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1 Abstract

In the course of this work a new class of N-heterocyclic olefins (NHOs) was developed. The so-called
N-heterocyclic quinodimethanes (NHQs) represent phenylene-extended N-heterocyclic carbenes
(NHCs) with dual reactivity. Using the prototypical representative 1, it was demonstrated that the
aromatization of the CsHs-linker as an additional driving force causes NHQs to be more basic than
their NHO analogues. Additionally, 1 reacts as a diradical via a dehydrogenative head-to-head
dimerization to form a stable bis-quinodimethane 2, a super-electron donor (SED) with a small
singlet-triplet gap.

Moreover, the covalent linker in the NHQ is further polarized upon acceptor-substitution. Using the
ortho-acceptor-substituted NHQ 3, the fundamental question is addressed if charge separation occurs
in a conjugated organic system or if 3 is a non-aromatic quinodimethane. Extensive investigations of
the structural and electronic properties in the solid state, in solution, and in the gas phase suggest that
an aromatic zwitterion provides the most accurate description of the electronic structure. As a
consequence, 3 reacts as an ambiphile analogous to frustrated Lewis pairs (FLPs) such as 4,
demonstrated by the dehydrogenation of ammonia borane and the addition of phenylacetylene via
C—H bond cleavage.
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Furthermore, the reaction mechanism of a gem-dimethylated NHO 5 with N2O has been elucidated.
Eyring-analysis and quantum mechanical (QM) calculations utilizing density functional theory (DFT)
suggest that a sequence of cycloaddition—cycloreversion occurs at room temperature and releases
2-diazopropane and imidazolone 6.

In a theoretical study, the "entropic penalty" was outlined, i.e., the systematic penalization of
associative reactions in solution by classic computations of Gibbs energies due to the overestimation
of gas phase entropic contributions despite employing an implicit solvent model. Based on Garza's
entropy formalism, an additive correction was developed to counteract the overestimation of Gibbs
energies of bimolecular reactions.



2 Zusammenfassung

Im Zuge dieser Arbeit wurde eine neue Verbindungsklasse der N-heterozyklischen Olefine (NHOs)
entwickelt. Bei den sogenannten N-heterozyklischen Chinodimethanen (engl. N-heterocyclic
guinodimethanes, NHQs) handelt es sich um Phenylen-erweiterte N-heterozyklische Carbene (NHCs)
mit dualer Reaktivitdit. Anhand des prototypischen Vertreters 1 wurde gezeigt, dass die
Aromatisierung des CeHa-Linkers als zusétzliche Triebkraft bewirkt, dass NHQs basischer als ihre
NHO-Analoga sind. AuRerdem reagiert 1 als Diradikal tber eine dehydrogenative Kopf-Kopf-
Dimerisierung zu einem stabilen Bis-Chinodimethan 2, einem Super-Elektronendonor (SED) mit
Kleiner Singulett—Triplett-Lucke.

Aulerdem wird der kovalente Linker des NHQs bei Akzeptor-Substitution weiter polarisiert. Am
Beispiel des ortho-Akzeptor-substituierten NHQs 3 wird die fundamentale Frage diskutiert, ob
Ladungstrennung in einem konjugierten organischen System vorliegt oder ob es sich um ein nicht-
aromatisches Chinodimethan handelt. Ausgiebige Untersuchungen der Struktureigenschaften im
Festkorper, in Losung und in der Gasphase legen nahe, dass ein aromatisches Zwitterion die
elektronische Struktur am besten beschreibt. Eine Konsequenz ist die ambiphile Reaktivitat von 3, die
der von frustrierten Lewis-Paaren (FLPS) wie 4 entspricht, was anhand der Dehydrierung von
Amminboran und der Addition von Phenylacetylen unter C—H-Bindungsspaltung gezeigt wurde.
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Weiterhin wurde die Reaktion eines gem-dimethylierten NHOs 5 mit N.O mechanistisch aufgeklart.
Wie durch eine Eyring-Analyse und durch quantenmechanische (QM) Berechnungen mittels
Dichtefunktionaltheorie (DFT) gezeigt werden konnte, findet bereits bei Raumtemperatur eine
Sequenz aus Cycloaddition—Cycloreversion statt und setzt 2-Diazopropan und Imidazolon 6 frei.

In einer theoretischen Arbeit wurde zudem gezeigt, dass auf klassische Weise berechnete Gibbs-
Energien fiir Assoziationsreaktionen in Losung diese systematisch benachteiligen, weil Beitrdge der
Gasphasen-Entropie trotz impliziter Losungsmittelmodelle uberschétzt werden (,,Entropie-Fehler®).
Basierend auf Garzas Formalismus zur Berechnung der Entropie wurde ein additiver Korrekturterm
entwickelt, der der Uberschétzung der Gibbs-Energien bimolekularer Reaktionen entgegenwirkt.
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3 Einleitung

Die Entwicklung neuartiger Verbindungsklassen zur Bindungsaktivierung stellt einen fundamentalen
Schlusselschritt in der Katalyseforschung dar. Diese neuen Systeme sind von entscheidender
Bedeutung, um komplexe chemische Transformationen energieeffizient und nachhaltig durchzufihren.
Lange Zeit galt die Annahme, dass hierzu Ubergangsmetalle oder Enzyme zwingend erforderlich
seien. Die edlen 4d-Ubergangsmetalle, die fiir die Katalyse von besonderer Relevanz sind, sind jedoch
selten und oft toxisch.!) Enzyme, die als hochspezifische Katalysatoren in biologischen Systemen
fungieren, zeichnen sich durch ihre strukturelle Komplexitat aus, was ihre Anwendung in der
chemischen Synthese einschrankt. Mit der Verleihung des Nobelpreises 2021 fiir die asymmetrische
Organokatalyse an List und MacMillan wurde der Paradigmenwechsel gewurdigt, dass selbst
vermeintlich einfache organische Verbindungen zur Bindungsaktivierung und effizienten Katalyse
geeignet sind.[?

Vor diesem Hintergrund nehmen frustrierte Lewis-Paare (FLPs) und N-heterozyklische Olefine
(NHOs) eine besondere Rolle ein. Bei FLPs handelt es sich um ein bedeutendes Konzept zur
Bindungsaktivierung, bei dem die Synergie komplementdrer Reaktivitaten entscheidend ist. Die
Reaktivitdt von NHOs erregte vor allem in jlngster Zeit besondere Aufmerksamkeit. Die im Zuge
dieser Promotion behandelten Projekte beschéftigen sich mit den Untersuchungen zur Struktur-
Eigenschafts-Beziehung verschiedener NHOs und der Entwicklung konzeptionell neuartiger NHOs
zur Bindungsaktivierung, die von FLPs inspiriert sind. Im ersten Kapitel soll zunéchst das Konzept der
FLPs vorgestellt werden, worauf im néchsten Kapitel NHOs folgen. AnschlieBend werden im dritten
Kapitel die beiden Themenfelder vereint, und es werden die Grundgedanken hinter dem Konzept eines
organischen Zwitterions als kohlenstoffbasiertes FLP dargelegt. Im letzten Kapitel werden kurz die
Formalismen zur Bestimmung der Entropie in der Gasphase bzw. in Lésung vorgestellt und die damit
verbundenen Herausforderungen bei quantenmechanischen (QM) Untersuchungen zur Bindungs-
aktivierung diskutiert.

3.1 Frustrierte Lewis-Paare

Vor etwa 100 Jahren fuhrte Gilbert Newton Lewis das Konzept der Lewis-Sauren (engl. Lewis acids,
LAs) und Lewis-Basen (engl. Lewis bases, LBs) ein und erkannte, dass sie in Kombination
typischerweise ein sogenanntes Lewis-Addukt bilden. Dabei dient die LA als Elektronenpaarakzeptor
und die LB als Elektronenpaardonor.!

Brown (1942) Wittig (1959)
)
— BMes BPh BPh;
\ N—BMe; <#— N —Bfsy N—>BF3 | L N
Y PPh3 ®
PPh,
7-BMes 7-BF, in situ 8

Schema 1: Arbeiten zu sterisch gehinderten Lewis-S&uren/-Basen von Brown (links) und von Wittig beobachtete
1,2-Addition von BPhs/PPhs an 1,2-Didehydrobenzol (rechts). Hier und im Folgenden wird fur die Lewis-Struktur
klassischer LA-LB-Addukte wie 7-BFz die Notation nach Haaland verwendet.[]

Als Brown 1942 den Einfluss sterischer Spannung auf die relative Stabilitat verschiedener klassischer
B/N-Lewis-Addukte untersuchte, stellte er jedoch fest, dass 2,6-Lutidin 7 ein Lewis-Addukt mit BF;
aber nicht mit BMe;3 bildet (Schema 1).5! Pyridin hingegen verdrangt die starkere Base 7 aus seinem
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Lewis-Addukt (7-BF3) und bildet auRerdem ein Addukt mit BMes. Weiterhin berichtete Wittig, dass
BPhs und PPh; mit in situ gebildetem Arin eine Phosphoniumborat-Spezies 8 bilden, aber BPhs und
PPh; selbst nicht miteinander reagieren (Schema 1).[8! Tochtermann beobachtete 1966 die
1,2-Addition des Trityl-Anions (PhsC") und BPh; an 1,3-Butadien anstelle der Bildung eines
klassischen Lewis-Addukts und prigte den Begriff ,,antagonistisches Paar* (siche Kapitel 3.1.3).["]
Piers und Parks untersuchten bereits 1996 den ,ungewohnlichen nukleophilen/elektrophilen
Mechanismus® der B(CsFs)-katalysierte Hydrosilylierung von Ketonen.®! Diese Beobachtungen
ebneten den Weg fur das Konzept der frustrierten Lewis-Paare. Im Jahr 2006 berichteten Stephan und
Mitarbeiter (ber die erste reversible, metallfreie Aktivierung von molekularem Wasserstoff unter
milden Bedingungen durch das Phosphin-Boran 9 (Schema 2).[!

R F R F

H
H, (1 atm), RT ® /
Mes,P B(CgF - > Mes,P B(CgF
2 (CeFs)2 TH,,>100°C 2/ @( 6Fs)2
H F F

F F
9 10

Schema 2: Metallfreie Heterolyse und Freisetzung von molekularem Wasserstoff durch ein Phosphin—Boran (Mes =
2,4,6-Trimethylphenylgruppe).

Schnell folgte die Entwicklung weiterer intra- und auch intermolekularer Kombinationen sterisch
gehinderter Lewis-Paare, die H heterolytisch spalten, wie z.B. B(CsFs)s/PRs (R =tBu und Mes;
Mes = 2,4,6-Trimethylphenylgruppe).’® Der Begriff ,.frustrierte Lewis-Paare" wurde von Stephan
gepragt, um den Umstand zu beschreiben, dass die Reaktivitat der einzelnen Komponenten des Lewis-
Paars nicht durch eine Addukt-Bildung annuliert wird.*Y! Stattdessen bleibt die individuelle LA- und
LB-Reaktivitat erhalten und aktiviert ein Substrat durch die kooperative Wechselwirkung der
komplementédren Reaktionszentren (Schema 3).

"X O"LB\Q LA
R'%\H d H,
R
X Q ® ©
- )]\R' LB-H  H-LA

o

Schema 3: Veranschaulichung des FLP-Konzepts am Beispiel der Bindungsaktivierung von Hz (typisch: LB = P oder N und
LA =B oder Al): Heterolyse von Hz gefolgt von der Hydrierung ungeséttigter Systeme (X = CRz, NR oder O).

Die reversible Bindungsaktivierung von molekularem Wasserstoff durch FLPs, d.h. die kontrollierte
Spaltung/Rekombination der H-H-Bindung bzw. die H,-Ubertragung auf ein anderes Substrat, stellt
einen Meilenstein  dar, weil diese Reaktivitit bis zu diesem Zeitpunkt nur fir
Ubergangsmetallkomplexe bekannt war.*? Die Wasserstoffspaltung ist herausfordernd, da die
o-Bindung in H: die starkste homoatomare Bindung und im Vergleich zu n-Bindungen (z.B. in COy)
kaum polarisierbar ist. Vor der Entwicklung der FLP-Chemie waren nur vereinzelte
tibergangsmetallfreie Systeme zur H,-Spaltung unter milden Bedingungen beféhigt, wobei dies
irreversibel erfolgte.[*) Entsprechend waren Berichte Giber Hydrierungen mit H, in Abwesenheit von
Ubergangsmetallen selten und gepragt von speziellen Substraten und/oder harschen
Reaktionsbedingungen.®¥ Mit der Entdeckung des speziellen Phosphin-Borans 8 st ein
fundamentales Konzept fur die Bindungsaktivierung und metallfreien Katalyse entstanden, das Uber
die bloRe H,-Aktivierung weit hinausgeht. Beispielhaft sei neben der C—H-Aktivierung™ die
Fixierung umweltrelevanter kleiner Molekiile, wie CO;,[*®1 N,OI und SO, sowie deren chemische
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Transformation erwahnt.[*% \Von besonderer Bedeutung ist die Verwendung von CO- als C1-Ressource
durch Reduktion zu Methanol oder weiteren organisch-synthetischen Bausteinen.?! AuRerdem
werden FLPs zusammen mit Amminboran (NH3;BHs) als potentielle Energiespeicher diskutiert.[?!)
Darliber hinaus eignen sich zahlreiche FLPs als potente (enantioselektive) Hydrierungs-
katalysatoren.[??]

Fur einen umfassenden Uberblick wird auf die Vielzahl an Ubersichtsartikeln zur FLP-Chemie von
Stephan und weiteren Autoren verwiesen.[®! Im weiteren Verlauf dieses Kapitels soll der
konzeptionelle Grundgedanke der FLP-Chemie n&her beleuchtet werden. Hierzu wird zunachst der
Begegnungskomplex (engl. encounter complex) diskutiert, gefolgt vom FLP-basierten Mechanismus
der Bindungsaktivierung am Beispiel der H.-Heterolyse. Abschliefend werden kohlenstoffbasierte
LA- und LB-Komponenten (bezogen auf das reaktive Zentrum) vorgestellt.

3.1.1  Begegnungskomplex

Die Spaltung von H; durch die kooperative Interaktion von LA und LB entspricht formal einer
Reaktion mit drei Komponenten. Trotz vorhandener Beispiele fur termolekulare Reaktionen sind diese
aulerst unwahrscheinlich, da hierzu alle Reaktionsteilnehmer gleichzeitig in geeigneter Orientierung
zusammenstoRen miissen.?*! Daher wurde von Papai und Mitarbeitern die initiale Assoziation von LA
und LB zu einem Begegnungskomplex [LA]---[LB] postuliert, von dem ausgehend eine bimolekulare
Reaktion mit einem geeigneten Substrat erfolgt.!

Eine Strategie zur Verbesserung der Prdorganisation zu einem reaktiven Konformer ist die
Verknipfung der LA- und LB-Einheit Gber einen kovalenten Linker. Erkers Ethylen-verbriicktes B/P-
FLP 11 gilt als Prototyp fiir diese sogenannten intramolekularen FLPs; es folgten weitere Beispiele
verschiedener Arbeitsgruppen (Schema 4).[26:27]

MeszP/\/B(CGF5)2 B(CeFs), OO
oo, ¢
\ eiPr
B(CeFs)2
tBu,P” BPh B(CeFs)z
2 12 2 Mes,P B(CgFs)2

PtBu, 15
14

Schema 4: Auswahl représentativer intramolekularer FLPs der Arbeitsgruppen von Erker (11), Slootweg und Lammertsma
(12), Repo (4), Aldridge (13), Klankermayer (14) und Papai und Repo (15).

AufBerdem sind auch FLPs bekannt, die als Klassisches Lewis-Addukt vorliegen, aber deren
dissoziierte Form im Gleichgewicht zugénglich ist (z.B. B(CsFs)s mit 2,6-Lutidin, Diethylether oder
1,4-Dioxan).?®! Die Struktur-Reaktivitats-Beziehung unter Berticksichtigung der intramolekularen
Assoziation/Dissoziation wurde von Erker und Mitarbeitern am Beispiel zahlreicher B/P- und B/N-
FLPs untersucht.’?%

Im Folgenden wird der Begegnungskomplex intermolekularer FLPs am Beispiel von B(CsFs)s/PR3
diskutiert (R=Mes und tBu). Fir Details sei auf Ubersichtsartikel verwiesen.’% Die erste
Untersuchung zu [B(CsFs)s]---[PtBus] wurde von Papai und Mitarbeitern présentiert und durch QM
Berechnungen auf SCS-MP2- und B3LYP-Niveau gestiitzt (Abbildung 1).[?%]
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Abbildung 1: Von Papai und Mitarbeitern berechnete Minimumsstruktur des [B(CeFs)s3]---[PtBuz] Begegnungskomplexes in
der Gasphase (SCS-MP2/cc-pVTZ). Ausgewahlte Abstande: B—P: 4.16 A, F—H: 2.39 A [?3]

Neben der planaren BCs-Einheit fallt auf, dass der P---B-Abstand von 4.16 A (SCS-MP2) die Summe
der kovalenten Radien von Phosphor und Bor (1.96 A) iibersteigt.*" Daraus schlussfolgern die
Autoren, dass die Assoziation (AE = —11.5 kcal mol™?) nicht auf eine dative P—B-Interaktion, sondern
auf C—H---F-Interaktionen und London-Dispersion zurlickzufiihren ist.?>%2 Durch diese langreich-
weitigen nicht-kovalenten Wechselwirkungen weist der Begegnungskomplex die nétige strukturelle
Flexibilitat auf, d.h. einen geringen Energieaufwand zur Variation des P---B-Abstandes, um in einer
»reaktive Tasche” in geeigneter Orientierung mit einem Substrat zu interagieren. Theoretische
Untersuchungen von Vankova und Mitarbeitern zu weiteren B/P-FLPs stiitzen diese Erkenntnisse und
deuten auBerdem darauf hin, dass ein P---B-Abstand von 3—5 A im Begegnungskomplex ideal fir die
synergistische LA-LB-Interaktion zur H,-Spaltung ist. Auferdem berechneten die Autoren eine
exotherme aber endergone Bildungsenergie der Begegnungskomplexe in Toluol bei Raumtemperatur
(5-7 kcal mol™), was vor allem auf Entropie-Effekte zuriickzufihren ist.*®l Mit Hilfe von
Molekulardynamik-Simulationen (MD-Simulationen) in Toluol untersuchten Pépai und Mitarbeiter
die Konformationen von B(CsFs)s/PtBus. Daraus folgt, dass die Bildung von [B(CesFs)s]---[PtBus]
energetisch ungunstig ist (1.2 kcal mol™ tber dem Dissoziationslimit) und der Assoziationsgrad 2%
fiir eine beliebige Konformation (P---B-Abstand kleiner 6 A) bzw. 0.5% fir einen reaktiven P---B-
Abstand von etwa. 4.5 A betrégt.[34

Erste experimentelle Untersuchungen basierend auf temperaturabhangiger NMR-Spektroskopie (*H,
1B, F und P Kerne) aquimolarer Toluol-Losungen der beiden FLPs (B(CsFs)s/PRs, R = Mes und
tBu) lieferten zun&chst keine Hinweise fur eine Phosphin—Boran-Interaktion (NMR: engl. nuclear
magnetic resonance, Kernspinresonanz).'?! Diese Ergebnisse decken sich mit denen einer
umfassenden NMR-spektroskopischen Studie von Rocchigiani und Mitarbeitern.**! Diese nutzten
allerdings zusatzlich °F'H-HOESY NMR-Experimente fir B(CgFs)s/PMes; (HOESY: engl.
heteronuclear Overhauser enhancement spectroscopy) und beobachteten Korrelationssignale, was
eine rdumliche Né&he zwischen Boran und Phosphin impliziert (genauer zwischen CgH2(CHs)s und
CeFs). Zeitabhangige NOE-Messungen deuten auf eine zufallige Orientierung von Boran und
Phosphin zueinander hin (NOE: engl. nuclear Overhauser effect, Kern-Overhauser-Effekt). Die
Assoziationskonstante in Benzol-ds betragt Kzgs =0.5(2) M™%, was einer endergonen Assoziation
entspricht (AG°(298 K) = 0.4(2) kcal mol™) und im Einklang mit den vorangegangenen theoretischen
Berechnungen ist. Swadzba-Kwasny und Mitarbeiter untersuchten [B(CsFs)s]---[PtBus] in Benzol
mittels Neutronenstreuung und ermittelten eine Population von <1% flr einen P---B-Abstand von
5.7 A bzw. 4.9% fiir einen P---B-Abstand von bis zu 8 A.B% Weiterhin stellten die Autoren anhand von
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Veranderungen der °F- und 3'P-NMR-Verschiebungen in Bezug auf die individuellen Komponenten
des Lewis-Paares fest, dass der Assoziationsgrad in ionischen Flissigkeiten wie 1-Decyl-3-
methylimidazolium Bis(trifluoromethansulfonyl)amid [Ciomim][NTf,] héher als in Benzol ist.

Welch und Stephan beobachteten bereits 2007 die violette Farbe aquimolarer Toluol-L&sungen von
B(CsFs)s/PMes; und vermuteten r-n-Wechselwirkungen als Ursache.' Zehn Jahre spéter
untersuchten Stephan und Mitarbeiter dieses System erneut und konnten [PMes]™ in Ldsung Uber
Elektronenspinresonanz (ESR, engl. electron paramagnetic resonance, EPR) nachweisen.l*l Gestitzt
durch spektroskopische Messungen und QM Berechnungen zeigten Slootweg und Mitarbeiter, dass
[B(CeFs)s]--[PMess] als  Elektronen—Donor—Akzeptor-Komplex (EDA-Komplex) mit einer
Absorptionsbande flr die Ladungsibertragung (charge transfer) bei 534 nm aufgefasst werden kann.
Entsprechend flhrt die Absorption eines Photons zum Einelektronentransfer (engl. single-electron
transfer, SET) vom Phosphin zum Boran und zur Bildung eines frustrierten Radikalpaars (engl.
frustrated radical pairs, FRPs) mit einer Lebenszeit von 237 ps.!

