help of the co-catalyst,
undergoes protodeborylation to release the (Z)-alkene. Additionally, the reaction between the
electrophilic bis(pentafluorophenyl)borane (Piers' borane) and both cyclic and acyclic dienes was
investigated. It was found that, instead of the expected hydroboration product, an alkenylborane is
formed. These compounds can react with pinacolborane in a transborylation reaction to yield alkenyl

boronates, with the bis(pentafluorophenyl)borane catalyst being regenerated in the process.

A Pyridonate borane-catalyzed hydrogenation of alkynes
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C Piers' borane catalyzed formation of alkenyl boronates from dienes




2 Zusammenfassung

Gellrich und Mitarbeiter entdeckten 2018 ein Pyridonat Boran (1), welches ein intramolekulares
frustriertes Lewis-Paar (FLP) darstellt. Dieses ist in der Lage, bereits unter milden Bedingungen H. zu
aktivieren, wobei ein Pyridon-Boran-Komplex erhalten wird, der durch Dissoziation freies Boran
freisetzen kann. Dieses Konzept wurde fiir verschiedene katalytische Reaktionen verwendet. In dieser
Arbeit wurde | als Katalysator fiir die (Z)-selektive Semihydrierung von Alkinen eingesetzt. Die
Ausbeute der Reaktion konnte dadurch verbessert werden, dass der sterische Anspruch des
Substituenten am Pyridon erhéht wurde. Weitere strukturell verwandte Katalysatoren wurden
untersucht, wobei gefunden wurde, dass das einfachste Boran, BHs, in Kombination mit einem
geeigneten Co-Katalysator (I11) in der Lage ist, Alkine effizient (Z)-selektiv zu Alkenen zu hydrieren.
Experimentelle und computerchemische Untersuchen zeigten, dass ein Schllsselschritt die Bildung
eines Tris(alkenyl)borans ist, welches mithilfe des Co-Katalysators in einer Protodeborylierung das (Z)-
Alken freisetzt. Zusatzlich wurde die Reaktion zwischen dem elektrophilen Bis(pentafluorphenyl)boran
(Piers' Boran) und zyklischen und azyklischen Dienen untersucht. Es zeigte sich, dass sich anstatt des
erwarteten Hydroborierungsprodukts ein Alkenylboran bildet. Diese Verbindungen sind in der Lage,
mit Pinakolboran in einer Transborylierung zu Alkenylboronaten zu reagieren, wobei der Katalysator
Bis(pentafluorphenyl)boran regeneriert wird.

A Pyridonat-Boran-katalysierte Semihydrierung von Alkinen
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3 Einleitung

Im Jahr 1835 prégte der schwedische Chemiker Jons Jakob Berzelius den Begriff ,Katalyse®, um
chemische Reaktionen zu beschreiben, bei denen der Verlauf durch eine Substanz beeinflusst wird, die
bei der Reaktion nicht verbraucht wird und somit scheinbar nicht an der Reaktion beteiligt ist.[Y] Dieses
Ph&nomen wurde bis zum Ende des 19. Jahrhunderts heftig diskutiert, bis der deutsche Chemiker
Wilhelm Ostwald die heute allgemein anerkannte Definition vorschlug: ,,Ein Katalysator ist eine
Substanz, die die Geschwindigkeit einer chemischen Reaktion erhéht, ohne Teil der Endprodukte zu
sein.”“ Der Katalysator wirkt also, indem er mit den an der Reaktion beteiligten Molekiilen Intermediate

bildet, die einen alternativen, schnelleren Weg zum Produkt ermdglichen.

Schon friihe Beispiele bedeutender katalytischer Prozesse beinhalten die Aktivierung von Wasserstoff.
Dazu zéhlen der Sabatier-Prozess, also die Bildung von Methan aus Wasserstoff und CO,, aber auch das
Haber-Bosch Verfahren. Das Haber-Bosch Verfahren ist bis heute einer der bedeutendsten katalytischen
Prozesse, der fur 1,4% der weltweiten CO, Emissionen und ca. 1% des globalen Energieverbrauchs
verantwortlich ist.[l Bei diesem Prozess werden Stickstoff und Wasserstoff (iber einem Eisenkatalysator
unter Bildung von Ammoniak zur Reaktion gebracht. Im Zusammenhang mit diesem Verfahren wurden
bereits drei Nobelpreise verliehen: 1918 an den Chemiker Fritz Haber fir die grundlegende
Entwicklung, 1931 an Carl Bosch fur die technische Umsetzung und an Gerhard Ertl, der erst 2007 den
Mechanismus der Ammoniakbildung vollstandig aufklarte.’®! Durch die nun mdgliche industrielle
Herstellung von Stickstoff-Diinger trégt das Haber-Bosch Verfahren heute noch signifikant dazu bei,
einen Groliteil der Weltbevolkerung zu erndhren. Schatzungen zufolge sind 40% des Stickstoffs im
menschlichen Korper durch das Haber-Bosch Verfahren aus N generiert worden.!! Hierbei handelt es
sich um einen heterogen katalysierten Prozess, fur diese Arbeit ist insbesondere die homogene Katalyse
relevant. Es wurden eine ganze Reihe von homogenen katalytischen Konzepten mit dem Nobelpreis fir
Chemie ausgezeichnet, darunter Metathese-Reaktionen im Jahr 20055, Kreuzkupplungen 2010(¢, sowie
erst 2021 die asymmetrische Organokatalyse.[l Die enantioselektiven Hydrierungen, fiir die 2001
Noyori und Knowles, zusammen mit Sharpless, den Nobelpreis fir Chemie erhielten, stellten ebenfalls
einen groRBen Meilenstein in der Entwicklung Ubergangsmetall-katalysierter Reaktionen dar.[®! Die
meisten Katalysatoren fiir Hydrierungen basieren auf Edelmetallen wie Rh, Ir oder Pd, die teuer und
selten sind, und vor allem wegen ihrer Toxizitat gemieden werden.[® Verantwortlich fiir die Reaktivitat
homogener Ubergangsmetallkatalysatoren ist der geringe Abstand ihrer Grenzorbitale, also des hichsten
besetzen Molekulorbitals (HOMO) und des niedrigsten unbesetzten Molekulorbitals (LUMO), wodurch
diese gleichzeitig als Elektronenpaardonoren und als Elektronenpaarakzeptoren fungieren konnen.
Diese konnen dann mit Wasserstoff in einer oxidativen Addition reagieren, wobei das H, Molekdl

heterolytisch am Metallzentrum gespalten wird und im Anschluss auf das Substrat Gbertragen werden
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kann. Dieses Verhalten von Ubergangsmetallen versuchte man durch die Verwendung reaktiver

Hauptgruppenverbindungen nachzuahmen. 2%

Durch die Verwendung eines Alkylaminocarbens konnte die Gruppe von Bertrand das H, Molekdil an
einem einzelnen Kohlenstoff spalten, was hier ebenfalls durch den geringen HOMO/LUMO-Abstand
des verwendeten Carbens ermdglicht wird.M! Ein weiteres faszinierendes Beispiel sind die neu
aufgekommenen Arbeiten Uber die Redoxchemie geometrisch eingeschrénkter Phosphine. Obwohl
bereits seit den 1980ern bekannt, wurde diese Chemie kiirzlich allen voran von der Gruppe von
Radosevich wiederentdeckt.*?2 Durch geometrisch einschrankende Liganden wird das tetraedrische
P(111) in eine T-formige Geometrie gezwungen, was zu einer Verkleinerung der HOMO/LUMO-Llicke
fiihrt. Dies ermdglicht die oxidative Additionen am Phosphor und es konnte kiirzlich H; an einem
einzelnen Phosphoratom gespalten werden.*®! Es konnten eine Vielzahl katalytischer Reaktionen
realisiert werden, die auf einem P(lI1)/P(V)-Redoxpaar basieren.?¥ Im Falle von
Ubergangsmetallkomplexen und den eben genannten metallfreien Beispielen sind HOMO und LUMO
an demselben Atom lokalisiert. Es gibt jedoch Beispiele, bei denen die Grenzorbitale an
unterschiedlichen Atomen lokalisiert sind und dadurch ambiphilen Charakter aufweisen. Diese
sogenannten frustrierten Lewis-Paare (FLPs) sind ebenfalls in der Lage H: heterolytisch zu spalten,
wodurch eine ganze Reihe neue, metallfreie katalytische Reaktionen zugéanglich sind.'5171 Im
Folgenden wird detailliert auf die Chemie von FLPs eingegangen.!*®!

Im Rahmen dieser Promotion wurden FLP-katalysierte Semihydrierungen von Alkinen untersucht,
wobei eine Reihe neuer Katalysatorsysteme entwickelt wurde. Dartiber hinaus waren Reaktionen
elektrophiler Borane mit Allenen und Dienen Gegenstand der im Rahmen dieser Arbeit durchgefiihrten
Forschung, wobei ein katalytisches Protokoll entwickelt werden konnte, um aus Dienen und
Borsaureestern Alkenylboronate herzustellen, eine Klasse von Verbindungen, die sonst Uber die

katalytische Hydroborierung von Alkinen durch Boronsaureester zugéanglich sind.

3.1 Frustrierte Lewis—Paare

Im Jahre 1923 wurden Sauren und Basen von J. N. Bronsted als Stoffe definiert, die in der Lage sind
Protonen abzuspalten und anzulagern.l*l Im selben Jahr verdffentlichte G. N. Lewis eine erweiterte
Definition, wobei Sduren als Elektronenakzeptoren, Basen als Elektronendonoren beschrieben
werden.?% Diese Konzepte sind noch heute Grundsitze in der Chemie und sind wichtig fiir das
Verstandnis chemischer Reaktionen im allgemeinen.'®2! Anfang der 1940er Jahre berichtete H. C.
Brown eine Reihe interessanter Beobachtungen zu Lewis Siure-Base Reaktionen.!?2 Wahrend Pyridin 1
mit Trimethylboran 2 ein stabiles Lewis Addukt bildet, findet keine Assoziation zwischen Lutidin 4 und
Trimethylboran 2 statt (Schema 1).
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Schema 1. Reaktion von Trimethylboran mit Pyridin und Lutidin nach Brown.

Das sterisch weniger anspruchsvolle Bortrifluorid hingegen reagiert sowohl mit Pyridin als auch mit
Lutidin. Brown begriindete dies mit der sterischen AbstolRung der ortho-methyl Gruppen des Lutidins 4
mit den Methylgruppen des Trimethylborans 2. Die Reaktivitit dieser Komplexe wurde aber nicht
weitergehend untersucht. Im Jahre 1959 beschrieb G. Wittig die Reaktion von in situ gebildetem
Dehydrobenzol mit Triphenylphoshin 5 und Triphenylboran 6 als Lewis-Séure/Base-Paar (Schema 2A).
Das hierbei beobachtete Betain 7 resultiert offenbar aus der Addition des Dehydrobenzols an das
Triphenylboran 6 und einem anschlieBendem nukleophilem Angriff des Triphenylphosphins.[! Einige
Jahre spater beschrieb Tochtermann Reaktionen mit Triphenylboran 6 und Tritylnatrium 8.24 Die
Kombination dieser beiden Verbindungen bezeichnete er als antagonistisches Lewis-Base/Lewis-Saure-
Paar, die nicht miteinander, aber mit einem geeigneten Reaktionspartner in einem kooperativen Modus
reagieren.®! So initiiert Tritylnatrium 8 die anionische Polymerisation von Butadien, in Anwesenheit
von Triphenylboran wird jedoch das anionische Intermediat abgefangen und das Addukt 9 wird gebildet
(Schema 2B).

A Reaktion von PPhz und BPhz mit Dehydrobenzol

o 1O

—_—
pr-"pn T PP @@ "
PPh, Wittig, 1959
5 6 ,

B Reaktion von Tritylnatrium mit Butadien in Anwesenheit von BPh;
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Schema 2. Frilhe Beobachtungen zur kooperativen Reaktivitdt von Lewis-S&ure/Base-Paaren.

Diese frilhen Beobachtungen zeigten, dass bei sterisch anspruchsvollen Lewis-Paaren eine
Adduktbildung verhindert wird und dadurch die Reaktivitat der Einzelkomponenten erhalten bleibt. Erst

40 Jahre nach Tochtermanns Bemerkungen zum ,,antagonistischen Paar* untersuchte D. W. Stephan
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intramolekulare Lewis-S&ure/Lewis-Base-Paare, bei denen durch rdumliche Separation eine
gegenseitige Neutralisierung, wie im Falle klassischer Lewis-Paare, ausgeschlossen ist.l?®! Bereits einige
Jahre zuvor wurden ambiphile Reagenzien beschrieben, die sowohl ein Lewis-basisches als auch ein
Lewis-saures Zentrum aufweisen.?”! Es zeigte sich, dass das Zwitterion 10-H; bei erhéhter Temperatur
Wasserstoff freisetzt und das Phosphinoboran 10 bildet (Schema 3). Bemerkenswerterweise ist 10
bereits unter auBerst milden Bedingungen dazu in der Lage, H, heterolytisch zu spalten und das
Zwitterion 10-H; zurlickzubilden. Ein Jahr zuvor stellte P. Power ein Germanium-Alkin-Analogon vor,
das in der Lage ist, Wasserstoff irreversibel zu spalten, das FLP 10 ist jedoch das erste metallfreie

System, fiir das eine reversible Wasserstoffaktivierung beobachtet wurde. 8]

Power, 2005
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\ H™ 1 \
Ar H Ar
Stephan, 2006
R F R F
H,, 25 °C 'ﬁ@ o)
(Mes),P (CeFs5)y =e———— (Mes)P (CeFs)2
-H,, 150 °C |l|
F F F F
10 10-H,
Stephan, 2007
Hy @
. S—— — _
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1" ' 12
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Schema 3. Friihe Beispiele fir die Hz-Aktivierung durch Hauptgruppenverbindungen.

Die Entdeckung, dass bestimmte Kombinationen von Lewis-S&uren und Lewis-Basen aufgrund
sterischer Hinderung keine dative Bindung ausbilden kdnnen, fiihrte zur Pragung des Begriffs der
Hfrustrierten Lewis-Paare* (FLPs)*2% und forderte in den darauffolgenden Jahren die Entwicklung
einer Vielzahl von intramolekularen® und intermolekularent® Systemen, die eine vergleichbare
Reaktivitdt aufweisen. Schon frih versuchten Forschungsgruppen den Mechanismus der
Wasserstoffaktivierung durch FLPs zu verstehen und aufzuklaren. Arbeiten dazu wurden von den
Gruppen von Papai und Grimme ver6ffentlich.®231  Computerchemische und spater auch
experimentelle  Untersuchungen®  zeigten, dass der Bindungsaktivierung durch FLPs eine
Préorganisation des Lewis-Paares vorausgeht. Dieser sogenannte Begegnungskomplex wird durch
dispersive Wechselwirkungen der Substituenten stabilisiert (Schema 4).2351 Papai beschreibt dabei die
Bindungsaktivierung durch einen simultanen Elektronentransfer, der dem Dewar-Chatt-Duncanson

Modell bei der Bindungsaktivierung durch Ubergangsmetallkomplexe dhnelt (Schema 4A).B% Im Falle
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der FLPs findet eine n—c” Wechselwirkung des freien Elektronenpaares der Lewis-Base (D, Donor) in
das antibindende c"-Orbital des H,-Molekdils statt. AuBerdem wechselwirkt das bindende c-Orbitals des
H>-Molekuls mit dem freien p-Orbital der Lewis-Saure (A). Das von Grimme aufgestellte Modell
beschreibt ein durch das FLP aufgebautes elektrisches Feld. >3] Dieses Feld polarisiert das H, Molekdil
und istin der Lage, dieses barrierefrei zu spalten (Schema 4B). Das Auftreten einer Aktivierungsbarriere
wird durch das Eintreten des H, Molekdls in die Kavitat des FLPs erklart, was mit einer geometrischen

Verzerrung des Begegnungskomplexes einhergeht. ¢!

F
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Schema 4. Mechanistische Modelle zur Aktivierung von Wasserstoff durch FLPs.

Jedoch zeigte Pépai in einer darauffolgenden Studie fur eine Reihe klassischer FLPs, dass in den
untersuchten Fallen die Starke des elektrischen Feldes nicht ausreicht, um Ha zu spalten.®! Eine neuere
Studie zeichnet jedoch ein differenziertes Bild und besagt, dass eine elektrostatische Polarisation der
o-Elektronen des Hx-Molekils durch das FLP eine wichtige Voraussetzung fur einen simultanen
Elektronentibertrag nach dem Elektronentransfermodell darstellt.™!! Seit ihrer Entdeckung wurden FLPs
zur Aktivierung einer Vielzahl kleiner Molekile eingesetzt, neben H, auch SO,,1? NO,“3 N,O,1!
CO,,"1 oder auch terminale Alkine.”! Auch Ringdffnungen von Heterozyklen und Cyclopropanen,

sowie die Spaltung von Disulfiden wurden durch FLPs realisiert. !

3.2 Hydrierungen durch metallhaltige und metallfreie Systeme

Hydrierung beschreibt die Addition von Wasserstoff an ein ungeséttigtes Substrat. Dieser Prozess lauft
nicht spontan ab und es bedarf eines heterogenen oder homogenen Katalysators. Bereits im friihen 19.
Jahrhundert nutze J. W. D6bereiner einen Platinschwamm, um Wasserstoff zu spalten und so kontrolliert
mit Sauerstoff zur Reaktion zu bringen, woraus das Dobereiner Feuerzeug entstand.”! Die Hydrierung
von Kohlenwasserstoffen nahm jedoch mit Sabatier ihren Anfang, der erkannte, dass Ethen in

Anwesenheit von fein verteiltem Nickel mit Wasserstoff reagiert.[*®! Daraus wurde der Sabatier Prozess
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entwickelt, wofiir ihm 1912, zusammen mit Grignard, der Nobelpreis fir Chemie verliehen wurde.!
Die ersten homogen katalysierten Hydrierungen wurden von Calvin und Iguchi beschrieben.[5%51 Calvin
beobachtete im Jahre 1938, dass Kupferacetat-Ldsungen in Anwesenheit von Wasserstoff organische
Substrate wie p-Benzochinon reduzieren.® Ahnliches Verhalten beobachtete Iguchi mit Rhodium-
haltigen wassrigen Losungen.®Y Eine Voraussetzung fir die Wasserstoffaktivierung durch spéate
Ubergangsmetalle wie Ir, Rh oder Ru, ist die oxidative Addition an das Metallzentrum. Einige friihe
Studien dazu wurden in den 1960ern von Vaska und Wilkinson verdffentlicht (Schema 5).52 Wilkinson
studierte den Mechanismus und die katalytische Aktivitét dieser Komplexe ausfihrlich. Der Wilkinson-
Katalysator 15 (RhCI(PPhs)s) lasst sich leicht aus RhCls-3H,O und PPhs in EtOH herstellen, und zeigt
auflerordentliche und fir diese Zeit beispiellose katalytische Aktivitat und Selektivitat bei der

Hydrierung von Olefinen, meist bei Raumtemperatur und Atmospharendruck.

Vaska, 1961
o e
—Ir-C= _— > . \CO
Cl Ilr C=0 Phap'llr‘H
PPhj H
13 14
Wilkinson, 1966
Cl
Fl’fl’hs Y PhaP. [+
3
PhyP-Rh-Cl — Ph3P'R|hviPh3
PPh3 H
15 16

Schema 5. Beispiele friiher Hydrierungskatalysatoren.

Dem bemerkenswerten Erfolg dieses Katalysators folgte die Verwendung chiraler Phosphine als
Liganden, was wiederum die Geburt der katalytischen enantioselektiven Hydrierung darstellte und zu

bahnbrechenden Beitragen der Gruppen Knowles, Horner und anderer fiihrte.[53-5%

Erste Beobachtungen zur metallfreien Hydrierung ungesattigter Substrate existieren schon seit den
1960er Jahren.[¢1 Aromatische Substrate konnten auch durch eine Reihe von Supersauren bei hohen
Temperaturen und Driicken reduziert werden.®”! Auch eine Kombination von NaBH./I, wurde auch als

Katalysator fiir Hydrierungen eingesetzt.l*®!

Erst die Entdeckung, dass bestimmte Kombinationen sterisch anspruchsvoller Lewis-Basen und Lewis-
Sauren in der Lage sind, unter milden Bedingungen reversibel Wasserstoff zu aktivieren, flihrte zur
Entwicklung einer Vielzahl metallfreier katalytischer Hydrierungen.[*>5%-621 Wie bereits im vorherigen
Kapitel beschrieben, entsteht bei der Ho-Aktivierung durch FLPs eine zwitterionische Spezies, die aus
einem Phosphonium-lon und einem Borhydrid besteht. Dies pradestiniert frustrierte Lewis-Paare als

Katalysator zur Hydrierung polarer, ungesattigter Substrate, wie Imine®® Enaminel®, Silyl
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Enolether(], Enonel®®, aktivierte Olefine®”%8, polyzyklischer Aromaten® und mehr.'™ Das
mechanistische Szenario wird dadurch beschrieben, dass das nach der H,-Aktivierung durch das FLP
entstandenen Phosphonium-lon 18 das Substrat 19 protoniert und dadurch dessen Elektrophilie

gesteigert wird (Schema 6).

H.
X

R/IEH PR3+ B(CgFs)3 ;

21 17 11 2
PR3 Dissoziation Wasserstoff-

17 o
aktivierung
©

H._.B(CeFs)3 ® ©

X® RsP=H +H=B(CeF5)3
< /kH 18 12

H X
20 Hydrid- Protonierung )]\

transfer R 19 H
Ho ®
~X o PR3
J\r/»f\H— (CeFs)s 17
R H 12
X=NR, 0O
R = tBu, Mes

Schema 6. Allgemeiner Mechanismus der Hydrierung polarer Substrate durch FLPs.

Nach dem darauffolgenden Hydridtransfer von 12 auf das aktivierte Substrat kann durch Dissoziation
von 20 das Produkt freigesetzt und der Katalysator regeneriert werden. Es gibt zahlreiche Beispiele FLP-
katalysierter Hydrierungen polarer Substrate, die nach dem hier beschriebenen oder einem ahnlichen
Mechanismus ablaufen. Die spéaten 2000er und frihen 2010er Jahre brachten zahlreiche neue
Publikationen hervor und es erschienen bereits viele Ubersichtsartikel zu diesem Thema.[516:59-62.71]

Daneben wurden auch chirale FLP-Katalysatoren fiir enantioselektive Reduktionen entwickelt.[’?

Die Entwicklung metallfreier Hydrierungen apolarer ungesattigter Substrate, wie desaktivierter Olefine
und Alkine, stellte jedoch eine groRere Herausforderung dar. 2012 publizierten die Gruppen von
Paradies und Stephan eine Methode zur FLP-katalysierten Hydrierung einfacher Olefine.[% Der
Schlissel zum Erfolg lag darin, dass das nach der H,-Aktivierung entstandene Phosphonium-lon azide
genug ist, um Olefine mit hoher Protonenaffinitat, wie 1,1-Diphenylethylen, zu protonieren, woraufhin
der Hydridibertrag vom Borhydrid auf das mesomeriestabilisierte Carbeniumion mdglich ist.
Aliphatische Olefine lassen sich mit dieser Strategie jedoch nicht hydrieren. Bereits in den friihen
1960ern beobachteten DeWitt, Ramp und Trapasso, dass simple Trialkylborane bei 235 °C und 172 bar
Ho-Druck in der Lage sind, desaktivierte Olefine katalytisch zu hydrieren.”®! Die Wissenschaftler
vermuteten, dass unter den harschen Bedingungen das Trialkylboran H. aktiviert und einer der

Alyklreste abgespalten wird. Mechanistisch verlauft die H,-Aktivierung Uber eine o-Bindungs-
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metathese. Das resultierende Dialkylboran ist dadurch in der Lage, das Substrat zu hydroborieren,

welches dann auf gleichem Wege H; spaltet und das Produkt freisetzt.

H—=B(CgF5)2 (20 mol%)
R 140 °C, H, (6 bar), R
ohne L&sungsmittel

/=
R> H=B(CsFs)2 R
22 Hydroborierung

H
|: H H:--\ (C6F5)2] H (CSFS)Z

R 23

U—B/ndungs\y
metathese

H>

Schema 7. Mechanismus der Piers' Boran-katalysierten Olefinhydrierung.

Die Gruppe von Wang entwickelte 2013 eine Bis(pentafluorphenyl)boran (Piers' Boran, 22)-katalysierte
Olefin-Hydrierung (Schema 7)."41 Mechanistische und computerchemische Untersuchungen zeigen,
dass nach der initialen Hydroborierung eine Hydrogenolyse der B—C-c-Bindung stattfindet, wodurch
das Produkt freigesetzt und Piers' Boran 22 regeneriert wird. Die experimentell bestimmte freie
Aktivierungsenthalpie von 33 kcal-mol™ ist in guter Ubereinstimmung mit den berechneten Werten und
erklart die harschen Bedingungen, die fiir die Reaktion notwendig sind. Bei genauerer Betrachtung
erinnert der Ubergangszustand der Hydrogenolyse (24) an den Ubergangszustand der H,-Aktivierung
durch FLPs, wobei der Kohlenstoff in a-Position zum Bor als Lewis-Base fungiert. Die schwache
Lewis-Basizitit des Kohlenstoffs fuhrt wahrscheinlich zu der hohen Aktivierungsbarriere der H,-
Spaltung durch dieses ungewoéhnliche FLP. Die metallfreie Semihydrierung von Alkinen wurde

ebenfalls mit Piers' Boran als Katalysator realisiert.[’®]

Die Semihydrierung von Alkinen stellt eine wichtige Reaktion in der synthetischen und
pharmazeutischen Chemie dar,® und wird in der groRtechnischen Synthese von verschiedenen
Vitaminen eingesetzt.'"1 Klassischerweise wird fir diese Reaktion die Lindlar-Hydrierung
verwendet.[® Der Lindlar-Katalysator ist ein heterogener Pd-Katalysator, der mit Pb(OAc). vergiftet
ist. Dies ist notwendig, um eine Uberreduktion zum Alkan zu verhindern, wobei diese Nebenreaktion
nur schwer zu vermeiden ist. Es ist daher erstrebenswert, neue selektivere Methoden zu entwickeln, die
nicht auf die Nutzung toxischer Schwermetalle angewiesen sind. Die Gruppe von Repo berichtete 2013,
dass ein intramolekulares FLP in der Lage ist, selektiv unter milden Bedingungen Alkine (Z)-selektiv
zum Olefin zu hydrieren.l”®! Der Schltssel zum Erfolg liegt in der Eigenschaft des ansa-Aminoborans

25, unter Ho-Atmosphére und erhdhter Temperatur Pentafluorbenzol abzuspalten (Schema 8A).
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— A — B
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1 z 12h,rt. ©:®\H R—=—R, 2 (2.2 ban) >=<
oo A rit., CeDe, OH CeDg, 80°C, 3 h H W
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25 25-H NMe2

Borhydrid-Reaktivitét
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@ENMEZ // "
Protonative
l - Hydro-
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FSCG ; % é6’:5
Rq
25-H Boran-Reaktiviat @( I/H/
5 4 R 27
FsCd \H\ 2
27-H H Wasserstoff-
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Schema 8. FLP-katalysierte Semihydrierung von Alkinen. A: Zersetzung des Pra-Katalysators 25 filhrt zur

Bildung des Boran-Katalysators 26. B: Mechanismus der Semihydrierung von Alkinen katalysiert durch 26.

Wahrend der Pra-Katalysator 25 klassische FLP-Reaktivitat aufweist und nach Hx-Aktivierung ein
Borhydrid 25-H bildet, zeigt der Katalysator 26 nach Abspaltung von Pentafluorbenzol Boran-
Reaktivitat und ist reaktiv hinsichtlich einer Hydroborierung von Alkinen. Die Autoren waren dadurch
in der Lage, erstmals metallfrei Alkine katalytisch zu hydrieren, und das schon bei duRerst milden
Reaktionsbedingungen. 2018 entwickelte Gellrich ein Pyridonat-Boran (28), welches als
intramolekulares FLP betrachtet werden kann.® Es wurde beobachtet, dass 28 schon bei
Raumtemperatur in der Lage ist, reversibel Wasserstoff zu aktivieren. Ein herausstehendes Merkmal
dieses intramolekularen FLPs ist der Wechsel des Bindungsmodus wahrend der Wasserstoffaktivierung:
Wiéhrend es sich bei 28 um einen kovalent gebundenen Pyridonat-Substitutenten am Bor handelt, liegt
in der hydrierten Form 28-H ein dativ gebundener Pyridon-Ligand vor. Dieser Wechsel im
Bindungsmodus wurde sowohl computerchemisch, als auch experimentell durch die IR
Streckschwingung der C=0-Doppelbindung nachgewiesen.®? Die Beteiligung des Liganden an der
Bindungsaktivierung folgt dem Konzept der Bor-Liganden-Kooperation.®¥ Die nun dative Bindung
zwischen Pyridon und Boran fuhrt dazu, dass die Bindung leicht heterolytisch gespalten werden kann,

wobei das trivalente Piers' Boran 22 und freies Pyridon 29 erhalten wird (Schema 9A).
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Dative Bindung
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N —_ . N
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7 -H,,60 °C, \ Bu”ONTSo T B
F CeF
CoFs” KCer {iber Nacht H ';"'C . H s s
X H™ '\ CeFs 29 22
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|\ +=/Ph /(j\
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PhMe-dg, ”,
CoFs “CoF 3 CeF's
28 65 65 quant. 30 J: CeFs
Ph H
ES
FsCer:B—H
+H, FsCe™ ||
Ph

Hydroborierung

Schema 9. A: Wasserstoffaktivierung durch das Pyridonat-Boran 28. B: Nachweis der Hydroborierungs-

Reaktivitat durch Reaktion von 28 mit Styrol in Anwesenheit von Ha.

Dies zeigte sich bei der Reaktion zwischen Pyridonat-Boran 28 und Styrol: Wahrend unter
Stickstoffatmosphédre beide Substanzen isoliert nebeneinander vorliegen, zeigt sich unter
Wasserstoffatmosphare quantitative Umsetzung zum Alkylboran-Pyridon-Komplex 30, der aus einer
Sequenz von Wasserstoffaktivierung, Dissoziation und Hydroborierung hervorgeht.®2 Analog zum
Konzept des ansa-Aminoborans der Gruppe um Repo konnte so auch die Hydrierung von Alkinen
realisiert werden (Schema 9).2 Nach Wasserstoffaktivierung und Bildung des Pyridon-Boran-
Komplexes 28-H dissoziiert dieser unter Freisetzung von Pyridon 29 und freiem Piers' Boran 22. Nach
Hydroborierung des Alkins durch Piers' Boran 22 und Rekoordination des Pyridons 29 kann in einem
Protonentransfer ausgehend von 29 das Produkt freigesetzt und der Pyridonat-Boran-Katalysator 28
regeneriert werden. Erstmals konnte so auch die metallfreie Semihydrierung terminaler Alkine realisiert
werden, die mit FLPs bislang nicht mdglich war, da bisherige Katalysatorsysteme eine irreversible
Csp—H-Aktivierung eingehen, was zur Desaktivierung des Katalysators fiihrt.® Im Falle des Pyridonat-
Borans 28 konnte experimentell gezeigt werden, dass die Cs-H Aktivierung zwar ablauft, unter
Reaktionsbedingungen aber reversibel ist, sodass in Anwesenheit von Wasserstoff trotzdem eine
katalytische Reaktion erfolgen kann. Die Hydrierung von Alkinen ist nur ein Beispiel einer ganzen
Reihe von katalytischen Transformationen, die durch das Pyridonat-Boran 28 realisiert werden
konnten.[®284 Ein Nachteil der FLPs besteht darin, dass sie die Verwendung von stark elektrophilen
Boranen erfordern, die oft schwer zu synthetisieren sind und unter inerter Atmosphdre gehandhabt

werden miuissen.
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Schema 10. Semihydrierung von Alkinen katalysiert durch Pyridonat-Boran 24.

Es gibt einige Beispiele ,,inverser FLPs®, die nicht auf die Nutzung elektrophiler Borane angewiesen
sind, jedoch organische Superbasen verwenden.®! Fir groRtechnische Anwendungen ist es daher
erstrebenswert, simplere und kommerziell erhéltliche metallfreie Katalysatoren zu entwickeln.
AuBerdem ist es von wissenschaftlichem Interesse zu verstehen, ob ein simplifiziertes FLP in der Lage
ware, als Hydrierungskatalysator zu fungieren. Eine im Rahmen dieser Promotion veroffentlichte Arbeit
beschaftigte sich mit der Weiterentwicklung der Boran-katalysierten Semihydrierung von Alkinen,
wobei gefunden wurde, dass selbst das simpelste Boran, BHs, zusammen mit Pyridon 29 als Co-
Katalysator ein kompetentes Katalysatorsystem fiir diese Transformation ist.[® Neben dem Pyridon 29
wurden verschiedene Co-Katalysatoren getestet, wobei gefunden wurde, dass Imidazolon 33 eine
effizientere und selektivere Alternative darstellt (Schema 11). In n-Oktan bei 130 °C und unter einem
moderaten H; Druck von 10 bar, konnte eine ganze Reihe interner Alkine selektiv zum (Z)-Olefin
hydriert werden. Eine Limitierung bei dieser Methode stellten jedoch terminale Alkine dar, so konnte
Phenylacetylen nur in 25% Ausbeute zu Styrol hydriert werden, wobei auch die Polymerisation des

Startmaterials beobachtet wurde.
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11 (10 mol%)

Hs*SMe, (10 mol%) Ri Ry N, N
R——1R, ——MM > >=< . tBu \"/ H
n-Oktan, 130 °C, 24 h i W S
H, (10 bar) ' I
Produkte
7% (60%y 70% (8% 6% (10%)" 64% (56%)" ::(; 524/f
ZIE > 99 ZIE > 99 ZIE > 99 ZJE > 99 ZIE > 99 e >°99
Me,oN
:* Limitierung ----
s L}—( % i
34g 34h 34i 34j 3‘:" ‘ 34| }
78% (38%)° 77% (23%)° 60% 2/26—/014 52%° ‘ 25%
ZIE=18(>99)°  ZIE=8(27) ZIE>99 ZIE>99 SO ‘

Schema 11. Umfang der BHs-katalysierten Semihydrierung von Alkinen mit ausgewahlten Produkten.
Ausbeuten wurden per NMR mit internem Standard bestimmt. 2 Isolierte Ausbeuten in Klammern.® 8 h
Reaktionszeit. © 48 h Reaktionszeit. Z/E Verhaltnis wurde per Gaschromatographie/Massenspektrometrie

bestimmt.

Dadurch, dass keine elektrophilen Borane verwendet werden, konnte die Toleranz gegentber
funktionellen Gruppen im Vergleich zu vorherigen FLP-katalysierten Methoden gesteigert werden.
Aromatische Amine (34h), Thiophene (34j) und Methoxy-Gruppen (34b, 34k) wurden toleriert.
Wichtig fur den Erfolg der Reaktion ist, dass der BHs-Katalysator erst fur eine Zeit mit dem Alkin-
Substrat zur Reaktion gebracht wird. Dadurch bildet sich quantitativ ein Trialkenylboran 35, welches
der eigentliche aktive Katalysator in der Reaktion ist (Schema 12). Das Trialkenylboran 35, welches aus
BHs; und 3-Hexin hergestellt wurde, wurde in einer stéchiometrischen Reaktion mit Imidazolon 33
umgesetzt. Wahrend bei Raumtemperatur keine Assoziation beobachtet werden kann, zeigt sich bei
Erwadrmen auf 100 °C Umsatz zu einer neuen Spezies, die als Imidazolonat-Boran 37 identifiziert wurde,

sowie (Z)-3-Hexen als Produkt.
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Schema 12. Stéchiometrische Reaktion zwischen Imidazolon 33 und Tris(3-hexenyl)boran 35.
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Schema 13. Mdgliche Reaktionsmechanismen fir die BHs-katalysierte Semihydrierung von Alkinen.

Die Verbindung 37 lieR sich jedoch nicht isolieren, da bei langerem Erhitzen weitere Aquivalente
Produkt abgespalten wurden und eine Mischung erhalten wurde. Das Imidazolonat-Boran 37 &hnelt
einem intramolekularem FLP, wie auch das Pyridonat-Boran 28. Berechnungen basierend auf
Dichtefunktional-Theorie (DFT) zufolge ist die Ho-Aktivierung durch 37 zwar endergon, jedoch tber
eine freie Aktivierungsenthalpie von ca. 24 kcal-mol ™ bei der Reaktionstemperatur von 130 °C kinetisch
zugénglich. Anhand der mechanistischen und computerchemischen Untersuchungen konnten zwei
mdgliche Mechanismen flr die Reaktion vorgeschlagen werden: Im Reaktionspfad A (Schema 13,
rechts) kann nach Ha-Aktivierung durch 37 zu 37-H eine Dissoziation stattfinden, wobei freies Boran
38 erhalten wird. Dieses hydroboriert das Alkin, wodurch Trialkenylboran 35 erhalten wird, welches
dann wieder an das Imidazolon 33 koordinert und durch eine Protodeborylierung das Produkt freisetzt.

Analog zur Ubergangsmetallchemie kann dieser Mechanismus auch als outer sphere bezeichnet werden.
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Der zweite Pfad B (Schema 12, links) verlauft so, dass nach H.-Aktivierung durch 37 ausgehend von
37-H direkt ein Aquivalent Produkt freigesetzt wird, wodurch das Imidazolonat-Boran 39 erhalten wird.
Dieses Imidazolonat-Boran 39 hydroboriert dann das Alkin, um 37 zu erhalten, welches dann erneut H;
aktivieren kann und so den katalytischen Zyklus schlieft. Dieser Pfad kann auch als inner sphere
Mechanismus bezeichnet werden. Kinetischen Messungen und computerchemischen Rechnungen
zufolge ist Reaktionspfad B bevorzugt. Wéhrend dieser Katalysator auf kommerziell erhéltlichem BH3
und einem einfachen organischen Co-Katalysator basiert, ist die Effizienz der Reaktion beziglich der
Umsatzfrequenz (TOF) noch weit von vergleichbaren Metallkatalysatoren entfernt.’®”! Daher wurde im
Rahmen dieser Promotion ein systematisches Schema entwickelt, um eine Struktur-Aktivitatsbeziehung
des organischen Co-Katalysators herzustellen und dadurch die Effizienz der Reaktion weiter zu steigern
(Schema 14).8 Um substratspezifische Effekte des Borans zu vermeiden, wurde als Boran-Katalysator
Dicyclohexylboran (HBCy,) anstatt BHs-SMe, verwendet, welches sich einfach aus BH3-SMe; und
Cyclohexen in einem Schritt ohne Aufreinigung herstellen lasst. In einer standardisierten
Reaktionsfiihrung wurden dann mit Phenylpropin als Testsubstrat verschiedene organische Co-
Katalysatoren getestet und per Gaschromatographie mit Massenspektrometrie (GC-MS) mit internem
Standard die Ausbeute an (Z)-5-Methylstyrol nach einer Stunde Reaktionszeit und somit die TOF
bestimmt. Im ersten Schritt wurden die Substituenten des Stammsystems variiert, wahrend im zweiten
Schritt das reaktive Zentrum mitberiicksichtigt wurde und auch Thioimidazolon-Derivate mit
einbezogen wurden. Im dritten Schritt wurden Modifikationen am heterozyklischen Kern
vorgenommen, und andere Heterozyklen wie Oxazole, Thiooxazole, Thiazole, und Mercaptothiazole
getestet. Die vorlaufigen Ergebnisse dieser noch unverdffentlichten Studie zeigen, dass das einfache,
kommerziell erhéltliche Mercaptothiazol XI1 und das Mercaptothiazolin XV ausgesprochen effiziente
Co-Katalysatoren darstellen, und eine TOF von bis zu 9.3 erreicht wurde. Nach weiterer Optimierung
der Reaktionsbedingungen konnte die TOF im Vergleich zum Stammsystem um mehr als den Faktor 10

erhoht werden.
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Schema 14. Struktur-Aktivitatsbeziehung verschiedener Co-Katalysatoren. TOFs wurden tiber GC-MS mit

internem Standard bestimmt. Die Reaktionen wurden mindestens zwei Mal wiederholt. Sofern nicht anders

angegeben wurde nur (Z)-Isomer erhalten. 2Reaktion wurde vier Mal wiederholt. °Z/E=94:6. °Z/E=92:8.
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3.3  Transborylierungen

Als Transborylierung wird der kontrollierte Austausch eines Bor-Atoms in einem Molekil durch ein
zweites Bor-Atom beschrieben. Dieser Prozess kann auch als Umverteilungsreaktion zwischen zwei
Borzentren beschrieben werden und ist bekannt fiir eine ganze Reihe heteroatomarer Substituenten,©
aber auch fur kohlenstoffhaltige Reste wie Alkyl®, Alkenyl®l und Aryl (Schema 15A).1°%
Stochiometrische Boran-Reagenzien sind in der organischen Synthese weit verbreitet, und Reaktionen
wie die Allylborierung sind ein unersetzliches Werkzeug fiir den Aufbau chiraler Molekiile.®®! Die
Transborylierung kann als Strategie eingesetzt werden, um katalytischen Umsatz in Boran-katalysierten
Reaktionen zu erreichen, indem ein Boran HBR; katalytisch eingesetzt wird, wahrend ein weiteres,
stdchiometrisch eingesetztes Boran HBR'; den Katalysator durch Transborylierung regeneriert. In
Konkurrenz zur Transborylierung steht die Liganden-Metathese, wobei nur die Reste von einem Bor auf
das andere Bor transferiert werden (Schema 15B).

t
ool
|
- B BT+
. ee ¢ ©®©
— B
@+
Oy M, B
./ Zm'"'x:B_ ‘ Y
o | fB‘
Transborylierung Liganden Umverteilung

Schema 15. A: Stochiometrische Umverteilungsreaktion zwischen Boranen. B: Mechanismen der B/B o-

Bindungsmetathese.

3.3.1 B-H/B-O-Transborylierung

Die in der Katalyse eingesetzten B—H/B—X-Transborylierungen erméglichen eine ganze Reihe neuer
Transformationen. Die B—H/B—O-Transborylierung wird beispielsweise in der katalytischen Reduktion
von Ketonen eingesetzt, die mithilfe eines chiralen Boran-Katalysators auch enantioselektiv gelang.[®4
Sie wurde auch als Strategie zur Kkatalytischen Hydrofunktionalisierung «,f-ungeséttigter

Carbonylverbindungen eingesetzt.®® In einem eleganten Ansatz konnten auch Kreuz-Aldol Produkte
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katalysiert durch 9-Borabicyclo[3.3.1]nonan 40 (9-BBN) uber eine B—H/B—O-Transborylierung mit

stochiometrischen Mengen Pinakolboran 41 (HBpin) diastereoselektiv hergestellt werden. ¢!
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Schema 16. Diastereoselektive Kreuz-Aldol Reaktion durch Transhorylierungs-Katalyse.

Hierbei wird das Enolat 44 nicht durch den stochiometrischen Einsatz einer starken, sterisch gehinderten
Base generiert, sondern durch die Hydroborierung eines Enons 42 mittels 9-BBN 40 und anschlieRender
Transborylierung mit HBpin 41. In einem dualkatalytischen Ansatz generiert 9-BBN 40 aus Lactonen
oder Estern 43 Halbacetale 46, welche unter den Reaktionsbedingungen zu Aldehyden 47 zerfallen und
so fir einen nukleophilen Angriff durch das Enolat 44 zur Verfiigung stehen.

Der B—H/B—O-Austausch wurde auch zur asymmetrischen Allylierung von Ketonen eingesetzt.’ Mit
5 mol% 9-BBN 40 als Katalysator gelingt die Reaktion diastereoselektiv fiir 32 Beispiele mit moderaten
bis sehr guten Ausbeuten, und teilweise sehr guter Diastereoselektivitat. Es wurde auch ein chirales
9-BBN-Derivat 50 als Katalysator eingesetzt. Die Allylierung von Ketonen durch das chirale Allylboran
53 erfolgt dann enantioselektiv, wahrend durch anschlieBende Transborylierung mit HBpin 41 das
chirale Boran regeneriert und das Produkt 55 freigesetzt wird (Schema 17). Neben den hier gezeigten
Beispielen fur B-H/B-O-Transborylierungen gibt es noch viele weitere B—H/B—X-Austauschreaktionen,

sowie Austauschreaktionen von anderen Elementen der Gruppe 13.1%81
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Ph/,’:Zé

Q ~ Meo~ 5 9™~ (10 mol%) HO,

O)L. ' ~ =
HBpin 41 (1.5 Eq.),

1.0 Eq. 1.0 Eq. ohne Lésungsmittel,
48 h, 50 °C 10 Beispiele,
e.r. bis zu 92:8
Ph,,
_B
MeO™ 49
HBpin 40
pinBO, . l-MeOBpin
X

HBpin

Transborylierung Hydroborierung

Isomerisierung
Allylierung
Ph,,

Schema 17. Enantioselektive Boran-katalysierte Allylierung von Ketonen.