Ar\/? / Bu ArAé (Ar Ar = Ph Ph} < >_<Ph
. . S —_— -
o - .o Ph»

Ar Ar Ar ArAr Ph

Ar Ph
16 17 18
R
Ar, Ar' = .—Q
Ar’ Ar r Ar
Ar'a * R Y |
\/P ?/‘ - Ar'a P B_’
Ar AT van't Hoff Ar’ Al Ar
19 R = Me, tBu 20

R'= Me, iPr, tBu
Schema 5: Analogie zwischen Gombergs Hexaphenylethan-System und der Bildung von FLPs.

Insbesondere das FLP bestehend aus B(CsFs)s/PMess erinnert an Gombergs Hexaphenylethan
(HPE).B®l Wahrend unsubstituiertes HPE instabil ist und nach Dissoziation zum Trityl-Radikal 17
schlieBlich zum chinoiden Addukt 18 (Jacobsen—Nauta-Struktur) rekombiniert,“? lassen sich HPE-
Derivate 16 durch London-Dispersion! stabilisieren und damit isolieren (Schema 5). Hierfiir ist vor
allem die meta-Substitution mit DEDs (engl. dispersion energy donors) wie tert-Butylgruppen von
zentraler Bedeutung.*? FLPs konnen als eine ionische Variante der DED-stabilisierten Radikalpaare
17 angesehen werden. Kiirzlich vereinten Paradies, Hansen und Mitarbeiter die beiden Konzepte und
untersuchten isostrukturelle B/P-Lewis-Paare 19 mittels NMR-Spektroskopie und QM Berechnungen
(Schema 5).1%1 Analog zu 16 beobachteten die Autoren eine reversible Bildung von Lewis-Addukten.
Die Assoziation 20—19 wird mit zunehmender GroRe der DEDs exergoner (—0.2(6) kcal mol™ bis zu
—3.6(6) kcal mol™). AuBerdem bewirkt die DED-Substitution in 19 eine kiirzere P-B-Bindungslange
verglichen mit unsubstituierten Derivaten.

Kirzlich berichteten Liu und Gabbai von einem intramolekularen LA/LB-Paar, das es erstmals
ermdglichte, sowohl das Lewis-Addukt 21, als auch den zugehdrigen Begegnungskomplex 21o zu
isolieren und kristallographisch zu charakterisieren (Schema 6).1 AuRerdem wurde das analoge
Gleichgewicht isostruktureller Acenaphthenyl-verbrickter C/O-Paare, bestehend aus einem
Xanthylium- und einem Phosphinoxid-Fragment, mittels Infrarot- (IR-) und *C-NMR-Spektroskopie
analysiert.



re-o = 1.534(4) A re-o = 2.653(5) A

Schema 6: Strukturchemische Analyse eines intramolekularen C/O-Lewis-Paares 21, und seinem Begegnungskomplex 21o
mittels SCXRD und DFT. Die orange dargestellten C—O-Bindungspfade weisen einen bindungskritischen Punkt auf [21; (in
aw): p(r)=2.0-10"1, V?p(r)=-2.6:10%; 21o (in a.w.): p(r) =0.2-107%, V2p(r) =+0.8:10°%; berechnet auf B97M-V/def2-
mTZVP Niveau].

3.1.2 Mechanismus der Bindungsaktivierung

Am Beispiel des prototypischen B(CsFs)s/PtBus FLPs soll der Mechanismus der heterolytischen
Spaltung von H; diskutiert werden (Schema 7).

Das Elektronentransfermodell (ET-Modell) von Pépai basiert auf der gleichzeitigen
Orbitalwechselwirkung von LA und LB mit dem Substrat.’>#>%¢ Dje individuellen c—pia- und
n.s—ao*-Interaktionen allein sind nicht ausreichend, um die H—H-Bindung ausreichend zu polarisieren
und schlussendlich zu spalten. Jedoch ist ausgehend vom Begegnungskomplex [LA]---[LB] eine
konzertierte n_.g—o*- und c—pLa-Wechselwirkung méglich. Dieser synergistische Elektronentransfer
filhrt zu einer amphoteren H,-Spezies und zur Elongation der H-H-Bindung im Ubergangszustand.
Die Orientierung des Wasserstoffs entspricht hierbei einem Kompromiss aus der seitlichen n?-H,—LA-
Koordination (side-on) und der endstandigen n*-H,—LB-Koordination (end-on).

np—>c* fBu CeFs ¥
tBu"‘jL \ —¢
® G\\"D CeF5CoFs
BuzP tBu\ CeFs u tBu\ /06F5
, ET-Modell
P ] H, Tk Hs2
Bu" / CeF< \ P / \"cﬁF5
B(CeFs)3 tBu CeFs Bu CsFs
Begegnungskomplex
("FLPH) L

EF-Modell

Schema 7: Exemplarischer Mechanismus der Hz-Heterolyse nach Papais ET-Modell und Grimmes EF-Modell.

Das elektrische Feldmodell (EF-Modell) von Grimme bericksichtigt keine spezifischen
Orbitalwechselwirkungen sondern die elektrostatische Wechselwirkung im Begegnungskomplex
[LA]---[LB]."" Demnach erzeugt die Frustration, also das Ausbleiben der LA-LB-Bindung trotz
vorhandener intrinsischer Reaktivitat, ein elektrisches Feld innerhalb des FLPs. Die Barriere der
H-Heterolyse wird der Préorganisation des FLPs und dem Eintritt des molekularen Wasserstoffs in
die ,,reaktive Tasche“ zugeschrieben. Geméal des EF-Modells polarisiert das elektrische Feld im FLP
die H-H-Bindung, was zur heterolytischen Spaltung fuhrt, wobei umstritten ist, ob die durch FLPs
erzeugten elektrischen Felder ausreichend stark sind.[el
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Die beiden Modelle haben grundlegend gemeinsam, dass sie die Praorganisation von LA und LB zum
Begegnungskomplex [LA]---[LB] annehmen. Was den Ubergangszustand der H,-Aktivierung betrifft,
lassen sich die beiden Modelle nicht scharf voneinander trennen und konnen als theoretische
Grenzfalle fir einen frihen (EF-Modell) bzw. spaten (ET-Modell) Ubergangszustand entlang der
Reaktionskoordinate betrachtet werden. !

Die Bindungsaktivierung durch intramolekulare FLPs erfordert im Allgemeinen eine geringere
kumulative Starke der LA und LB als bei intermolekularen FLPs, da die Reaktion des bereits
praorganisierten intramolekularen Lewis-Paares mit einem Subtrat entropisch weniger benachteiligt
ist.[*%1 Es ist jedoch zu beachten, dass intramolekulare FLPs abhangig vom Substitutionsmuster auch
intermolekular reagieren konnen.®® Dartiber hinaus wurde die Struktur-Reaktivitits-Beziehung von
FLPs intensiv untersucht, wobei vor allem die Beitrdge von Papai und Mitarbeitern, basierend auf
umfangreichen QM Berechnungen,“! und von Paradies und Mitarbeitern, basierend auf Hammett-
Analysen,B! hervorzuheben sind. Fiir Details beziiglich radikalische Bindungsaktivierung in FRPs sei
auf Ubersichtsartikel verwiesen.[>

3.1.3 Kohlenstoffbasierte FLPs

In diesem Kapitel werden ausgewéhlte FLPs vorgestellt, die mindestens ein Kohlenstoffatom als
reaktives Zentrum aufweisen. Fir weitere Beispiele sei auf Ubersichtsartikel verwiesen. !

Noch bevor das Konzept der FLPs entwickelt wurde, beobachtete Tochtermann, dass das sogenannte
»antagonistische Paar” aus BPhs und dem Trityl-Anion 22 mit 1,3-Butadien eine 1,2-Addition unter
Bildung von 23 eingeht anstelle der zu erwartenden anionischen Polymerisation bzw. Bildung eines
Lewis-Addukts (Schema 8).

— ® ® 5
anionische Na~ Ph PN BPhy Na BPh,
Polymerisation )\
Ph"©"Ph Ph3C\)\/
22 23

Schema 8: Friihe Arbeiten von Tochtermann zu einem formalen B/C-FLP (,,antagonistisches Paar®).

Nach Stephans Entdeckung der H.-Aktivierung durch Kombinationen von B(CeFs)s mit sterisch
gehinderten Phosphinen bzw. Aminen folgte die Untersuchung von N-heterozyklischen Carbenen
(NHCs) als kohlenstoffbasierte LBs, wovon Stephan und Tamm unabhéngig voneinander zeitgleich
berichteten (Schema 9).54

_ —
B(CsFs)s, Ho Dipp~NxN~pipp
Di _N Nwn: B @
ipp” "~ Dipp
. oB(CeFs)s
24 25
- B(CgF5)3, H N_N C]
67 5)3, 12 NS ~
Bu"NN~Bu g cRT Bu @Y BU LiB(CoFs)s
> i
26 27

Schema 9: B/C-FLPs aus B(CsFs)3 und NHCs zur Spaltung von Hz (Dipp = 2,6-Diisopropylphenylgruppe).

Eine &quimolare Mischung aus 24 und B(CsFs)s bildet irreversibel das NHC—-B(CsFs)s-Addukt 25.
Wird der Dipp-Substituent gegen eine tert-Butylgruppe ausgetauscht, bildet sich bei Raumtemperatur
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nur langsam ein aNHC—-B(CsFs)s-Addukt (aNHC: abnormales NHC, d.h. Koordination tber die C4-
Position).55%1 Bei —60 °C hingegen bildet sich kein Lewis-Addukt und stattdessen spaltet das
B(CsFs)3/26 FLP H,. Das gleiche Produkt (27) wird beobachtet, wenn die Reaktion ziigig bei
Raumtemperatur durchgefiihrt wird. Das Carbodiphosphoran C(PPhs). bildet bei —78 °C ebenfalls ein
FLP mit B(CsFs)s, welches H. spaltet und mit Si—H- bzw. C(sp)~H-Bindungen reagiert.l®"!

Die Kombination elektronenarmer Allene mit geeigneten NHCs stellt ein organisches C/C-FLP dar,
das von Alcarazo und Mitarbeitern erstmalig 2010 beschrieben wurde (Schema 10).5581 Anders als mit
B(CeFs)3 fuhrt hierbei die Kombination aus Allen 28 und NHC 26 zu einem Lewis-Addukt 29,
wahrend 28 und NHC 24 ein FLP bilden, welches aromatische Disulfide heterolytisch spaltet (30).

Pee QD ol
Bu’N\/N\tBu . Dipp/N\/N\Dipp
26 I 24 _

Ph
Q.O Ph/S_S NN

Dipp/®§( “Dipp
29 28 SPh

30

Schema 10: Erstes organisches C/C-FLP zur Spaltung von Disulfiden von Alcarazo und Mitarbeitern (Dipp = 2,6-Diiso-
propylphenylgruppe).

Ein naheliegender Gedanke, um ein C/C-FLP zu erhalten, ist die Verwendung des Trityl-Kations 31,
welches sich isolobal zu B(CsFs)s verhalt. Diesen Ansatz verfolgten Arduengo und Mitarbeiter und
berichteten von der irreversiblen H,-Heterolyse bei —60 °C zu 32 und PhsCH (Schema 11).5%

€]
CoFsN, CPh B(CeFa)s

gr— N\ ,/N\@
N’ N CeFs” N7 “P(o-tol),
o Bu~ ~tBu 4
BF )
/T\ . L\ 4 26 Ph =x P(o-tol)s
N Nwp, T e
Ph PhPh tBu ®\r tBu H,, —60 °C Ph"® Ph
. 3 eBF
4
32 X = BF, B(CoFa)s SPh Sph
Ph Ph / ‘o-tol
Ph o-tol % o
33
NN~
o tBu~ tBu SPh eBF
. /—\ X 26 PtBug . “@)?Ph
N N< ~ AP
tBu oY Bu SET (PhyS), \/Ar_) B ‘ tBu
39
38 X = BFy4, B(CeF4)a 36 37

X = BF4, B(CgF4)a

Schema 11: FLP-Reaktivitat tritylbasierter LAs mit Phosphinen und NHCs als LBs (o-tol = 2-Methylphenylgruppe).

Die Gruppen von Stephan und Berionni untersuchten die Reaktivitat des Trityl-Kations 31 mit
verschiedenen Phosphinen.®® Dabei bilden PPhs, PMes, PCys und PtBus irreversibel ein Lewis-
Addukt (Cy = Cyclohexylgruppe), wobei PCys und PtBus an die para-Position des Trityl-Kations
binden und ein zur Jacobsen—Nauta Struktur 18 analoges chinoides Addukt bilden. Im Fall von
P(o-tol)s entsteht ein FLP (o-tol: 2-Methylphenylgruppe), welches Diphenyldisulfid (PhS). spaltet
(33+PhsCSPh), 1,4-Cyclohexadien dehydriert und Azide fixiert (34) (Schema 11). Ahnliche FLP-

Reaktivitat beobachteten Gianetti und Mitarbeiter, die ein strukturell eingeschranktes Trityl-Derivat
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35, das sogenannte trioxatriangulenium (TOTA®), verwendeten.® Abhingig vom Phosphin
beobachteten sie die reversible Bildung von Lewis-Addukten, die verschiedene Disulfide heterolytisch
spalten (z.B. zu 36+37). In Kombination mit PtBus lasst sich auferdem 1,4-Cyclohexadien
dehydrieren und Benzylazid sowie Formaldehyd aus Paraformaldehyd fixieren. Wird das Phosphin
durch das NHC 26 ersetzt, so bildet sich ein Radikalpaar (38+39), das zu einem Addukt equilibriert.

Meyer und Mitarbeiter prasentierten einen biomimetischen Ansatz und modellierten die [Fe]-
Hydrogenase, indem sie das Imidazolinium 40 als LA und ein Rutheniummetallat 41 als LB zur
Modellierung von Methenyl-HsMPT™* bzw. des FeGP-Cofaktors verwendeten (Schema 12).1%21 Stephan
und Boone berichteten von einem auRergewodhnlichen C/P-FLP 44. Hierbei fungiert ein kationischer
Ru-n°-Komplex 45 als kohlenstoffbasierte LA in ortho- bzw. para-Position (Schema 12). Das PCys-
Addukt 44 dissoziiert bei 45 °C und spaltet Hp, was zur ersten FLP-katalysierten Hydrierung von
Iminen mittels kohlenstoffbasierter LAs flihrte (102 atm Hy).[5!

N\ N M =
H, (8 bar) ArF-N N\ArF . R’Iu
RT H p-tol K
CO p-to H d,co
42 43

®PCy3 H H
ey
b 6_ e I
—P —Ru— H, (4 atm) @ |
Cl + PCy; ———> P-. R —P Ru\
-p —Ru\ Pha FI’Ph 3 45°C cy”v'Cy u\CI cl
Ph, Cl 2 Cy Pth

Pth
PPh2
46

45

“ _ 47 ar J
Y

Mischung beider Isomere
Schema 12: Ausgewahlte Beispiele kohlenstoffbasierter LAs in FLPs zur Heterolyse von Hz (p-tol = 4-Methylphenylgruppe,
Cy = Cyclohexylgruppe). Die Gegenionen sind zur besseren Ubersicht ausgelassen (40: Br~, 41: K*, 44, 45, 46: B(CsFs)47,
49, 51: B(CsHs(m-Cl)2)47).

SI

Ingleson und Clark verwendeten das N-Methylacridinium 49 als LA und beobachteten in Kombination
mit 2,6-Lutidin als LB bei 60 °C eine langsame Heterolyse von H, (4 atm) zu 50+51 (Schema 12).
Wegen der geringeren Elektrophilie des Acridiniums 49 im Vergleich zu B(CgFs); toleriert dieses FLP
(49/7) die Anwesenheit von H,O und ermdglicht die Kkatalytische Transferhydrierung und
Hydrosilylierung sterisch ungehinderter Imine.64

® ,P @>LH
PhyP e/tBU Ph,yP NH,

Al + e S}

MBu

52 53

Schema 13: Reversible NH-Aktivierung von Ammoniak durch ein intramolekulares Al/C-FLP bei Raumtemperatur.

Kirzlich berichteten Breher und Mitarbeiter von einem intramolekularen Al/C-FLP 52, das die erste
katalytische N—H Aktivierung von Ammoniak durch eine Hauptgruppenelement-Verbindung
ermoglichte (Schema 13).1°1 Das FLP liegt als stabiles AlI-C-Addukt 52 vor und dessen aktive
Spezies, bestehend aus einem Phosphor-Ylid und einer Al-basierten LA, konnte nicht direkt
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experimentell beobachtet werden. Bei Umsetzung mit NHsz (1.1 bar) bildet sich reversibel das
Phosphoniumalanat 53, welches auflerdem das Amid (NHz) auf geeignete organische Substrate
Uibertragen kann.

3.2 N-Heterozyklische Olefine

N-Heterozyklische Carbene, die ein Kohlenstoffatom mit einem Elektronensextett enthalten, sind
etablierte organische o-Donoren und Lewis-Basen, die weitreichende Anwendungen in den
Materialwissenschaften und in der (Organo)Katalyse finden.5¢%¢1 Die Erweiterung von NHCs durch
ein Alkylidenfragment fihrt zu N-heterozyklischen Olefinen, die friher als Deoxy-Breslow-
Intermediatel®”l bzw. als Ketenaminale klassifiziert wurden. Diese Verbindungsklasse zeichnet sich
durch eine stark polarisierte C=C-Doppelbindung aus. Die deutliche Akkumulation von
Elektronendichte am exozyklischen Kohlenstoff kann durch eine dipolare Resonanzstruktur
ausgedrickt werden (Schema 14).

__ — —_—
NN RN N-g <> RN N-g
RNV R \[r )
N °
NHC NHO

Schema 14: Generische Lewis-Struktur Ublicher N-heterozyklischer Carbene (NHCs) und N-heterozyklischer Olefine
(NHOs) basierend auf einem Imidazolin- bzw. Imidazolidin-Grundgerust.

Imidazolbasierte NHOs, die im Zuge der Addition eines Elektrophils bzw. einer LA am exozyklischen
Kohlenstoff aromatisieren, sind besonders reaktiv (Schema 15).1%81 Ahnlich zu NHCs gelten NHOs als
superbasisch und sind starke o-Donoren. Die Protonenaffinitdten (PAs), d.h. die berechneten
Enthalpien A/Hy der Dissoziation eines Protons in der Gasphase [LB—H]* — LB + H*, von NHOs
ubersteigen die von ihren NHC-Analoga.®®! Cheng und Ji verglichen experimentelle pKs-Werte und
Mayrs Nukleophilie-Parameter N von NHOs mit denen ihrer NHC-Analoga (Schema 15).17

N_N N_ _N B -
Mes— ~Mes Mes— ~M ~N__N-~
es /\|( es es /\|( es Mes \[r Mes Mes/N\“/N\Mes
Ph Ph
K 19.95 19.40
kra(Ar,CHY) 1490 1 PR
N 17.80 21.72
— M\ (sn) (0.79) (0.45)
Mes/N\/N‘Mes Mes/N\/N‘Mes TEP
N 1 2025 2025
krei(Ar,CH™) 0.44 1 [em™]

Schema 15: Exemplarischer Vergleich zwischen NHOs und NHCs anhand experimenteller Parameter (Mes =
2,4,6-Trimethylphenylgruppe):[5879-72 Links: Relative Geschwindigkeitskonstanten der Addition von Benzhydrolium-
Kationen an NHOs bzw. p-Chinonmethiden an NHCs (THF, 20 °C). Rechts: pKs-Werte in DMSO, Mayrs Nukleophilie-
Parameter N bzw. Sensitivitatsparameter sy in THF und anhand von [RhCI(CO)2L] (L = NHO oder NHC) bestimmten
Tolmans elektronischen Parameter (TEP). Fir einen umfassenderen Vergleich sei auf Ubersichtsartikel verwiesen.[?]

Ungeséttigte NHOs sind basischer als ihre NHC-Analoga, aber das Gegenteil gilt fur die gesattigten
Derivate. Was die Nukleophilie betrifft, reagieren NHCs schneller als ihre NHO-Analoga mit
Michael-Akzeptoren in  THF, wobei alle untersuchten NHOs nukleophiler als PhsP,
4-(Dimethylamino)pyridin (DMAP) und 1,8-Diazabicyclo[5.4.0Jundec-7-en (DBU) sind. Die von
Hansmann und Mitarbeitern kirzlich etablierten mesoionischen NHOs (mNHOs) sind noch
nukleophiler und diesbeziiglich vergleichbar mit Akzeptor-substituierten Carbanionen.[4l
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Es sei darauf hingewiesen, dass der Vergleich der Nukleophilie-Parameter zwischen NHOs und NHCs
tduschen kann, da sich die Sensitivititsparameter sy teilweise deutlich unterscheiden. Das impliziert,
dass die relative Nukleophilie stark vom Elektrophil abhangt [log k = sn(N + E)].% Ahnlich trigerisch
ist die Korrelation von Basizitat und Nukleophilie, wenn aromatisierende und nicht-aromatisierende
NHOs miteinander verglichen werden. Ein weniger basisches Derivat muss nicht zwangslaufig
langsamer mit einem Elektrophil reagieren, da der Ubergangszustand der Addition durch partielle
Aromatizitat stabilisiert wird, was sich nicht unbedingt in der Basizitét widerspiegelt.l"

Aufgrund ihrer ausgepragten o-Donorféhigkeit sind NHOs vielversprechende Liganden, die zahlreich
Anwendung in der Hauptgruppenchemie und Ubergangsmetallkatalyse finden.’*7>781  Die
Besonderheit hierbei ist, dass NHOs wegen ihrer starken Polarisation endstandig Uber den
exozyklischen Kohlenstoff koordinieren (n!-Koordination), wahrend Olefine fir gewdhnlich eine
seitliche n?-Koordination bevorzugen, was in Schema 16 beispielhaft dargestellt ist.’’1 Daher konnen
NHOs als latente Carbanionen angesehen werden, die im Zuge der Koordination die formal negative
Ladung auf das Metallzentrum (bertragen, was mit einer formalen sp3-Hybridisierung des
exozyklischen Kohlenstoffs und positiven Ladungsverteilung im Heterozyklus einhergeht. Auerdem
gehen NHOs im Gegensatz zu NHCs keine n-Rilickbindung mit dem Metallzentrum ein.