3.3.2 B-H/B-C-Transborylierungen

Die B—H/B—C-Transborylierungen wird vor allem zur Synthese von Alkenylboronaten verwendet, eine
Klasse von Verbindungen, die wichtige Substrate fur die Suzuki-Miyaura Reaktion sind. Die erste
katalytische Variante dieser Reaktion wurde von Periasamy berichtet.®® Die Forscher erkannten, dass
ein BHs-NEt.Ph-Komplex die Hydroborierung von Alkinen durch Catecholboran 56 (HBcat) katalysiert
(Schema 18A\). Es wird vermutet, dass das Alkin durch BHs-NEt,Ph hydroboriert wird und das gebildete
Alkenylboran mit HBcat in einem Ligandenaustausch reagiert, was den Katalysator regeneriert und das
Alkenylboronat als Produkt bildet. Einige Jahre spater entdeckten Arase und Hoshi, dass auch einfache
Alkylborane wie HBCy, und 9-BBN diese Reaktion katalysieren, wobei der gleiche Mechanismus
vermutet wird, wie er von Periasamy beschrieben wurde.!°! Hoshi erweiterte den Umfang der Reaktion
auf HBpin und erklarte, dass katalytischer Umsatz fur verzweigte Alkenylborane schwierig ist, was auch
bereits von Brown fiir stochiometrische Umverteilungsreaktionen an Boranen beobachtet wurde. ™!
Hoshi entwickelte ein alternatives Katalysatorsystem fur die Hydroborierung von Alkinen, das aus
BH3-SMe; und B(CsFs)s als Pra-Katalysatoren besteht.[*?l Daraus bildet sich in situ durch B—H/B—C-
Transborylierung Me,S-BH(CsFs)2, was als eigentlicher Katalysator fungiert. Thomas untersuchte diese

Reaktion weiter und konnte auch THF-BH; Komplex oder BHs;-SMe, direkt als Katalysator
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einsetzen.’®l Der BHs-Katalysator kann auch in situ aus einem Uberschuss HBpin und

substdchiometrischen Mengen KOtBu generiert werden kann,[204.10%]

Waéhrend die Arase-Hoshi Reaktion bereits seit 1990 bekannt ist und uber die Jahre sukzessive
weiterentwickelt wurde, beschaftigten Thomas und Lloyd-Jones sich erst 2019 mit dem Mechanismus
der HBCy.- und 9-BBN-katalysierten Reaktion (Schema 18B).[1%! |sotopenexperimente unterstiitzt
durch kinetische und computerchemische Untersuchungen zeigten eine konzertierte B—H/C(sp?)—H-
Transborylierung als umsatzgenerierenden Schritt. Wenn isotopenmarkiertes H°Bpin mit Alkenylboran
umgesetzt wurde, zeigte sich die exklusive Bildung von °B markiertem Alkenylboronat, was die
Vermutung der Transborylierung gegeniber eines Ligandenaustauschs unterstiitzt. Auch konnte die
experimentelle freie Reaktionsenthalpie bestimmt werden (AG* = 20.3 kcal mol?), welche gut mit der

berechneten Barriere libereinstimmt (AG* = 19.7 kcal mol™?).

Boran Katalysator H B(OR),

o=

H-B(OR),
i—B(OR)z = Bcat, Bpin
Katalysatorsysteme

H3B-NEt,Ph HBCy, oder H-B-9-BBN HBCy,
H—Bcat 56 H—Bcat 56 H—Bpin 41

Periasamy, 1990 Hoshi, 1995 Hoshi, 2004

4 Beispiele, 7 Beispiele, 11 Beispiele,
Bis zu 81% Ausbeute Bis zu 96% Ausbeute Bis zu 95% Ausbeute

B(CgFs)3 und BH3-SMe, THF-BH3 oder BH;-SMe,
H—Bpin 41 H—Bpin 41
Hoshi, 2007 Thomas, 2018

5 Beispiele 12 Beispiele,
Bis zu 95% Ausbeute Bis zu 93% Ausbeute

H  Bpin H-BR,

TR T
-2 — 59 o—
:?BRz J_/ \/ \/ -

A Transborylierung Hydroborierung

A

Katalysator BR H BR,

H
2 L
Deaktivierung -~ H ‘H BR, J=/
BR, 57

58

H ~ -
. 4 H 2-e”-3-Zentren-
via = .
J_(ﬁ Bindung

61

Schema 18. A: Beispiele zur Synthese von Alkenylboronaten aus Alkinen durch B—H/B—C-Transborylierung. B:
Vorgeschlagener Mechanismus und Pfade zur Katalysator-Deaktivierung.
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H—B(CqFs), 22 (5 mol%) Bpin

o—— H-Bpin 41 ‘=<

CH,Cl,, (0.2 M), 5 h, r.t

25 Beispiele,
bis zu 99% Ausbeute

B(C6Fs)2

Bpin
B(C4Fs) ./=/ ./_<Bpi” °
‘=/ 675)2 66 63 =
B(CoF
¢ H—Bpin 41 (CoFse

,rt. Bpin H—Bpin

€]
B(CgF. 63 v I}
@ / (CeFs)2 I 5 gc ) . ®= S Caron
‘_/ Direkte Hydroborierung (CeFs)2
62 ‘_<B ) \\/ Bpin
pin
65 64
H—-Bpin

Schema 19. Piers' Boran-katalysierte Hydroborierung von Alkinen durch HBpin. A: Direkte Hydroborierung des
Alkenylborans durch HBpin (dunkler Kreis: Aryl-Rest). B: Moglicher Mechanismus der Reaktion.

Piers' Boran wurde ebenfalls verwendet, um die Hydroborierung von Alkinen durch HBpin zu
katalysieren (Schema 19).1°1 Nach der Hydroborierung des Alkins durch Piers' Boran entsteht ein
Alkenylboran, welches durch die stark elektronenziehenden Substituenten des Bors polarisiert ist. Die
Autoren vermuten, dass dadurch eine direkte Hydroborierung des Alkenylborans 62 durch HBpin
stattfinden kann, um eine gem-diborylierte Spezies 63 zu bilden. Tatsachlich ist ein alternativer
Mechanismus denkbar, wobei erst eine B—H/B—C-Transborylierung zwischen Alkenylboran 62 und
HBpin stattfindet, wobei Alkenylboronat 66 gebildet und Piers' Boran freigesetzt wird. Das
Alkenylboronat 66 wird dann durch Piers' Boran hydroboriert, was zur gem-diborylierten Spezies 63
fiihrt. Die Autoren vermuten, dass 63 der eigentliche Katalysator der Reaktion ist und an das Substrat
koordiniert, was zum zwitterionischen Intermediat 64 fiihrt. Dieses kann durch HBpin direkt
hydroboriert werden, was zur Produktbildung und Regeneration des gem-diborylierten Katalysators
fihrt. Mit dieser Methode konnte eine Vielzahl terminaler und auch interner Alkine in exzellenten

Ausbeuten unter milden Bedingungen zu den korrespondierenden Alkenylboronaten umgesetzt werden.

Die Boran-katalysierte Hydroborierung von Olefinen durch HBpin gestaltet sich schwieriger als fur
Alkine, da die Barrieren fiir eine Transborylierung am sp® Kohlenstoff deutlich hoher sind. Die Gruppe
von Oestreich berichtete 2016 die Boran-katalysierte Hydroborierung von Olefinen.['®l Das
stdchiometrisch eingesetzte Reagenz ist hier HBpin 41, wahrend Tris(3,5-trifluormethylphenyl)boran
67 (BArF;) als Katalysator eingesetzt wird. Es konnte durch NMR-Untersuchungen gezeigt werden, das
BAIrF; 67 eine Ligandenaustauschreaktion mit HBpin 41 eingeht, wobei sich verschiedene Boran Spezies
(HBAr™, 68 und H,BArF) bilden, die in der Lage sind, das Substrat zu hydroborieren (Schema 20). Das
nun erhaltene Alkylboran 69 kann dann einen weiteren Ligandenaustausch mit HBpin 41 durchfihren,

um das Produkt 70 freizusetzen.
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BAr"; 67 (2 mol% ></L
/= o+ H—B’O:é 367 ¢ ) Q
N
0

R 50 °C bis 80 °C, 24-40 h B-O
4 ohne Lésungmittel R/—/
23 Beispiele,
bis zu 92% Ausbeute
S
0 CF3

BArf; + H-B A

\
67 41 O ArF-$ !
H_B\\O CF3
-pinBArF %

H-BAr", TS-67

L
B-O
Ph/_7/0 \/ \/ F’h/=

Ligandenmetathese

o Hydroborierung
H-B
N
@)
4 BAr",

/_/

Ph 69

Schema 20. Mdglicher Mechanismus der BArFs-katalysierten Hydroborierung von Olefinen.

Die Autoren zeigten auch, dass neben in situ gebildetem HBAr", 68 und H.BAr" auch Piers' Boran als

Katalysator geeignet ist.

Die Gruppe von Ingleson erreichte eine formale trans-Hydroborierung von Alkinen mittels eines Boran-
NHC-Komplexes und B(CsFs)s als Katalysator.[**! Die Gruppe von Thomas konnte die Hydroborierung
von Alkinen durch HBpin durch katalytische Mengen B(CeFs)s erreichen.!?%! In stochiometrischen
Kontrollexperimenten zeigte sich hier, dass B(CsFs)s mit Alkinen zu einer zwitterionischen
Zwischenstufe reagiert. Ein &hnliches Intermediat wurde auch bereits charakterisiert und
kristallisiert."*1 In der katalytischen Reaktion wird dieses dann durch eine direkte Hydroborierung von

HBpin abgefangen.

Eine weitere Anwendung findet die B—H/B—C-Transborylierung in der Piers' Boran-katalysierten
Dimerisierung von Allenen.[? Eine stochiometrische Variante dieser Reaktion wurde bereits von Erker
berichtet.['¥] Die Reaktion startet mit der Hydroborierung des Allens durch Piers' Boran (Schema 21).
Das entstandene Allylboran 72 reagiert dann mit einem zweiten Aquivalent Arylallen 71, wobei das
Dimer 73 entsteht. Das Dimer 73 enthalt ein Alkenylboran, welches in einer B-H/B-C-Transborylierung
mit HBpin 41, HBcat 56 und anderen Boronsdureestern reagieren kann, wobei Piers' Boran als
Katalysator regeneriert wird. Es sind hierbei zwei moégliche mechanistische Szenarien denkbar: Im
ersten Fall wird das nach der Allylierung des Allens gebildete Alkenylboran 73 erst zum
thermodynamisch stabileren Isomer 74 umlagert. Dieses unterzieht sich dann einer Transborylierung
durch HBpin 41 um das Produkt 75 freizusetzen (Schema 21A).



22 Transborylierungen

H—B(C¢F5)2 22 (10 mol %) S
./\'\ +  H—-Bpin N
4 Toluol, r.t. oder 60 °C Bpin
14 Beispiele,
bis zu 78% Ausbeute
— A — B
QBpin QBpin
PH Ph H—B(CgFs), Umlagerung PH Ph
75 j / 22 . == 75
X Ph
H—Bpin — Transborylierung Hydroborierung /”~ 7 /N Bpin

H—B(CgFs

"/ \ e TETN s

Ph/\/\ B(C¢Fs)2 Transborylierung Hydroborierung 7
QB(CGFS)Z 72 H-Bpin —/{

41

PH Ph
74 7 \
B(CeFs)2 e S
—— Ph” X B(CgF
N y S~ / (CeFs)2
Umlagerung Allylierung 71 PR P;a Allylierung ”
AR A yd
§_>_B(C6F5)2
PR Ph Ph/_
73 1

Schema 21. Piers' Boran-katalysierte Allen-Dimerisierung und anschlieRende Transborylierung.

Im zweiten Fall findet nach der Allylierung direkt die Transborylierung statt und der intermediar
gebildete Boronsédureester 76 wird zum Produkt 75 umgelagert (Schema 21B). Um die Mechanismen zu
unterscheiden, wurde 73 unabhangig hergestellt und die Umlagerung zu 74 untersucht. In einem zweiten
Versuch wurde der Reaktion ein Aquivalent HBpin 41 zugesetzt, wobei gezeigt werden konnte, dass
dies keinen Einfluss auf die Reaktionsgeschwindigkeit hatte. Dies ist ein Hinweis darauf, dass die
Transborylierung nach der Umlagerung stattfindet und somit tiber Mechanismus A verlduft. Piers' Boran
22 wird nicht nur zur katalytischen Hydroborierung von Alkinen eingesetzt, sondern kann auch Olefine
katalytisch isomerisieren.!'4 Die Hydroborierung durch Piers' Boran 22 ist exergon und weist geringe
Barriere auf. Dadurch ist bereits bei Raumtemperatur die Rickreaktion kinetisch zuganglich und eine
retro-Hydroborierung kann ablaufen. Dies fuhrt im Falle von terminalen Olefinen dazu, dass diese zu

thermodynamisch stabileren internen Olefinen isomerisiert werden.

Im Rahmen dieser Studie wurde nun gefunden, dass zyklische Diene, wie Cyclooctadien und
Cyclohexadien 77, mit Piers' Boran 22 nicht wie erwartet zu Alkylboranen, sondern zu Alkenylboranen
(78) reagieren (Schema 22).1%1 Im Falle von 1,4-Cyclohexadien 77 bildet sich nach Zugabe von Piers'
Boran eine Mischung von Hydroborierungsprodukten (79), welche ein gemeinsames !B NMR-Signal
bei 75 ppm aufweisen. Dies ist charakteristisch fiir Alkylborane und in guter Ubereinstimmung mit dem
B NMR-Signal fiir CyB(CeFs)..**®! Nach erhitzen dieser Mischung bildet sich sauber das

Alkenylboran 78 in 88% Ausbeute, welches auch durch Einkristallstrukturanalyse charakterisiert wurde.
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H-B(CeFs)2 B(CoFs)2 /
—— - c2
Toluol-dg 2:3 _B1
77 80°C,18h 78 /‘\y@ \\\\
88% c4 v TN

H—B(CqFs),
Toluol-dg

"B NMR = 62 ppm
@ pp c5
rt, 15 min

Toluol-dg,
80°C,18h
O/B(CSFs)z

79

Mischung von Regioisomeren
"B NMR = 75 ppm

Schema 22. Initiale Beobachtungen. 1,4-Cyclohexadien 77 regiert mit Piers® Boran 22 zu Alkenylboran 78.

Dies fihrte zu der Hypothese, dass durch Transborylierung mit HBpin 41 aus diesen Alkenylboranen
wieder Piers' Boran 22 freigesetzt werden kdnnte und dadurch katalytischer Umsatz erzielt werden
kann.['*"1 Tatsachlich war es madglich, durch Zugabe von HBpin 41 eine katalytische Reaktion zu
entwickeln. Mit katalytischen Mengen Piers' Boran 22 konnten verschiedene Boronsaureester
synthetisiert werden (Schema 23). Unsubstituierte zyklische Diene konnten in guten bis sehr guten
Ausbeuten umgesetzt werden, wobei 1,4-Cyclohexadien im GrammmaRstab zum Cyclohexenylboronat
80 umgesetzt werden konnte. Zudem konnte gezeigt werden, dass neben HBpin 41 auch weitere
HB(OR). Derivate als Reagenz eingesetzt werden konnten. Im Falle substituierter zyklischer Diene
wurden Allylboronate erhalten, wahrscheinlich weil eine Isomerisierung zur thermodynamisch
stabileren Doppelbindung stattfindet. Phenylbutadien und 1-(4-Methylphenyl)butadien ergeben die
Homoallylboronate 88 und 89 als Produkte, wobei auch hier die Doppelbindung zur benzylischen
Position isomerisiert. Es wurde auch gezeigt, dass nach vollstandigem Umsatz zum Alkenylboronat
direkt in einem One-Pot Ansatz eine Suzuki-Miyaura-Kupplung durchgefiihrt werden kann, wobei die
Produkte 94-96 erhalten wurden (Schema 23C). Durch stéchiometrische und katalytische
Kontrollexperimente konnten wir zwei mogliche Mechanismen fur die Reaktion ableiten (Schema 23A
und 23B). Wenn 78 als Katalysator eingesetzt wird, ist die Ausbeute der Reaktion vergleichbar mit der
Reaktion unter Standardbedingungen. Durch Reaktion von 78 mit HBpin 41 konnte das potenzielle
Intermediat 92 synthetisiert und als Addukt per Einkristallstrukturanalyse und NMR charakterisiert

werden. 92 konnte ebenfalls erfolgreich als Katalysator eingesetzt werden.

Die hier gezeigte Methode ermdglichte einfachen und atomékonomischen Zugang zu zyklischen
Alkenylboronaten, die wichtige Substrate fur die Suzuki-Miyaura-Reaktion darstellen. Wahrend
azyklische Alkenylboronate leicht lber die katalytische Hydroborierung von Alkinen zugénglich sind,
werden zyklische Alkenylboronate klassischerweise Uber mehrstufige, bergangsmetallkatalysierte

Synthesen hergestellt.['€]
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H-B(CeFs)2 22 Bpin Transborylierung
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retro- Hydroborierung 23

Hydroborierung

C Ein-Topf Suzuki-Miyaura Kupplung

Q)

H-B(CcFs), 22 (5 mol%)
H-Bpin 41 (1 equiv.)
toluene, 130 °C, 44 h

Q/Bpin
h

dann PdCIy(PPhg); (5 mol%)
p-Br-anisole (1 equiv.)

_— >
Cs,CO; (3 equiv.), THF/H,0,
80 °

Ein-Topf-Reaktion
Produkte
‘/“OMe OME ./‘O o
94 95 9
69% 48% 60%
aus 1,4-Dien aus 1,3-Dien aus 1,5-Dien

Schema 23. Piers' Boran-katalysierte Bildung von Alkenylboronaten aus Boronsaure Estern und Dienen, sowie
vermutete Mechanismen (A und B); C: Anwendung in einer Ein-Topf-Reaktion. Isolierte Ausbeuten sind
angegeben und in situ Ausbeuten in Klammern (bestimmt tber NMR mit p-Xylol als internem Standard).

310 mol% HB(CeFs)2, 24 h; 80 °C, 2 h; €80 °C, 22 h.



Carboborierungen 25

3.4  Carboborierungen

Eine weitere Reaktion, die Borane mit C-C-Mehrfachbindungen eingehen konnen, ist die
Carboborierung. Dies fuhrt zum Bruch einer C—C-n-Bindung und einer B—C-c-Bindung, und zur
Bildung einer neuen C-C-c und B-C-c-Bindung. Es wird also ein Kohlenstoffrest vom Boran auf das
Substrat Ubertragen (Schema 24). Man unterscheidet dabei zwischen 1,1-Carboborierungen, bei denen
Bor und Rest auf den gleichen Kohlenstoff (ibertragen werden, und 1,2-Carboborierungen, die analog
zur Hydroborierung verlaufen. Im Folgenden soll nur auf 1,1-Carboborierungen eingegangen werden,

fur 1,2-Carboborierungen sei auf weiterfiihrende Literatur verwiesen. [119:120]

BR, ! R R R BR,
. . RyR _ D @— . g~ - —
~—— 1 ' T
R R | R
1,1-Carboborierung 1,2-Carboborierung

Schema 24. Die Carboborierung von Alkinen.

Fir Carboborierungen werden meist Ubergangsmetallkatalysatoren eingesetzt.*?! Seit mit dem
Aufkommen von FLPs in den 2000ern vermehrt Reaktionen Lewis-saurer Borane untersucht wurden,
wurde gefunden, dass durch den Einsatz stark Lewis-saurer Borane, wie B(CsFs)s, Carboborierungen
auch unkatalysiert ablaufen konnen.[?°1221 Unkatalysierte Carboborierungen wurden bereits seit den
1970ern von Wrackmeyer untersucht.[*?®! Bei der Wrackmeyer-Reaktion reagieren Borane mit Alkinyl-
Zinn Verbindungen in einer 1,1-Carboborierung. In den friihen 2010ern entdeckten die Gruppen von
Erker und Berke, dass diese Reaktion auch mit unsubstituierten Alkinen ablauft, wenn elektrophile
Borane des Typs R—B(CsFs). verwendet werden.[*?l Die dabei entstandenen Alkenylborane konnen
anschlieRend in einer Ein-Topf Suzuki-Miyaura-Kupplung mit Arylhalogeniden umgesetzt werden.[*?]
Hashmi und Stephan nutzten die Aktivierung von Alkinen durch B(CsFs)s fur Tandem Zyklisierungs-

/Carboborierungs-Reaktionen.[*?]

Erker, 2010

RB(C¢Fs), _ B(CeFs)2
.—._ —_—
110-125 °C, 3-9d, R

Toluol

. = , h-Pr
R = Me, C¢Fs
Erker, 2011 Pd(PPh3)4 (10 mol%)
3 RB(CeFs), BCeFsl2 hy H _ B(CeFs) Ar—| Ho A
@ ==H ——> — —_— — B —— e —
. r.t., Minuten H R R NaOH, THF/H,0 R
1,1-Carboborierung Isomerisierung Suzuki-Miyaura Kupplung

Schema 25. 1,1-Carboborierung von unsubstituierten Alkinen durch elektrophile Borane.
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Avrylallene reagieren auch mit B(CsFs)s in einer 1,1-Carboborierung. Dabei findet nach der Aktivierung
des Allens durch B(CeFs); eine intramolekulare Friedel-Crafts-Reaktion statt, anschlieBend wird ein
CeFs-Rest Ubertragen (Schema 26).12"1 Dadurch konnten aus finf verschiedenen Arylallenen CgFs-
substituierte Inden-Derivate synthetisiert werden. Durch Verwendung von MeB(CsFs)2 gelang es, bei
erhdhter Temperatur und ldngerer Reaktionszeit selektiv die Methylgruppe auf den Inden-Ring zu
Ubertragen. Dabei war der Einsatz von elektronenreichem, p-Isopropyl-substituiertem Arylallen 102
wichtig flr den Erfolg der Reaktion. Das Produkt 103 konnte dennoch nur in moderaten 30% Ausbeute
erhalten werden. Die hohe Sensitivitdt der Reaktion gegeniber den Substituenten am Phenylring
veranlasste uns, eine Hammett-Analyse durchzufiihren, wobei die Geschwindigkeitskonstante der
Reaktion fur verschiedene Reste bestimmt und gegen den Hammett-Parameter o, aufgetragen wurde.
Die resultierende Gerade wies eine stark negative Steigung auf, was ein Indikator fur die Bildung einer
positiven Ladung in benzylischer Position im geschwindigkeitsbestimmenden Ubergangszustand ist.
Dies ist auch im Einklang mit dem berechneten Reaktionsmechanismus. Einzigartig fir dieses Beispiel
einer 1,1-Carboborierung ist, dass das Bor nicht im Endprodukt verbleibt, sondern in der Form von Piers'
Boran 22 in einer retro-Hydroborierung wieder freigesetzt wird.