(a) (b)
2.022(3) o e \f< 3.175 H H ©

—\®
g NN _N_ _N— _N__N—
s AN
H—Pt—CI 1.434(5 K ¢ \W
/ 431(5) o .co 1.36(1) 1.48(2) 1.33(3)
1.375(4) cl "Mo 54 55
2.380(4)° oc” | ~co 13372
2.128(3) co -337(2)
[PtCla( i [Mo(CO)s( )] H,C—CH,

Schema 16: Vergleich experimenteller Strukturparameter zwischen n?-Olefin-Koordination und n*-NHO-Koordination am
Beispiel von Zeise-Salz K[PtCl3(CzHs)] und einem NHO-Molybdan(0)-Komplex (a).’®71 Als Referenz dienen
Bindungslangen ohne Koordinationspartner (b).[8%821 Alle Bindungslangen (in A) wurden mittels Réntgen- bzw. Neutronen-
und Elektronenbeugung bestimmt.

Die Donorfahigkeit eines Liganden L lasst sich mittels IR-Spektroskopie der Carbonyl-
Streckschwingung ven(CO) des Rhodium-Komplexes [RhCI(CO).L] bestimmen, womit dann der
sogenannte Tolman electronic parameter (TEP) berechnet wird (friher anhand von Ni(0)-
Komplexen):[182 Je starker die donierenden Eigenschaften des Liganden L sind, desto ausgepréagter
ist die mn-Rickbindung des Metalls an den CO-Liganden, was eine Verringerung der Carbonyl-
Schwingungsfrequenz und damit des TEPs bewirkt. Daran bemessen sind NHOs typischerweise
starkere Donoren als NHCs. Allerdings zeigen Liganden-Austauschexperimente, dass NHCs die
thermodynamisch stabileren Komplexe bilden und NHOs aus diesen verdrangen, was auf das
Zwischenspiel aus s-Donation und n-Riickbindung zuriickzufiihren ist.[71.72.81

Im Folgenden wird die Historie von NHOs chronologisch vorgestellt, die zwar seit den 1960er Jahren
bekannt sind, aber erst in jlngster Zeit besondere Popularitit genieBen (Schema 17).73#84
AbschlieRend werden Anwendungen in der Bindungsaktivierung und Katalyse mit besonderem Fokus
auf die Aktivierung von CO; und N2O diskutiert. Fur zusétzliche Informationen zu NHO-katalysierten
Polymerisationen, von unter anderem Propylenoxid und Laktonen, sei auf die Arbeiten von Naumann
verwiesen.[! Fir Details zur Koordinationschemie sei auf die Arbeiten von Rivard verwiesen. !
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3.2.1 Historische Entwicklung

Dipp
[\ —\ [\ - -N
—N N— 1-N N< Di ~N N\D' X —
NN R CH,  Dipp \( ipp e
\[ TW I | Dipp® \°
Ph ! o RZOR? 2011 R
1961 1979[ ! 1987 Rivard ~ Y=N.cPn
Bohme Grusck N-heterozyklisches Olefin 2020
Soldan Kaska Hansmann

Heuschmann

(IR, EA) (NTR) /
H ) | Di /N/=\N\Di
2024 PP | PP

mesoionisches
N-heterozyklisches
Olefin

hy

NN~ H 1993/1994 2008 N/_\N Gellrich
\(xﬂ _N_ N— Kuhn Firstner — \T = N-heterozyklisches
Mo )| (SCXRD)  (TEP) n' Chinodimethan
[RhCI(CO),]

Schema 17: Chronologie ausgewéhlter Errungenschaften in der Entwicklung des Konzepts von N-heterozyklischen Olefinen
(Dipp = 2,6-Diisopropylphenylgruppe).

Die erste Synthese eines NHO-Derivats wurde 1961 von Bohme und Soldan berichtet, die
2-Benzyliden-1,3-dimethylimidazolidin  isoliert und mittels Elementaranalyse (EA) und
IR-Spektroskopie charakterisiert haben.[®” Im Jahr 1979 beobachteten Kaska und Mitarbeiter in NMR-
Experimenten die endstandige n!-Koordination eines NHOs an einen von Zeise-Salz K[PtCls(CzH4)]
abgeleiteten dimeren Platin-Komplex.[ Jahre spater untersuchten Gruseck und Heuschmann gezielt
diverse 2-Alkylidenimidazolidine.® Dabei diskutierten sie die fur Olefine ungewdhnlichen
chemischen Verschiebungen der Alkylidenfragmente im *H- und **C-NMR-Spektrum und setzten ihre
NHOs in Diels—Alder-Reaktionen mit inversem Elektronenbedarf ein. Im Jahr 1993 erfolgten
umfangreiche Synthesen und spektroskopische Untersuchungen zur Olefin-Polarisation anhand von
NHO-Derivaten mit verschiedenen heterozyklischen Grundgeriisten.®® Im selben Jahr isolierten Kuhn
und Mitarbeiter das prototypische 1,3,4,5-Tetramethyl-2-methylidenimidazolin 54 und bestimmten
erstmals die Molekilstruktur eines NHOs und seines n!-koordinierten Komplexes am Beispiel von
[Mo(CO)s(n*-54)] mittels Einkristall-Rontgenstrukturanalyse (engl. single-crystal X-ray diffraction,
SCXRD).["®81 |m Jahr 2008 untersuchten Furstner und Mitarbeiter systematisch die Koordination von
NHOs und zeigten, dass selbst das simple 1,3-Dimethyl-2-methylidenimidazolin ein potenterer
o-Donor als typische NHCs ist.['2 SchlieRlich synthetisierten Rivard und Mitarbeiter 2011 das
populdre Dipp-substituierte NHO 58 ausgehend vom NHC und pragten erstmals den Begriff
,,N-heterozyklisches Olefin“.["®l Kirzlich erweiterten Hansmann und Mitarbeiter das Konzept der
NHOs und stellten mesoionische NHOs, wie 56 und 57, als noch starkere c-Donoren bzw. Lewis-
Basen vor, die sich nicht mit einer ladungsneutralen Lewis-Struktur darstellen lassen (Schema
18).18391 Wihrend sich NHOs aus NHCs ableiten lassen, handelt es sich bei mNHOs um die analoge
Erweiterung mesoionischer Carbene (MICs) bzw. aNHCs.

i Dipp . .
D D Ph D
=y ON=Y, Ipcg\Nz( ON=N =
L - U N~A A > A > Dipp~N~_N-Di
Ph/@kﬁN\Dipp P“/K( Dipp Ph-BNN~Dipp Ph/@kWN\Dipp PP \[f PP
oCH:
mNHO 56 57 58
Y =CPh, N

Schema 18: Mesoionische NHOs (mNHOs) sind reaktiver als herkdmmliche NHOs in Bezug auf Nukleophilie, Basizitat und
Donorstédrke (Dipp = 2,6-Diisopropylphenylgruppe).
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Im Zuge dieser Arbeit wurde eine neuartige Klasse der NHOs entwickelt. Charakteristisch fiir das
sogenannte N-heterozyklische Chinodimethan 1 (engl. N-heterocyclic quinodimethane, NHQ) ist der
CeHa-Linker zwischen der NHC-Einheit und der Methylidengruppe (Schema 19). Die Aromatisierung
des Linkers liefert eine zusatzliche Triebkraft fur die Reaktion mit Elektrophilen. Das NHQ 1 ist aber
dadurch nicht nur basischer als ibliche NHOs wie 58, es zeigt auflerdem radikalische Reaktivitit und
equilibriert (ber eine dehydrogenative Kopf-Kopf-Dimerisierung, die (ber einen offenschaligen
Singulett-Reaktionspfad verlauft, zum Super-Elektronendonor (SED) 2 (siehe Kapitel 5.2).

Dipp Dipp~™ i; “Dipp Dipp~™ EE “Dipp

duale Reaktivitat

/N\ N~

Dipp,

L N<pn: .
=\ 581+ Dipp | Dipp N,Dlpp B N]
Dipp/NWN\Dipp 474 —_— [ __ _/ N
1t N

Dipp

\
58 Dipp
PA =270.3 kcal/mol 1
PA =293.1 kcal/mol

Schema 19: Duale Reaktivitdt des N-heterozyklischen Chinodimethans 1 als starke Base und als Diradikal (Dipp =
2,6-Diisopropylphenylgruppe). Protonenaffinitaten (PAs) wurden auf ®B97X-D4/def2-QZVPP//PBEh-3c Niveau berechnet.
Das lodid-Gegenion von 58—H* und 1—H* ist zur besseren Ubersicht ausgelassen.

3.2.2 Anwendung zur Bindungsaktivierung

In diesem Kapitel werden NHOs zur Bindungsaktivierung von CO, und N,O diskutiert. Fur weitere
Beispiele von NHOs in organokatalytischen Reaktionen sei auf Ubersichtsartikel verwiesen. [

Lu und Mitarbeiter untersuchten die reversible CO,-Aktivierung durch verschiedene NHOs (Schema
20a).1°21 Temperaturabhangige kinetische Untersuchungen zur CO,-Freisetzung deuten auf eine héhere
Aktivitat von NHOs im Vergleich zu NHCs hin, was am Beispiel der NHO-/NHC-katalysierten
carboxylativen Zyklisierung von Propargylalkoholen zu Carbonaten bekraftigt wurde (Schema 20b).

(a) —\ [\
_N_ _N- RN NR
R o = O
-
(1 atm) A
©
®) 5 mol% Kat1 N_N
mol7 Ka pr—N& N
L ;)H (20 bar) N iPr ® Dipp
RI— VR3 = (0]
60 °C,12 h
R? R1MR3
R'=Ar, H ) ©
g 50-87% Kat1
R%, R% = Me, Ph, -(CHp)s— 12 Beispiele

Schema 20: Allgemeine Reaktionsgleichung zur reversiblen COz-Aktivierung durch NHOs (a) und NHO-katalysierte
carboxylative Zyklisierung von Propargylalkoholen zu Carbonaten (Dipp = 2,6-Diisopropylphenylgruppe) (b).
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Theoretische Untersuchungen zur CO,-Aktivierung verallgemeinerten die hohere Aktivitat von NHOs
verglichen mit NHCs.*® GleichermaRen bindet auch das basischere NHQ 1 unter milden Bedingungen
CO,. Weiterhin katalysieren NHOs die Carboxylierung von Aziridinen und Epoxiden sowie die
Formylierung von Aminen unter reduzierenden Bedingungen.®4

Kirzlich prasentierten Mandal und Mitarbeiter eine mNHO-katalysierte (5 mol%), metallfreie
S-Formylierung aliphatischer Thiole zu 63 mit CO, (1 atm) und Phenylsilan (2 aquiv. PhSiH3) als
Reduktionsmittel (Schema 21).°®1 Dabei erzielten sie fiir 48 Beispiele Ausbeuten von 69-92%.
Dartiiber hinaus eignet sich die Reaktion zur Darstellung pharmazeutisch relevanter Isotopologe und
zur Synthese von E-Vinylsulfiden 64 uber eine Eintopf-Wittig-Reaktion.

" /\
Phe P Phe P Phe P
N® . N® N®
Thiol- CO,-
\ A\ 2 \
© | N>_Ph Aktivierung @IN>_Ph Aktivierung IN>_Ph
H,c” N H,c” N ©,~c” N
: Dipp Dipp Hz  Dipp
| 56 60
PhSiH;
59
Ha
R—SH S, Pho .. PhSiH
R” 7 SiH,Ph si SiHs

61 2 H
62
(PhH,Si), H\H/R'

PPhy HO R
R >
~arbs R.___Cd
IS H Wittig s H
63 64

Schema 21: Eine mNHO-Katalysierte, metallfreie S-Formylierung von Thiolen mit CO2 und optionaler Eintopf-Wittig-
Olefinierung zu E-Vinylsulfiden (Dipp = 2,6-Diisopropylphenylgruppe).

Das Entscheidende hierbei ist, dass das mMNHO 56 erst CO; fixiert (60) und dieses dann in die Si—H-
Bindung des Phenylsilans insertiert, wodurch 62 entsteht. Gleichzeitig katalysiert 56 die
dehydrogenative Kupplung zwischen Thiol und Phenylsilan, wodurch 61 und H, entsteht. Eine
Limitation der Reaktion sind aromatische Thiole, die geringe Ausbeuten erzielen (30—35%).

Severin und Mitarbeiter zeigten, dass N,O an NHCs bindet und isolierbare NHC—N,O-Addukte bildet,
die thermisch unter Freisetzung von N, zum Harnstoff als Oxidationsprodukt zerfallen.®®! NHOs
reagieren ebenfalls mit NoO unter milden Bedingungen. In Acetonitril bilden sie Azo-verbriickte
NHO-Dimere 65a~-c, die als SEDs gelten (Schema 22).1° Uberraschenderweise fiihrt die Reaktion in
DMF oder THF zur Bildung von Diazoolefinen 66a—d.®®! Gleichzeitig berichteten Hansmann und
Mitarbeiter ebenfalls von der Isolierung und Charakterisierung des Diazoolefins 69 ausgehend vom
imidazolbasierten mMNHO 56 und erweiterten den Geltungsbereich der Reaktion in einer darauf
folgenden Arbeit fir weitere mNHOs wie unter anderem 57 (Schema 22).°% Die Bildung des
Diazoolefins 69 verlauft iber eine Sequenz aus Addition von N2O an das mNHO (67), gefolgt von
einer Tautomerisierung zu 68, und der Eliminierung von Wasser. Im Fall von mNHO 56 wurde das
azyklische Amid 70 als stochiometrisches Nebenprodukt detektiert. Diese Limitation lasst sich fur 57
in Anwesenheit von 4 A Molsieb umgehen.
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Severin (2019 & 2021) Hansmann (2021)
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66a—d Dipp'® 3, M Dipp’® L
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Schema 22: Ausgewdhlte Reaktionen von NHOs mit N2O (Dipp = 2,6-Diisopropylphenylgruppe, Mes = 2,4,6-Trimethyl-
phenylgruppe, Xyl = 2,6-Dimethylphenylgruppe, MS = Molsieb).

Damit konnten die beiden Arbeitsgruppen von Hansmann und Severin unabhédngig voneinander
erstmalig 2021 die Stabilitdt von Diazoalkenen bei Raumtemperatur nachweisen, welche zuvor nur
indirekt oder unter kryogenen Bedingungen nachgewiesen wurden.l*® Dieses Beispiel verdeutlicht,
wie die reaktive Methylidengruppe der NHOs neuartige Reaktionspfade ertffnet, die flir NHCs
unzuganglich sind.

; t
/:\ 72 N/IPF —\ e Ab
N N,O (1 atm) N(\t,—— ‘ N E@ 4 NN
I
|
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iPr o LA WL NG [ e o
/\L T Pr’ -/ \ﬂ/ )J\ -
B\

N 3 iPro4
5 TSy 6 71

Schema 23: Freisetzung von 2-Diazopropan durch eine Sequenz aus 1,3-dipolarer Cycloaddition und Cycloreversion
zwischen dem gem-dimethylierten NHO 5 und N20O.

Im Zuge dieser Arbeit wurde die Reaktion eines gem-dimethylierten NHOs 5 mit N2O untersucht.
Durch das Fehlen der reaktiven CHy-Einheit ist kein Additions—Eliminierungs-Mechanismus
zuganglich. Stattdessen findet bereits bei Raumtemperatur eine 1,3-dipolare Cycloaddition mit N.O
statt (Schema 23). Eine anschlieRende Cycloreversion setzt Imidazolon 6 und 2-Diazopropan frei,
welches in einer Folgereaktion mit Norbornen abgefangen wurde (71). Eine Eyring-Analyse und QM
Berechnungen mittels Dichtefunktionaltheorie (DFT) legen nahe, dass die initiale Cycloaddition
zwischen 5 und N2O geschwindigkeitsbestimmend ist (siehe Kapitel 5.3).

3.3  Konzept eines organischen C/C-Zwitterions

In dieser Arbeit sollte die Reaktivitat von NHOs genutzt werden, um ein kohlenstoffbasiertes FLP zu
entwickeln. Aus der isolobalen Transformation des B/P-FLPs 11 von Erker folgt ein intramolekulares
Carbokation/Carbanion-Paar (Schema 24a).1?6%01 Eine Herausforderung hierbei liegt darin, der
intrinsischen Reaktivitat entgegen zu wirken, das heit zu vermeiden, dass eine C(sp®)—C(sp®)-
o-Bindung irreversibel gekniipft wird, wie es fiir organische Verbindungen zu erwarten ist. Um die
Neutralisation der reaktiven Zentren zu verhindern, wurde die formale C—C-Bindung durch geeignete
Substituenten polarisiert und zusétzlich Ringspannung eingefiihrt (Ringspannung in Cyclobutan:
26.5 kcal mol™).[1%21 Konkret wurde als LB ein a-Sulfonylcarbanion verwendet, da Sulfongruppen im
Unterschied zu den meisten gangigen elektronenziehenden Gruppen die negative Ladung in a-Position
durch Hyperkonjugation statt durch Resonanz stabilisieren.!! Als LA wurde eine Imidazol(in)ium-
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Einheit verwendet. Es sei erwahnt, dass die positive Formalladung in der Lewis-Schreibweise zwar
dem Stickstoff zugeschrieben wird, aber der grofite Orbitalkoeffizient des niedrigsten unbesetzten
Molekulorbitals (engl. lowest unoccuppied molecular orbital, LUMO) am zentralen C2-Kohlenstoff
zu finden ist. Die Synthese eines organischen Zwitterions erfolgt Uber eine Michael-artige
1,4-Addition zwischen einem NHO und a-Phenylvinylsulfon 72.

(a) : / ;
; == T ON-R!
[ isolobal & ©.0 . R Ph.__SO,Ph N
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-L ki
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Schema 24: Konzept der isolobalen Transformation des prototypischen B/P-FLPs 11 von Erker zum Design intramolekularer
C/C-FLPs Uber eine 1,4-Addition zwischen einem NHO und o-Phenylvinylsulfon 72 (Mes = 2,4,6-Trimethylphenylgruppe)
(a). Diverse eingesetzte NHOs und zugehdrige Reaktionsprodukte (Dipp = 2,6-Diisopropylphenylgruppe) (b). Durch SCXRD
ermittelte Molekulstrukturen sind mit 50% Wabhrscheinlichkeitsellipsoiden dargestellt (Wasserstoffatome sind zur besseren
Ubersicht ausgelassen). Die hier dargestellten Ergebnisse sind nicht publiziert.

Gangige literaturbekannte NHOs erwiesen sich hierbei als ungeeignet (Schema 24b). Das reaktivste
der bertcksichtigten NHOs (54) reagiert unkontrolliert ab. Das geldufige Dipp-substituierte NHO 58
bildet die gewiinschte C—C-Bindung aus, aber tautomerisiert schlieBlich zu 73. Im Fall des
entsprechenden gesdttigten NHCs (SIPr) wurde die Eliminierung von Phenylsulfinat PhSO,™ nach
analog verlaufender Addition und Tautomerisierung beobachtet.’* Um die Tautomerisierung zu
verhindern und die zwitterionische Struktur zu stabilisieren, wurden gem-dimethylierte NHOs fur die
1,4-Addition verwendet. Hierzu wurde ein literaturbekanntes, gesattigtes NHO 74 beriicksichtigt und
neuartige reaktivere NHOs 76 und 5 synthetisiert. Das reaktionstrdgere NHO 74 fiihrt nicht zum
gewlinschten C/C-Zwitterion, sondern zum Imidazolinium 75, dessen Molekilstruktur nach
Kristallisation aus DCM Uber SCXRD bestétigt wurde. Nach Deprotonierung mit KHMDS oder
KOtBu wurde die Dissoziation zu den Edukten (72+74) beobachtet. Ein &hnliches Addukt wurde fir
das NHO 76 isoliert und kristallisiert. Das NHO 5 bildet nahezu quantitativ das gewiinschte Zwitterion
77, welches als gelbes Pulver isoliert wurde. Versuche 77 zu kristallisieren, wurden jedoch durch die
Dissoziation zu 78 in Losung erschwert (Schema 25). Nichtsdestotrotz wurde 77 mittels *H- und *C-
NMR-Spekroskopie sowie UV-vis-Spektroskopie charakterisiert. Die Molekilstruktur wurde
zusatzlich indirekt nachgewiesen, indem identische 'H- und 3C-NMR-Verschiebungen nach
Deprotonierung des HBFs-Salzes 79, dessen Molekulstruktur mittels SCXRD bestétigt werden konnte,
beobachtet wurden.
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Schema 25: Reaktivitat eines Ethylen-verbriickten organischen Zwitterions 77. Durch SCXRD ermittelte Molekilstrukturen
sind mit 50% Wahrscheinlichkeitsellipsoiden dargestellt (Wasserstoffatome sind zur besseren Ubersicht ausgelassen). Die
hier dargestellten Ergebnisse sind nicht publiziert.

Die Lebenszeit von 77 in Losung reicht aus, um Amminboran bei Raumtemperatur zu dehydrieren
(80) und CO; zu binden. Allerdings konnte das CO.-Addukt 81 nur NMR-spektroskopisch untersucht
werden, weil es zum NHO—CO,-Addukt 82 weiter reagiert, was auf eine reversible CO,-Aktivierung
schlieflen lasst. Aufgrund der mangelnden Stabilitdt des Systems wurde das zum B/N-FLP 4 von Repo
isolobale Zwitterion 3 entwickelt (Schema 26). Im Gegensatz zu 77 ist dieses System kompatibel mit
einer reaktiveren Imidazolinium-Einheit als LA.
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Schema 26: Konzept eines Akzeptor-substituierten NHQs 3 und mittels SCXRD ermittelte Molekulstruktur mit 50%
Wahrscheinlichkeitsellipsoiden (zur besseren Ubersicht sind iPr- und Ph-Substituenten im St&bchenmodell dargestellt und
Wasserstoffatome weggelassen).

Eine mogliche Konsequenz des CeHa-Linkers in 3 ist die Neutralisation der reaktiven Zentren (ber
Resonanzstabilisierung. Eine genauere Betrachtung der mesomeren Grenzformeln wirft zudem die
fundamentale Frage auf, welche Lewis-Schreibweise die elektronische Struktur von 3 besser
représentiert: Ein aromatisches Zwitterion trotz in Konjugation stehender Ladungszentren, was
gangigen Regeln zur Formulierung von Lewis-Schreibweisen organischer Verbindungen
widerspricht,[1%! oder ein neutrales ortho-Chinodimethan-Derivat? Im Hinblick auf optoelektronische
Anwendungen wurde diese Frage am Beispiel Donor—Akzeptor-substituierter para-Chinodimethane
diskutiert und die Struktur-Eigenschafts-Beziehung verschiedener Derivate untersucht, die meistens
aus 1,3-Benzodithiol-2-yliden als Donor und Dicyanomethylen als Akzeptor zusammengesetzt sind
(Schema 27). Abhéngig vom z-Linker lassen sich verschiedene elektronische Zustande stabilisieren,
was den intramolekularen Ladungstransfer und das Absorptionsverhalten beeinflusst.
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Schema 27: Ausgewahlte Beispiele von Donor—Akzeptor-substituierten para-Chinodimethanen und Derivaten davon.

Otsubo und Mitarbeiter erweiterten das von Gompper eingefiihrte Stammsystem 83al*%! um einen
zweiten Phenyl-Linker. Diese zusatzliche Aromatisierung in 83b stabilisiert anteilig den
zwitterionischen Zustand, was IR-spektroskopisch gestiitzt wurde.”l Die Thiophen-verbriickten
Derivate hingegen liegen als Chinone vor, wobei die Polarisation mit der Anzahl an Linkern zunimmt
84c > 84b > 84a.['%! Anderson und Mitarbeiter untersuchten analoge Porphyrin-verbriickte Systeme
und beobachteten einen insignifikanten Beitrag der zwitterionischen Resonanzstruktur.l%! Die
Arbeitsgruppen von Wu, Kim, Nakano, Casado und Ding berichteten 2015 erstmalig von stabilen
Donor—Akzeptor-substituierten  Diradikalen 85a—-b mit einem offenschaligen  Singulett-
Grundzustand.™9 Kiirzlich diskutierten Zhang und Mitarbeiter die aromatische, zwitterionische
Struktur und das Absorptionsverhalten von 86a—c mit einem PPhz-Donor.[**4

Die im Zuge dieser Arbeit erlangten Ergebnisse, basierend auf SCXRD, *H-/2C-/*N-NMR- und UV-
vis-Spektroskopie, zyklischer Voltammetrie und DFT-Berechnungen, zeigen, dass aufgrund der
Donor—Akzeptor-Substitution in 3 die Polarisation des n-Systems so ausgepragt ist, dass Ladungs-
separation entlang des konjugierten ortho-Phenyl-Linkers vorliegt. Dementsprechend beschreibt die
Lewis-Schreibweise als aromatisches Zwitterion die elektronische Struktur besser als die chinoide
Darstellung. DFT-Berechnungen zu Derivaten von 3 legen aul’erdem nahe, dass elektronische Effekte
hauptverantwortlich fir die Polarisation sind. Zusétzlich fuhrt der sterische Anspruch der
Imidazolinium-Einheit in 3 dazu, dass sich der Heterozyklus aus der Ringebene des Ce¢Ha-Linkers
dreht, was die Konjugation einschrankt und den zwitterionischen Charakter verstarkt. Zudem
dehydriert 3 Amminboran unter Bildung von 87 und addiert an Phenylacetylen unter C—H-
Bindungsspaltung (88), was an die Reaktivitdt von FLPs erinnert (Schema 28). Daher kann 3 als
intramolekulares kohlenstoffbasiertes FLP betrachtet werden kann (siehe Kapitel 5.4).

iPro Pr.@®
L i PN N~jpr
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Schema 28: Ambiphile Reaktivitat des Akzeptor-substituierten NHQs.
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3.4  Entropie

Die Berechnung von Aktivierungsbarrieren (A*Gson) und freien Reaktionsenthalpien (ArGsom) in
Losung war ein essentieller Bestandteil der im Rahmen der vorliegenden Arbeit durchgefiihrten
Forschungsprojekte und erfordert typischerweise drei quantenmechanische Berechnungen:i*? (i)
Zunachst erfolgt die Optimierung der Atomkoordinaten und Bestimmung der Schwingungsfrequenzen.
(if) Anschlielend werden prézisere elektronische Energien auf einem hoheren theoretischen Niveau
berechnet. (iii) SchlieBlich werden implizite Losungsmittelmodelle verwendet, um die Solvatation in
kondensierter Phase zu berticksichtigen. Wéhrend enorme Fortschritte bei der Methodenentwicklung
zur Bestimmung praziser elektronischer Energien erzielt wurden, sind Entropie-Effekte aufgrund ihrer
Komplexitat verhaltnismaRig rudimentdr beschrieben.[21%% Es ist bekannt, dass insbesondere fr
Reaktionen, bei denen sich die Zahl der Reaktanten veréndert (z.B. Assoziations- und
Dissoziationsprozesse), die unzureichende Berlcksichtigung von Entropie-Effekten fir ungenaue
Ergebnisse verantwortlich ist. Im Jahr 2019 prasentierte Garza einen physikalisch fundierten
Formalismus fiir die Berechnung der Entropie in Losung S°soin.**4 Dieser Formalismus wurde im Zuge
dieser Arbeit in den Klassischen Arbeitsablauf integriert und derart automatisiert, dass S°som
nutzerfreundlich berechnet werden kann. AuBerdem wurde (berprift, wie allgemeingiltig und wie
groB} der systematische ,,Entropie-Fehler ist, und ob der neue Formalismus diesen korrigiert (siche
Kapitel 5.1). Im Folgenden wird kurz der Entropie-Formalismus in der Gasphase erlautert und darauf
aufbauend der neue Formalismus von Garza fiir S°sin prasentiert. Fir die Vibrationsentropie, die von
den Schwingungsfrequenzen v; abhangt, wird angenommen, dass sie in der Gasphase und in Ldsung
gleich ist (Ssoln,vib = Sg,vib)-

3.4.1 Formalismus in der Gasphase
Die Gasphasen-Entropie (Sqs) setzt sich aus den Beitragen der Translation (Sgasrans), ROtation (Sgas rot)
und Vibration (Sgasvib) Zusammen (GlI. 1).

Sgas = Sgas,trans + Sgas,rot + Sgas,vib (1)

Unter der Annahme eines idealen Gases, des starren Rotators und des harmonischen Oszillators (engl.
rigid-rotor-harmonic-oscillator approximation) lassen sich die einzelnen Terme berechnen. !

3 (2mmkgT 5

Sgastrans = R [E n (T> +In Vgasiideal + E] 2
8n? 2mkgT 3 1
YA TTKB e\2 1

Sgas,rot =RIn T(T) (IXIyIZ)2 ©)

Was die stoffspezifischen Variablen betrifft, ist die Translationsentropie eine Funktion der Masse m
(Gl. 2) und die Rotationsentropie eine Funktion der Symmetriezahl ¢ und des Trégheitsmoments |
(Gl. 3). Das ideale Gasvolumen Vgasidear hdngt nur von Temperatur und Druck und nicht von
stoffspezifischen Grofzen ab.

3.4.2 Formalismus in Ldsung nach Garza

Die Entropie eines Molekuls in Ldsung S°som lasst sich analog zur Gasphasen-Entropie in ihre
Bestandteile aufteilen (Gl. 4). Hierbei muss neben der Translation, Rotation und Vibration auch die
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Kavitétsbildung des Losungsmittels (Scav) beriicksichtigt werden. Da sich die Standardbedingungen in
der Gasphase (1 bar) und in Losung (1 mol L) unterscheiden, ist noch eine Korrektur fir die
unterschiedlichen Konzentrationen notwendig (AS°conc). Bei 25 °C folgt damit —TASconc = 1.894 kcal
mol .

Sosoln = Ssoln,trans + Ssoln,rot + Ssoln,vib + Scav + ASoconc (4)

Typischerweise fuhrt die Solvatation eines beliebigen gasformigen Molekils Ay zu einem Verlust
seiner Freiheitsgrade und damit auch seiner Entropie (A:S <0 flr Ags—Asoin). Bei der Translation
zeigt sich das darin, dass fur die Molekilbewegung in x-, y- und z-Richtung in Lsung nicht mehr das
ideale Gasvolumen Vgasiceat SONdern das stoffspezifische Kavitétsvolumen NcayVeav zur Verfligung steht
(Gl. 5). Das Kavitatsvolumen ist eine Funktion des molekularen Volumens des Ldsungsmittels und
des solvatisierten Molekiils Asoin und auBerdem eine Funktion der molaren Masse Mym und Dichte pim
des Losungsmittels. Fur die Rotation muss bertcksichtigt werden, dass diese im Gegensatz zur
Gasphase nicht mehr frei sondern aufgrund der Ldsungsmittelkavitdt nur noch gehindert erfolgt
(Gl. 6). Hierbei ist das Verhéltnis aus dem Streumassenradius des geldsten Molekiils rgyr (engl. radius
of gyration) und dem Radius der Lésungsmittelkavitét re,y von Bedeutung. Der Streumassenradius ist
definiert als der mittlere quadratische Abstand der einzelnen Atome zum Schwerpunkt des Molekiils.

Neav Vs
Ssoln,trans = gastrans T Rln <y) )
gas,ideal
= _Tgyr
Ssoln,rot - Sgas’rot + 3R ln 1 (6)
Teav

Die Entropie der Kavitatshildung l&sst sich aus der sogenannten scaled particle theory (SPT) ableiten
(GI. 7). Zur Berechnung wird das Verhaltnis der Radien des solvatisierten Molekiils Ason und des
Losungsmittels (X = ra/ruv) sowie die relative Permittivitét e des Losungsmittels (Gl. 8) bendtigt.

B 3y o 3y 9( y )2
Scav = —R|—In(1 y)+1_yX+X <1—y+2 1=y (7
_S(sr—l) ®)
y_47r &+ 2

Die Gasphasen-Entropie nach GI. 1 wird als gegeben angenommen, da diese standardméaRig im Zuge
QM Untersuchungen nach der Bestimmung der Schwingungsfrequenzen berechnet wird. Bei Kenntnis
der Solvatationsentropie AsonS° lasst sich damit direkt die Entropie in Losung S°sqin bestimmen. Bildet
man die Differenz aus Gl.4 und GIl.1 folgt ein verhaltnismaRig simpler Ausdruck fir die
Solvatationsentropie AsonS° eines beliebigen gasférmigen Molekills Ags (Gl.9). Alle bendtigten
Grolen lassen sich entweder aus den Atomkoordinaten der optimierten Molekulstruktur berechnen
(Va, Vum, rgyr) oder aus vorhandenen Tabellenwerken entnehmen (Mim, puwm, &). Somit kann diese
Methode ohne erheblichen zusétzlichen Rechenaufwand routinemaBig durchgefiihrt werden (siehe
Kapitel 5.1)

Neay Ve T
AgorvS° = R 1n< =V C‘”) +3RIn (1 - gyr) + Scav + AS®conc 9)

gideal Tcav
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5 Veroffentlichte Projekte
5.1  The entropic penalty for associative reactions and their physical treatment
during routine computations

AGgon
A

exp A [AsesBJ¥
classic comp

A A+B 1

unimolecular g bimolecular A-B
- chemical accuracy - entropic penalty

» additive, physically sound correction
based on Garza's entropy formalism

Eine systematische Untersuchung der entropischen Benachteiligung assoziativer Reaktionen wird
vorgestellt. Es wird gezeigt, dass freie Enthalpien in Losung AGson hdufig die entropischen Beitrage
iiberschitzen. Dieser ,,Entropie-Fehler fiir assoziative Reaktionen in Losung, d.h., wenn die Anzahl
der Teilchen entlang der Reaktionskoordinate abnimmt (Summe der Stéchiometriezahlen Yvi < 0),
entstent durch die unzureichende Behandlung entropischer Effekte durch implizite
Losungsmittelmodelle. Wir stellen ein additives Korrekturschema fiir die freien Enthalpien vor, das
flr Routineanwendungen geeignet ist. Diese Korrektur basiert auf Garzas physikalisch fundiertem
Formalismus zur Berechnung der Entropie in LOsung Ssoin [A. J. Garza, J. Chem. Theory Comput.
2019, 15, 3204.], der in einen effizienten Blackbox-Algorithmus eingebettet ist. Um den ,,Entropie-
Fehler und die vorgeschlagene Korrektur kritisch zu bewerten, haben wir einen experimentellen
Benchmark-Datensatz von 31 Reaktionsenergien und 22 Aktivierungsbarrieren in 15 verschiedenen
Losungsmitteln zusammengestellt. Unter Verwendung eines reprasentativen Arbeitsablaufes (auf
Basis der Wellenfunktionstheorie (WFT) mit DLPNO-CCSD(T) und der Dichtefunktionaltheorie
(DFT) mit revDSD-PBEP86-D4 sowie einem impliziten Ldsungsmittelmodell) wurde ein
betrachtlicher systematischer ,,Entropie-Fehler von 2-11kcal mol™? bestimmt. Mit dem hier
vorgestellten Korrekturschema wird die entropische Benachteiligung auf eine chemische Genauigkeit
von <1 kcal mol™' (WFT und DFT) korrigiert. Gleiches gilt fiir die Barrieren auf WFT-Niveau.
Barrieren auf DFT-Niveau werden in der klassischen Berechnung um 2 kcal mol™ iiberschitzt und
nach der Korrektur um 2 kcal mol™! unterschitzt. Dieser Effekt wird darauf zuriickgefiihrt, dass
Barrieren, die auf DFT-Niveau berechnet werden, systematisch 2—3 kcal mol™ niedriger liegen als die
mit WFT erhaltenen Barrieren.
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The entropic penalty for associative reactions and
their physical treatment during routine
computationst

Jama Ariai @ * and Urs Gellrich (%

A systematic study of the entropic penalty for associative reactions is presented. It is shown that computed
solution-phase Gibbs free energies typically overestimate entropic contributions. This entropic penalty for
associative reactions in solution, i.e, if the number of particles decreases along the reaction coordinate (sum
of stoichiometric numbers v < 0), originates from the insufficient treatment of entropic effects by implicit
solvent models. We propose an additive correction scheme to Gibbs free energies that is suitable for routine
applications by non-expert users. This correction is based on Garza's formalism for the solution-phase
entropy [A. J. Garza, J. Chem. Theory Comput., 2019, 15, 3204 that is physically sound and embedded into
an efficient black-box type algorithm. To critically evaluate the entropic penalty and its proposed treatment,
we compiled an experimental benchmark set of 31 AG and 22 A!G in 15 different solvents. Using a
representative best-practice computational protocol (at wave function theory (WFT) based DLPNO-CCSD(T)
and density functional theory (DFT) based revDSD-PBEP86-D4 level with an implicit solvent model), we
determined a sizeable entropic penalty ranging from 2-11 kcal mol *. Using the correction scheme pre-
sented herein, the entropic penalty is corrected to the chemical accuracy of <1 kcal mol* (WFT and DFT).
The same applies to A'G at the WFT level. Barriers at the DFT level are overestimated by 2 kcal mol™" (clas-
sic) and underestimated by 2 kcal mol * (corrected). This effect is attributed to the finding that barriers com-

rsc.li/pccp

Introduction

The last decades have witnessed tremendous progress in elec-
tronic structure computations.” Nowadays, sophisticated
DFT methods® " and efficient implementations of coupled clus-
ter theory'®>! are affordable for even complex/large molecular
systems and thereby allow to compute the electronic structure
with high accuracy. When it comes to the computational study of
(bio)chemical reactions (e.g., catalysis, bond activation, binding
affinities of proteins/drugs, etc.), the change of the Gibbs free
energy during the course of the reaction is of particular interest.
Since the partition functions that are needed to calculate the
thermochemistry of an ideal gas are also known, the Gibbs free
energy of a chemical reaction in the gas-phase AG; can be
calculated acmmmly.22'27 However, most chemical reactions that
are relevant for synthetic chemistry and chemical biology take

Institute of Organic Chemisiry, Justus Liebig University, Heinrich-Buff-Ring 17,
35392 Giessen, Germany. E-mail: urs.gellrich@org.chemie.uni-giessen.de,
Jama.ariai@org.chemie. uni-giessen.de

 Electronic supplementary information (ESI) available: Derivation of mathema-
tical expressions, statistical analysis, comprehensive lists of computed quantities,
documentation on the black-box algorithm, and numerical examples. See DOI:
hittps://doi.org/10.1039/d3cp00970j
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puted at the DFT level are systematically 2—3 kcal mol " lower than barriers obtained with WFT.

place in solution. An analytical treatment of the thermochemistry
for chemical reactions in solution is not routinely possible. Thus,
the classic computational protocol for that purpose is as follows:
Applying Hess' law, the solution-phase Gibbs free energy AGun
is calculated from the corresponding gas-phase Gibbs free energy
AGy and the individual Gibbs free solvation energies AgG
(Fig. 1). The latter is routinely obtained from continuum solvent
models (CSMs), Ze., an implicit solvent treatment.”*** Conse-
quently, the accuracy of computed AG.u, values depends on
the precision of their contributions from AG, and AgwG. It is
well recognized that the treatment of entropy in solution is
fundamentally difficult, which can severely diminish the predic-
tive applications of computational chemistry.">***% CSMs are
parametrized to reproduce Gibbs free solvation energies of
individual species without chemical transformations being taken
into account.”>**"*® When the number of particles changes during
the course of the reaction (e.g bimolecular reactions), entropic
contributions become particularly important, In these cases, the
classic computational protocol tends to overestimate the gas-phase
entropic contributions which manifests itself in an entropic penalty
that systematically disfavors bimolecular reactions (or generally
speaking associative reaction pathways with decreasing particle
number). Various treatments of this so-called entropic penalty have

Phys. Chem. Chem. Phys., 2023, 25, 14005-14015 | 14005
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< additive, physically sound correction to the entropic

penalty based on Garza's entropy formalism
Fig. 1 Schematic presentation of a classic best-practise workflow to
determine the solution-phase Gibbs free energy AG.... The implications
for bimolecular reactions that suffer from an entropic penalty (in contrast
to unimolecular reactions) are illustrated. This work quantifies the entropic
penalty and proposes a correction

already been proposed and debated in literature.*****®"" However,

these are mostly case-specific, empirical, or costly so that they
cannot be embedded into a general computational protocol. Thus,
to the best of our knowledge, there is no physically sound correc-
tion scheme to the entropic penalty that is universally applicable
for routine computations.

In 2019, Garza introduced a nonempirical formalism to
approximate the solution-phase entropy based on physical
arguments and properties of the solvent.”” According to this
approach, the solution-phase entropy is calculated as the sum
of translational, rotational, vibrational, and cavitation entropy.
The solution-phase expressions are derived from the gas-phase
formalism with appropriate adjustments to the condensed
phase (vide infra). The solvation entropies calculated this way
reached chemical accuracy as demonstrated by Garza.

However, is it possible to obtain corrected (regarding the
entropic penalty) reaction/activation Gibbs free energies by calcu-
lating Ay H independently using an existing CSM as suggested by
Garza but not demonstrated? And how is the accuracy for a
broader scope of chemical reactions in a variety of solvents? To
answer these questions, we compiled a benchmark set that covers
31 experimental solution-phase Gibbs free reaction energies
AGeorn in 5 solvents and 22 activation free energies AlGy,, in

14006 | Phys. Chem. Chem. Phys., 2023, 25, 14005-14015
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13 solvents (including enthalpic and entropic components for
each entry) for a diverse set of bimolecular chemical reactions.
Existing benchmark sets do not serve our purpose of determining
the entropic penalty because they typically consider electronic
energies or gas-phase energies. Among the reactions that we
considered are cycloadditions, dimerizations, hydrogen bonding,
and coordination. Thus, it is possible to systematically investigate
the entropic penalty and to quantify it for both, AGu, and
A6, employing DFT and domain-based local pair natural
orbital coupled cluster theory (DLPNO-CCSD(T)). Based on these
findings, we examine if Garza's formalism can compete with the
common computational protocol. To elaborate on a useful com-
putational protocol suitable for routine non-expert applications,
we define the following criteria. The computational effort should
be as low as possible, preferably similar to the gas-phase entropy
so that it does not require an additional QM computation or
software, Furthermore, the protocol should be reliable for A, G
and A*G,, independent from the solvent and the molecularity of
the reaction to be suitable in predictive applications.

For this purpose, we combined Garza's solution-phase
entropy formalism with the existing gas-phase formalism to
obtain simple expressions for the solvation entropy. We imple-
mented these into a universal black-box algorithm feasible for
routine applications that calculates the solvation entropy of any
species within seconds on the command line using a regular
desktop computer requiring no more than the atomic coordi-
nates of the solute and specification of the solvent. Putting all
together, we propose an additive correction to the entropic
penalty that meets all our criteria.