XX B(CeFs)s X
| s ——— — |l CoFs
v DCM, 0 °C bis r.t., 45 min R/ =z

00 101
45% 58%
: . MeB(CgFs)2
| e
: DCM, 60 °C, 3 d :
: 102 103 :
: 2 Eq. 30% 3

Schema 26. Boran-induzierte Zyklisierung von Arylallenen (Nur das Hauptisomer ist dargestellt).
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5 Veroffentlichte Projekte

5.1 Bis(pentafluorphenyl)borane catalyzed atom-economic formation of

alkenyl- and (homo)allyl boronates from dienes and boronic esters
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We described a bis(pentafluorophenyl)borane-catalyzed reaction to synthesize alkenyl- and
(homo)allyl boronates from dienes. This is based on the finding, that cyclic dienes do not react
with bis(pentafluorphenyl)borane to the expected alkyl borane, butyield an alkenylborane, which
can undergo transborylation with HBpin. This then yields an alkenyl boronate, which enabled us
to synthesize normal and medium cyclic unsubstituted alkenyl boronates in good to excellent
yields with catalytic amounts of HB(CsFs).. When substituted cyclohexadienes are employed,
allyl boronates are obtained since the remaining double bond isomerizes to the
thermodynamically more stable position. The same was observed for phenylbutadienes, where
homoallyl boronates are obtained since the double bond isomerizes to the benzylic position.
Catalytic and stoichiometric control experiments allowed us to identify potential intermediates

of the catalytic reaction, which were also employed as catalysts.
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Bis(pentafluorophenyl)borane catalyzed atom-economic for-
mation of alkenyl- and (homo)allyl boronates from dienes and
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Based on the finding that bis(pentafluorophenyl)borane reacts with dienes at elevated temperatures to alkenyl boranes,
contrary to the expected alkyl boranes, we developed a scalable and atom-economic bis(pentafluorophenyl)borane-

catalyzed process for the synthesis of alkenyl and (homo)allyl boronates from dienes and boronic esters. This method

enables the synthesis of cyclic alkenyl boronates with normal ring size that were previously inaccessible via the catalyzed

hydroboration of alkynes.

Introduction

Alkenyl boronates are valued as stable reagents for transition
metal-catalyzed, stereospecific C—C couplings, which are
preeminent in synthetic medicinal chemistry.! The classic
approach for the synthesis of these reagents relies on the
hydroboration of alkynes.? However, dioxaborolanes such as
pinacolborane (HBpin) and catecholborane (HBcat) are inert to
hydroboration. Therefore, a variety of transition metal
complexes that catalyze the hydroboration of alkynes with
pinacolborane or catecholborane have been developed.?
Moreover, carboxylic acids, amides, hydroxides and various
main-group compounds have been found to be effective in
catalyzing this reaction. In the early 1990s, Periasamy and co-
workers demonstrated that BH; complexes have a catalytic
effect in the formation of alkenyl boronates from alkynes and
catecholborane.® Further research by Arase and Hoshi revealed
that alkylboranes such as 9-BBN and dicyclohexylborane
efficiently catalyze the Z-selective hydroboration of alkynes
with pinacolborane and catecholborane under mild conditions
in a stereospecific manner (Scheme 1A).% This method has been
widely used for the synthesis of bioactive compounds,
noteworthy also on kilogram-scale in an industrial setting.”
Detailed mechanistic investigations by Themas and Llyod-Jones
showed that the proceeds by
transborylation via a B-C/B-H o-bond metathesis.? Moreover, in
situ prepared or isolated bis(pentafluorophenyl)borane 2, also
known as Piers' borane, was shown to be an effective catalyst
for alkyne hydroboration with pinacolborane.?

Arase-Hoshi reaction

o Institut fiir Organische Chemie, Justus-Liebig-Universitdt Giefen, Heinrich-Buff-
Ring 17, 35392 Giefien, Germany.

E Fachbereich Organische Chemie, Universitdt Hohenheim, Garbenstrafie 30, 70599
Stuttgart, y. E-mail: urs.gellric i-hohenheim.de

Supplementary Information available: [details of any supplementary information
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A Formation of alkenyl boronates via catalytic hydroboration

o] )
A ¢
R, + H=8] ) cat.y, H B
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HBpin HBcat

Limitation: not suitable for cyclic alkenyl boronates
with normal ring sizes

B Formation of cyclic alkenyl boronates via B-C coupling

o
Br 0 o pd IJ&
O -
/ AY
0 (o)
1

Generation of stoichiometric waste

i This work: Borane-catalyzed formation of alkenyl boronates
from dienes

: - cal H=5(CeFal; )

! ) A 2 By,

: |+ wes ) —f 0
" o)

- atom-economic
- access to normal sized cyclic alkenyl boronates

Scheme 1. The context of this work.

However, the formation of alkenyl boronates via catalyzed
hydroboration of alkynes has a major limitation: It cannot be
applied routinely for the synthesis of alkenyl boronates if the
corresponding alkyne precursor is inaccessible or difficult to
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synthezise, as it is the case for normal and medium sized rings.
For example, cyclohexyne, which has been studied since the
early 1960s, can be produced in situ but cannot be isolated, and
no reaction of this alkyne with boranes has been reported.t®
Therefore, cyclic alkenyl boronates with normal ring sizes such
as cyclohexenylbaronic acid pinacol ester 1 are usually prepared
via transition metal-catalyzed B—C coupling reactions which
mandate the stoichiometric formation of by-products (Scheme
1B).1! |n another method ruthenium or molybdenum-based
catalysts are used for ring-closing metathesis of linear alkenyl
boronates to form cyclic alkenyl boronates.'? More recently,
elegant organocatalyzed methods for the synthesis of 1
involving radical pathways have been reported.’> However,
these methods require an excess of bis(pinacolato)diboron and
use stoichiometric leaving groups. Since cycloalkenyl boronates
are used for the derivatization of drug candidates, the
development of new atom-economic methods for their
preparation is of interest for pharmaceutical chemistry.’*

Results and discussion

As part of our studies on the bis(pentafluorophenyl)borane (2)-
catalyzed isomerization of olefins, we investigated the
stoichiometric reaction of 1,4-cyclohexadiene 3 with HB(CsFs),
(Piers' borane) 2 (Scheme 2).15 At r.t. and short reaction times,
a mixture of hydroboration products is obtained in addition to
unreacted 1,4-diene and isomerized 1,3-diene. Therefore, we
assume that a mixture of mono- and di-borylated compounds is
obtained with 4 as the major product. A new peak in the !B
NMR spectrum at 75 ppm appeared, which is indicative of an
alkylborane and in agreement with the B NMR shift of
bis(pentafluorophenyl)cyclohexylborane.’® However, at 80 °C
the 1'B NMR signal at 75 ppm vanishes and a new signal at 62
ppm emerges, which hints to the formation of an alkenyl borane
species. Removal of the solvent gave the product 5 in 88% vyield.
The identity of 5 was substantiated by single crystal X-ray
diffraction (SCXRD), which allowed the double bond to be
unequivocally localized based on the C—C bond lengths (Scheme
2).

Journal Name

Table 1. Selected observations during reaction optimization.
iy Article Onlin

DOl 10.1039/D4Q001215A

H—B(CsF5)z (5 mol%) Bpin
_—
toluene (1.0 M) U
1

O + H—Epin

3
(1equiv.) (1 equiv.)

130°C, 44 h

standard conditions

entry  Deviations from standard conditions yield 4 [%]*®
1 none 91 (88)
2 reaction at 80°C (22 h) traces
3 0.1 M concentration 19
4 no HB(CeFs), 0
5 HB(2,6-C¢F,H3), instead of HB(C4Fs), 33
6 HBCy; instead of HB(C4Fs); 0
7 9-BBN instead of HB(CsFs); 0

2¥ield determined by NMR using p-xylene as internal standard. bYield of isolated
product after column chromatography in parenthesis.

H-5(CsFslz 2) B(CeFs)2 )
IrBtel €)
toluene-dj, ¢ B1

. <3
3 80 °C.18h 5 e Q—-‘-\b
88% [}
18 NMR shift = 62 ppm ce
H=E(CqFs)z (2) .
loluene-dg,
rt, 15 min toluene-dg,
80°C,18h
O,R(Cst)z
4

Mixture of hydroboration products
"B NMR shift = 75 ppm

Scheme 2. Initial finding: Stoichiometric reaction of HB(CsFs): (2) with 1,4-
cyclohexadiene (3). Molecular structure of 5 derived from SCXRD. Thermal
ellipsoids drawn at 50% probability level. Selected bond lengths of 5: d(C1-C6) =
1.369 A, d(C5-C6) = 1.482 A, d(B1-C1) = 1.580 A. Note that the reaction at r.t. gives
a mixture of 1,3-diene, 1,4-diene and hydroboration products.

2| J. Name., 2012, 00, 1-3

NMR spectroscopic studies by Oestreich and co-workers, as well
as experimental and computational investigations by our group,
have shown that Lewis acidic boranes with fluorinated aryl
substituents undergo transborylations with pinacolborane
(HBpin).*>37 We now hypothesized that such a transborylation
of 5 would release Piers' borane 2 and allow a catalytic reaction
to obtain cyclohexenyl boronate 1. Pleasingly, this is the case:
In toluene at 130 °C and with only 5 mol% 2, the reaction of 1,4-
cyclohexadiene 3 with pinacolborane forms 1 in 91% vyield, as
determined by 1H NMR using p-xylene as an internal standard
(Table 1). The yield of the isolated product is comparable at
88%. We further observed that a high diene concentration is
critical for the reaction to proceed, since the 0.1 M reaction
gave only minor amounts of product. A yield of only 32% was
observed with the less Lewis acidic HB(2,6-CgF2H3)> and no
product was formed with dialkylboranes HBCy, and 9-BBN as
catalysts (Table 1). We then attempted to expand the scope of
the reaction towards different dienes (Scheme 3A). 1,3-
Cyclohexadiene gave the product 1 in a comparable yield of 80%
under the same conditions as 1,4-cyclohexadiene 3. We were
pleased that upscaling the reaction works equally well, as we
were able to synthesize 1 on gram scale under similar
conditions. The reaction also works with medium sized rings:
The alkenyl boronate 6 was isolated in 60% and 59% vyield for
1,5-cyclooctadiene and 1,3-cyclooctadiene as substrates,
respectively. 1,3-Cycloheptadiene
conditions to the corresponding alkenyl borcnate 7 in 66% yield.
The alkenyl boronate 8 derived from cyclopentadiene was
isolated in 35% yield. This reaction required lower temperatures
and a lower concentration to prohibit dimerization of the
cyclopentadiene substrate. Using 1-methyl-1,4-cyclohexadiene
and 1-ethyl-1,4-cyclohexadiene as substrates, the
corresponding 2-borylated allyl boronates 9 and 11 could be
isolated in 50% and 44% yield after 2 h at 80 °C. Longer reaction
times gave inseparable mixtures.

reacts under the same

This journal is © The Royal Society of Chemistry 20xx
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B One-pot

of alkenyl and

@,Bpm

n

H=B(CeFs)2 (5 mol%)
H—Bpin {1 equiv.)
toluene, 130 °C, 44 h

Suzuki-Miyaura coupling

then PdCIy(PPhg), (5 mol%)
p-Br-anisole (1 equiv.)
———

O OMe

©s,CO; (3 equiv.), THF/HZ0,
80°C, 16h

one-pot pracedure

products

g OMe Q

16 17
89% 48%
from 1, 4-diene from 1,3-diene

OMe

g OMe

18
60%
from 1,5-diene

Scheme 3. Scope of the borane catalyzed reaction of dienes with boronic esters and one-|

pot Suzuki-Miyaura coupling of alkenyl boronates. Isolated yields are given. In situ yields

were determined by 'H NMR using p-xylene as an internal standard and are given in parenthesis. Carried out using 10 mol% catalyst at 0.1 M concentration. "Reaction was run for

2 hat 80 °C. ‘Reaction was run for 22 hat 80 °C.

These products likely form by isomerization under
thermodynamic control. Under the same conditions, 1,4-
dimethyl-1,4-cyclohexadiene gave the corresponding allyl
boronate 10 in 45% yield. When using 1-phenyl-1,3-butadiene
as a substrate, the reaction gave homoallyl boronate 12 in 79%
yield after 22 h at 80 °C. The methylated derivative gave 13 in
84% vyield. Employing 4,4,6-trimethyl-1,3,2-dioxaborinane
instead of HBpin at 80 °C for 22 h, the alkenyl boronate 14 was

observed in 71% yield and isolated in 45% yield. Under the same

conditions,  5,5-dimethyl-1,3,2-dioxoborinane  gave the
borylated product 15 in 56% yield. We further developed a one-
pot procedure for a Suzuki-Miyaura coupling. In the first step,
we conducted the catalytic reaction using standard conditions
for 1,4- cyclohexadiene, 1,3-cycloheptadiene and 1,5-
cyclooctadiene (Scheme 3B). Without isolation of the product
or solvent removal, we added bis(triphenylphosphine)-
palladium chloride, p-bromo anisole and a THF/H,O mixture,
together with Cs;CO; as a base. After additional 16 h at 80 °C,
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we were able to isolate the corresponding coupling products 16
to 18 in 69% to 48% yield. We then became interested in the
mechanism of the reaction. Our mechanistic hypothesis
involves hydroboration of the diene to alkylborane species 4,
followed by isomerization of the remaining double bond by free
Piers' borane to form the alkenyl borane 5. To test if alkenyl
borane 5 is a likely intermediate in the catalytic reaction, we
isolated 5 and employed it as a catalyst (Scheme 4A). Under
authentic conditions 5 shows similar catalytic activity as Piers'
borane (2). Therefore, we conclude that under the reaction
conditions 5 can indeed undergo transborylation and release
the Piers' borane catalyst.
. A Employing alkeny! borane 5 as a cafalyst
5 (5mol%)

i @ + H-Bpin
H toluene-dy (1.0 M)

3 130°C, 44 h

B(CeFs)2

O/E!pm

1
84%

: B Reaction of 5 with HBpin to form 19 and employing 19 as ecataﬁys{ assass

Q B(CeFs);
19

H—Bpin (1 equiv.)

i BUCF gl
| _—
: O’ benzene-dg, r.t., 30 min

5
19(10 mol%)

@ + H—Bpin
toluene-dg (1.0 M)

: 130°C,22h

Bpin

96%

' € Testing of cyclohexene in the catalytic reaction

O + H-Bpin

20

H=B(C4Fs)z (5 mol%)
—_—
toluene-d (1.0 M}
130°C. 44 h

' D Molecular structurs of 19-pyr derived from SCXRD?

% oz-
o £
$
g
[
.
(o]
o
o]
8
g
@

Scheme 4. Catalytic and stoichiometric control experiments. In situ yields are given and
were determined by *H NMR using an internal standard. ® Drawn at 50% probability level:
Selected bond lengths for 19-pyr: d(C1-C2) = 1.553(6) A, d(C1-C6) = 1.550(6) A, d(B1-C1)
=1.644(7) A, d(B2-C6) = 1.561(6) A.

We further considered the possibility that after transborylation
of 5 with pinacolborane, the alkenyl boronate 1 can react with
the released Piers' borane (2) in a hydroboration reaction.
Therefore, we reacted 5 with pinacolborane in a stoichiometric
reaction. After 30 minutes at rt. 5 is fully consumed, as
determined by *H NMR, since the olefinic signal of 5 vanished.
We assume that the new and almost quantitatively formed
species is the vicinal diborylated compound 19 (Scheme 4B). We

4|/ Name., 2012, 00, 1-3

Journal Name

successfully isolated the product as a pyridine, adduct -and
confirmed the trans-configuration of Dthe 0 &yEldrEXYO1FIRE
through SCXRD (Scheme 4D). However, we could not isolate 19
in the absence of additional Lewis base. Oestreich and co-
workers described for the catalytic hydroboration of olefins and
alkynes with pinacolborane a transborylation step at an
alkylborane, and noted that allyl benzene and pinacolborane
react in the presence of catalytic amounts of Piers' borane.l?
Since these findings suggest that transborylation can occur at a
sp? carbon, we also tested cyclohexene as a substrate to
elucidate whether transborylation on a secondary alkylborane
is a plausible mechanistic hypothesis for the formation of 1.

A Iso
O:Buin

19 B(CeFs)
cul.
H=B(CeFs) @
: 2

H=Epin trans- hydroboration
: borylation
; O/B(Can)z ©/3(C5F5)2
3 5 4
H=B(CgFs)z 2
| HB(CqF5)z 2 hydraboration

~B(CgF,
retro- «B(CeFs)
hydroboration
B(CeFs)2
22

@, Bpin
H=E(CxFs)z ©
2

: 1
| retro-
1 hydroboration

ar
S(CeFs)z

hydroboration

UE(CstJz

19 4
H—Bpin

transborylation

H=B(CsF5), 2

Bpin
H=B(C4Fs)z 2 ©/

hydroboration 23

Figure 1. Proposed catalytic cycles for the reaction.

Indeed, we found that cyclohexyl boronate 21 forms in 88%
yield under standard conditions (Scheme 4C). When testing
cyclohexene with HBCy, as a catalyst under the same
conditions, only 12% of 21 was obtained. Based on our findings
and the previous mechanistic work of the groups of Thomas and
Oestreich, we derived two plausible mechanistic scenarios.
Since 1,4-cyclohexadiene is rapidly isomerised to 1,3-
cyclohexadiene under the reaction conditions, we show the
mechanism only for 1,3-cyclohexadiene (Figure 1). In both

This journal is © The Royal Society of Chemistry 20xx
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catalytic cycles, the reaction commences with a hydroboration
of a double bond by Piers' borane (2) to form the alkylborane
species 4. In the first case (Figure 1A), a second equivalent of 2
undergoes hydroboration of the second double bond to form
the vicinal diborylated intermediate 22. Retro-hydroboration of
22 can then lead to alkenyl borane 5 which can undergo rapid
transborylation under the reaction conditions to regenerate the
catalyst 2 and release the product 1. We assume that the
hydroborations are reversible and therefore small amounts of
free Piers' borane are always present, which can act as a
catalyst. Note that 1 and 19 are linked via a
hydroboration/retro-hydroboration by 2 and
mechanism A is also accessible starting from 19. In the second
catalytic cycle, after hydroboration by Piers' borane 2 a direct
transborylation of 4 could take place to form allyl boronate 23
as an intermediate (Figure 1B). Transborylation at secondary
C(sp?) has been previously reported by Thomas and co-
workers.'8 The released Piers' borane could then hydroborate
the allyl boronate 23 to form the vicinal diborylated compound
19. Retro-hydroboration by Piers' borane 2 releases the product
1 and closes the catalytic cycle. We independently synthesised
23 and indeed observed the formation of 19 upon treatment
with Piers' borane 2, further supporting the possibility of this
mechanistic pathway (see supplementary information).

therefore

Conclusions

In summary, we present a catalytic method for preparing a class
of alkenyl and allyl boronic esters, specifically cyclic alkenyl
boronates of normal ring size, which are not accessible by
hydroboration of a triple bond followed by transborylation. This
method provides a facile and atom-economic route to alkenyl
boronates, utilizing Piers' borane (HB(CgFs);) catalyzed
hydroboration of dienes with pinacolborane or related boronic
acid esters. The key to the reaction's success is the electrophilic
Piers' berane's ability to rapidly and reversibly hydroborate
double bonds, allowing for the isomerization of the dienes
double bonds.’® However, this process consistently yields the
thermodynamic product, which for substituted
phenylbutadienes and cyclohexadienes are homoallyl
boronates and cyclic allyl boronates, the latter being typically
synthesized via metal-catalyzed hydroboration or coupling
reactions.?? We anticipate that the method reported herein will
be widely applied in the preparation of cyclic alkenyl boronates,
which are wvaluable starting materials for further synthetic
transformations.
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5.2 In situ Formation of an Efficient Catalyst for the Semihydrogenation of

Alkynes from Imidazolone and BH3

H,

« Catalytic amounts of the simplest borane
» Bench-stable organic co-catalyst
* In situ formation of an FLP-type catalyst from BH;

The (Z)-selective semihydrogenation of alkynes catalyzed by BH; and an organic co-catalyst was

studied. Kinetic studies revealed that the reaction is dependent of the alkyne concentration, but

independent of the H, pressure. Thus, the reaction can be operated at low pressure. Mechanistic

experiments hint that a tris(alkenyl)borane is formed which reacts with the co-catalyst in a

protodeborylation forming an imidazolonate borane. Computational studies show that H,

activation by the imidazolonate borane is endergonic but kinetically accessible allowing for

catalytic turnover.
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In Situ Formation of an Efficient Catalyst for the Semihydrogenation
of Alkynes from Imidazolone and BH;

Felix Wech and Urs Gellrich*

l& || Cite This: ACS Catal. 2022, 12, 5388-5396 Read Online
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ABSTRACT: We herein report the finding that a sterically tBu

encumbered imidazolone turns the simplest borane, i.e.,, BHj, into a =

potent catalyst for the semihydrogenation of alkynes. The efficiency of wBu-N \[rN ~H

this catalyst system was demonstrated by the successful semi- o

hydrogenation of 15 different alkynes with excellent Z-selectivity. R Ry
Kinetic studies show that the reaction rate depends on the alkyne r._—— R, =
concentration but is independent of the hydrogen pressure. Thus, the H H
catalytic reaction can be operated at low hydrogen pressures (2 bar). Hy

Further mechanistic investigations and dispersion-corrected double- )

hybrid density functional theory (DFT) computations revealed that + Catalytic amounts of the simplest borane

« Bench-stable organic co-catalyst

the imidazolone undergoes an initial protodeborylation with a tri- 2 ;
« In situ formation of an FLP-type catalyst from BH3

alkenylborane, formed in situ by hydroboration of the alkyne with
BH;. The protodeborylation yields an imidazolonate borane that
resembles a frustrated Lewis pair and is capable of activating dihydrogen.