This article is organized as follows: First, we outline the
theoretical background that includes common usage of CSMs,
Garza's formalism of the solution-phase entropy, and the origin of
the entropic penalty. Secondly, we comment on the computa-
tional protocol and compiled benchmark set. The results are
summarized and critically discussed in the main section. After a
demonstration of the entropic penalty and a proposed correction,
we conclude this investigation with a summary and outlook.

Theoretical background
Commonly, solution-phase Gibbs free energies

AGgomn = ArGgas + Ao G (1]

are calculated as the sum of gas-phase and solvation energies
according to Hess' law (eqn (1)). The solvation free energy
is calculated from CSMs. We will consider the SMD model
hereafter as a representative because it belongs to the best-
performing CSMs with broad availability, scope, and high
accuracy.’” However, most CSMs operate similarly and there-
fore the conclusion is not exclusively limited to this particular
solvent model.*® The solvation free energy

AAon G = Aerst + Aylines (2)

includes electrostatic (AEqy < 0) and non-electrostatic
(A;Gpes) contributions (eqn (2)). AGe is parametrized to

This journal is @ the Owner Societies 2023
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reproduce Ag,,G from a training set and to cover apolar
interactions, cavity formation, and entropic contributions.
Entropic contributions are particularly sensitive to changes in
particle number but this was not considered during parame-
trization, so these effects are not covered by CSMs.

We propose a correction scheme that is based on the formal-
ism presented by Garza.”® Accordingly, the solution-phase entropy
is treated similarly to the gas-phase entropy but corrected for
cavity formation and thereby reduced translational and rotational
entropy. Thus, reformulation of the solvation entropy

AconS = Ao + Ay 8" + 5 (3)
with

Neaw Vear
Aoy 8™ = RIn (7;‘."‘ 2 ) (4)
Ao S™ = 3R ln(l - "3—”) (5)

Feav

g 3y ' 2

Sear = —R|=In(1 =) + 72X ' (6)

requires the number of accessible cavities (Ng,,), their volume
(Vea) and radius (reqy), the radius of gyration (), the (modified)
reduced number density of the solvent (y’ and y), and the ratio of
the radii of solute to solvent (X).*" For the calculation of these
expressions, tabulated physical bulk properties of the solvent
(molar mass, density, permittivity), optimized atomic coordinates
of the solute, and the molecular volume of both the solute and
solvent are required. The molecular volume is derived from the
atomic coordinates by considering overlapping atomic spheres
based on the van der Waals (vdW) radii.** Thus, we optimized the
molecular structures of common solvents at the PBEh-3c¢ level and
computed the vdW volume, Together with the aforementioned
physical bulk properties, we compiled a solvent library comprising
187 entries. With this in hand, the computational effort to
determine the solvation entropy is further reduced. It is compar-
able to the gas-phase formalism as it requires no more than the
radius of gyration and the vdW volume of the solute. Both
quantities are derived from optimized atomic coordinates.

Entropic penalty

If we consider a chemical reaction rather than just a solvation
process of a single particle, we obtain

A, ST = RAIN(V) (7)
ArAgoy S™ = 3RA, In(r}) (8)

3y ’ 2
ArSeav = —R[—Z"r In(1 —y) +1T)-A'X+J A(X )} )

where the ratio of the multiplied product terms to the multi-
plied reactant terms

A In(V;) = m(H (u) ) (10)

I
i Vid::\]
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Adn() =1n (H(l —:’f—)) (11)

are condensed for brevity (eqn (10) and (11)). Now, the entropic
contributions do not depend on the properties of the solute but
on the properties that change during the chemical reaction.
The translational entropy (eqn (7)) depends on the relative
reaction volume V(products)/V,(reactants). The rotational
entropy (eqn (8)) and cavitation entropy (eqn (9)) are also
functions of the change in molecular volume or shape during
the chemical reaction but are expressed here in terms of rgy/reay
and A.X, respectively. Comparison of eqn (4)—(6) versus
eqn (7)—(9) reveals the drawback of current CSMs: the solvation
entropy (eqn (3)) is parametrized into G,., by considering a
unimolecular process Ag) — Agoin) With constant particle number
(3> v =0, shown for an arbitrary solute A). This implies no
change in molecular shape and volume AV = 0. Thus, G,¢s cannot
account for effects associated with changes in AV because its
variation has not been considered during parametrization and
entropic effects caused by changes in AV cannot be described by
CSMs, This is illustrated by considering eqn (7)—(9) under the
conditions of parametrization of CSMs, ie., v =0 and no
change in molecular volume/shape. They individually add up to
0. In bimolecular reactions (3 v; = — 1), however, these effects are
significant because the particle number, volume, and shape
change that is neglected in CSMs. To provide and estimate, we
considered a dimerization reaction of a hypothetical monomer
and assume Vion = 10° A* and Vg, = 2Vinen. Thus, A A, S
contributes about +4R (note: Vigea & 40 x 10% A%). For A;A,,S™,
we obtain about +2R assuming typical values for ry,/rq, = 0.5.
Lastly, the cavitation term contributes to about +2R for apolar
solvents (n-hexane, benzene) and about +5R for polar solvents
(DCM, THF, water) assuming X = 1.3, ie., the vdW volume of the
monomer is twice the vdW volume of the solvent. Overall, this
results in an estimate of up to 11R neglected entropic contribu-
tions for a hypothetical dimerization reaction (> —7 keal mol * at
room temperature). In other words, bimolecular reactions, Le.,
reactions with decreasing particle number along the reaction
coordinate (} v = —1), suffer from an entropic penalty. The
overestimation of the gas-phase entropic contributions arises
from an inadequate description of the loss of degrees of freedom
upon solvation. To correct this systematic error, we build on the
limitations of Gpe,. With AA,S(3" v =0) = 0 in hand (vide
supra), going from a unimolecular reaction to a bimolecular
reaction requires explicit consideration of eqn (7)-(9) to account
for entropic effects due to changes in volume, ie., AAy,S"™"
(Ve # 1), ArAs..mS“"[r’ﬁé 1), and AS“Y(AX # 0). This leads to

AAioG = AEarse + ArA g S(HAGhes) (12)

where AAg,),S can be regarded as an entropy-correction to
AAsonG (eqn (12)). In other words, this expression corrects
the solution-phase Gibbs free energy obtained by a classic
computational protocol. The term A;A;,,S explicitly accounts
for the changes that are not covered by G,,.s. Furthermore, tests
indicate that A;A,,,S is better used as a replacement for A,G s,
rather than being added to it, possibly due to double counting

Phys. Chem. Chem. Phys., 2023, 25,14005-14015 | 14007
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and/or negligible apolar attractive interactions (vide infra).
To substantiate the reliability of this approach, we compare it
with the classic protocol for unimolecular reactions as a sanity
check. According to our hypothesis, the correction term should
vanish for unimolecular reactions, i.e., AAgo, S vi =0) = 0
and A,Gpes(3 v =0) = 0.

Computational methods

All computations were performed with the ORCA software
package (versions 4.2.0 and 4.2.1)*** with tight SCF convergence
criteria. For structure optimizations and analytical harmonic vibra-
tional frequencies, we employed the PBEh-3c level of theory.® This
hybrid DFT variant gives reliable structures and is feasible for
routine computations. For the PBEh-3¢ computations, we used the
grid4 integration grid as implemented in ORCA. Minima and
transition states were characterized by the absence and presence
of one imaginary frequency, respectively. Zero-point vibrational
energies (ZPVEs) and thermal corrections were derived from
unscaled harmonic frequencies and Grimme's quasi-rigid-rotor-
harmonic-oscillator (RRHO) approximation at the given tempera-
tures as implemented in ORCA by default (cutoff frequency
100 ecm™').*® The rotational symmetry number was manually
corrected if it had not been determined correctly by ORCA. When
available, input structures were taken from a previous study.*

Implicit solvation

Bulk solvation was considered implicitly with the SMD model.*

Thus, solvation free energies A, G were obtained at the PBE0®*
/def2-SVP level (grid4, finalgrids) using gas-phase optimized
structures. We point out that the accuracy of Ay,,G will be
highest if its computation is performed in comparable rigor as the
parametrization of the particular solvent model.**"* All values are
corrected for standard-state conditions at the given temperature
unless otherwise noted. The solvents 1-methoxy-2-(2-methoxy-
ethoxylethane (diglyme) and 1-decene are not included in the
SMD model by default. We set their parameters manually (& =
7.23,% n = 14097, yly, = 28.3,” § = 0.45 (assumed from dibutyl
ether) for diglyme, and & = 2.136," n = 1.4215,% y/y, = 34.54," for 1-
decene).

Electronic energies

Highly accurate electronic energies are crucial to determine the
entropic penalty reliably. Therefore, we employed representative
top-tier DFT and WFT methods for single-point energy (SPE)
computations.

For WFT, we utilized the domain-based local pair natural
orbital coupled cluster theory with single, double, and pertur-
bative triple excitations (DLPNO-CCSD(T)) with its default set-
tings (NormalPNO).''%***  Compared to the canonical
CCSD(T) that is considered as the gold standard, the DLPNO
approach covers up to 99.6% correlation energy. Thus, DLPNO-
CCSD(T) is a highly efficient method for benchmarks” and
general (bio)chemical applications.'®*?

14008 | Phys. Chem. Chem. Phys., 2023, 25, 14005-14015
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For DFT, we utilized a revised dispersion-corrected (D4),”"!
spin-component-scaled (revDSD), double-hybrid functional
(DHF) based on PBE exchange®® and Perdew correlation
(P86)**** developed by Martin.*'* The so-called revDSD-PBEPS6-
D4 functional belongs to the best-performing double-hybrid meth-
ods within the highest rung of Jacob’s ladder with a weighted mean
absolute deviation over GMTKNS55 (WTMAD2) of 2.33 keal mol .
For integration, gridé together with the chain-of-spheres approxi-
mation (RIJCOSX) was used as implemented in ORCA.”
All SPE computations utilize an Ahlrichs-type basis set with
quadruple-zeta valence quality [defZ-QZVPP]W and the appro-
priate auxiliary basis sets.”*%

Solvation entropies

We developed a script executable in a black-box type fashion on
the command line to calculate the solvation entropy within
seconds for any minimum/transition state structure following
Garza's formalism.* This script is available from the authors
upon request. Molecular volumes, converged to 10" A%, were
computed analytically using Petitjean’s algorithm (EPSTAB =
5 x 10 °, NPERM = 7).*' Details of the implementation are
outlined in the ESL{ We validated our script by reproducing
AgorS of Garza's work. In agreement with that we obtained
for 108 solvation entropies (excluding iodine and methyl ether as
solvents) a mean error of —0.3 (—0.5) cal mol™" K~ ' and MAE of 2.4
(2.3) cal mol * K * (values in parentheses refer to Garza's work).

Results and discussion
Experimental benchmark set

For this study, we compiled an experimental benchmark set
composed of solution-phase Gibbs free reaction/activation
energies considering different solvents (Scheme 1). The bench-
mark set is structured as follows. First, we divided the set into
unimolecular and bimolecular reactions. The former are
required for a sanity check and the latter are used to determine
the entropic penalty. Every reaction is assigned a reaction
number (unimolecular 1-6, bimolecular 7a-15). Then, we
further divided the set into reaction energies (A,G) and activation
energies (A*G). We assigned every individual Gibbs free energy a
number depending on the solvent (Table 1). Thus, to determine
the entropic penalty, we considered 31 A,G values in five
different solvents (entries 9-39) and 22 A*G values in 13 different
solvents (entries 40-61). The entry number (first column of
Table 1) and the reaction number (second column of Table 1)
differ because for some reactions either multiple solvents or
both activation and reaction parameters are considered.

To successfully quantify the entropic penalty by comparison
of experimental Gibbs free energies with computed ones, we
must ensure that our values are reliable and accurate. Otherwise,
artefacts and/or propagated errors could be mistaken for the
entropic penalty. Accordingly, appropriate reactions must be
considered that meet certain requirements. To minimize the
errors of the computed values, all reactants/products are neutral
in net charge and exhibit a closed shell singlet state as the only
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Scheme 1 Reactions included in the experimental benchmark set: 8 entries for unimolecular reactions, among them 7 barriers and 6 different solvents;
and 53 entries for bimolecular reactions, among them 22 barriers and 15 different solvents. The solvents for each reaction are given in Table 1
Annotations: reaction 6: R = piperidyl; reaction 7: X = O (a), S (b); reaction 8: X = F, LB = Ph>O (a), PhOMe (b), Et2O (c), EtOAc (d), butanone (e),
3-(dimethylamino)propionitrile (f), anthrone (g). THF (h), 3-bromopyridine (i), cyclohexanone (j), quinoline (k), pyridine (I, EtsN (m), N-methylformamide
(n), Ph;S0 (o), 4-picoline (p), DMF (qg), N,N-dimethylacetamide (r), DMSO (s), PhsP=0 (t), HMPA (u), CypNH, (v); X = H, LB = THF (w), butanone (x), DMF

(y). pyridine (z); reaction 14: R = Et (a), n-Bu (b); reaction 15: R = C=C—(o-tol).

relevant electronic ground state configuration. Furthermore, we
chose reactions involving rather rigid molecules to minimize the
conformational complexity.m"’m' Nevertheless, our benchmark set
covers a variety of chemical reactions ranging from hydrogen
bonding (entries 9-38), carbene-dimerization (entry 39), Diels-Alder
reactions (entries 40-48), Alder-ene reactions (entries 49-51), 1,3
dipolar cycloadditions (entries 52-60) to a transfer borylation (entry

This journal is © the Owner Societies 2023

61). As proof of concept, we also investigated similar unimolecular
reactions, i.e., Cope rearrangements (entries 1-2), Claisen rearran-
gements (entries 3-4), electrocyclization (entry 5), retro-Diels-Alder
reactions (entries 6-7), and a dissociation reaction of a dimeric
borane (entry 8). Concerning the solvents, virtually any class is
considered, i.e., apolar/aprotic (e.g. ether, aliphatic/aromatic hydro-
carbons), and polar/protic (water, alcohols).
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Table 1 Experimental solution-phase reaction/activation energies and entropies (in kcal mol™) at the given temperature compiled from the literature.
DCM and THF refer to dichloromethane and tetrahydrofuran, respectively. Note that the entry number (first column) and the reaction number (second
column) differ because for some reactions either multiple solvents or both activation and reaction parameters are considered. The chemical reactions are
depicted in Scheme 1

Unimolecular (3 v; = 0)

Entry Reaction Solvent Aoy AHexp —TASexp T/K Ref.
1 1 Decalin —0.5 £ 1.1 -2.1+ 0.5 1.6 + 0.5 411 102
Entry Reaction Solvent AtGeyy At Hey —TA Sy TIK Ref.
2 1 Decalin 316 £ 0.8 33.3 £ 04 —1.8 £ 04 411 102
3 2 1-Decene 29.6 + 0.1 24.9 + 0.1 4.7 £ 01 396 103
4 2 Benzonitrile 28,8 £ 0.3 24.5 £ 0.1 4.3 £ 0.1 383 103
5 3 n-Hexane 19.4 16.4 3.0 303 104
6 4 Benzene 293 £ 4.2 281 £ 2.1 1.2 £21 340 105
7 5 Benzene 28.8 + 2.0 26.1 = 1.0 2.7 £ 1.0 337 105
8 6 Chloroform 21.1 £ 54 18.4 + 2.7 2.6 + 2.7 329 106
Bimolecular (3" v = —1)

Entry Reaction Solvent AGesp ArHexp —TASexp TIK Ref.
9 7a DCM —-4.1 -7.3 3.2 270 107
10 7b Benzene —2.8 £ 0.8 —6.9 = 0.4 4.1+ 0.4 314 22
11 8a cCly —0.4 £ 0.1 —-1.9 £ 0.4 1.5 £ 0.4 298 108
12 8b CCly —0.5 = 0.1 —3.1 £ 0.2 2.6 £ 0.2 298 108
13 8c cCly —1.4 +0.1 —5.6 £ 0.1 4.2+ 0.1 298 108
14 8d CCly —1.5 = 0.0 —4.7 £ 0.1 3.2+041 298 108
15 8e cCly —1.6 = 0.0 —5.2 + 0.1 3.6 £0.1 298 108
16 8f CCl, —-1.7 £ 0.0 —5.8+ 0.1 4.1+£01 298 108
17 8g CCly —1.7 = 0.0 —5.6 + 0.4 3.9+ 04 298 108
18 8h CCl, —-1.7 £ 0.0 —5.6 £ 0.1 39+01 298 108
19 8i CCly —1.8 + 0.0 —6.2 + 0.2 4.4+ 0.2 298 108
20 8j CCly —-1.8 £ 0.0 —5.8 £ 0.2 4.0 £ 0.2 298 108
21 8k CCl, —2.5+ 0.0 —7.4 + 0.1 4.8+ 0.1 298 108
22 8l CCly —2.6 = 0.0 7.1+ 0.1 4.5+ 01 298 108
23 8m CCly —2.6 + 0.0 —8.9 + 0.1 6.3 £ 0.1 298 108
24 8n CCly —-2.7 £ 0.0 5.5+ 0.1 2.8+£01 298 108
25 80 CCly —2.8 +0.0 —6.3 £ 0.3 3.5+ 03 298 108
26 8p CCl, —2.8 + 0.0 —7.3+0.1 4.5+ 0.1 298 108
27 8q cCl, —2.8 £ 0.0 —6.6 = 0.1 3.8+£01 298 108
28 8r CCly —33+0.0 —7.4 4+ 0.1 4.1+ 0.1 298 108
29 8s CCly —3.5 = 0.0 —6.6 = 0.1 3.2+£01 298 108
30 8t CCly —4.3 = 0.0 ~7.4 0.1 3.1+041 298 108
31 8u CCly —4.9 = 0.0 —8.0 £ 0.1 3.2+£04 298 108
32 8v CCly —2.2 = 0.0 —7.5 £ 0.3 5.2+ 0.3 298 108
33 8w CcCly —1.6 £ 0.4 —5.6 + 0.2 4.0 £ 0.2 298 108
34 8x CCly —1.4 =02 —5.2 £ 0.1 3.8+ 01 298 108
35 8y CCly -2.8+0.2 —6.9 + 0.1 4.1+ 0.1 298 108
36 8z ccl, —2.3 £ 0.2 7.0 £ 0.2 4.7 £ 0.2 298 108
37 8z Benzene —-2.1x0.1 —6.0 £ 0.1 3.9£02 298 109
38 8z Cyclohexane —2.5 £ 0.0 —-7.8+ 0.1 5.3+ 0.1 298 109
39 9 Diglyme -31x12 —13.7 £ 0.6 10.6 £ 0.6 348 110
Entry Reaction Solvent Aoy A Heyp —TA Sy, T/K Ref.
40 10 CCly 23.2 £ 04 16.3 £ 0.2 6.9 £ 02 301 111
41 11 Cyclohexane 20.9 = 1.7 10.7 + 0.8 10.2 £+ 0.9 301 112
42 11 Benzene 20.8 = 1.4 10.0 + 0.8 10.8 £ 0.6 301 112
43 11 1,4-Dioxane 20.3 = 1.4 10.7 + 0.8 9.6 £ 0.6 301 112
44 11 2-Pr0pano| 20.5 = 1.4 9.7 £ 0.8 10.8 £ 0.6 301 112
45 11 Methanol 204 £ 1.1 11.1 £ 0.6 9.3 £0.3 301 112
46 12 Cyclohexane 10,7 £ 0.7 12.0 + 0.6 301 112
a7 12 Benzene 9.9 £ 0.5 12.6 £ 0.5 301 112
48 12 1,4-Dioxane 9.9 +£ 0.5 12.5 £ 0.5 301 112
49 13 Cyclohexane 12.7 £ 0.5 14.6 £ 0.5 348 113
50 13 Benzene 12.6 £ 0.4 14.6 £ 0.3 348 113
51 13 Acetone 124 £ 0.2 14.8 £ 0.2 348 113
52 14a n-Hexane 10.2 £ 1.6 8.0 £ 0.5 303 114
53 14a Chloroform 12.4 4+ 1.6 6.7 £ 0.5 303 114
54 14a 1-Propanol 10.2 + 1.6 7.9+ 0.5 303 114
14010 | Phys. Chem. Chem. Phys., 2023, 25,14005-14015 This journal is © the Owner Societies 2023
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Table 1 (continued)

Entry Reaction Solvent Al Gexp A Heyy —TA Sexp T/K Ref.
55 14a Water 18.1 = 2.1 12.0 £+ 1.6 6.1 £ 0.5 303 114
56 14a Trifluoroethanol 191+ 13 8.2 + 0.8 10.9 £+ 0.5 303 114
57 14b n-Hexane 18.0 = 1.0 9.8 + 0.8 8.3 £ 0.2 303 114
58 14b 1-Propanol 18.0 = 1.0 9.7 £ 0.8 8.3 £0.2 303 114
59 14b Trifluoroethanol 19.0 £+ 1.0 7.9 £ 0.8 11.1 £+ 0.2 303 114
60 14b Water 17.8 = 1.0 11.5 + 0.8 6.4 £ 0.2 303 114
61 15 THF 22.9 £ 43 16.3 + 2.1 6.6 £ 2.2 308 115

Table 2 Comparison of experimental and computed Gibbs free energies
for unimolecular reactions in six different solvents. Bulk solvation was
considered implicitly with the SMD model. All energies in kcal mol™*

comp-exp
Entry” Reaction/Solvent AGexp WFT? DHF®
1 1/Decalin -0.5+ 1.1 -0.4 -0.4
comp-exp
Entry” Reaction/Solvent A'Gexp WFT? DHF*
2 1/Decalin 31.6 £ 0.8 3.0 1.1
3 2/1-Decene 29.6 £ 0.1 -0.1 0.3
4 2/Benzonitrile 28.8 £ 0.3 0.3 -1.6
5 3/n-Hexane 19.44 0.0 -1.0
6 4/Benzene 29.3 £ 4.2 2.6 —0.4
7 5/Benzene 28.8 4+ 2.0 2.2 —0.6
8 6/Chloroform 21.1 + 5.4 0.0 0.1

“ Refers to Table 1. * DLPNO-CCSD(T)/def2-QZVPP//PBEh-3c. © revDSD-
PBEP86-D4/def2-QZVPP//PBEh-3c. ¢ No experimental error given.

Sanity check (unimolecular: A — B)

To validate our concept and demonstrate its general purpose, we
first consider unimolecular reactions (entries 1-8) comprising
pericyclic reactions and a dissociation reaction (Table 2). Accord-
ingly, we expect that the classic AG.oy, is accurate because of the
missing entropic penalty. Moreover, we expect a negligible
contribution from our proposed correction (eqn (12)). Indeed,
the AGeomp results are in excellent agreement with the experi-
ments. We note that the DHF results are slightly superior to
WEFT. We further note that the computed barrier heights at DHF
level are lower than the barriers at WFT by about 2-4 keal mol .
Moreover, the entropy-related corrections to AfAy,G according
to eqn (12) are insignificant with <1.1 keal mol ' (see ESIf).
Overall, our sanity check is successful.

Entropic penalty (bimolecular: A + B - C)

First, we will systematically determine the entropic penalty. For
this purpose, we compare the experimental Gibbs free energies
with the computed ones obtained by the classic computational
protocol. We begin with the discussion of A,G for bimolecular
reactions (Fig. 2a). Visual inspection already shows an excellent
agreement between WFT and DHF. Furthermore, the classic reac-
tion energies are systematically overestimated by ca. 4 keal mol ™,
which is attributed to the entropic penalty. Regarding the
hydrogen-bonded adducts with A,G., between —0.4 and

This journal is © the Owner Societies 2023

—4.9 keal mol ! (entries 9-38), only three out of the 30 reaction
energies are correctly calculated to be exergonic. Thus, the
entropic penalty overcompensates weak interactions that are
responsible for association in solution. It is noteworthy that
hydrogen-bond formations were carried out in an apolar solvent
that does not participate in explicit solvent interactions (CCl,),
and therefore these reactions should supposedly be well
mimicked by classic implicit solvent models. Most significantly,
the dimerization of the N-heterocyclic carbene (NHC) is over-
estimated by 19.4 and 17.7 kcal mol ™' at WFT and DHF level,
respectively (entry 39). Thus, a slightly exergonic reaction
(—3.1 keal mol ") is predicted to be highly endergonic. These
findings already demonstrate that the classic approach without
any special attention to entropy has significant disadvantages
that might produce misleading results when it comes to pre-
dictive applications or in silico design.

Next, we examined the entropic penalty of barrier heights
(Fig. 2b). Opposed to reaction energies, the entropic penalty in
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barrier heights potentially depends on the reaction coordinate
of the transition state. Following Hammond’s postulate and
Bell-Evans—Polanyi principle,"'®"® transition state structures
appear “earlier”, i.e., are more strongly resembled by the reactant
state, with increased exergonicity, This effect potentially counter-
acts the molecularity of a reaction. Visual inspection already
confirms that the situation is not as clear as for the reaction
energies. While there is a sizeable entropic penalty for barriers
at the WFT level that is comparable to that of reaction energies
(ca. 4 keal mol '), the trend is different for DHF. We observe a
systematic underestimation of the barrier heights by DHF com-
pared to WFT (by ca. 2-3 keal mol ). This seemingly counteracts
the entropic penalty resulting in (partial) error compensation.

Correction of the entropic penalty

From a theoretical perspective, it is unclear if A,Gn.s plays a
crucial role in eqn (12). All contributions other than electro-
static interactions A Ees are parametrized into A;Gyes. Among
them are most importantly apolar interactions and entropic
contributions. Thus, considering A,G,,.; comes with the danger
of double counting entropic contributions. Therefore, we tested
the performance of both options

AAsonG = ArEaist + ArdsonS + ArGres (13)
and

AAgo G = AEerg + AAgon S (14)

to calculate AGgyy,. Then, we compared the results with the
classic (uncorrected) AAqonG from SMD model (Fig. 3). We found
that the correction according to eqn (14) is superior to eqn (13) in
any scenario. This indicates that electrostatic interactions and
entropic contributions alone cover the most dominant parts of the
solvation process for chemical reactions. Apparently, remaining
effects, e.g. apolar interactions, included in G, change hardly
during chemical reactions and therefore vanish in A,G, for the
given benchmark set. Regarding the uncorrected values, we
recognize that MAE x~ MSE which reflects that the error due to
the entropic penalty is a systematic effect. This situation changes
for the corrected values causing MSEs < 0.

Regarding the reaction energies, the entropy-correction
greatly improves the accuracy for both WFT and DHF from
>4 keal mol™" error to chemical accuracy (Fig. 3). The differ-
ences between the corrections based on eqn (13) and eqn (14)
are subtle compared to the overall improvements. However,
eqn (14) is superior (MAE < 1 kcal mol™"). This indicates
problematic double counting of Ay, S and G, in eqn (13). We
point out that all A,G values benefit from the entropy-correction
(Fig. 2a) and that 27 out of 30 hydrogen-bonded associates are
accurately calculated to be exergonic. The dimerization of the
NHC, however, is still endergonic with 5.7 keal mol ' (WFT)
and 4.0 keal mol~ ! (DHF).

The situation for WFT barriers is similar to WFT reaction
energies. Likewise, all WFT barriers benefit from entropy-
correction that reduces the error from >4 kcal mol™' to
chemical accuracy (MAE < 1 keal mol ', eqn (14)).

14012 Phys. Chem. Chem. Phys., 2023, 25, 14005-14015
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Fig. 3 Mean absolute errors (kcal mol *) of Gibbs free reaction energies
(left) and Gibbs free activation barriers (right) for bimolecular reactions.
Bulk solvation was considered implicitly with the SMD model according to
the given equations. The classic SMD approach refers to eqgn (2). WFT
(blue) and DHF (red) refer to DLPNO-CCSD(T)/def2-QZVPP//PBEh-3c and
revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c level, respectively.

The situation is different in the case of barriers at the DHF
level. Entropy-correction causes a shift from 2 keal mol ' over-
estimation to 2 keal mol™" underestimation (MAE =~ —MSE).
Thus, the correction scheme might imbalance the putative error
cancellation between self-interaction and entropic penalty for
DHF barriers. This suggests that uncorrected Gibbs free activa-
tion energies at the DHF level can be regarded as upper limit
values and corrected energies as lower limit values.

Finally, we reformulate the proposed entropy-correction
(eqn (14)) to

AGeor = AbsoryS — ArGies (15)

so that it can be applied additively to the Gibbs free energy
afterwards (eqn (16)).

AGgoin = AGggin(classic) + AGeor (16)

Conclusions

We compiled an experimental benchmark to quantify the
entropic penalty for associative reaction pathways. We studied
53 bimolecular reactions (hydrogen bonding, NHC dimeriza-
tion, Diels-Alder reactions, Alder-ene reactions, 1,3-dipolar
cycloadditions, transfer borylation) in 15 different solvents
computationally using state-of-the-art WFT (DLPNO-CCSD(T))
and DFT at a double-hybrid density functional level (revDSD-
PBEP86-D4) together with an implicit solvent model. By com-
parison with 31 experimental Gibbs free reaction energies and
22 activation energies, we demonstrated that bimolecular reac-
tions suffer from a sizeable entropic penalty resulting in an
overestimation of the computed Gibbs free energies. This is
because implicit solvent models were not trained on chemical
transformations and cannot account for the loss of degrees
of freedom upon solvation properly. Instead, gas-phase
entropic contributions are overestimated causing errors of

This journal is @ the Owner Societies 2023

37



Published on 02 May 2023. Downloaded by UNIVERSITAT GIESSEN on 8/29/2024 10:11:09 AM.

PCCP

2-11 keal mol™'. We note that reaction energies are more
susceptible to the entropic penalty compared to barrier heights.
We proposed a universal, simple additive correction suitable
for routine non-expert applications. This is based on Garza's
physically sound formalism of the solvation entropy. Thus, it is
possible to obtain accurate reaction and activation energies by
calculating A, H independently using an existing implicit solvent
model. As demonstrated with the SMD model, the purely electro-
static component suffices to approximate the enthalpy of solva-
tion (At = AdgnH). Combined with AAgqS, the resulting
AAwG comes virtually at the same computational cost as the
classic expression but now correctly accounts for the change in
molecularity during a reaction. We emphasize that the correction
improved the accuracy of all reaction energies and all barriers at
DLPNO-CCSD(T) level compared to the classic approach.

To conclude, we propose recommendations for the protocol
presented in this work. For computations of solution-phase
Gibbs free reaction energies A,Ggu, and activation barriers
AlGyn at DLPNO-CCSD(T) level we recommend calculating
the solvation energy using Garza’s formalism for the entropy
and only the electrostatic contribution from an implicit solvent
model (eqn (14)). Especially equilibria of weakly bound associ-
ates, e.g. hydrogen bonding, or reactions with changes in
particle number larger than 1, e.g. resting states in catalysis,
are otherwise prone to false predictions. For barriers at the DFT
level, we recommend using the presented approach to estimate
the extent of entropic penalty. The obtained results may be
regarded as a lower limit of the barrier height.

We expect this work to stimulate the development of further
methodologies that address the treatment effects in condensed
phases, in particular entropy. With highly accurate computational
protocols for routine applications in gas-phase reactions in hand,
special attention to entropic contributions in solution is vital.
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5.2 An N-Heterocyclic Quinodimethane: A Strong Organic Lewis Base Exhibiting
Diradical Reactivity
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Wir berichten (ber die Darstellung eines neuen organischen c-Donors mit einem CgHa-Linker
zwischen einem N-heterozyklischen Carben (NHC) und einer exozyklischen Methylidengruppe, den
wir als N-heterozyklisches Chinodimethan (engl. N-heterocyclic quinodimethane, NHQ) bezeichnen.
Die Aromatisierung des CsHas-Linkers liefert eine entscheidende Triebkraft fur die Reaktion des NHQs
mit einem Elektrophil und macht das NHQ deutlich basischer als analoge NHCs und N-hetero-
zyklische Olefine (NHOs), wie durch DFT-Berechnungen und Konkurrenzexperimente gezeigt
werden konnte. In Losung findet eine unerwartete Kopf-Kopf-Dimerisierung des NHQs unter
formaler Wasserstofffreisetzung durch C—C-Kupplung der Methylidengruppen statt. DFT-
Berechnungen zeigen, dass diese Reaktion Uber einen offenschaligen Singulettpfad verlauft, was auf
einen diradikalischen Charakter des NHQs hinweist. Das Produkt dieser Dimerisierung kann als
konjugiertes N-heterozyklisches Bis-Chinodimethan beschrieben werden, das laut zyklischer
Voltammetrie ein starkes organisches Reduktionsmittel ist (E12=-1.71V vs. Fc/Fc*) und eine
bemerkenswert kleine Singulett-Triplett-Liicke von AEs_.t = 4.4 kcal mol* aufweist.
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An N-Heterocyclic Quinodimethane: A Strong Organic Lewis Base

Exhibiting Diradical Reactivity

Jama Ariai, Maya Ziegler, Christian Wiirtele, and Urs Gellrich*

Abstract: We report the preparation of a new organic
o-donor with a CiH,-linker between an N-heterocyclic
carbene (NHC) and an exocyclic methylidene group,
which we term N-heterocyclic quinodimethane (NHQ).
The aromatization of the C;H,-linker provides a decisive
driving force for the reaction of the NHQ with an
electrophile and renders the NHQ significantly more
basic than analogous NHCs or N-heterocyclic olefins
(NHOs), as shown by DFT computations and competi-
tion experiments. In solution, the NHQ undergoes an
unprecedented dehydrogenative head-to-head dimeriza-
tion by C—C coupling of the methylidene groups. DFT
computations indicate that this reaction proceeds via an
open-shell singlet pathway revealing the diradical char-
acter of the NHQ. The product of this dimerization can
be described as conjugated N-heterocyclic bis-quinodi-
methane, which according to cyclic voltammetry is a
strong organic reducing agent (E,,=—1.71 V vs. Fe/Fc™)
and exhibits a remarkable small singlet-triplet gap of
AEg y=44kcalmol .

. /

Introduction

N-heterocyclic carbenes (NHCs, Scheme 1, top left), which
initially attracted attention as stable representatives of a
compound class containing a carbon atom with an electron
sextet, have since then found applications as organic
o-donors in catalysis, materials science, and medicine."! The
extension of NHCs by an alkylidene group leads to
N-heterocyclic olefins (NHO) that contain a strongly
polarized C—C double bond (Scheme 1, top right).”l When
the association of imidazolium-based NHOs with an electro-

[*] ). Ariai, M. Ziegler, Dr. U. Gellrich
Institut fiir Organische Chemie, Justus-Liebig-Universitidt GieRen
Heinrich-Buff-Ring 17, 35392 Gieflen (Germany)
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Scheme 1. The concept of this study: The insertion of a C;H,-linker
between the NHC and the alkylidene group of an NHO should result in
an NHQ that is a strong Lewis base with radical reactivity

(NHC = N-heterocyclic carbene, NHO = N-heterocyclic olefin,

NHQ = N-heterocyclic quinodimethane).

phile leads to aromatization of the N-heterocycle, the
o-donor capacity and the relative nucleophilicity of the
NHOs exceed that of the corresponding NHCs.®! In 2020,
Hansmann et al. introduced mesoionic NHOs that cannot be
described by a charge-neutral Lewis structure and represent
the strongest donors and Lewis bases within the class of
NHOs.Y! Due to their ability to act as strong c-donors,
NHOs have also been used as ligands in main group
chemistry and transition metal cata]ysis.["l In addition, their
nucleophilicity has been exploited for applications in orga-
nocatalysis and polymer chemistry.”! Furthermore, NHOs
bind small molecules such as CO, and N,O.” Binding of
CO, enables its catalytic valorization while the reaction of
NHOs with N,O is of particular interest as it leads to organic
super electron donors and diazoolefins. Since aromatization
of the imidazoline system during the reaction of the NHO
with an electrophile increases the o-donor strength and the
nucleophilicity of the NHO, we expected that a second
aromatization would provide an additional driving force to
the reaction with an electrophile. This assumption prompted
us to investigate an NHO with a C¢H,-linker between the
NHC and the alkylidene group. (Scheme 1, lower panel).
Following the nomenclature of NHCs and NHOs, such a
system could be denoted as N-heterocyclic quinodimethane
(NHQ). Coordination of the NHQ to a Lewis acid (or
protonation of the NHQ) would not only lead to aromatiza-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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tion of the imidazoline ring but also of the CgH,-linker.
Recent work by Coote, Sherburn and co-workers has
confirmed that quinodimethanes (QDMs) exhibit the reac-
tivity of a diradical.® Moreover, Ghadwal and co-workers
showed that NHC-substituents are well suited to stabilize C-
centered radicals.” Thus, the question further arises to what
extent NHQs might exhibit radical reactivity.

Results and Discussion

We began our study with a computational evaluation of the
effects of the CgH,-linker on the proton affinity (PA) of
NHQ 1 with a Dipp-substituted (Dipp=2,6-iPr,CH;)
imidazolium backbone, through a comparison to the PAs of
NHC 2 and NHO 3; both of which are iconic examples of
their respective compound classes. We chose the ©B97X
functional together with the recent D4 correction, a
combination which has been shown to be reliable for
thermodynamics and kinetics, for this sludy.[m] For structure
optimization, we used the efficient PBEh-3c composite
method.""! The comparison of the computed PAs shows that
the PA of 3 is 2.8kcalmol™" higher than that of 2. As
hypothesized, the incorporation of a CgH,-linker at the C2
position has indeed a decisive effect on the basicity of 3; the
PA of NHQ 1 exceeds that of 3 by 22.9 kcalmol ' (Fig-
ure 1).

NHQs with phenyl or cyano substituents at the exocyclic
ylidene carbon have been reported previously."” However,
their computed PAs are significantly lower than that of 1
(Figure S15), presumably as a consequence of the —I-effect
of these substituents. Encouraged by the computed basicity

-
- Dipp~ | N-Dipp

- . N _N-q
Dipp’NYN‘Dipp Dipp TI’ Dipp
2 3
1

P 2674 270.3 203.1
[keal moi™]

_4

Figure 1. Proton affinities (PAs) of NHQ 1 in comparison to the
structurally related NHC 2 and NHO 3 computed at wB97X-D4/def2-
QZVPP/[PBEh-3c (Dipp =2,6-iPr,CsH;).

S}
~ =\
Dipp’N /g‘Dipp Dipp ‘ Dipp
KHMDS
THF-dg, r.t., 30 min.
o 1

Scheme 2. In situ formation of 1 by deprotonation of 4 with KHMDS.
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of 1, we turned to the synthesis of an imidazolium precursor
that would allow us to generate 1 by deprotonation, To this
end, imidazolium iodide 4 was synthesized by coupling 2
with 4-iodotoluene according to a procedure described by
Ghadwal et al.'™ Treatment of 4 with KHMDS in THF-d;
resulted in quantitative conversion to 1 (Scheme 2).

Diagnostic of the formation of 1 is a pronounced high-
field shift in the signals attributable to the C;H,-linker in the
'"H NMR spectrum, indicating partial de-aromatization and
the formation of a quinoidal structure (Figure S26). The
CH, group appears in the 'H NMR as a singlet at 3.46 ppm.
Thus, the signal that can be assigned to this group is slightly
low-field shifted compared to the signal of the methylidene
group of NHO 3, but significantly shifted to higher field
than the signal of the methylidene group of the parent
QDM p-xylylene.™! Likewise, the “C NMR signal of the
CH, group at 87.9 ppm is low-field shifted compared to 3
but high-field shifted compared to the signal of the exocyclic
carbon of p-xylylene. In the course of deprotonation with
KHMDS, the color of the reaction mixture turned dark
green. UV/Vis spectra of 1 recorded in THF at various
concentrations show an intense, sharp absorption band at
330 nm (¢=6.7(2)-10°cm'M™") and a broad band of low
intensity at about 525 nm (e=132(5) em 'M™") (Figure S8).
TD-DFT calculations at the wB97X-D4/def2-QZVPP//
PBEh-3c level of theory allowed us to assign the excitation
in the UV region to a i—ma* transition (computed absorption
at 363 nm) from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO). The broad band in the visible region at 525 nm is
almost undetectable when deprotonation is performed with
NaHMDS while the HOMO—LUMO transition remains
comparable, indicating that the color of the solution is
caused by potassium adducts or traces of impurities (Fig-
ure S8 and Table S2). The calculations show that the largest
coefficient of the HOMO of 1 in the closed-shell singlet
state is indeed at the exocyclic methylidene group, as is the
spin density of the triplet state of 1 (Figure 2).

We then turned our attention to an experimental assess-
ment of the basicity of 1 by competition experiments.
Therefore, imidazolium iodide 5 was added to a solution of
1, which afforded NHO 3 in near quantitative yield

s

1(CSS) 1(0OST)

Figure 2, The HOMO of the closed-shell singlet state of 1 (left) and the
total spin density of the triplet state of 1 (right). (CSS =closed-shell
singlet, OST = open-shell triplet). Hydrogens are omitted for clarity.
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supporling_ the computational result that the PA of NHO 1
is higher than that of the analogous NHO 3 (Scheme 3).

To explore whether 1 acts not only as Brgnsted but also
as Lewis base, tris(pentafluoro)phenylborane B(CiFs); was
added to a solution of 1, which allowed us to isolate the air-
and moisture-stable B(CF;);-adduct 6 in 41 % yield by
column chromatography (Scheme 4). NMR analysis of 6
indicates that the formation of the Lewis adduct is accom-
panied by re-aromatization of the CH,-linker (Figure S36).
The C—C bond lengths of the C¢H,-linker determined by
single crystal X-ray diffraction (SCXRD) analysis of 6
support this assumption (Figure 3).1""

When a THF solution of 1 was exposed to a CO,
atmosphere, the immediate formation of a precipitate was
observed. Filtration and crystallization of the solid from
DCM/n-hexane allowed us to isolate the carboxylate 7,
which was characterized by NMR, IR, and ESI-MS, in 58 %

]

Dipp~™ ‘ N‘Dlpn |9

. N N-p; N-
Dipp T@ L o T Dipp

5
1

Scheme 3. Deprotonation of imidazolium iodide 5 by NHQ 1.

S
/!
NN~ 1.) KHMDS, r.t., 0.5 h
D 2N~y
Y@ T 2)BCeFrt 1h

o-dlﬂuorobenzene

Dipp~N ,N~D|pp
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yield (Scheme 5). The formation of the B(C¢Fs);-adduct 6
and carboxylate 7 shows that the lifetime of 1 allows its use
as a Lewis base. However, attempts to isolate 1 are
prevented by its slow conversion to new species in solution.
We have followed the progress of this transformation by
"H NMR spectroscopy (Scheme 6).

Already after one day, the appearance of a new set of
signals is observed, indicating the emergence of a species
with a quinoidal phenylene unit. This is evident from the
appearance of two doublets at 5.60 and 5.41 ppm with a
coupling constant of 10.3 Hz. In addition, a sharp singlet at
5.03 ppm indicates the formation of a new methylidene
group. Within 20 days, the conversion of 1 is complete.
‘When a THF-solution of the new species was overlaid with
n-pentane and stored at —36°C for several days, dark orange
crystals formed. SCXRD analysis revealed that these
crystals consist of the dimer 8, which was isolated in 36 %
yield (Figure 4). Significant alternation of the C—C bond
lengths in the CgH,-linker of 8 revealed by SCXRD support
that 8 is indeed best described as quinoidal structure. The
NMR spectrum obtained upon dissolution of the crystals in
THF-d; proves that the new species into which 1 converts in
solution is indeed dimer 8 (Scheme 6). Apparently, 8 is
formed by a C—C coupling between the methylidene groups
of 1. This reactivity seems to contradict the ground state
polarity of 1, as two nucleophilic centers react with each

o DI ,N /Nh
_ pp Dipp
NN I
Dipp™ "~Z & DiPP - 1y KHMDS, r.t, 1 h
2.)CO, (1.1 bar), r.t., 15 min.
THF

B(Cst)s

41%

Scheme 4. Synthesis of the NHQ-B(C;F;);-adduct 6.