KEYWORDS: frustrated Lewis pairs, hydrogenation, borane, alkyne, main-group catalysis

H INTRODUCTION with fluorinated aryl substituents, such as Piers’ borane or
B(CgFs);.'> The synthesis of these boranes requires
sophisticated techniques executed under an inert gas
atmosphere.'* However, more recently, Repo and co-workers
demonstrated that a carefully designed FLP with the smallest
boryl site, BH,, also splits dihydrogen."""s We now became
interested in elucidating whether an appropriate organic co-
catalyst transforms simple BH; into an effective FLP-type
catalyst for the semihydrogenation of alkynes, which is
potentially suited for large-scale applications.

The stereoselective semihydrogenation of alkynes is of utmost
importance for the industrial synthesis of insect pheromones,
pharmaceuticals, and fine chemicals." Furthermore, this
reaction is used for industrial polymerization processes to
remove alkyne residues from olefin feedstocks.” One prevalent
method for the Z-selective semihydrogenation of alkynes uses
Lindlars’s catalyst.” The catalyst relies on a poisoned palladium
catalyst to prohibit over-reduction to the alkane. Disadvantages
of this process are the use of toxic lead as catalyst poison and
Z/E isomerization.” Therefore, various other heterogeneous B RESULTS AND DISCUSSION
and homogeneous noble transition-metal-based catalysts for
this reaction have been developed. Furthermore, the last
decade has witnessed a proliferation of reports on first-row
transition-metal complexes that effectively catalyze this
synthetically relevant transformation.” Other established
methods for the semireduction of alkynes make use of
stoichiometric amounts of boranes.’ Motivated by the seminal
finding from Stephan and co-workers that certain combina-
tions of sterically encumbered Lewis bases and highly Lewis
acidic boranes, referred to as frustrated Lewis pairs (FLP), are
able to activate dihydrogen, Repo et al. devised a protocol for

Downloaded via UNIV GIESSEN on June 24, 2024 at 10:27:33 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Our attempts commenced by assessing the efficacy of several
organic co-catalysts for the semihydrogenation of 1-phenyl-1-
propyne with BH;-SMe, complex (Table 1). The first co-
catalyst we tested was 6-tert-butyl-2-pyridone (1a), which was
used previously in conjunction with Piers’ borane for the
hydrogenation of alkynes in our group.'"'® After a 24 h
reaction time at 130 °C under 10 bar H, pressure, the Z-alkene
was obtained in 38% yield. We then tested 6-tert-butyl-2-
thiopyridone (1b), which gave the alkene in 84% yield under

an FLP-catalyzed semihydrogenation of alkynes (Scheme 1).”* Received:  February 10, 2022
This finding fueled the development of different FLP-catalyzed Re"ifedi APrfl 5, 2022
reductions of alkynes.” We have recently reported that an FLP- Published: April 20, 2022

type catalyst formed in situ by coordination of pyridone to
Piers’ borane, i.e., HB(C4Fs),, is also capable of catalyzing this
reaction.'”"" Classic FLPs usually contain Lewis acidic boranes

£ zozzl;rhe Aum%rrf' PUinls;‘ed o https://doi.org/10.1021/acscatal. 2c00722
1 1 merican Chemical Socie 2/ .0rg/10. &
v ACS Publications Y s3sg ACS Catal. 2022, 12, 5388-5396
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Scheme 1. Context of This Work: Hydrogen Activation by a
Phosphine-Borane FLP, the First FLP-Type Catalyst for the
Semihydrogenation of Alkynes, and the Imidazolone/BH,
Catalyzed Semihydrogenation Reported Herein

- Stephan 2007
@® S]
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the same conditions. However, Z/E isomerization was
observed and a 2.6:1 mixture of both isomers was obtained.
Next, the catalytic performance of the more basic 1,4-di-ter-
butylimidazolone (2a) was evaluated.'” Pleasingly, after 24 h
reaction time, Z-alkene was obtained as the major product in
73% yield. The E-isomer was only detected in traces by GC—
MS. When using 1,4-di-tert-butyl-thioimidazolone (2b) as a co-
catalyst, only 8% of the alkene was detected, indicating that no
catalytic reaction was achieved. Furthermore, we tested
lutidine (3) as a co-catalyst, a base that is commonly used in
FLP chemistry.'® The hydrogenation with 3 yielded only 4% of
the olefin. This result indicates that the bifunctionality of 2a
that can act as Lewis base and (weak) Bronsted acid is indeed
important for its catalytic activity. A reaction with BH;-SMe,
without co-catalyst yielded 8% of the alkene, likely formed by
direct hydrogenolysis of the B—C bond, which is less than one
turnover.”™ Thus , the addition of 2a transformed the simple
BH,-SMe, complex that is by itself not catalytically competent,
into an efficient and selective hydrogenation catalyst. With this
promising result in hand, we explored the scope and the
limitations of the semihydrogenation of alkynes catalyzed by
BH;-SMe, and 2a. Using this simple catalyst system, we were
able to hydrogenate a variety of different internal alkynes to the
corresponding Z-alkene (Scheme 2). As mentioned above, at
130 °C and under 10 bar of hydrogen, the hydrogenation of 1-
phenyl-1-propyne to Z-f-methylstyrene 4a proceeded in 73%
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Table 1. Assessment of Organic Co-Catalysts for the
Semihydrogenation of 1-Phenyl-1-Propyne

BH;8Me; (10 mol%)

co-catalyst (10 mol%) Ph: /
P —_

Ph——
n-octane, 130 °C, 24 h H H
H, (10 bar)
co-catalyst
tBu
S
m N _ N | =
Bu~ ~
Bu I}I X u T H N/
H X
la: X =0 2a:X=0 3
1b: X =8 2b: X =8
entry co-catalyst yield* (%) Z/E" TON
1 la 38 3.8
2 1b 84 26 84
3 2a 73 >99 7.3
4 2b 8 0.8
5 3 4 0.4
6 none 8 0.8

“Yield determined by NMR using 1,3,5-trimethoxybenzene as internal
standard. DZ/E ratio determined by GC—MS.

yield. 2-Propynylthiophene gave the olefin 4h in 79% yield,
and the reaction with (4-N,N-dimethylaminophenyl)propyne
gave 4f in 77% yield, which shows that coordinating groups are
tolerated in this reaction. Aromatic and aliphatic ethers are
suitable substrates, as demonstrated by the formation of 4g, 4k,
and 4n. Furthermore, the successful hydrogenation of 4-
chlorophenylpropyne and 4-fluorophenylpropyne shows that
electron-poor aromatic substituents are tolerated (4c and 4e).

While the hydrogenation of aryl-substituted alkynes readily
proceeded within 24 h, the hydrogenation of alkynes with an
aliphatic residue required a longer reaction time of 48 h. Under
these conditions, 2-octyne was hydrogenated to give 4i in 73%
yield, as well as 4-octyne and 3-hexyne to give 40 and 4m in 65
and 58% yields, respectively. Note that the lower yield in the
case of 3-hexyne is possibly due to the low boiling point of this
substrate. Moderate yields were obtained for aliphatic ethers,
such as I-methoxy-3-pentyne and 1-methoxy-3-phenylpropyne.
The hydrogenation of 1-propynylcyclohexene shows that in the
presence of olefinic double bonds, the alkyne is selectively
hydrogenated to the Z-olefin, The reaction shows an excellent
Z-selectivity for most substrates. While in the case of the
unsubstituted phenylpropyne trace amounts of E-product were
detected, only a single isomer was obtained for most other
substrates. However, the olefins 4e, 4f, and 4h were obtained
with lower Z-selectivities of 18:1, 8:1, and 14:1, respectively.
To elucidate whether the lower selectivity originates in these
cases from an isomerization during the hydrogenation, the
catalytic reactions with 4-fluorophenlpropyne and 4-(N,N-
dimethylaminophenyl)propyne were run for 8 h with a
doubled concentration of alkyne. Under these conditions, 4e
and 4f were indeed obtained with improved Z-selectivities of
99:1 and 27:1. A limitation of the catalytic protocol described
herein is the hydrogenation of terminal alkynes; under
standard conditions, the reaction with phenylacetylene yielded
only 24% styrene (4p).

httpsz//doi.org/10.1021/acscatal 2c00722
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Scheme 2. Scope of the Semihydrogenation of Alkynes Catalyzed by 2a and BH;-SMe,"
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“Isolated yields in parentheses. 8 1, reaction time and 5 mol % catalyst loading. “Z /E ratio determined by NMR. 948 h reaction time. “Yields are
determined by NMR using 1,3,5-trimethoxy-benzene as internal standard and are the average of two runs. Unless otherwise noted, Z/E ratios were

determined by GC—MS.

To gain mechanistic insights into this transformation, we
conducted a series of kinetic experiments. First, we determined
the turnover frequency (TOF) of the hydrogenation of 1-
phenyl-1-propyne with 2a and BH;SMe, at different alkyne
concentrations (Figure 1, top). A linear relationship between
the TOF and the starting concentration of the alkyne was
observed. This indicates that the alkyne enters the productive
catalytic cycle between the resting state and the rate-
determining transition state.'” We then evaluated if the
hydrogen concentration affects the reaction rate. Therefore,
we investigated the reaction applying different hydrogen
pressures (Figure 1, bottom). When lowering the hydrogen
pressure, no significant change in the reaction rate could be
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observed. Even at a 2 bar H, pressure, the TOF does not
decrease within the error of the measurement. Therefore, we
concluded that hydrogen does not participate in the rate-
determining states of the underlying mechanism. With the
results of these experiments in hand, we performed the
hydrogenation of phenylpropyne at a low hydrogen pressure (2
bar) under standard conditions for 24 h (Scheme 3, top). The
Z-f-methylstyrene 4a was obtained in 60% yield compared to
73% at 10 bar. This drop in yield is likely due to a lower
internal temperature that is reached at a lower H, pressure
since the catalytic reaction is operated at a temperature that is
slightly above the boiling point of n-octane (125.6 °C).
However, this experiment shows that the catalytic procedure

httpsz//doi.org/10.1021/acscatal 2c00722
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Figure 1. Investigation of the hydrogenation of 1-phenyl-1-propyne
catalyzed by 2a and BH;-SMe, at different alkyne concentrations at 10
bar H, pressure n-octane (5 mL) (top). Hydrogenation of 1-phenyl-1-
propyne with 2a and BH;-SMe, at different H, pressures at a 0.2 M
alkyne concentration in n-octane (5 mL) (bottom).

described herein can be conveniently conducted at low
hydrogen pressures.

As the reaction rate increases with alkyne concentration, we
envisioned that the catalytic reaction can be run at a higher
alkyne concentration using a low catalyst loading to achieve a
high turnover number (TON). Therefore, the reaction was run
at a 1 M concentration of 1-phenyl-l-propyne, which
corresponds to 2 mol % catalyst loading (Scheme 3, bottom).
TONSs of 20.7, 25.7, and 31.4 were observed after 24, 48, and
72 h, respectively. Thus, up to 31 equivalents of substrate were
converted per BH; as a catalytic entity. We then focused our
attention on elucidating the nature of the actual catalyst
formed under the reaction conditions. During our initial
reaction optimization, we noticed that it is important that the
BH;-SMe, is first reacted with the alkyne in the absence of the
co-catalyst for 30 min at r.t, Within the 30 min preformation,
the BH;SMe, hydroborates the alkyne and forms a tri-
alkenylborane.” Therefore, we assume that the catalytic
reaction commences with a protodeborylation of one of the
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Scheme 3. Catalytic Experiments Run at Low H, Pressures
and Low Catalyst Loading”
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“Yields and TONs were determined by 'H NMR with 13,5
trimethoxy-benzene as the internal standard. Z/E ratios were
determined by GC—MS and are >99:1 in all cases.

alkenyl substituents, which is initiated by 2a. To substantiate
the importance of a protodeborylation for the catalytic
reaction, we synthesized N-methyl imidazolone 5 and used it
as a co-catalyst for the semihydrogenation of I1-phenyl-1-
propyne (Scheme 4A). Under standard conditions, only 3%
olefin and no catalytic turnover were observed. This result
indicates that the NH group is indeed vital for the catalytic
reaction. To prove whether 2a is capable of mediating a
protodeborylation, we reacted tri-((Z)-3-hexenyl)borane 6,
obtained from hydroboration of 3-hexyne with BH;-SMe,, with
2a (Scheme 4B). At rt, 2a does not coordinate to 6, as
deducible from the 'H and ''B NMR. However, upon heating
to 100 °C, protodeborylation and formation of (Z)-3-hexene
were observed. Furthermore, a new borane species emerged
that we tentatively assigned to imidazolonate borane 7.”" We
assume that 7, which can be regarded as an intramolecular
FLP, is responsible for the hydrogen activation during the
catalytic transformation,

To test this hypothesis, we studied the hydrogen activation
with model compound 8 (methyl instead of ethyl groups at the
alkenyl substituents) with the spin-component scaled,

httpsz//doi.org/10.1021/acscatal 2c00722
ACS Catal. 2022, 12, 5388-5396
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Scheme 4. (A) Semihydrogenation of Phenylpropyne with § as an Organic Co-Catalyst and (B) Protodeborylation of Tri-((Z)-
3-Hexenyl)borane 6 by 2a and Formation of the Bis-Alkenyl Imidazolonate Borane 7
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Figure 2. Gibbs free energies of the H, activation by 8 computed at revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c. The SMD model for n-octane

was used to implicitly account for solvent effects.

dispersion-corrected double-hybrid functional revDSD-
PBEP86-D4 and the large def2-QZVPP basis set (Figure

5392

2).*" For structure optimizations, the PBEh-3c composite
method was used.” Solvent effects were considered implicitly

https://doi.org/10.1021/acscatal 2c00722
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using the SMD model for n-octane.” According to the

computations, hydrogen activation by 8 and the formation of
the imidazolone borane complex 9 is endergonic. However,
hydrogen activation via TSy is kinetically accessible. The
computed barrier of 24.1 kcal mol™ corresponds to a rate
constant of 0.71 s™! at 130 °C. Upon the formation of the
imidazolone borane complex, the product of the hydrogen
activation, two catalytic pathways seemed plausible (Figure 3).

An initial dissociation of the imidazolone borane complex
could form a bis-alkenylborane that can undergo hydro-
boration of the alkyne substrate, forming a tri-alkenylborane
(Figure 3, Step I-A, and II-A). The imidazolone (2a) can
reenter the cycle and coordinate back to the tri-alkenylborane
(Step III-A). After protodeborylation, Z-olefin, the product of
the catalytic reaction, is released (Step IV-A). The
imidazolonate borane that is formed can again activate
hydrogen, which closes the catalytic cycle (Step V-A). Besides
pathway A, a second productive pathway seems plausible
(Figure 3, pathway B). This pathway is initiated by
protodeborylation of the imidazolone borane complex, forming
the trivalent borane species (Step I-B). The borane can then
hydroborate the alkyne, which leads to an imidazolonate
borane, which can again activate hydrogen (Step II-B and III-
B). To eclucidate which of the reaction paths is kinetically
preferred, both pathways were investigated computationally
(Figure 4).

Starting from 9, the dissociation into 2a and hydroborane 10
is almost thermoneutral if the dimerization of 2a is considered
(Figure 4). The free borane 10 can then hydroborate the
alkyne via TS8y;;. This exergonic reaction yields then tri-
alkenylborane 11. According to the computations, the
coordination of imidazolone to the tri-alkenylborane is
endergonic. This is in favorable agreement with our
experimental NMR investigations that revealed that imidazo-
lone 2a and tri-((Z)-3-hexenyl)borane 4 do not associate.
However, the endergonic coordination of 2a to 11 can initiate
a protodeborylation via TS, , 4 that liberates the Z-olefin as the
product of the catalytic reaction. The imidazolonate borane 8
that is deemed as the FLP-type catalyst reenters the catalytic
cycle and can activate dihydrogen again (Figure 2). The kinetic
barrier for this pathway is 28.1 kcal mol™". It is important to
emphasize that this barrier must be surpassed initially to
generate imidazolonate borane from tri-alkenylborane that is
formed upon catalyst preformation (see Scheme 4). Pathway B
commences with the protodeborylation of one alkenyl
substituent of 9, which yields the trivalent mono-alkenylborane
13 (Figure 4, Pathway B). Hydroboration of the alkyne by 13
via TS;33 then regenerates 8. The hydroboration also
resembles the kinetic barrier of Pathway B, which is 25.7
keal mol™". Thus, Pathway B is kinetically preferred over
Pathway A. However, the barriers to enter Pathway A via
TSy9/11 and Pathway B via TSy,,; are similar. Therefore, 2amer
+ 11 and 13 are formed in similar proportions and the
regeneration of catalyst 8 via protodeborylation of 11 (TS,,s)
contributes to the overall barrier of the catalytic reaction. The
assumption that Pathway B is the main productive pathway is
substantiated by the kinetic experiments: Since the alkyne
enters this catalytic cycle between the resting state and the
rate-determining transition state, a dependency of the reaction
rate from the alkyne concentration is expected (Figure 4). This
agrees with the experimentally observed rate enhancement at
high alkyne concentrations (Figure 1). However, for each
substrate that is used, the identity of the catalyst differs due to
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the substrate being involved in the formation of the tri-
alkenylborane.

B CONCLUSIONS

In summary, we present a new protocol for the catalytic
semihydrogenation of internal alkynes using simple BH;-SMe,
complex and 1,4-di-fert-butylimidazolone (2a) as an organic
co-catalyst. Using this catalytic system, a variety of different
internal alkynes were hydrogenated in synthetically useful
yields with excellent Z-selectivity. Mechanistic investigations
indicate that the catalytically active species is an imidazolonate
borane formed in situ by a protodeborylation. This
imidazolonate borane resembles an FLP that is able to activate
dihydrogen. The study reported herein is a curiosity-driven
exploration of to what extent an FLP can be simplified and still
operate as a hydrogenation catalyst. However, by essentially
using the simplest borane, i.e., BH,, as a hydrogenation catalyst
for alkynes, the devised protocol might be suitable for large-
scale applications. We expect the finding reported herein to
stimulate further developments of FLP-type catalysts that rely
on simple boranes.
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5.3 Hydrogenation of Olefins, Alkynes, Allenes, and Arenes by Borane-Based

Frustrated Lewis Pairs
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Frustrated Lewis-pairs (FLPs) that utilize H, activation to reduce unsaturated substrates have
long been used. These catalysts are limited to substrates that are reactive towards borohydrides.
This work highlights reactions of borane-based FLPs that exhibit hydroboration reactivity upon H,

activation.
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Abstract In recent years, borane-based frustrated Lewis pairs have
proved to be efficient hydrogenation catalysts and they have become
an alternative to transition-metal-based systems. The hydrogen activa-
tion by classic FLPs leads to a protonated Lewis base and a borohydride.
Consequently, hydrogenations catalyzed by classic FLPs consist of step-
wise hydride transfer reactions and protonations (or vice versa). More
recently, systems that operate via an initial hydroboration have allowed
the substrate scope for FLP-catalyzed hydrogenations to be extended.
In this review, hydrogenations of organic substrates catalyzed by
borane-based frustrated Lewis pairs are discussed. Emphasis is given to
the mechanistic aspects of these catalytic reactions.

1 Introduction

2 FLP-Catalyzed Hydrogenation of Polarized Double Bonds

2.1 Hydrogenation of Michael Acceptors by FLPs

2.2 Asymmetric Hydrogenation of Polarized Double Bonds

2.3 Hydrogenation of Arenes and N-Heterocycles

3 Hydrogenation of Unactivated Olefins and Alkynes

3.1  Hydrogenation of Olefins and Alkynes by an Initial Hydroboration
4 Summary and Outlook

Key words frustrated Lewis pair, hydrogenation, hydrogen activation,
hydroboration, pyridone-borane, metal-free catalysis

1 Introduction

While the transition-metal-catalyzed hydrogenation of
acetylene to ethylene has been known since the late 19th
century,' the field of main group element catalyzed hydro-
genations was discovered much later. The use of transition
metal complexes to activate hydrogen and hydrogenate un-
saturated substrates has been an extensively studied re-
search topic in the last few decades.?? Hydrogenations cata-
lyzed by main group metals were discovered around the
1960s.# Using sub-stoichiometric amounts of LiAlH, at high

Classic borane-based FLPs
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temperatures and hydrogen pressures, olefins could be cat-
alytically hydrogenated. However, the harsh reaction condi-
tions made this reaction unfavorable in comparison to the
transition-metal-catalyzed variants. The first metal-free
hydrogenation came with the discovery of frustrated Lewis
pairs (FLPs).

One of the most fascinating features of FLPs is their
unique reactivity towards small molecules, especially mo-
lecular hydrogen.” This allowed the development of metal-
free hydrogenation strategies employing H, instead of sto-
chiometric reducing agents, such as Hantzsch esters,® dihy-
drothiazoles,” or cyclohexadienes.® The key to this concept
is that upon mixing of a sterically encumbered Lewis base
(LB) with a highly Lewis acidic borane, such as B(CgFs)s, a
datively bound ‘encounter complex’ forms rather than a
classic ionic Lewis adduct (Scheme 1A).°'" This encounter
complex preserves the reactivity of both the Lewis acidic
and Lewis basic sites and allows the system to activate hy-
drogen. Suitable Lewis bases are bulky phosphines such as
P(Mes),, or nitrogen-based alternatives such as 2,2,6,6-te-
tramethylpiperidine (TMP), or 2,6-lutidine.!?’* From a
mechanistic point of view, the hydrogen bond is cleaved
heterolytically by protonation of the Lewis base and hy-
dride transfer to the Lewis acid.' An ion pair (or a zwitteri-
onic species in the case of an intramolecular FLP) is formed
that consists of a borohydride and the protonated Lewis
base (Scheme 1B). The mechanisms for hydrogen activation
by FLPs have been extensively studied and discussed in the
literature.”'%' This mode of bond activation pioneered the
way for the first metal-free catalytic hydrogenation reac-
tions, especially of polar substrates that can be readily
reduced by common borohydride-based methods. These
metal-free hydrogenations have been broadly reviewed in
previous works,>'4-17
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Scheme 1 (A) General concept of a frustrated Lewis pair (FLP) consist-
ing of a Lewis base (LB) and the strong Lewis acid B(C4F5)s. (B) Hydrogen
activation by the FLP leads to the protonated LB and a borohydride spe-
cies.

2 FLP-Catalyzed Hydrogenation of Polarized
Double Bonds

The borohydride that forms upon hydrogen activation
by the FLP can transfer a hydride to polar organic sub-
strates. The first example of a metal-free catalytic hydroge-
nation is the FLP-catalyzed reduction of imines by the
Stephan group (Scheme 2).'® After H, activation the sub-
strate is protonated which enhances its electrophilicity. Af-
terwards, the hydride is transferred to the iminium ion. The
borane product complex can dissociate, which closes the
catalytic cycle and releases the product. While this transfor-
mation works for imines,'s as well as enamines'® and a vari-
ety of other substrates, such as silyl enol ethers,'"122°21 the
catalytic reduction of aldehydes and ketones turned out to
be more challenging. This is due to the lower basicity of
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lent yields. The key to this transformation is that the ether
functions as the Lewis base and participates during hydro-
gen activation. The corresponding Brensted acid that forms
from the ether upon hydrogen activation is now acidic
enough to promote the protodeborylation which enables
the catalytic reaction.