—~

Figure 3. Molecular structure of 6 derived from SCXRD (50% proba-
bility ellipsoids, all hydrogens attached to carbons are omitted, Dipp-
groups and CgF;-rings are shown in stick representation for clarity).
Selected bond lengths: C1-C2: 1.466(4) A, C2-C3:1.391(4) A, C3-C4:
1.389(4) A, C4-C5: 1.401(4) A, C5-C6: 1.506(4) A, C6-B1:1.660(4) A.

Angew. Chem. Int. Ed. 2024, 63, e202316720 (3 of 7)

58%

Scheme 5, Synthesis of carboxylate 7 by deprotonation of 4 and
exposure to CO,.

ST
o
| s

A1
/

Figure 4. Molecular structure of 8 derived from SCXRD (50% proba-
bility ellipsoids, all hydrogens attached to carbons are omitted and
Dipp-groups are shown in stick representation for clarity). Selected
bond lengths and angles: C1-C2: 1.424(5) A, C2-C3: 1.420(6) A,
C3-C4:1.368(6) A, C4-C5:1.435(4) A, C5-C6: 1.397(4) A, C6-C6":
1.400(5) A, C5-C6-C6": 127.7(3)".
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Scheme 6. Monitoring of the conversion of NHQ 1 to dimer 8 by 'H NMR (400 MHz, 0.1 M in THF-d) and the '"H NMR spectrum of dimer 8
isolated by crystallization. Signals marked with an asterisk can be assigned to imidazole 10 and 1,3-di(isopropyl)benzene.

other. However, the dimerization of QDMs such as
p-xylylene is known, and recent computational and exper-
imental studies provided conclusive evidence that this
process is initiated by a C—C coupling between the exocyclic
methylene carbons along an open-shell diradical
pathway.*"®" In addition, the dimerization of heteroatom-
containing QDMs has been reported.[”] It is therefore
reasonable to attribute the formation of 8 to such diradical
coupling as well. We investigated this hypothesis with DFT
calculations (Figure 5).

Consistent with the computational study by Sherburn
and Coote, dimerization via an open-shell singlet (OSS)
state is clearly preferred over the triplet pathway."! The
calculated barrier of 21.5 kcalmol ' agrees well with the
experimental observation that dimerization proceeds, albeit
slowly, at r.t. We observed experimentally an acceleration of
the formation of 8 at high concentrations (Table S1), which,
in agreement with the lack of a detectable intermediate,
suggests that the initial C—C coupling is rate-limiting. In the

Angew. Chem. Int. Ed. 2024, 63, e202316720 (4 of 7)

OSS transition state structure, the NHQs are oriented syn to
each other, presumably due to an attractive dispersive
interaction between the bulky Dipp substituents. The
product of the coupling, diradical 9, is more stable in the
triplet state, although the energetic preference over the
open-shell singlet state is not significant. A feature of NHQ
1 dimerization that distinguishes it from QDM dimerization
is that one equivalent of hydrogen is formally released upon
formation of 8. By 'HNMR spectroscopy we observed
signals appearing at 2.46 ppm and 2.85 ppm that could be
assigned to the formation of by-products during the dimeri-
zation of 1, in a ratio of 1:1 (Scheme 6). From the mother
liquor of a crystallization of 8, we were able to isolate
imidazole 10 by column chromatography, thus unambigu-
ously identifying it as one of these by-products. Based on
the computational study and the experimental observations,
we propose the following mechanism for the formation of
dimer 8 and imidazole 10 (Scheme 7): An initial C-C
coupling between the methylidene groups of NHO 1 gives

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Gibbs free energies for the dimerization of 1 computed at @B97X-D4/def2-TZVPP//PBEh-3c (CSS = closed-shell singlet, 0SS = open-shell
singlet, OST = open-shell triplet). Bulk solvation was considered implicitly with the SMD model for THF.'™ The inset shows the open-shell singlet
state transition state structure of the C—C bond formation with the spin density.

rise to the diradical 9. Hydrogen atom transfer (HAT) from
diradical 9 to NHQ 1 yields 11 and radical 12, a reaction that
further substantiates the diradical character of 1. The
formation of imidazole 10 under the reaction conditions
indicates that radical 12 is not stable and fragments by C—N
scission. This mechanistic hypothesis is further supported by
the experimental observation that treatment of imidazolium
iodide 4 with one-electron reducing agent KC; leads directly
to the formation of 10 (Figure S4). The radical fragmenta-
tion releases an aryl radical that can abstract a second
hydrogen atom from 11. This reaction step then leads to the
formation of the dimer 8 and 1,3-di(isopropyl)benzene, the
formation of which was experimentally secured by spiking
the reaction solution with an authentic sample and analyzing
it by '"H NMR spectroscopy (Figure S3).

Dimer 8 constitutes a rare example of a conjugated bis-
quinodimethane. For the related Wittig hydrocarbon and
the parent bis(p-xylylene), which has been prepared in
noble-gas matrices at cryogenic temperatures, a diradical
character was discussed."! This prompted us to investigate
the electronic properties of 8 in more detail. To assess the
diradical character, we determined the singlet—triplet gap of
8 computationally at the ®B97X-D4/def2-QZVPP/PBEh-3c
level of theory. The calculations show that 8 indeed has a
remarkably small singlet—triplet gap of only AEg ;=

Angew. Chem. Int. Ed. 2024, 63, e202316720 (5 of 7)

4.4 kcalmol ', This small energy gap and the intense blue
color of 8 in solution indicate possible excitation with visible
light. Therefore, we recorded UV/Vis absorption spectra at
different concentrations of 8 in THF (Figure6). We
observed an intense absorption band over the entire visible
range (400-800 nm) with a maximum at 650 nm (¢=3.8-
(3)-10*cm 'M ). Analogous to 1, this is assigned to a
HOMO—=LUMO transition corresponding to a n—n* ex-
citation, for which an absorption at 581 nm was computed at

= nm

Ronay = 650
&= 3.8(3)10¢ cm™" M-

[ )
oxidation
- calon
ar

absorbance

Amaz = 565 nm

—r
300 400 500 600 700 80D 900 1000
LInm

Figure 6. UV/Vis spectrum of 8 in THF (blue, 4-10~° mol/L). Upon
placing the unmodified sample onto a bench, the color changes from
blue to fade purple within minutes due to oxidation (purple).
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Scheme 7. Proposed mechanism for the formation of 8 and imidazole
10 by a sequence of C-C coupling, hydrogen atom transfer, and radical
fragmentation.

the ©B97X-D4/def2-TZVPP//PBEh-3c level by TD-DFT.
The bathochromic shift of 320 nm and the greater intensity
compared to 1 is likely caused by the extension of m-
conjugation in 8 that lowers the HOMO-LUMO gap from
7.0eV (1) to 5.0eV (8). Exposure of 8 to air results in
immediate color change from blue to purple. The oxidized
species exhibits a broad band in the visible area with low
intensity (565 nm) and an intense absorption in the UV
region at 350 nm.

We assume that re-aromatization of the two quinoidal
rings causes the facile oxidation of 8. Consequently, we
expect a sizeable reducing power from 8 driven by re-
aromatization of the entire n-system. To elucidate the redox
reactivity of 8 further, we oxidized 8 chemically with two
equivalents AgBF, to obtain the dication 13 in 79% vyield,
which was then used to study the redox reactivity of 8 by
cyclic voltammetry (Figure 7). We observed a reversible
redox event at E,;,=-171V (vs Fc/Fc) with constant
anodic and cathodic peak potentials at scan rates of 50—
500 mV/s (Figure S11). These results indicate that 8 is
indeed a strong organic electron donor.”"!

Conclusion

In summary, we have prepared an NHQ and documented its
dual reactivity: In its closed-shell form, it acts as a

Angew. Chem. Int. Ed. 2024, 63, e202316720 (6 of 7)
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Figure 7. Oxidation of 8 with two equivalents AgBF, to afford 13 and its
cyclic voltammogram (E; ;= —1.71V (vs Fc/Fc7), 250 mV/s, CH;CN
(0.1 M nBu,NPF,)).

comparatively strong organic base with a proton affinity
exceeding that of analogous NHCs and NHOs. However, it
also exhibits diradical reactivity, as demonstrated by its
head-to-head dimerization via an open-shell singlet pathway.
This dimerization provides facile access to a conjugated
N-heterocyclic bis-quinodimethane, which has a small
singlet-triplet gap and is a potent organic electron donor. In
summary, the present work describes a system that comple-
ments the repertoire of strong organic o-donors with a
representative that exhibits radical reactivity. We anticipate
that the results presented here will stimulate the develop-
ment of novel organic c-donors that enable previously
elusive transformations by unlocking radical pathways.
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53 Facile (3+2) Cycloaddition between an N-Heterocyclic Olefin and Nitrous
Oxide at Ambient Conditions
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Wir berichten, dass ein gem-dimethyliertes N-heterozyklisches Olefin (NHO) mit N2O bei
Raumtemperatur reagiert und dabei ein Imidazolon sowie ein Azin bildet, welches aus dem
intermediar gebildeten 2-Diazopropan entsteht. Dessen Bildung wurde indirekt durch eine
Cycloaddition mit Norbornen nachgewiesen. Laut unseren Untersuchungen besteht die
Reaktionsabfolge aus einer geschwindigkeitsbestimmenden 1,3-dipolarer Cycloaddition zwischen dem
NHO und N:O, gefolgt von einer Cycloreversion, die das Diazoalkan freisetzt. Der vorgeschlagene
Mechanismus  wird durch DFT-Berechnungen gestiitzt. Eine Eyring-Analyse  mittels
temperaturabhéngiger 'H-NMR-Spektroskopie ermdglichte die Bestimmung der
Aktivierungsparameter der initialen 1,3-dipolaren Cycloaddition (A*H =11.2(4) kcal mol™, A*S =
—39.8(13) e.u., 293-308 K). Eine Analyse der Grenzorbitale zeigt, dass die Polarisation der n-Bindung
des NHOs entscheidend dafiir ist, dass die Cycloaddition unter milden Bedingungen abl&uft.
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Facile (3 +2) Cycloaddition between an N-Heterocyclic
Olefin and Nitrous Oxide at Ambient Conditions

Jama Ariai,” Jonathan Becker,™ and Urs Gellrich*®

We report that a gem-dimethylated N-heterocyclic olefin (NHO)
reacts with N,O at ambient pressure and room temperature to
give an imidazolone and an azine formed from intermediately
generated 2-diazopropane. The in situ formation of transient
diazopropane was indirectly proven by its engagement in a
facile cycloaddition with norbornene. According to our studies,
the reaction sequence consists of a rate-determining (3+2)
cycloaddition between the NHO and N,O, followed by a

Introduction

The valorization of atmospherically troublesome small mole-
cules such as N,O is relevant for developing sustainable
synthetic methods."’ The activation of the kinetically inert N,O
molecule by transition metal complexes® and, more recently,
by p-block compounds such as frustrated Lewis pairs® and
bismutidenes™ has attracted considerable attention. Moreover,
reactions of strong organic a-donors with N,O have been
reported. Severin and co-workers showed that N,O binds to N-
heterocyclic carbenes (NHC) at ambient conditions to form a
stable end-on adduct that decomposes at thermal or photo-
chemical conditions.”” Furthermore, the AICl;-mediated syn-
thesis of azoimidazolium dyes from N,O, NHCs, and arenes was
reported® In 2019, Severin and co-workers reported the
formation of azo-bridged dimers of N-heterocyclic olefins
(NHOs) upon exposure of N,O to substituted NHOs in
acetonitrile (Scheme 1).”) In DMF or THF, however, a stable and
isolable diazoalkene is formed. At the same time, Hansmann
and co-workers reported that exposure of the mesoionic NHO 1
to N,O yields the diazoalkene 2. All the reported reactions
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cycloreversion that releases the diazoalkane. This mechanistic
proposal is supported by DFT calculations. Eyring analysis using
temperature-variable 'HNMR spectroscopy allowed us to
determine the activation parameters of the initial (3 +2) cyclo-
addition (A"H=11.2(4) kcal/mol, A'S=-39.8(13) eu., 293-
308 K). Frontier molecular orbital analysis shows that the
polarization of the n-bond of the NHO decisively facilitates the
cycloaddition.

between NHOs and N,O are assumed to proceed via attack of
the nucleophilic NHO to the N-terminus of N,O. Subsequent
proton migration(s) from the exocyclic CH, group and elimi-
nation render the azo-bridged dimer or diazoalkene."” Consid-
ering these results, we wondered what course the reaction of
an NHO with N,O would take if the subsequent proton
migrations were not possible, for example, due to a dimeth-
ylated exocyclic methylene group.

Severin 2019 & 2021 (Ref. 7 & 8) R\
N
R —
CH3CN ; _/ < ]
N N=N J_N
[ Y=/ g
R N
/ R
[N
N
\
R = Di RM " DMF B //\IG)
= Uipp, Mes, Xyl or N
THF [ >:C/)I@
N
\
R
Hansmann 2021 (Ref. 9 & 10)
Dipp Dipp N®
y=" Na v-N_ e
N o
Dipp ® 0 Dios’ @ \°
Ph Ph
1 2 ¥ =CPh, N
This work
’fF’r _iPr ‘I'Ff o
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: N NN N )I\
\ iPr N \
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Scheme 1. Reported formation of NHO dimers and diazoalkenes upon
exposure of N,O to imidazole based NHOs bearing exocyclic CH, groups
(Dipp = 2,6-diisopropylphenyl, Mes = 2,4,6-trimethylphenyl, Xyl =2,6-dimeth-
ylphenyl).
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Results and Discussion

To address the above-mentioned question, we synthesized the
gem-dimethylated NHO 3 and exposed a solution of it to an
N,O atmosphere, Complete conversion of 3 was observed
overnight at room temperature. We monitored the reaction by
"HNMR spectroscopy and observed a new set of signals that
were tentatively assigned to the imidazolone 4 (Figure 1).
Furthermore, two new singlets emerged at 1.83 ppm and
1.80 ppm indicating the formation of the azine 5. After full
characterization by NMR spectroscopy ('H, '°C, HH COSY, 'H-"*C
HMBC, 'H-"*C HSQC, 'H-""N HMBC), we analyzed the reaction
mixture by infrared (IR) spectroscopy (see the Supporting
Information for details). Based on DFT computations of the
harmonic vibrational frequencies scaled to account for anhar-
monicity (PBEO-D3(BJ)/def2-TZVP),!""'>'31415] we simulated the IR
spectra for a mixture of imidazolone 4 and acetone azine 5.

Comparison of the computed and experimental IR spectra
substantiated the formation of imidazolone 4 and azine 5. Most
significantly, we observed indicative IR bands at 1677 and
1637 cm ' which we assigned to v (C=0) of imidazolone (DFT
scaled: 1715 cm ') and v (C=N) of acetone azine (DFT scaled:
1665cm '). The insitu vyield, determined by quantitative
'"HNMR using mesitylene as internal standard, is 60% for
imidazolone 4 and 27 % for azine 5 (Scheme 2).

The imidazolone 4 was isolated in 53% yield after aqueous
workup with HCI, However, under these conditions, acetone
azine 5 is not isolable. Thus, we synthesized 5 independently
following a procedure from Day and Whiting and unequivocally
confirmed its formation during the reaction of NHO 3 and N,O
by NMR spiking experiments (see the Supporting
Information)."® At this point, we assumed that the reaction

N N—

N0 (1 atm). 1t NN ,I\
Pr l Pr_MNO(atm).n_ .(:5;6’“ P Y \.Pu\]/,N-\/ N N,

3 4 5 6
.
vemight
a
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v . vy I
i - i Ll Ltk
65h
$ v
v * vom
L D. il B B
ash
il I Y
th ]
.
o . ] a
L . . PR—

Figure 1. Reaction of NHO 3 with N,O (1 atm) at room temperature
monitored by 'H NMR (400 MHz, C,D,). Black squares, orange circles, blue
triangles pointing up, and green triangles pointing down highlight the
signals assigned to NHO 3, imidazolone 4, azine 5, and azine 6, respectively.
(Vide infra for details regarding the broadened heptet of 6 at 5.39 ppm).
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yields initially imidazolone 4 and 2-diazopropane, which
disproportionates to acetone azine and dinitrogen under the
reaction conditions (Scheme 2). The decomposition of diazo-
alkanes in the presence of base/nucleophiles is well docu-
mented in the literature."” NMR analysis of the reaction mixture
also showed the formation of a by-product. While the yields of
4 and 5 are relatively insensitive to the concentration of NHO 3
(0.07-0.3 M), the formation of this by-product is favored at
higher concentrations. Therefore, we performed the reaction at
higher concentration, which allowed to isolate the by-product
by column chromatography in 15% yield. Based on 'H, "*C and
>N NMR spectroscopy, we were able to identify the by-product
as azine 6. Compound 6 exhibits an intense IR band at
1560 cm ' assigned to the v (C=N) of the azine moiety (DFT
scaled: 1591 ¢cm ). We were thus able to assign all IR bands
appearing in the reaction mixture to compounds 4, 5 and 6.
Screening the reaction conditions, we found that the reaction
tolerates the presence of bases. This allows the formation of 3
insitu from the bench-stable imidazolium iodide salt 7
(Scheme 3).

Screening different bases (see the Supporting Information),
we found that typical bases used for the formation of NHOs,
such as KHMDS and KOtBu, work well in this reaction. The 2:1
ratio, at which imidazolone 4 and azine 5 are obtained,
indicates that 2-diazopropane is conserved as acetone azine. To
further support the initial formation of 2-diazopropane during
the reaction of 3 with N,O, we intended to trap this diazo
compound by an 1,3-dipolar cycloaddition with norbornene.
Thus, we carried out the reaction in the presence of one
equivalent of norbornene at the identical conditions, i.e., 1 atm
N,O at room temperature (Scheme 4).

Under these conditions, the yield of the imidazolone 4 is
maintained (62 %) while only traces of acetone azine are present
according to quantitative 'H NMR. Instead, the cycloaddition
product 8 is formed in moderate yield (49%)."® The conversion
of norbarnene (61%) is limited by the yield of imidazolone and
the associated yield of 2-diazopropane (see Scheme 2). Similar
results are obtained when the NHO is formed insitu with
KHMDS. We note that while established protocols for the

N 1l N Ll \Ie
N ANpr w0 (taim) i, p-N N~ llo . J\
iPr le\ iPr a Pr \[r Pros N - \r) NZ
:
4 5
) s0% 7%
(53%)l

Scheme 2. Reaction of 3 with N,O and the proposed intermediate formation
of 2-diazopropane. Conversion and yields according to quantitative 'H NMR
unless stated otherwise.”’ Yield of isolated compound at preparative scale.

f i N;0 (1 atm) =\ =\
,p,’g\ ~ipr KHMDS (1.3 squiv)_ | pr—=No_N~p, N PN ~pr
o /\L CgDg, rt, overnight ‘ Y
I
7 3 4
68%

Scheme 3. in situ formation of the NHO by deprotonation in the presence of
ambient N,O in C;D;. Yield according to quantitative 'H NMR.
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Scheme 4. Trapping of 2-diazopropane, generated by exposure of NHO 3 to
N,O, by 1,3-dipolar cycloaddition with norbornene. Conversion and yields
according to quantitative 'H NMR. Yields of isolated products are given in
parenthesis.

valorization of N,O focus on its use as oxidant,*'” the reaction
described herein is a rare example of the formation of a
diazoalkane from N;0.%°**® To gain insight into the reaction
mechanism, we investigated the kinetics of the reaction of 3
with N,O by temperature-variable 'H NMR spectroscopy in C;Dg
(Figure 2).

This study revealed a first-order dependence for the
reaction rate with respect to NHO 3 and allowed us to
determine the activation parameters by Eyring analysis: A"H=
11.2(4) kcal/mol and A*S=—39.8(13) e.u.”" The highly negative
activation entropy is indicative of an ordered transition state as
in a cycloaddition reaction. Thus, we assume that the reaction
of NHO 3 with N,O commences with a (3+2) cycloaddition,
followed by a cycloreversion that liberates the 2-diazopropane.
The (3+2) cycloaddition between olefins and N,O has been
reported previously but requires usually harsh and technically
demanding reaction conditions.” Even the reaction with highly
reactive strained cycloalkynes requires an elevated N,O pressure
(15-75 bar).”™ In this regard, it is remarkable that the cyclo-
addition between the NHO 3 and N,O reported herein takes
place already at room temperature at ambient pressure. To

TIK
308 303 298 283
-38.0 T T T T
In{hk g, kg T) = -5.62(18)10° (T™" / K™') - 20.02(63)
A3H = 11.2(4) kealimol
A*S = -39.8(13) e.u
R =0908
385
S
5
o
£
£
-39.04
395 L s L L

325 330 3.38 3.41
T 102 K1

Figure 2. Determination of the activation enthalpy A™H and activation
entropy A”S according to Eyring equation. Rate constants were obtained by
variational temperature 'H NMR analysis (293-308 K, C,D,) of the first-order
decay of NHO 3 exposed to N,O using mesitylene as internal standard,

Eur. J. Org. Chem. 2024, 27, 202301252 (3 of 7)

rationalize the facility of the 1,3-dipolar cycloaddition between
NHO 3 and N,0, we considered the frontier Kohn-Sham orbitals
(Figure 3).**" By inspection of the orbital levels, it is evident
that the reaction proceeds by interaction of the lowest
unoccupied molecular orbital (LUMO) of N,O with the highest
occupied molecular orbital (HOMO) of NHO 3. The largest
coefficient of the LUMO of N,O is on the N-terminus. The HOMO
of the NHO is strongly polarized towards the exocyclic carbon
and thereby reflects the ylidic nature of the NHO. This is in
contrast to ordinary alkene/alkyne functional groups, which lack
this orbital polarization.