2.1 Hydrogenation of Michael Acceptors by FLPs

The hydrogenation of double bonds attached electron-
withdrawing groups is challenging because of their strong
binding to Lewis acidic boranes. By fine-tuning the steric
bulk of the Lewis acid to weaken the binding between oxy-
gen and boron, Sods and co-workers achieved the catalytic
reduction of the C=C bond of @,p-unsaturated imines, ke-
tones, as well as enamines at room temperature (Scheme
3)."* The mesityl substituent on the Lewis acid 1 shields the
boron center so that it is not coordinating to a Lewis basic
site within the substrate. Noticeably, they achieved the se-
lective catalytic hydrogenation of the activated C=C double
bond in carvone (Scheme 3, bottom) in good yield, where
classic transition-metal-based catalytic methods also re-
duced the less reactive terminal C=C bond.'3?3

H

Hz (4 bar) o, ®
Mes—B(CeFslz + LB—H

CqDe, 1.k, 42 h
1 1-H
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Scheme 3 Catalytic hydrogenation of activated olefins by a modified
FLP system consisting of a sterically more shielded Lewis acid.

o

Using a similar approach and a catalyst system consist-
ing of B(C¢Fs); and 1,4-diazabicyclo[2.2.2]octane (DABCO,
2), Alcarazo and co-workers hydrogenated electron-defi-
cient allenes and olefins (Scheme 4).2* While the hydroge-
nation of o,p-unsaturated malonates at 80 °C takes place
within 24 h, allenes required longer reaction times. The ac-
tivation of the substrate occurs in a similar fashion as in the

Special Topic

previous examples: protonation of the ester function allows
the electron-deficient central carbon of the allene to react
as a hydride acceptor (Scheme 4B).
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Scheme 4 Catalytic hydrogenation of electron-paor olefins and allenes
by the B(C4Fs)s/DABCO FLP system.

Melen, Morrill, and co-workers discovered a related pro-
cedure to hydrogenate aza-Morita-Baylis-Hillman adducts
in a diastereoselective fashion.?

Another advance regarding the hydrogenation of a,-
unsaturated compounds was made by the Paradies group.2®
They achieved the hydrogenation of nitroolefins and acry-
lates (Scheme 5). Instead of modifying the Lewis base, the
Lewis acid was changed to B(2,6-F,CH,);. Although B(2,6-F,C;Hs),
has lower Lewis acidity compared to B(CgFs)s, it is still capa-
ble of activating hydrogen under mild conditions using
common Lewis bases such as 2,6-lutidine (4) or collidine
(5).%° Because the Lewis acid is weaker, the borohydride
that forms upon hydrogen activation is a stronger nucleo-
phile and thus able to undergo 1,4-addition to nitroolefins
or acrylates. The products are obtained in good to excellent
yields at room temperature or at 40 °C in dichloromethane.

2.2 Asymmetric Hydrogenation of Polarized Dou-
ble Bonds

The field of transition-metal-catalyzed enantioselective
hydrogenations has been extensively studied.?’ The devel-
opment of FLP-catalyzed hydrogenations sparked the inter-
est in using this concept for enantioselective reactions. The
first enantioselective hydrogenation by FLPs was developed
in 2010 by the Klankermeyer group .28 Other early examples
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Scheme 5 Hydrogenation of nitroolefins and acrylates by FLP systems;
2Using 4 (as LB), 40 °C. ® Using 5 (as LB), 25 °C.

were developed by Repo and co-workers.?” However, this
reaction was still limited to imines as substrates.

The first hydrogenation of silyl enol ethers was reported
by the Erker group in 2008;3° an enantioselective variant
was reported in 2014 by the Du group.?' They found that re-
acting Piers’ borane [HB(CgFs),] in situ with the chiral bis-
olefin 8 gave a chiral Lewis acid that is a potent catalyst for
enantioselective hydrogenations (Scheme 6). The olefin 8
employed in this reaction is derived from the (S)-binaphth-
yl scaffold and carries vinyl groups in the 2- and 2'-posi-
tions. The vinyl groups are hydroborated by the Piers’ bo-
rane to give the active chiral catalyst. In conjunction with
tri-tert-butylphosphine the chiral Lewis acid can activate
hydrogen. The substrate is then at first protonated to give a
cation that is stabilized by the silyl ether. The stereoinduc-
tion proceeds via hydride transfer from the chiral boro-
hydride. After deprotection using TBAF, the alcohols are ob-
tained with 88% to 99% ee and in excellent yields. This reac-
tion is efficient and shows good functional group tolerance.
While the asymmetric metal-free reduction of unprotected
ketones has not been achieved using molecular hydrogen,
examples of FLP-catalyzed reductions that rely on the use of
stoichiometric amounts of silane were reported.>

2.3 Hydrogenation of Arenes and N-Heterocycles

Using classic FLP hydrogenation chemistry, it is not only
possible to reduce substrates such as imines, silyl enol
ethers, or op-unsaturated malonates, but also different
arenes and N-heterocyclic compounds.2%**** The Stephan
group used B(CgF5); in conjunction with a triarylphosphine
to selectively hydrogenate polyaromatic hydrocarbons
(PAHs) to the corresponding dihydro derivatives (Scheme
7). While the central ring is hydrogenated, the terminal cy-

Special Topic

1) HB(CgFs)z (10 mol%)
P(Bu)g (10 motes)

8 (5 mol%)
OTMS H, (40 bar), toluene, 50 °C, 24 h oH
Ph 2) TBAF, r.t, 0.5 h I
6 7
98% yield
98% ee

Ph(3,5-Bu),
ey
OO N

Ph(3,5-Bu)

Scheme 6 Enantioselective hydrogenation of silyl enol ethers.

cles preserve their aromaticity. The initial protonation step
takes place in the 10-position of the anthracene scaffold.
The hydride is then transferred to the opposing carbon in
the 9-position which then leads to product formation. An
overreaction does not take place due to the aromaticity of
the remaining rings which prevents further protonation
under the reaction conditions.

H
B(CeFs)a (10 mol%)
(F5Cg)PPhz (10 mol%)
_— =
DCE, 80 °C, 10 h
Ha (102 bar}
H
products
7% 30%% 5%

Scheme 7 Hydrogenation of PAHSs by a frustrated Lewis pair und se-
lected scope. * Reaction time 48 h.

Soos and co-workers were able to hydrogenate different
quinoline derivatives using sterically more demanding and
less Lewis acid (Mes)B(CsFs),. No additional Lewis base was
needed because the substrate itself reacts as a Lewis base
(Scheme 8). By reducing the Lewis acidity of the Lewis acid
by exchanging the CsF;5 groups to C¢F,H groups, the conver-
sion was increased significantly [from 24% for (Mes)B(CsFs),
to 99% for (Mes)B(CsF4H),].?° When employing the classic
and readily available B(C;Fs);, no reaction was observed.
However, the quinoline substrate with a methyl group in 2-
position leads to 29% conversion with B(CiF;); as the cata-
lyst. This is attributed to the fact that stronger Lewis acids
irreversibly form dative adducts with the quinoline sub-
strates which leads to inhibition of the catalytic reaction.
With weaker Lewis acids, the quinoline adducts form re-
versibly, which preserves their ability to activate hydrogen.
Using this protocol, Sods and co-workers were able to hy-
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drogenate a variety of differently substituted quinoline de-
rivatives to their corresponding tetrahydroquinoline
(Scheme 8). Furthermore, the Stephan group used B(CgFs),
to hydrogenate a variety of different N-heterocycles, such as
pyridine or acridines.?*?*

= ArBArz (10 mol%)
@() toluene, 105 °C, 17 h C(j
N H (4 bar) N
9 10

Ar = CgFsH 9% vi
AV = Mes B0% yield
via S
p
Ve
H
H
\@
(Mes)B(CgFsH)2
substrate product yield

S
P 86%
N N
H
MeO. N MeQ
7%
P
N
N H

N
82%
N N
| H
Ph Ph

Scheme 8 Catalytic hydrogenation of quinoline derivatives and select-
ed substrate scope.

3 Hydrogenation of Unactivated Olefins and
Alkynes

The hydrogenation of non-activated olefins is more
challenging for FLP catalysts. The Alcarazo group showed
that olefins can react as hydride acceptors if the resulting
carbanion 11 is stabilized by resonance (Scheme 9A).

]
H-B(CeFs)s
a R RZ R R2
N, < +. > < anion
o stabilization
NO, H NO,
B(CqFs)s 1

B @
(FsCg)PhoPH
Ph, cation
>: %. @ stabilization
Ph
PH H
(FsCq)PhoP 12

Scheme 9 (A) Stabilization of an anion after the initial hydride transfer
step. (B) Stabilization of a cation after the initial protonation step.

Special Topic

Ha ® (€]
(FsCg)PhzP + B(CgFs)a —_— (FsCe)PhzPH + HB(CgFs)s
13 14 13-H 14-H

transient species

AN

Ph

— (FsCe)PhaP
H H
| A, 8
H—B(CqF:
Pn -BGFd | P @en (CaFs
p
—— products
H H H
J\ J\ Lewis bases
Ph T Ph  Ph "
H H (2,6-CaHaClo)aP (15)
99% 96% 99% (CoFs)aPhP (16)
{Napht)sP (17)
>/ g“ MQBSi\J\/H
o H
99% 95%

Scheme 10 FLP-catalyzed hydrogenation of olefins enabled by an ini-
tial protonation step with selected substrate scope. Napht = Naphthyl.
Reagents and conditions: Lewis base (20 mol%), B(CFs); (20 mal%), 25 °C
to70°C,12hto 240 h.

In analogy to that concept, it is also possible to achieve
an initial protonation of the substrate if the resulting cation
12 is stabilized in a similar fashion (Scheme 9B). In contrast
to the work by the Alcarazo group, the Paradies group de-
veloped a method to hydrogenate olefins with high proton
affinity by an initial protonation step (Scheme 9B).3® The
use of a modified FLP system with the weaker Lewis base
(FsCs)Ph,P (13) in conjunction with B(CgFs); (14) facilitates
this transformation (Scheme 10). The weaker Lewis base
provides a stronger Brensted acid after hydrogen activation
which can now protonate olefins such as 1,1-diphenyleth-
ylene. While the hydrogen activation product of this FLP is
not detectible at room temperature, the *'P NMR spectra at
low temperature suggest the formation of a phosphonium
ion which is consistent with the observations in the ''B and
19F spectra. At -80 °C, the equilibrium lies entirely on the
side of the phosphonium ion 13-H and borohydride 14-H.
When slowly heated to room temperature, gradual loss of
hydrogen is observed, and the starting materials are regen-
erated, indicating a low barrier for hydrogen activation.
This system was used for the hydrogenation of olefins that
can form tertiary carbocations or ones that are stabilized by
benzylic or allylic resonance upon protonation (Scheme
10).
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3.1 Hydrogenation of Olefins and Alkynes by an
Initial Hydroboration

While olefins that can be activated by an initial proton
or hydride transfer step are readily hydrogenated by FLP
systems, aliphatic olefins cannot be reduced in such a way.
In the early 1960s, DeWitt, Ramp, and Trapasso utilized the
ability of simple dialkylboranes to hydroborate such simple
olefins to develop a catalytic procedure.’” At temperatures
of 235 °C and 172 bar H, pressure, aliphatic alkenes were
catalytically reduced to the corresponding alkanes. The hy-
drogenation of 1,2-di(1-naphthyl)ethane and pyrene cata-
lyzed by NaBH,/1, is also likely to include a hydroboration of
the organic substrate.®® The widely used Piers’ borane3?
[HB(C4F5),] is far more reactive in hydroboration reactions
compared to classic dialkylboranes and is commonly used
in the synthesis of novel FLP systems,'>4

Wang and co-workers used the reactivity of Piers’ bo-
rane for hydroborations and its strong electrophilicity for
the catalytic hydrogenation of unactivated olefins (Scheme
11).41 Using 20 mol% Piers’ borane at 140 °C under 6 bar of
hydrogen, a variety of terminal and internal alkenes were
hydrogenated. In contrast to classic FLP hydrogenation
methods that rely on hydride transfer, the initial activation
of the olefin proceeds via hydroboration. Under the reaction
conditions, the newly formed bis(perfluorophenyl)alkylbo-
rane 18 can split hydrogen by o-bond metathesis (TS-18)
regenerating the Piers’ borane and releasing the product.
The low-lying p-orbital of the electrophilic borane is crucial
for this transformation, as suggested by DFT computations.
When using the less electrophilic 9-BBN instead of Piers’
borane, no reaction was observed which supports this com-
putational finding.*' The experimental activation parame-
ters are in good agreement with the computations and sug-
gest a free activation energy of around 33 kcal mol-'. It is
noteworthy that the bond activation by the alkylborane 18
is reminiscent of an intramolecular frustrated Lewis pair,
where the carbon center reacts as the Lewis base. The weak
Lewis basicity of the carbon in the a-position to the boron
probably leads to the high activation barrier for this trans-
formation.

The metal-free semihydrogenation of alkynes to the
corresponding olefins is a synthetically attractive variant to
the Lindlar hydrogenation.#? First attempts to realize this
transformation were made by the Erker group in 2011,
when they hydrogenated ynones to the corresponding o, -
unsaturated ketones using FLP chemistry.* Their method
also relies on an initial hydride transfer step. Using a similar
approach to Wang and co-workers, the Du group realized
the semihydrogenation of alkynes using catalytic amounts
of Piers’ borane and (perfluorophenyl)ethylene 19 as a co-
catalyst (Scheme 12).** At 140 °C and under 50 bar of hy-
drogen they readily converted aromatic alkynes into the
corresponding alkenes with high Z selectivity and excellent
yields (Scheme 12). The Du group propose that favorable H-F

Special Topic

Hz
products
J. 0 C
Ph’ H Ph H Bu H
92% 99% 96%
H H H
)\I/ Bu l
Et Et
P TH q H
65% 94% 87%

Scheme 11 Hydrogenation of olefins catalyzed by Piers’ borane with
selected substrate scope. Reagents and conditions: HB(C4F ), (20 mol%),
140 °C, 6 bar H,, C;Dg; NMR yields are given.

interactions between the alkene and the substrate in the
transition state for the hydrogen activation promote this
transformation.® When using non-fluorinated styrene or
different olefins as additives, the conversion is not en-
hanced which supports this claim. A computational investi-
gation of this reaction shown that the transition state for
the o-bond metathesis of molecular hydrogen is lowered by
1.3 kcal mol' considering H-F interactions with (perfluo-
rophenyl)ethylene. Interestingly, the Z-selectivity was re-
versed by using prolonged reaction times to give E-alkenes
almost exclusively. Compared to the Piers’ borane catalyzed
hydrogenation of olefins, this alkyne hydrogenation re-
quires harsher reaction conditions. In the case of the alkyne
semihydrogenation, the carbon atom involved in the H,
splitting is sp? hybridized and back-donation of the m-elec-
trons to the empty p-orbital of the borane takes place.
Therefore, the borane becomes less electrophilic which
leads to a larger activation barrier for H, splitting. This
might also be the reason why additives are required in this
case.

A notable approach for the catalytic semihydrogenation
of internal alkynes is the work by Repo and co-workers,
who used their molecular tweezer-like FLP 20.'%4* Their
catalyst is capable of hydrogen activation at room tempera-
ture (Scheme 13, top). Upon standing at room temperature
under an argon atmosphere, the hydrogenated form 20-H
slowly loses hydrogen to regenerate the amino borane 20.
However, when heating the catalyst under hydrogen atmo-
sphere, a decomposition pathway is accessible where
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HB(CgFs)2 (10 mol%)
19 (20 mol%!)

H (50 bar) R'  R?
R—=—F Toluene, 140 °C =
HoH
FsCs
19
products
Ph Ph Ph, Bu 4-Tol, Bu
H  h H H H

96%, Z/E = 95:5 99%, ZE=97:3 86%, ZIE=92:8

Scheme 12 Semihydrogenation of internal alkynes catalyzed by Piers’
borane and selected scope. Note that the selectivity was reversed by
changing the reaction conditions to give E product only. NMR yields are
given.

protodeborylation of one of the pentafluorophenyl rings on
the borane of 20-H occurs and pentafluorobenzene is elim-
inated giving 21 (Scheme 13, bottom). This decomposition
product now resembles the reactivity of a trivalent borane
and is a potent hydroboration reagent.

Hg (2 bar) \

NWe;
@:l 2 rt,12h
C4Dg, Ar
B(CeFsl2 mb‘ days
20 —He

|
2GRy

borane reactivity

Scheme 13 Reversible hydrogen activation by an ansa-amino borane
to give a classic FLP species and the catalyst decomposition pathway
leading to an ansa-amino borane with activity that resembles borane
reactivity.

Using 20 as a pre-catalyst, Repo and co-workers were
able to hydrogenate a variety of internal alkynes and ob-
tained excellent conversions and mostly very good yields
(Scheme 14). One advantage is that this reaction® worked
under much milder conditions than the Piers’ borane cata-
lyzed semihydrogenation by the Du group.*® This makes the
reaction much more feasible in the lab. One disadvantage is
that the species 22-H (Scheme 14) can not only release the
product but can also eliminate the remaining pentafluoro-
phenyl on the boron center. This leads to deactivation of the
catalyst because it is no longer capable of hydrogen activa-
tion. In contrast to the Piers’ borane catalyzed semihydro-
genation of alkynes*® no isomerization to the E product was
observed and Z-alkenes were obtained exclusively. While
internal alkynes are hydrogenated efficiently by the two

described methods, the semihydrogenation of terminal
alkynes to the corresponding terminal olefin could not be
realized using these systems. In the case of the ansa-amino
borane, the reaction of 21 with one equivalent of terminal
alkyne leads solely to the C-H activation product 23
(Scheme 15) and hydroboration product 24 is not observed.

ne NMe;
l H R'——R?
H ‘?’
2 G
rofonative .
H gfrmma tion hydroboration
I

NG
hydrogen

R
H

=

22-H H

Hy
20 (5 mol%) | B
R R
Hz (2.2 bar)
R— & 2 ) ; (
CeDg, 80°C, 3 h W "

products

>:( E(>:<Et Ph>:<Et

H H H H H H
100% 100% 100% (80%)
TMSO,
Ph Ph Pr :‘g—(—
H H H H H H
50% 100% <20%

Scheme 14 Semihydrogenation of internal alkynes catalyzed by an
ansa-amino borane. Conversions are given for selected products, isolat-
ed yield in parenthesis.

NMe;
O

o GoFs C-H activation

Ni—n
H—=——2Bu C[G
CgDg, 1t 1h E_E—Bu
FsCi }
4
23

NMez
©:l H not observed
B Bu
1 /g(
24 GCgFs H

Scheme 15 Attempts for the hydroboration of terminal alkynes with
an ansa-amino borane; irreversible CH activation is observed.

In 2018, our group showed that upon mixing Piers’ bo-
rane with 6-tert-butyl-2-pyridin-2(1H)-one, a pyridone-
borane complex 26 forms that reversibly loses hydrogen at
room temperature (Scheme 16).#° Heating under passive
vacuum shifts the equilibrium towards the (pyridin-2-
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oxy)borane 25, while pressurizing the sample with 2 bar of
hydrogen leads to the clean formation of the pyridone-bo-
rane complex 26. This is in good agreement with the com-
putations that suggest a free activation energy barrier of
19.6 kcal mol~' at DLPNO-CCSD(T) level of theory. Addition-
ally, according to the computations, the reaction is almost
thermoneutral which matches the experimental observa-
tions. Note that upon hydrogen activation by 25, the C-0
bond shortens which indicates the formation of a double
bond during the H, activation process (Figure 1). Further-
more, the B-O bond elongates by almost 0.2 A indicating
the switch from a covalently bound oxypyridine to a dative-
ly bound pyridone ligand. This is analogous to the concept
of metal-ligand cooperation and was therefore named ho-
ron-ligand cooperation.***’ Computations of the nuclear
independent chemical shifts (NICS) suggest the loss of aro-
maticity in the pyridone ring upon hydrogen activation.

X Ha (2 bar) S
w CaDs, 1t | §

A B L ]
B - H X

FsCg™ ~CeFs : H’B\’CEFE

25 26 CgFs

Scheme 16 Reversible hydrogen activation by (6-tert-butylpyridin-2-
oxy)bis(perfluorophenyl)borane.

Ve.o= 1643 cm!

127 A
155A

9
4
Figure 1 Computed molecular structures of (6-tert-butylpyridin-2-oxy)-
bis(perfluorophenyl)borane (25) (left) and 6-tert-butylpyridin-2(1H)-one-
bis(perfluorophenyl)borane (26) (right); optimized at PBEQ/def2-TZVP
level.

Notably, the existence of a C=0 stretching vibration in
the IR spectrum of 26 strongly supports the change in the
bonding mode during hydrogen activation. We anticipated
that this change in the coordination mode from a covalently
bound substituent to a datively bound ligand enables the 6-
tert-butylpyridin-2(1H)-one-bis(perfluorophenyl)borane
(26) to dissociate into 6-tert-butylpyridin-2(1H)-one (27)
and Piers’ borane (Scheme 17). The release of free Piers’ bo-
rane could then facilitate hydroboration reactions. To prove
this concept, the dehydrogenated complex 25 was mixed
with styrene in deuterated toluene at room temperature
(Scheme 18).“® No reaction was observed as the NMR sig-
nals are indistinguishable from the independent species.
However, when the sample was pressurized with 2 bar of

Special Topic

hydrogen, the olefinic signals vanished and quantitative
conversion to the pyridone-borane complex 26 was ob-
served. This supports the hypothesis that the pyridone-
borane complex 26 can indeed dissociate into pyridin-
2(1H)-one 27 and the trivalent Piers borane which then hy-
droborates the styrene. Recoordination of the pyridin-
2(1H)-one 27 forms then the 6-tert-butylpyridin-2(1H)-
one-alkylbis(perfluorophenyl)borane complex 28.

= =
| . \
P> —_—
Bu N (? —Hp Bu r~‘1 o
U

B.
FsCs™ "CeFs

B,
Fs
25 2 M LG

|

= i
I b
Bu” N7 Yo + FsCd” CeFs

|
H
27 borane reactivity
Scheme 17 Hydrogen activation by (6-tert-butylpyridin-2-oxy)bis(per-
fluoraphenyl)borane (25) and dissociation of 6-tert-butylpyridin-2(1H)-
one-bis(perfluorophenyl)borane (26) into 6-tert-butylpyridin-2(1H)-
one (27) and free Piers’ borane.

= Ph ‘ =
| —/
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| toluene-da, .. H

o
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B
FGC;;/B“CEF,, quant. \ ‘CeFs
25 28 CeFs
H
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1
FeCer-p—1
Hy FsCe” 1!
Ph

via hydroboration

= = H
\ I N
B NS0 LI FsCs” ~CeFs

H B H
% HVCFs 27

B 5

Scheme 18 Hydroboration of styrene starting from (6-tert-butylpyri-
din-2-oxy)bis(perfluorophenyl)borane (25).

For a corresponding alkenylborane that results from
alkyne hydroboration by the Piers' borane, we anticipated
that a protodeborylation pathway might be accessible. We,
therefore, envisioned a catalytic cycle for the hydrogenation
of alkynes to their corresponding cis alkene (Scheme 19). In
the first step, 25 activates hydrogen to form the datively
bound pyridone-borane complex 26, which can now disso-
ciate to release free Piers’ borane. The alkyne then enters
the catalytic cycle and is readily hydroborated by the
borane. The formed alkenylborane 29 can coordinate back
to the free pyridin-2(1H)-one 27 to form the complex 30.
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This complex can then undergo a protodeborylation to re-
lease the cis-alkene and regenerate the (pyridin-2-oxy)bo-
rane catalyst 25. Indeed, we were able to hydrogenate a va-
riety of aliphatic and aromatic alkynes in good to excellent
yields. Furthermore, the selectivity towards the E- or Z-iso-
mer could be controlled by changing the reaction time. The
proof of this concept also led to the development of differ-
ently substituted pyridin-2(1H)-one derivatives that react
in a similar fashion.*®

H H Bu N

[¢]
L
/ 2 Ecy” \CeFa\&‘
= hy
ydrogen
m protodeborylation o ivetion /”\/j\

Bu N0
A/ i Bu” NT0
™ B N
a0 R  CsFs _B.
| CeFs 26 H™ \'CeFs
CeFs
RZ" ™H
coordination dissociation
27 27
1 2
R _ R H
= 8
H 20 B(CsFs)2 hydroboration FsCs~  CeFs
R—=—F*
27 (5 mol%)
HB(CgFs)2 (6.5 mol%) R R2
H, (5 bar)
R-=—p — 20 =
n-hexane, 80 °C, 20 h
H H
—— products
\ Pr Et Et
H H H H =
H H
87% 96%2 93%
OMe
\ Pr \ Pent
H H H H
H H
68% 83%" 83%

Scheme 19 Catalytic cycle and products of the pyridone-borane cata-
lyzed semihydrogenation of alkynes. * Reaction time 16 h. ® Reaction
time 8 h. Yields were determined by quantitative NMR using trimeth-
oxybenzene as internal standard.

One drawback of this reaction is the functional group
tolerance. While ethers and aryl substituents are tolerated,
alcohols and amines led to a mixture of decomposition
products. We anticipated that for terminal alkynes irreversible
Csp-H cleavage occurs as observed for Repo’s ansa-amino

Special Topic

borane catalyst. However, in the case of (pyridin-2-oxy)-
borane catalyst 25 the Csp-H activation of terminal alkynes
is reversible, as shown by exchange experiments with dif-
ferent terminal alkynes. Therefore, we were able to devise a
protocol for the hydrogenation of terminal alkynes (Scheme
20). This is to the best of our knowledge the first protocol
for the metal-free hydrogenation of terminal alkynes.

27 (10 mol%)
H(BCgFs)z (13 mol%) a "
Hz (5 bar)
A= '~
n-hexane, 80 °C, 20 h
H H
Hex, H Cy, H Ph H
H H H H H H
75% 71% 61%
FaC,
MeO H
H H —
= H H
H H H
a7% 76% 58%

Scheme 20 Protocol for the pyridone-borane catalyzed hydrogena-
tion of terminal alkynes.

Another application of 25 is the generation of a nucleo-
philic allylborane from dihydrogen and an allene (Scheme
21).% After hydrogen activation by 25 and dissociation of
the pyridone-borane complex 26, the allene is hydroborat-
ed by Piers’ borane which leads to the pyridone-allylborane
complex 31. Complex 31 can then allylate acetonitrile. In
the presence of B(CsFs); the reaction could be conducted
catalytically leading to allyl imine-borane complex 32 as a
product and the first catalytic allylboration reaction. The
introduction of boron-ligand cooperation to the concept of
frustrated Lewis pair chemistry enabled us to use dihydro-
gen in a synthetically new way.

B 5.
FsCs” “CeFs L CoFs
31 CsFs
H™ ™
® €]
H.@_B(CsF

f e BOFs e

/Kl/lk B(CeFs)s

32 Ph
catalytic allylboration

Scheme 21 In situ formation of a nucleophilic allylborane from H; and
anallene.
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4 Summary and Outlook

The pool of FLP-catalyzed hydrogenations has been
growing since the first works by Stephan.'® Since hydroge-
nations catalyzed by classic FLPs consist of an initial hy-
dride transfer or protonation step, the scope of such reac-
tions is limited. Substrates that act as hydride acceptors,
such as imines,'® are easily reduced, as well as Michael ac-
ceptors such as a,p-unsaturated carbonyl compounds?*?* or
nitro olefins.26 Olefins that are easily protonated by stron-
ger Brensted acids are also suitable substrates for classic
FLP-catalyzed hydrogenations. In such cases, the emerging
positive charge is stabilized by allylic or benzylic resonance
as shown in the work by the Paradies group.® A major ad-
vance was made more recently by Wang and co-workers
who used solely Piers' borane for the hydrogenation of un-
functionalized olefins.*' In this case, the activation of the
substrate is not achieved by an initial hydride or proton
transfer, but rather through hydroboration of the double
bond. The hydrogen activation does not take place in a clas-
sic FLP-like manner where an ion pair or a zwitterion is
generated. However, it can be argued that the hydrogen ac-
tivation proceeds in a way in which the g¢-carbon atom to
the boron reacts as a Lewis base. This new concept of sub-
strate activation through hydroboration then led to the de-
velopment of methods for the semihydrogenation of
alkynes, such as the seminal work by Repo and co-work-
ers,** as well as the work by the Du group.** The alkeny! bo-
rane requires harsh reaction conditions to split molecular
hydrogen by itself, as shown by the Du group. We could
show that the introduction of pyridin-2(1H)-one facilitates
the protodeborylation and aids the Piers’ borane to activate
hydrogen in the manner of an intramolecular FLP. The com-
bination of this aspect of frustrated Lewis pair chemistry
with the concept of boron-ligand cooperation then allowed
us to use a pyridone-Piers’ borane complex for the hydro-
genation of internal and terminal alkynes,* but also for the
unprecedented generation of allylboranes from molecular
hydrogen and allenes.* Since FLP-catalyzed hydrogenations
are primarily based on electrophilic boranes that require
multistep syntheses and are moisture sensitive®' there is a
great interest in using simpler boranes for catalysis. Fur-
thermore, these highly reactive boranes are prone to side
reactions and have mostly poor thermal stability which
leaves room for future developments.
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5.4 Synthesis of 6-Adamantyl-2-pyridone and Reversible Hydrogen Activation by

the Corresponding Bis(perfluorophenyl)borane Complex
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A new 6-adamantyl substituted pyridone was synthesized. Its bis(pentafluorphenyl)borane

complex was studied which is capable of reversible hydrogen activation. This complex was then

used as a catalyst in the catalytic hydrogenation of alkynes, as well as in the dimerization of

terminal alkynes.
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Abstract We herein describe the two-step synthesis of 6-adamantyl-
2-pyridone from 1-acetyladamantane. The borane complex derived
from 6-adamantyl-2-pyridone and the Piers borane liberates dihydro-
gen at 60 °C. The reverse reaction, hydrogen activation by the formed
pyridonate borane is accomplished under mild conditions. The mecha-
nism of the hydrogen activation is studied by DFT computations.

Key words frustrated Lewis Pair, hydrogen activation, pyridones,
boron-ligand cooperation, DFT

In 2006, Stephan and co-workers reported the seminal
finding that specific combinations of sterically encumbered
Lewis bases and highly Lewis acidic boranes are able to ac-
tivate dihydrogen.! The unique reactivity of these Lewis
pairs was attributed to the fact that they do not form classic
Lewis adducts. Therefore, the term frustrated Lewis pairs
(FLP) was coined to describe these reactive Lewis pairs.? Re-
cently, we reported the reversible activation of dihydrogen
by the pyridonate borane 1a, that can be described as an in-
tramolecular FLP (Scheme 1).2 A characteristic aspect of hy-
drogen activation by 1a is that the covalently bound pyrido-
nate substituent becomes a datively bound pyridone ligand
upon bond activation. This change in the coordination
sphere of the borane is reminiscent of metal-ligand cooper-
ation and was therefore referred to as boron-ligand cooper-
ation. This mode of action allows 2a to dissociate into 6-
tert-butyl-2-pyridone and HB(CgF;), (Piers’ borane). This
dissociation enables the hydroboration of an alkyne. A sub-
sequent protodeborylation yields the corresponding cis
alkene and regenerates the pyridonate borane 1a. In this
way, the catalytic semi-hydrogenation of alkynes was real-
ized (Scheme 2).4 Classic FLPs undergo irreversible Cy,-H

o] =
2 steps |
Mt il N0
H
44% yield
reversible hydrogen

activation

=
> catalytic alkyne
hydrogenation

—» gem dimerization of
terminal alkynes

activations with terminal alkynes.®> Likewise, pyridonate
borane 1a reacts with terminal alkynes to give a pyridone
alkynyl borane complex 5.

ﬁ
Ho2bar), rt.  @u” °N
—_— |

(A) previous work
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Scheme 1 (A) Reversible hydrogen activation by a 6-tert-butyl-2-pyr-
idonate borane 1a described previously. (B) Aworking hypothesis of the
research project described herein: Synthesis of 6-adamantyl-2-pyridone
borane complex and reversible hydrogen activation by a corresponding
pyridonate borane (Ad = adamantyl).

However, we were able to show that C;;—H activation of
terminal alkynes by 1a is reversible and thus competes with
dihydrogen activation. Therefore, we were able to realize
the first metal-free semi-hydrogenation of terminal alkynes
(Scheme 2, bottom).® In the absence of H,, the alkynyl bo-
rane complex formed upon C,-H activation reacts at ele-
vated temperatures with a second equivalent of the alkyne
to yield the gem-dimerization product of the terminal
alkyne (Scheme 2, top). This reaction regenerates 1a
(Scheme 2).” Thus, we were able to devise a protocol for the
metal-free dimerization of terminal alkynes catalyzed by
1a. The tert-butyl group at the 6-position of the pyridine
ring is required to suppress the dimerization of 1a. Thus we
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became interested in how the replacement of this tert-butyl
group by a sterically more demanding and electron-rich
adamantyl group would affect the properties of the pyrido-
nate borane {Scheme 1).

To synthesize the required 6-adamantyl-2-pyridone 3b,
we followed a procedure of Hintermann and co-workers
that we had successfully applied for the synthesis of 1a.®
We first prepared the sodium enolate 6 from commercially
available 1-acetyladamantane (4) (Scheme 3). Next, the
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Scheme 3 Synthesis of 6-adamantyl-2-pyridone 3b from 1-acetyl-
adamantane (4)
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Figure 1 Molecular structure of 3b (CCDC 2024101) derived from
SCXRD (50% probability ellipsoids, all hydrogens attached to carbons
are omitted).” Selected bond lengths and angles: N-C2: 1.3788(10) A,
€2-0:1.2509(10) A, N-0: 2.8021(10) A, N-H-0: 175.7(12)°, N-C2-
0:119.91(7)".

The N-O distance is 2.8021(10) A and thus elongated
compared to that in a non-substituted 2-pyridone (2.76
A).10 At the next stage, we added 3b to a solution of Piers’
borane in benzene-dg (Scheme 4). As expected, the imme-
diate formation of the pyridone borane complex 2b was ob-
served (Figure 2). The 'H NMR spectrum shows that hydro-
gen loss already occurs at room temperature (Figure 2, bot-
tom). When heating the sample at 60 °C for 20 hours, full
conversion of 2b into the pyridonate borane 1b was ob-
served (Figure 2, middle). When pressurizing the reaction
mixture with 2 bar of hydrogen, re-formation of 2b was ob-
served at r.t. within 24 hours (Figure 2, top). Thus, we

demonstrated that the pyridonate borane 1b is indeed ca-
pable of H, activation. Although 2b is formed as the major
product upon mixing of 3b and Piers’ borane, a minor im-
purity was observed by NMR analysis (Figure 2, signals
marked with asterisks). It is known that upon formation of
pyridonate borane 1a in the presence of free 6-tert-butyl-2-
pyridone (3a) a bispyridone complex is formed that con-
tains a second equivalent of the pyridone 3a.? As described
for the tert-butyl analogue, the adamantyl-derived bispyri-
done complex 8b was prepared from addition of two equiv-
alents of 3b to the Piers’ borane at r.t. (Scheme 5).'" After
crystallization from n-hexane and DCM, 8b was isolated as
colorless crystals in 84% yield. As expected, the NMR signals
of 8b matched the signals of the impurity that had been ob-
served during the hydrogen activation experiments. Crys-
tallization of 8b enabled us to further investigate its molec-
ular structure by SCXRD (Figure 3). Compound 8b crystal-
lizes in the space group P2,/c. The molecular structure of 8b
was then compared with the structure of the 6-tert-butyl-
2-pyridone-derived bispyridone complex 8a that was de-
scribed previously."

L
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Scheme 4 Synthesis of 2b and reversible hydrogen activation by 2b
(Ad = adamantyl)

Compound 8a crystallized in the space group Cc and
contains two independent molecules in the unit cell. There-
fore, the averaged structural parameters of 8a are displayed
(Table 1). The bispyridone complexes 8a and 8b show relat-
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Figure 2 'H NMR spectrum obtained after mixing Piers’ borane with
3b at r.t. Traces of 1b are already observable (bottom). "H NMR spec-
trum after heating at 60 °C under a passive vacuum for 20 hours (mid-
dle). "H NMR spectrum after pressurizing the NMR tube with 2 bar of
hydrogen and keeping the mixture at r.t. overnight (400 MHz, benzene-
dg, top).
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Scheme 5 Synthesis of bispyridone complex 8b derived from 6-ad-
mantyl-2-pyridone 3b and Piers’ borane. The 6-tert-butyl-2-pyridone-
derived bispyridone complex 8a was characterized in previous work (Ad
= adamantyl). * From reference 3.

Figure 3 Molecular structure of bispyridone complex 8b (CCDC
2024102) derived from SCXRD (50% probability ellipsoids, all hydro-
gens attached to carbons are omitted)®

669

ed structural features. The bond lengths associated with the
pyridone that serves as a hydrogen bond donor show little
difference when comparing both structures. Interestingly,
the N-O distance associated with the hydrogen bond is
slightly contracted for the adamantyl derivative 8b com-
pared to the tert-butyl derivative 8a. Furthermore, the 0-B-0
bond angle for the tert-butyl system is widened.

Table 1 Selected Bond Lengths and Angles of 8a and 8b Derived from
SCXRD

tert-Butyl bispyridone 8a® Adamantyl bispyridone 8b

N1-021 2.718A 2.697(2) A
B1-021 1.471A 1.475(2) A
B1-01 1.522A 1.524(2) A
C1-01 1.292A 1.292(2) A
21-021 1.362A 1.366(2) A
01-81-021 113.5° 112.8(1)°
021-H1-N1 137° 136(1)°
B1-01-C1-N1 33 0.4(2)°

Values are the average of the two independent molecules in the unit cell.

Hydrogen activation by 1b was further investigated
computationally at the rev-DSD-PBEP86-D4/def2-QZ-
VPP//PBEh-3c level (Figure 4).'>'* The SMD model for ben-
zene was used to implicitly account for solvent effects (Fig-
ure 4).'" The activation barrier for hydrogen activation is
19.3 kcal mol™! for the adamantyl derivative and thus 0.5
kcal mol-! lower in Gibbs free energy compared to the 6-
tert-butyl pyridonate borane system. This is expected be-
cause of the more electron-rich pyridine ring of the ada-
mantyl derivative that leads to a higher Lewis basicity. The
hydrogen activation is exergonic for both derivatives by 1.4
and 1.5 kcal mol-', respectively. The dissociation of the pyr-
idone borane complexes into pyridone and Piers’ borane is
endergonic by 18.0 kcal mol~' for the adamantyl-substitut-
ed system and 18.1 kcal mol' for the tert-butyl-substituted
system, respectively. The formation of the bispyridone com-
plex is exergonic for both systems. For the adamantyl-
substituted system the gain in Gibbs free energy is almost 1
kcal mol-! higher compared to the tert-butyl pyridone sys-
tem. This might be due to the shorter and thus stronger hy-
drogen bond.

To gain first insights regarding the catalytic activity of
2b, we tested it as a catalyst for the gem-selective dimeriza-
tion of terminal alkynes and the hydrogenation of internal
and terminal alkynes (see Scheme 2). The results for a pro-
totypical substrate are compared to those obtained with 2a
as the catalyst.>’ The adamantyl pyridone borane complex
2b indeed catalyzed the gem dimerization of phenylacety-
lene. However, the activity of 2b was inferior compared to
that of 2a (Scheme 6). The pyridone borane system 2a was
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Figure 4 Gibbs free energy profile for the hydrogen activation by tert-butyl- and adamantyl-substituted pyridonate borane complexes 1a and 1b and
formation of bispyridone complexes 7a and 7b computed at the revDSD-PBEP86/def2-QZVPP//PBEh-3c level of theory. Bulk solvation was considered
implicitly using the SMD model for benzene.

able to hydrogenate terminal alkynes in the presence of hy- cat (tomoie)
drogen due to reversible Cy,-H activation which competes Ph———H Ha (5 bar) Y= catzmeiw
with hydrogen activation.” Therefore, we attempted the hy- oty PHH catamsen

drogenation of phenylacetylene using 2b as the catalyst,

which gave styrene as the product in a slightly lower yield §

than that reported when using 2a (Scheme 7, top). In addi- o Ca;’g‘é:;Lf ! cat. 2a: 83%¢
tion, we used 2b as the catalyst for the hydrogenation of 2- > - r-hexane ﬁ cat. 2b: B8%
methyl-3-pentyne (Scheme 7, bottom). The reaction gave goc.1eh
the corresponding cis alkene exclusively after a reaction Scheme 7 Hydrogenation of phenylacetylene and 2-methyl-3-pentyne

time of 16 hours in a slightly higher yield compared to that using the pyridone bor»arle complexes 2a and 2b undgr previously re-
obtained with 2a ported optimized conditions.> Note that for the formation of the respec-
g tive pyridone borane complex, a slight excess of Piers’ borane was used

oh (1.3 equiv). The reported yields are the average of two runs. ? From ref-

\ oar 5457 erence 5.
1o, a: 54%F
2 Ph—=—H cat. (20 mol%) \ H
toluene — 2b: 33%
100°C, 6h PH

Scheme 6 Dimerization of phenylacetylene using the pyridone borane at room temperature under 2 bar of hydrogen. We were also

complexes 2a and 2b as catalysts under previously reported optimized able to synthesize a bispyridone complex 8b that is an ad-
conditions.” The reported yields are the average of two runs. ? From ref- duct of pyridonate borane complex 1b with another equiva-
erence 7. lent of pyridone. The molecular structure of 8b, derived
from SCXRD, revealed a shortened hydrogen bond com-

In summary, we have synthesized the novel 6-adaman- pared to the tert-butyl-derived bispyridone complex that

tyl-2-pyridone 3b from commercially available 1-acetyl-  was described previously.'" Additionally, we have shown
adamantane in 44% yield over two steps. This pyridone deriv- that 3b in conjunction with Piers’ borane is a suitable cata-
ative can form pyridonate borane complex 1b on loss of hy- lyst for the gem dimerization of terminal alkynes and the
drogen. The pyridonate borane 1b can reactivate hydrogen  hydrogenation of terminal and internal alkynes.
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All manipulations involving air- or moisture-sensitive compounds
were performed using standard Schlenk or glovebox techniques. All
dry, non-deuterated solvents were, if commercially available, pur-
chased from Acros Organics or Sigma-Aldrich in sealed bottles with a
septum. Deuterated solvents were distilled under inert conditions
and kept in a glovebox over 4 A molecular sieves or were degassed us-
ing the freeze/pump/thaw method and stored over 4 A molecular
sieves for at least one day prior to use. B(C¢F;); was synthesized from
boron trifluoride-diethyl etherate according to a literature proce-
dure.!® Piers' borane was synthesized from B(CgFs); according to a
modified literature procedure: ' B(CgF;); (2.0 g, 3.9 mmol) and Et,SiH
(623 pL, 3.9 mmol) were dissolved in benzene (20 mL) in a pressure
tube and stirred for 4-5 d at 60 °C. The reaction mixture was cooled
to r.t., causing precipitation of the product. The supernatant was re-
moved, and the residue was washed with benzene (3 x 3 mL) and n-
pentane (2 x 2-3 mL). 2-Triphenylphosphonium-acetamide chloride
was synthesized according to a literature procedure.® Flash column
chromatography was performed using Macherey-Nagel silica gel
(0.04-0.063 mm). TLC analyses were performed using standard silica
TLC plates purchased from Macherey-Nagel. Melting points were
measured on an A. Kriiss Optotronics melting point meter. IR spectra
were recorded on a Bruker Optics VERTEX70 Platinum ATR spectrom-
eter. NMR spectra were recorded on Bruker Avance Il 200 MHz,
Bruker Avance Il HD 400 MHz, Bruker Avance Il 400 MHz or Bruker
Avance 11 HD 600 MHz spectrometers. 'H and '*C NMR chemical
shifts are referenced to residual solvent resonance signals. Mass spec-
tra were recorded on an ESI-MS Bruker Micro-TOF mass spectrome-
ter. Samples were dissolved in methanol. In positive ion detection
mode the capillary current was set to 4500 V with an end plate offset
of =500V, and in negative mode the capillary current was set to 3000
V with an end plate offset of 500 V. Elemental analysis was performed
with a Thermo FlashEA 1112 instrument.

Sodium Enolate 6

Sodium hydride (60% dispersion, 0.84 g, 21 mmol) was suspended in
MTBE (15 mL). EtOH (0.1 mL) was added slowly with gas evolution at
r.t. Next, a solution of ethyl formate (1.37 g, 18.5 mmol) and 1-acetyl-
adamantane (4) (2.99 g, 16.8 mmol) in MTBE (5.0 mL) was added
dropwise aver 2 h. The resulting yellow slurry was diluted with MTBE
(5 mL) and the suspension was stirred overnight at r.t. The mixture
was filtered, and the yellow residue was washed multiple times with
n-pentane. After drying in vacuo, the product was obtained as a pale
yellow solid (3.2 g, 83%). No NMR data were obtained because of the
insolubility of the product. The product was used without further pu-
rification.

IR (ATR): 2892, 2850, 1698, 1586, 1446, 1360, 1224, 774 cm™L.

HRMS (ESI): m/z [M - Na| caled for Cy3H;705: 205.1234; found:
205.1233.

6-Adamantyl-2-pyridone (3b)

Sodium enolate 6 (1.07 g, 5.00 mmol) was suspended in EtOH (25
mL). 2-Triphenylphosphonium-acetamide chloride (7) (1.78 g, 5.00
mmol) was added and the mixture was heated at 80 °C for 3 h. Acetic
acid (10 mL) was then added and the mixture was refluxed at 110 °C
for 18 h. The solvent was then removed and the residual acetic acid
was co-evaporated with toluene. The product was purified by column
chromatography on silica gel using n-hexane/EtOAc/AcOH (3:1:0.01).
The product was isolated as a white crystalline solid (600 mg, 52%).

671

R;=0.24; mp 219.5 °C

"H NMR (400 MHz, CDCl;): 8 = 11.1 (s, 1 H, NH), 7.36 (dd, ] = 9.1 Hz,
7.1 Hz 1 H, PyrH), 6.38 (dd, ] = 9.1 Hz, 0.8 Hz, 1 H, PyrH), 6.03 (dd, J =
7.0 Hz, 0.7 Hz, 1 H, PyrH), 2.13-2.08 (m, 3 H), 1.96-1.88 (m, 6 H),
1.79-1.71 (m, 6 H),

15C NMR (100 MHz, CDCly): 8 = 164.9 (Cy), 157.1 (Cy), 141.6 (Pyr-CH),
117.6 (Pyr-CH), 101.6 (Pyr-CH), 40.6 (3 CH,), 36.6 (C,). 36.4 (3 CH,).
28.2 (3 CH).

HRMS (ESI): mfz [M + NaJ" calcd for C;sH;qNONa: 252.1358; found:
252.1360.

Anal. Calcd for C;5HgNO: C, 78.56; H, 8.35; N, 6.11. Found: C, 78.18;
H,8.08;N6.11.

6-Adamantyl-2-pyridone Borane Complex 2b

In a nitrogen-filled glovebox, G-adamantyl-2-pyridone (3b) (6.8 mg,
0.03 mmol) and Piers’ borane (10.6 mg, 0.031 mmol) were dissolved
in benzene-dg (0.3 mL) in a vial. The solution was transferred to an
NMR tube via a ]. Young valve and the vial was washed with benzene-
dg (0.1 mL). NMR spectra were recorded immediately, showing the
formation of pyridone borane complex 2b and bispyridone complex
8h.

'H NMR (400 MHz, benzene-d,): 8 = 10.33 (s, 1 H, NH), 6.69 (dd, J =
8.9 Hz, 7.5 Hz, 1 H, Pyr-H), 6.53 (ddd, J = 8.9 Hz, 2.2 Hz, 0.9 Hz, 1 H,
Pyr-H), 5.70 (ddd, ] = 7.5Hz, 1.9 Hz, 1.0 Hz, 1 H, Pyr-H), 5.01 (br s, 1 H,
BH), 1.66-1.59 (m, 3 H, CH), 1.43-1.35 (m, 3 H, CH,), 1.30-1.21 (m, 3
H, CH,), 1.15-1.09 (m, 6 H, CH,).

3C NMR (100 MHz, benzene-dg): 8 = 161.9(C,), 156.9 (C,), 145.8 (Pyr-
CH), 114.3 (Pyr-CH), 109.4 (Pyr-CH), 40.1 (CH,), 36.7 (C,), 35.7 (CH,),
28.0 (CH).

1'B NMR (128 MHz, benzene-dg): & = -7.1,

9F NMR (377 MHz, benzene-d;): 8 = -134.4 (dd, J = 22.1 Hz, 7.7 Hz),
-158.6 (t, J = 20.5 Hz), -164.3 (ddd, J = 24.3 Hz, 19.8 Hz, 9.4 Hz)
(F integration 2:1:2).
6-Ad tyl-2-pyri te Borane Complex 1b

In a nitrogen-filled glovebox, 6-adamantyl-2-pyridone (3b) (6.8 mg,
0.03 mmol) and Piers’ borane (10.8 mg, 0.031 mmol) were dissolved
in benzene-d; (0.4 mL) in a vial. The solution was transferred to an
NMR tube via a ]. Young valve and the vial was washed with benzene-
dg (0.1 mL). The NMR tube was degassed three times using the
freeze/pump/thaw technique and placed in a 60 °C oil bath for 20 h.
Afterwards, it was again degassed via freeze/pump/thaw and NMR
spectra were recorded. The formation of pyridonate borane 1b and
bispyridone complex 8b were observed.

'H NMR (400 MHz, benzene-d;): & = 7.01 (t, ] = 8.0 Hz, 1 H, Pyr-H),
6.43 (dd, J=7.7 Hz, 0.4 Hz, 1 H, Pyr-H), 6.40 (dd, J= 8.2 Hz,0.6 Hz, 1 H,
Pyr-H) 1.85-1.78 (m, 3 H, CH), 1.60-1.44 (m, 12 H, CH,).

13C NMR (100 MHz, benzene-dg): 8 = 166,6 (C,), 163.4 (Cy), 1424 (Pyr-
C), 114.5 (Pyr-C), 108.2 (Pyr-C), 41.2 (CH,), 38.7 (C,), 36.6 (CH,), 28.7
(CH).

1B NMR (128 MHz, benzene-d;): & = 29.7.

19F NMR (377 MHz, benzene-d;): § = -132.3 (dd, J = 24.0, 9.2 Hz),
-150.8 (s), -162.0 to -162.1 {m) (F integration 2:1:2).

© 2020. Thieme. All rights reserved. Synthesis 2021, 53, 666-672
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Adamantyl Bispyridone Complex 8b

In a nitrogen-filled glovebox, 6-adamantyl-2-pyridone (3b) (22.9 mg,
0.1 mmol) and Piers’ borane (17.3 mg, 0.05 mol) were suspended in
DCM (0.7 mL). The solution was stirred for 2 h at r.t. and then n-hex-
ane (5 mL) was added. Upon evaporation of the DCM, the product
crystallized as colorless crystals (33.7 mg, 84%).

'H NMR (400 MHz, benzene-d;): & = 12.8 (s, 1 H, NH), 6.93 (dd, j = 8.4
Hz, 7.6 Hz, 2 H, PyrH), 6.65 (d, = 8.4 Hz, 2 H, PyrH), 6.14 (d, /= 7.5 Hz,
2 H, PyrH), 1.83 (s, 6 H, 6 CH), 1.58-1.49 (m, 24 H, 12 CH,).

13C NMR (100 MHz, benzene-ds): 8 = 162.6 (Cy), 162.5(C,), 142.2 (Pyr-
CH), 113.6 (Pyr-CH), 110.9 (Pyr-CH), 40.9 (CH), 37.9 (C,), 36.5 (CH,)
28.6 (CH).

1B NMR (128 MHz, benzene-d;): & = 4.93.

19F NMR (377 MHz, benzene-d;): 8 = -137.1 (dd, J = 24.4, 9.3 Hz),
-158.1 (t,J = 20.6 Hz), -164.5 to -164.7 (m) (F integration 2:1:2).

Catalytic Experiments

Dimerization of Phenylacetylene

The gem dimerization was performed according to a previously re-
ported procedure.” Under a nitrogen atmosphere, 6-adamantyl-2-
pyridone (3b) (7.0 mg, 0.03 mmol) and Piers’ borane (11.5 mg, 0.033
mmol) were dissolved in toluene (1 mL). The solution was transferred
to a Schlenk tube and phenylacetylene (16.5 plL, 0.15 mmol) was add-
ed. The tube was placed in a pre-heated oil bath at 100 °C and the
contents stirred for 6 h. The solvent was removed in vacuo and tri-
methoxybenzene (8.4 mg, 0.05 mmol) was added. The residue was
dissolved in chloroform-d and NMR spectra were recorded (see Fig-
ures SI 29 and SI 30 in the Supporting Information).

Hydrogenation of Alkynes

The hydrogenations were performed according to a previously re-
ported procedure’ Under a nitrogen atmosphere, 6-adamantyl-2-
pyridone (3b) (6.9 mg, 0.03 mmol) and Piers’ borane (13.5 mg, 0.039
mmol) were dissolved in n-hexane (5 mL) in a Fisher-Porter type re-
actor bomb. The respective alkyne [phenylacetylene (0.3 mmol) or 2-
methyl-3-pentyne (0.6 mmol] was added and the vessel sealed. It was
then connected to a H; bomb cylinder with a gas hose that had been
rinsed several times with hydrogen. The vessel was pressurized with
5 bar hydrogen and placed in an 80 °C pre-heated oil bath for 20 h or
16 h, Finally, trimethoxybenzene (8.4 mg, 0.05 mmol) was added and
NMR spectra were recorded (see Figures SI 25-28 in the Supporting
Information).
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5.5 Indene formation upon borane-induced cyclization of arylallenes, 1,1-

carboboration, and retro hydroboration
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Ar = PN

—» Synthetic Study
=>» Hammett Plot Analysis
— DFT Investigation

The reaction of tris(pentafluorophenyl)borane (B(CeFs)s) with aryl allenes was investigated.
Mechanistic studies showed that coordination of B(CsFs)s to the allene facilitates a Friedel-Crafts-
like cyclization to the indene. Subsequent 1,1-carboboration and retro-hydroboration yields the

CeFs-substituted indenes.
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We herein report the reaction of arylallenes with tris(pentafluo-
rophenyl)borane 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 11-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(CgF;)3)
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(C4F;); 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(CeFs); in dichloromethane-
d, (DCM-d,) leads to the formation of indene 2 in 48%
NMR-yield within 45 minutes (Scheme 2).

Hence, the B(C.F;); 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 fir Organische Chemie, justus-Liebig-Universitit Giefsen,
Heinrich-Buff-Ring 17, 35392 Giefien, Germany.
E-mail: urs.gelirich@org.chemie.uni-giessen.de
? Institut fiir Analytische und Anorganische Chemie, Justus-Liebig-Universitit
Gieflen, Heinrich-Buff-Ring 17, Giefen 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 DOI: 10.1039/d1ce017 50k

5518 | Chem. Commun., 2021, 57, 5518-5521

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(CgF5), in the
course of the reaction.” Accordingly, the reaction constitutes a
formal exchange of a pentafluorophenyl group of the B(C4F;);
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(CgFs)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(CgFs)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(CeFs);. 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"
R—= R —RB(CeFs5)2 —
R = Cofs M
RI=Cfs Mol K icoFa
R = alkyl, aryl
R'=H, Ph
This work
A
J— B(CeFs)z mc F.
Arﬁ — B, ‘/ P 6Fs
R

Scheme 1 The context of this work: the 1.1-carboboration of alkynes
described by Erker and the borane-induced ring closure with concomitant
aryl group transfer described herein.

This journal is © The Royal Society of Chemistry 2021
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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)

S,
(S s B m—CBFS
N DCM, r.t., 45 min I
R R
2 equiv.
CoF: cer

2, 68% (58%)°

iPr iPr

5, 46% (53%)° (2:1)

Mo (e ST Lo

7, 37% (45%)° (4:1)

4, 65% (2:1)

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-(chloro)pheny-
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-(isoprapyl)phenylallene with MeB(C4F5), leads to cyclization
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(CgFs)s- mediated formation of
indenes from aryl allenes. Note that only the major isomer is shown in
the scheme.

e “—O Me O’ Me
/Ej\\ + MeBCaF: M Pr =
Pr .

2 equiv. 9
30% (8 1)

Scheme 4 Formation of the methyl indene 9 upon reaction of p-(iso-
propyl)phenylallene with MeB(CgFs).

The mechanism of the B(CyF;);-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(CgFs); 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 z-position to the B(C¢F5);
moiety, the pentafluorophenyl transfer is barrierless.

A retro-hydroboration, Z.e. the liberation of HB(C¢Fs), 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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addition of the phenyl allene to B(C.Fs);, 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(C4F;); leads to pentafluorophenyl substi-
tuted indenes. A plausible mechanistic scenario consists of a
B(CsF;);-induced cyclization, a pentafluorophenyl transfer, and
a retro-hydroboration. This reaction is a rare example of a
metal-free Cype—Cype bond formation.'® The results reported
herein might inspire the development of synthetic methods
that rely on 1,1carboboration and retro-hydroboration
reactions.
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5.6  Semihydrogenation of Alkynes Catalyzed by a Pyridone Borane Complex:

Frustrated Lewis Pair Reactivity and Boron-Ligand Cooperation in Concert
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A pyridonate-borane complex, which can reversibly activate hydrogen, was used as a catalyst for
the (2)-selective semihydrogenation of alkynes. We found that this pyridonate-borane complex
acts as anintramolecular frustrated Lewis-pair (FLP) but can dissociate after hydrogen activation.
This releases a free, trivalent borane, which exhibits hydroboration reactivity. After hydroboration
of the alkyne, the pyridone can recoordinate, and after proton transfer the product is obtained.
As the first example for a metal-free system, this system is capable to hydrogenate not only
internal, but also terminal alkynes. This is possible, because the Cs,-H activation of the alkyne by
the FLP is reversible and thus in the presence of hydrogen, the hydrogenation pathway is

kinetically accessible.

Max Hasenbeck, Felix Wech, Urs Gellrich

Chem. Eur. J. 2020, 26, 13445-13450.

© 2020 The Authors. Published by Wiley-VCH GmbH.

DOI: 10.1002/chem.202001276

Final veroffentlichte Version online: 03. April 2020



Veroffentlichte Projekte

83

'l) Check for updates

Full Paper
Chemistry—A European Journal

doi.org/10.1002/chem.202001276

Chemistry
Europe

European Chemical
Societies Publishing

l Homogeneous Catalysis

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 activaticn is described by the term
boron-ligand cocperation.

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 {d)imines, 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 etal!! 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 31! A distinguishing
feature of this system is that the H, activation is associated

lal £ Wech, M. Hasenbeck, Dr. U. Gelfrich
Institut far Organische Chemie
Justus-Liebig-Universitdit Giefien
Heinrich-Buff-Ring 17, 35392 Giefien (Germany)
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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, Hp :
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1 2
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borane reactivity?
Scheme 1. A classic intramolecular FLP that displays borohydride reactivity

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

© 2020 The Authors. Published by Wiley-VCH GmbH
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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 Bu” "N TO Bu” "NTO

. . H H H
with one equivalent of styrene under moderate Hy-pressure at BeicFs W CaFs
RT, the formation of the alkyl borane 7 was observed ‘HCst s CeFs

(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% vyield in the presence of catalytic amounts of 4

Scheme 3. Envisioned mechanism of the hydrogenation of alkynes catalyzed
by 3: H, activation yields the pyridone borane complex 4 that undergoes a
dissociation. Piers borane 6 hydroborates an alkyne, formation of the pyri-
done alkenylborane complex and its protolysis are closing the catalytic
cyde.
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at 80°C under 5 bar H, pressure (Scheme 4). The catalyst 4 was __ &@Es ;Lﬁg?ﬁz)@ L

generated in situ by coordination of 5 to Piers borane 6. An in- T 7 nehexane, 80°C, 20h HHH

itial screening of reaction conditions showed that a slight
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spective alkyne, 1-phenyl-1-propene is obtained in an excellent
yield of 939%. Ethers are suitable substrates, as proven by the
successful hydrogenation of 1-(para-methoxyphenyl)-propyne.
While 3-hexyne is obtained after 8h exclusively as cis
isomer, a prolonged reaction time of 16 h led to a 1:1 mixture

.
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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.
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Figure 2. Gibbs free energy profile for the hydrogen activation by 3 computed at revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c. 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 cb-
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 coemplex 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

Chem. Eur. J. 2020, 26, 13445 — 13450 www.chemeurj.org
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and 11) and the transition state of the protodebor’yla'ﬂ'on.“sl

Classic FLP type catalysts are not suitable for the hydrogena-
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

L

Cy——=——-H =
Bu p o —_H BT
5 [Delbenzene, RT H B..
FsCd \CEFS quant. / 1 CeFs
Cy CeFs
3 13
Ph—=—H

1 [Dg]benzene, 80 °C

L

Bu r\ll ]
H
/B\”'CBFi
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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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 transfermation.

5 (10 mol%)

o 6 (13 mol%), H, (5 bar) R_H
R—= rrhexane, 80 °C, 20 h =
H H
Hex H Cy, H Ph H
H H H H H H
75% 1% 61%
FiC,
M H
H H eo—h)5=<
= H H
H H H H
47% 76% §8%

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.

8 (6.5 mol%), Hy (2bar)  PT,  Me

n-hexane, 80°C, 20 h H
<1%

Pr———Me

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

5 (10 mal%),

Et.  Et
_ 6 (13 MoI%), H, (4 bar) Y=
H H

e [Dglbenzene, 70 °C

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 baroxypyridine 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 c¢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-3¢ (Figure 2).'%" The SMD model for n-hexane
was used to implicitly account for solvent effects.™ The hydro-

E
z
-0

/B
CsFs' CoFs
)

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).
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Pyridone exchange observed by EXSY NMR

Scheme 9. Stoichiometric reaction of the alkenylborane @ with the tert-butyl-
pyridone 5.
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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 ratic 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 mol]

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//PBEh-3c. Bulk solvation was considered implicitly with the SMD
model for hexane.

The computed Gibbs free energy difference of 0.4 kcal mol '
corresponds to a ratio of 2:1, which is in reasonable agreement
with the experimentally cbserved proporticn 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, 0.039mmol} and 6-tert-butyl-2-pyridone 5 {4.5mg,

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 "HNMR using 1,3,5-trimethoxybenzene as internal stan-
dard.
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6 Zusammenfassung und Schlussfolgerung

Im Rahmen dieser Arbeit wurden neue metallfreie Katalysatoren zur (Z)-selektiven Semihydrierung von
Alkinen entwickelt. Klassische FLPs zeichnen sich durch ihre Borhydrid-Reaktivitat aus und sind daher
geeignete Katalysatoren fiir die Reduktion polarer, ungesattigter Substrate. Ein Merkmal der hier
eingesetzten FLPs ist es, dass nach der H, Aktivierung durch Dissoziation ein Boran freigesetzt wird,
welches in der Lage ist Alkine zu hydroborieren. Nach Koordination der Lewis-Base kann durch einen
Protonentransfer das (Z)-Alken als Produkt freigesetzt und der Katalysator regeneriert werden. Wir
fanden heraus, dass die Cs,—H Aktivierung terminaler Alkine durch das Pyridonat Boran 28 reversibel
ist, wodurch die erste metallfreie Semihydrierung von terminalen Alkinen realisiert werden konnte.
Durch Modifizierung des sterischen Anspruchs des Substituenten am Pyridon 29 konnten wir aulRerdem
ein ebenfalls effizientes Katalysatorsystem entwickeln und die Ausbeuten der Reaktion erhdhen.

Zusétzlich fanden wird heraus, dass selbst einfaches BH3-SMe,, aber auch Alkylborane wie HBCys,, als
Katalysator eingesetzt werden kénnen, wodurch wir das hoch elektrophile HB(CsFs). durch synthetisch
leicht zugéangliche und kommerziell erhéltliche Alternativen ersetzen konnten. Es zeigte sich, dass der
gebildete Katalysator unter Reaktionsbedingungen &uferst stabil ist, und wir so mit niedrigen

Katalysatorladungen hohe Umsatzzahlen erreichen konnten.

Im Rahmen dieser Arbeit wurden auch die fir die Semihydrierung von Alkinen eingesetzten Lewis-
Basen systematisch modifiziert und als Co-Katalysator eingesetzt, und dadurch versucht eine Struktur-
Aktivitatsbeziehung abzuleiten. Wahrend Anderungen an den Substituenten und dem reaktiven Zentrum
einen nur geringen Einfluss auf die TOF hatten, zeigte sich eine Kernmodifikation, der Wechsel des
Imidazolons zu einem Mercaptothiazol, als ausschlaggebend fiir eine drastische Erhéhung der
katalytischen Aktivitat. Es sind jedoch weitere Studien zu diesem Thema notwendig, doch diese initialen
Ergebnisse demonstrieren, dass die Effizienz der metallfreien Semihydrierung von Alkinen
entscheidend zu erhohen, um diese kompetitiv zu Ubergangsmetall-katalysierten Alternativen zu

machen.

Zusétzlich wurde noch die Reaktion elektrophiler Borane mit Allenen und Dienen untersucht. Wir haben
gezeigt, dass B(CeFs)s mit Allenen in einer intramolekularen Friedel-Crafts-Reaktion reagiert. Im
Anschluss wird ein CsFs-Ring tibertragen und es wurden verschiedene CgFs-substituierte Indene durch
diese 1,1-Carboborierung erhalten. Durch den Einsatz von MeB(CsFs). konnte auch selektiv die
Methylgruppe Ubertragen werden, auch wenn die Reaktion durch die verringerte Elektrophilie weniger
effizient ablief. Dennoch ist dies eines der wenigen Beispiele fir 1,1-Carboborierungen, und das erste
Beispiel, bei dem das Bor in Form von Piers' Boran in einer retro-Hydroborierung wieder freigesetzt

wird und nicht im Endprodukt enthalten ist.
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Wir beobachteten auch, dass sich aus der Reaktion zyklischer Diene mit HB(CsFs). nicht wie erwartet
ein Alkylboran bildet, sondern ein Alkenylboran. Dies erlaubte uns durch Zugabe stochiometrischer
Mengen HBpin eine katalytische Reaktion zu realisieren, die auf einer Transborylierung basiert. Dabei
ist besonders herauszustellen, dass sich durch diese Methode atomékonomisch Alkenylboronate aus
Dienen und HBpin herstellen lassen, flr die klassischerweise Mehrstufige Synthesen notwendig sind,
die stdchiometrische Mengen Abfallprodukte generieren. Durch stochiometrische Kontrollexperimente
konnten wir mogliche Zwischenstufen isolieren und als Katalysator einsetzen und daraus

mechanistische Hypothesen ableiten.
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