We further studied the reaction of 3 with N,O computation-
ally with the revised spin-component-scaled double-hybrid
functional revDSD-PBEP86“* in conjunction with the D4 dis-
persion correction® and the quadruple-zeta basis set def2-
QZVPP (Figure 4). Solvent effects were considered implicitly
using the SMD model for benzene.”” Lowest energy conforma-
tions of all minima and transition state structures were obtained
by automated exploration of conformational chemical space
using CREST.®® We assumed initial formation of the van-der-
Waals complex vdW1. According to the computations, the end-
on addition of the NHO 3 to N,O that yields zwitterion 10 is
endergonic and requires a high kinetic barrier of 28.0 kcalmol .
The (3 +2) cycloaddition between N,O and the double bond of
3 in which the exocyclic CMe, group binds to the terminal
nitrogen of N,O (TS,qy1e) is with 23.3 kcalmol ' kinetically
preferred. The computed activation barrier for this initial
cycloaddition is in excellent agreement with the kinetic barrier
of A*G,g=23.0 kcal mol™" determined by Eyring analysis (Fig-
ure 2). The transition state structure shows a bent N,O unit
(143°) with the formation of the C—N bond (2.11 A) preceding
the C—O bond (2.92 A) formation. This dominant C—N inter-
action is in agreement with the FMO-representation and
supports the interpretation that the reaction is controlled by
orbital interactions (Figure 3). The formation of the spirocyclic
intermediate 9 is only slightly exergonic relative to vdW1.
However, its fragmentation vig a retro (3+2) cycloaddition

EleV
PBEO/def2-QZVPP/IPBEN-3c]
\ ' NHN N, N
o ® N
I [eu=r20 = Yl\("—’YI
. ./n 278
Lumo :
il LUMO 0e2 ¢ t.
-022
]
0475 0322 0175 pe Uy
o s
0.372 0.553 ’

ot..‘./. .
P “@

HOMO (9 (-
-9.84

Figure 3. Canonical Kohn-Sham molecular orbitals and atomic coefficients
computed at PBEO/def2-QZVPP//PBEh-3c level of theory. For brevity,
degenerate orbitals of N,O are omitted. Colour code for the depiction of the
molecular structures: C in grey, N in blue, O in red, and H omitted for clarity.
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Figure 4, Gibbs free energies in benzene and gas phase enthalpies of the formation of 2-diazopropane upon exposure of 3 to N,O computed at revDSD-
PBEP86-D4/def2-QZVPP//PBEh-3c level. Solvent effects were implicitly considered with the SMD model.

requires only a moderate activation barrier of less than
10 kcalmol ', Regarding the transition state structure (TSgyawa),
the diazoalkane moiety is bent by 133” and the scission of the
N—O bond (2.10 A) is more developed than the C—C scission
(1.79 A). Furthermore, this elementary step, that yields the
imidazolone 4 and 2-diazopropane, is according to the
computations highly exergonic. The overall kinetic barrier of the
reaction between the separated reactants and the transition
state of the (3+2) cycloaddition is computed to be
23.3 kcal mol™". Finally, we noted that the reaction described
herein is sensitive regarding the substitution pattern of the
NHO: When an NHO with 2,6-diisopropylphenyl instead of the
isopropyl substituents at nitrogen is exposed to N,O, no
reaction is observed. The barrier of the cycloaddition of such an
NHO with 2,6-diisopropylphenyl substituents at nitrogen with
N,O is 29.1 kcal/mol and therefore increased by 5.8 kcal/mol
compared to the isopropyl derivative 3. Likewise, NHOs with an
imidazolidine backbone do not show any reactivity towards
N,O.

Eur. J. Org. Chem. 2024, 27, 202301252 (4 of 7)

Conclusions

In summary, we have documented that NHO 3 reacts with N,O
at ambient conditions to give an imidazolone and a transient
diazoalkane. According to our kinetic and computational
studies, this reaction proceeds via a sequence of (3 + 2)-cyclo-
addition and cycloreversion. FMO analysis shows that the
orbital polarization of the NHO enhances the orbital interactions
with N,O, promoting the rate-determining cycloaddition. The
reaction also works when the NHO is formed insitu by
deprotonation of a bench-stable imidazolium salt. This reaction
pathway is unlocked by a gem-dimethyl substitution at the
reactive exocyclic carbon atom, which prevents proton migra-
tion within an NHO—N,0 adduct. Complementary to established
protocols for the valorization of N,O which focus on its use as
oxidant, this reaction is a rare example of the formation of a
diazoalkane from N,O. We expect this discovery to stimulate
the development of synthetic protocols for the valorization of
N,O.
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Experimental Section

General procedure for the activation of N,0: In a nitrogen-filled
glovebox, NHO 3 (9.5 mg, 0.05 mmol) was dissolved in 0.4 mL C,D,
and transferred to an NMR tube with J. Young valve. In a fume
hood, the solution was degassed by three freeze-pump-thaw cycles.
A balloon, connected to a vacuum line and an N,O cylinder via a
three-way valve, was purged multiple times with N,O0. The NMR
tube, connected to the filled balloon and a vacuum line via three-
way valve, was exposed to the N,O atmosphere for a short duration
after multiple purging. The reaction proceeded in a closed tube
under a static N,O atmosphere and full conversion was achieved
overnight. For in situ formation of NHO 3, 1,2,3-triisopropylimidazo-
lium iodide 7 (16 mg, 0.05 mmol) was suspended in a KHMDS
(13 mg, 1.3 equiv.) solution of 0.4 mL C,D, in an NMR tube with J.
Young valve.

Trapping of 2-Diazopropane with Norbornene: In a nitrogen-filled
glovebox, NHO 3 (9.2mg, 0.047 mmol), norbornene (4.5 mg,
0.049 mmol), and mesitylene (6.96 L, 0.050 mmol) were dissolved
in 0.4 mL C,D, and transferred to an NMR tube with J. Young valve.
In a fume hood, the solution was degassed by three freeze-pump-
thaw cycles. A balloon, connected to a vacuum line and an N,O
cylinder via a three-way valve, was purged multiple times with N,O.
The NMR tube, connected to the filled balloon and a vacuum line
via a three-way valve, was exposed to the N,O atmosphere for a
short duration after multiple purging. The reaction proceeded in a
closed tube under a static N,O atmosphere and full conversion was
achieved overnight. The NMR data are consistent with literature
reports.”™

1,3-Diisopropyl-2-(1-methylethylidene)imidazoline 3: To a 250 mL
round-bottom flask equipped with a stir bar, septum, Schlenk-frit,
joined to a Schlenk flask containing a stir bar, KH (30% in mineral
oil, 17.2 g, 129 mmol, 2 equiv.) was added using a Pasteur pipette.
The suspension was washed four times with n-pentane (ca. 10 mL)
to remove the mineral oil. Then, washed KH was suspended in
100 mL diethyl ether. While stirring, 1,2,3-triisopropylimidazolium
iodide 7 (17.73g, 55.0 mmol, 1.0 equiv.) was added and the
reaction mixture was vigorously stirred for two days in the absence
of light. Then, the solvent was removed in vacuo at 0°C. The residue
was suspended in n-pentane, filtrated, and extracted with n-
pentane. The resulting red solution was concentrated in vacuo at
0°C to remove n-pentane. The obtained liquid was transferred and
distilled (70-71°C/2.0 mbar) to afford 1,3-diisopropyl-2-(1-meth-
ylethylidene)imidazoline 3 (7.6304g, 71%) as a yellowish liquid,
which was stored in the freezer of a glovebox in the absence of
light at —36°C. '"H NMR (400 MHz, C,D,) & 5.73 (s, 2H, CH=CH), 3.84
(hept, /=6.6 Hz, 2H, N-CHI(CH,),), 1.93 (s, 6H, C=C(CH;),), 1.01 (d,
J=6.7Hz, 12H, N—CH(CH,),.. CNMR (101 MHz, C,Dy) & 147.9
(C=C(CH,),), 1142 (CH=CH), 72.8 (C=C(CH,),), 49.7 (N-CHI(CH,),),
21.7 (C=C(CH,),), 20.5 (N—CH(CH,),). HRMS (ESI): m/z [M+H] " calcd
for C,,H,;N, 195.1856; found 195.1853.

1,3-Dihydro-1,3-bis(1-methylethyl)-2H-imidazol-2-one 4: In a ni-
trogen-filled glovebox, NHO 3 (104 mg, 0.535 mmol) was dissolved
in 40 mL Et,0 and transferred to a 50 mL Schlenk tube with J.
Young valve equipped with a stir bar. In a fume hood, the solution
was degassed by three freeze-pump-thaw cycles. A balloon,
connected to a vacuum line and an N,O cylinder via a three-way
valve, was purged multiple times with N,O. The Schlenk tube,
connected to the filled balloon and a vacuum line via a three-way
valve, was exposed to the N,O atmosphere for a short duration
after multiple purging. The reaction mixture was stirred vigorously
overnight in a closed tube under a static N,O atmosphere. Then,
the reaction mixture was poured onto 10 mL HCI (aqg, 1 M). After
phase separation, the organic phase was washed with water
(3%5 mL). The combined aqueous phases were extracted with Et,O

Eur. J. Org. Chem. 2024, 27, 202301252 (5 of 7)

(2x10 mL). The combined organic phases were washed with 10 mL
brine (NaCl aq sat), dried over Na,SO,, and filtered. After the
removal of all volatiles in vacuo, the title compound 4 was obtained
as colorless/yellowish oil (47 mg, 53%). 'H NMR (400 MHz, CDCl;) &
6.21 (s, 2H, CH=CH), 4.39 (hept, J=6.7 Hz, 2H, —CH(CH,),), 1.26 (d,
J=6.8 Hz, 12H, —CH(CH),). *C NMR (101 MHz, CDCl3) 6 151.8 (C=0),
106.6 (CH=CH), 44.3 (—CH(CH,),), 22.2 (—~CH(CH;,),). "N NMR (41 MHz,
CDCly) & —233.5. IR (KBr, film, cm™): 3174 (w), 3137 (w), 3106 (w),
2975 (s), 2931 (s), 2876 (m), 2855 (m), 1659 (s), 1573 (w), 1461 (s),
1446 (s), 1393 (m), 1371 (m), 1329 (w) 1258 (m), 1224 (s), 1176 (w),
1162 (w), 1134 (m), 1087 (m), 1000 (m), 930 (w), 876 (m), 801 (m),
758 (w), 705 (m), 660 (m). HRMS (ESI): m/z [M+Na]® caled for
CoH, 4N, ONa™ 191.1155; found 191.1150.

Acetone Azine 5: The compound was synthesized according to an
unmodified literature procedure."® 'H NMR (400 MHz, C,Dy) & 1.83
(s, 6H), 1.80 (5, 6H).

(1,3-Dihydro-1,3,diisopropyl-2H-imidazol-2-one)-2-(1-meth-
ylethylene)-hydrazine 6: In a nitrogen-filled glovebox, NHO 3
(108 mg, 0.56 mmol) was dissolved in 1.0 mL Et,0 and transferred
to a 50 mL Schlenk tube with J. Young valve equipped with a stir
bar. In a fume hood, the solution was degassed by three freeze-
pump-thaw cycles. A balloon, connected to a vacuum line and an
N,O cylinder via a three-way valve, was purged multiple times with
N,O. The Schlenk tube, connected to the filled balloon and a
vacuum line via a three-way valve, was exposed to the N,0
atmosphere for a short duration after multiple purging. The
reaction mixture was stirred vigorously overnight in a closed tube
under a static N;O atmosphere. Then, the reaction mixture was
directly subjected to column chromatography (silica, first EtOAc/n-
hexane (2:3, R 0.0) followed by EtOAc/n-hexane (2:3) + 5 vol% Et;N
(R; 0.4)). After the removal of all volatiles in vacuo, the title
compound 6 was obtained as a yellow oil (19 mg, 15%). "H NMR
(700 MHz, CDCl,) & 6.23 (s, 2H, CH=CH), 5.14 (hept, J=6.8 Hz, 2H,
N—CH(CH;)), 1.97 (s, 3H, C;—CH;), 1.91 (s, 3H, C;—CH3), 1.28 (d, J=
6.7 Hz, 12H, N-CH(CH,),). *C NMR (176 MHz, CDCl,) & 149.1 (N-C;-
(N)—N), 148.9 (-N=C,—CH;), 108.6 (CH=CH), 46.7 (N-CH(CH),), 25.0
(Cq—gHs), 22.1 (N-CHI(CH;,),), 16.1 (C—CH.). N NMR (71 MHz, cDCly)
& —443 (-N=C,(CHy);), —241.7 (N-Cy(N}-N). 'H NMR (600 MHz,
C¢De) 6 5.90 (s, 2H, CH=CH), 5.39 (s br, 2H, N-CHI(CH,),), 2.22 (s, 3H,
C4—CHa), 2.06 (s, 3H, C;—CH;), 1.10 (d, J=6.8 Hz, 12H, N-CH(CH,),).
C NMR (151 MHz, CeDg) 6 148.7 (N-C,(N)-N), 1474 (-N=C,—CH,),
108.3 (CH=CH), 46.7 (N-CH(CH,),), 25.2 (C,—CH,), 22.0 (N-CH(CH),),
16.5 (C;—CH,y). "NNMR (71 MHz, C,Dg) & —41.9 (-N=C,(CH),),
—243.9 (N-C,(N)-N). IR (ATR, C;D,, cm "): 1560 v(C=N). HRMS (ESI):
m/fz [M+H]" caled for C;,H,3N, * 223.1917; found 223.1918.

1,2,3-Triisopropylimidazolium lodide 7: In a two-neck round-
bottom flask equipped with a stir bar and a reflux condenser, 2-
isopropylimidazole (9.33 g, 84.7 mmol, 1.0 equiv.) was dissolved in
120 mL acetonitrile. While stirring, K,CO, (14.44g, 104 mmol,
1.2 equiv.) and 2-iodopropane (42 mL, 420 mmol, 5.0 equiv.) were
added. The suspension was refluxed at 90 “C under gentle nitrogen
flow. Additional portions of 2-iodopropane (8.5 mL, 84.5 mmol,
1.0 equiv.) were added after 1.5days and another 2.5 days,
respectively. After 6 days in total full conversion was achieved
according to ESI-MS. The reaction mixture was filtrated. After the
removal of the volatiles, the solid residue was triturated in boiling
toluene. Then, the product was dissolved in a minimum amount of
acetone and precipitated by addition of ethyl acetate (7-10 fold
excess), After filtration, the resulting powder was washed with ethyl
acetate in several portions until the washing solution was colorless
and finally with n-hexane once to afford 1,2,3-triisopropylimidazo-
lium iodide 7 as a colorless powder (21.00 g, 68 %). Crystals suitable
for single crystal X-ray diffraction were obtained by vapor diffusion
from either acetone/n-pentane or acetone/ether (deposition num-
ber 2099774). 'H NMR (400 MHz, CDCl;) & 7.62 (s, 2H, CH=CH), 4.88
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(hept, J=6.7 Hz, 2H, N—CH(CH,),), 3.90 (hept, J=7.3 Hz, 1H, C—CH-
(CH.),), 1.51 (d, J=6.7 Hz, 12H, N-CH(CH,),), 145 (d, J=7.3 Hz, 6H,
C—CH(CH,),). CNMR (101 MHz, CDCl,) 8 147.7 (C,), 119.4 (CH=CH),
51.3 (N-CH(CH,),), 246 (C—CH(CH.)), 23.3 (N-CH(CH,)), 200
(C—CHI(CH,),). HRMS (ESI): m/z [M]" calcd for C,,H,;N, 195.1856;
found 195.1764. HRMS (ESI): m/z [M] calcd for | 126.9050; found
126.9109.

Cycloaddition Product 8: In a nitrogen-filled glovebox, 1,2,3-
triisopropylimidazolium  iodide (425mg, 1.3 mmol), KHMDS
(345 mg, 1.3 equiv), and norbornene (122mg, 1.0 equiv.) were
suspended in 10 mL toluene inside a Schlenk tube with J. Young
valve. In a fume hood, the suspension was degassed by three
freeze-pump-thaw cycles. A balloon, connected to a vacuum line
and an N,O cylinder via a three-way valve, was purged multiple
times with N,O. The NMR tube, connected to the filled balloon and
a vacuum line via three-way valve, was exposed to the N,O
atmosphere for a short duration after multiple purging. The
reaction proceeded with the N,0 balloon connected to the Schlenk
tube overnight. Then, all volatiles were removed in vacuo and the
solid residue was extracted with Et,O and passed through a silica
plug (5 g silica gel). The cycloaddition product 8 was eluted with
20% EtOAc/n-hexane (50 mL) and then imidazolone 4 was eluted
with 40 9% EtOAc/n-hexane with 5 vol% Et;N (50 mL). After removal
of all volatiles in vacuo, imidazolone 4 was obtained as a yellowish
oil (156 mg, 71%), and the cycloaddition product 8 was obtained as
a colorless oil after distillation at 40-50°C (bath)/oil pump (68 mg,
319%). The 'H NMR data is consistent with literature reports.”
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54  An Acceptor-substituted N-Heterocyclic ortho-Quinodimethane: Pushing the
Boundaries of Polarization in Donor-Acceptor-substituted Polyenes

iPre iPre iPr® I\
N/> N/> '\f/> iPr=NS N~ipr
NH-BH H——=——~Ph N
N <t [N o V= N
iPr N P o iPr Ph
SO,Ph SO,Ph SO,Ph SO,Ph

zwitterionic form predominant according to
SCXRD, NMR, CV, and DFT

Wir berichten tber die Synthese, Isolierung und Charakterisierung eines stabilen Donor—Akzeptor-
substituierten ortho-Chinodimethans (engl. ortho-quinodimethane, 0QDM). Dieses System mit einem
Imidazolidin-Gerst als Donor kann auch als Akzeptor-substituiertes ortho-N-heterozyklisches
Chinodimethan (engl. ortho-N-heterocyclic quinodimethane, oNHQ) bezeichnet werden. Wir
untersuchten das Ausmal der Polarisation des konjugierten n-Systems mithilfe von Einkristall-
Rontgenbeugung, NMR- und UV-vis-Spektroskopie, zyklischer Voltammetrie und DFT-
Berechnungen. Die Bindungslangen im Phenyl-Linker weisen nicht die fir oQDMs typische
Alternation auf. Dartiber hinaus deuten die **C- und ®*N-NMR-Verschiebungen auf eine signifikante
Ladungstrennung hin, eine Interpretation, die durch den fir aromatische Verbindungen typischen
diatropen Ringstrom, mittels NICSzz(r)-Berechnungen ermittelt, unterstiitzt wird. DFT-Berechnungen
zeigen, dass die Polarisation primér ein elektronischer Effekt ist, der durch sterische Einflisse
verstarkt wird. Auffallend ist, dass die Oxidations- und Reduktionspotenziale des Donor—-Akzeptor-
substituierten oQDMs praktisch identisch mit denen authentischer anionischer und Kkationischer
Derivate sind. Die Ergebnisse zeigen daher, dass eine aromatische zwitterionische Lewis-Struktur die
elektronische Struktur besser wiedergibt als eine neutrale chinoide Lewis-Struktur, was darauf
hindeutet, dass das Akzeptor-substituierte ONHQ ein seltenes Beispiel fir ein organisches Zwitterion
mit konjugierten Ladungszentren ist. Die ambiphile Reaktivitit des Akzeptor-substituierten oNHQs,
nachgewiesen durch die Dehydrierung von Amminboran und die Addition von Phenylacetylen unter
heterolytischer C—H-Bindungsspaltung, unterstiitzt die Einstufung als organisches Zwitterion und
erinnert an frustrierte Lewis-Paare (FLPs). Somit kann das Akzeptor-substituierte oONHQ hinsichtlich
seiner Reaktivitdt als intramolekulares kohlenstoffbasiertes FLP angesehen werden.
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ABSTRACT: We report the synthesis, isolation, and character-
ization of a stable donor—acceptor substituted ortho-quinodi-
methane (0QDM). This system with an imidazolidine scaffold as
the donor can also be referred to as acceptor-substituted ortho-N-
heterocyclic quinodimethane (oNHQ). We have examined the
extent of polarization of the conjugated z-system using single-
crystal X-ray diffraction, NMR and UV/vis spectroscopy, cyclic
voltammetry, and DFT computations. The bond lengths in the
phenyl linker do not exhibit the alternation typical of 0QDMs. In
addition, the *C and "N NMR shifts suggest significant charge
separation, an interpretation supported by the diatropic ring
current determined by NICS,,(r) computations, which is

Pr-NS N~pr
H =—Ph \\
Pr\ IPT\ Ph
SO,Ph
tPr iPr.
© \N’>
SOzPh SO,Ph NHJBHa N
zwitterionic form predominant ‘lPr
according to
SCXRD, NMR, CV, and DFT SO,Ph

characteristic of aromatic compounds. DFT calculations show that polarization is an electronic effect that is amplified by steric
influences. More strikingly, the oxidation and reduction potentials of the push—pull substituted 0QDM are virtually identical to those
of authenticated anionic and cationic derivatives. The results therefore indicate that an aromatic zwitterionic structure represents the
electronic structure more accurately than a neutral quinoidal Lewis structure, which indicates that the acceptor-substituted oNHQ is
a rare example of an organic zwitterion in which the centers of charge are in conjugation. The ambiphilic reactivity of the acceptor-
substituted oNHQ, which is evidenced by the dehydrogenation of ammonia borane and the addition of phenylacetylene via
heterolytic C—H bond cleavage, further supports its notation as an organic zwitterion and is reminiscent of frustrated Lewis pairs
(FLPs). Thus, the acceptor-substituted oNHQ can be considered to be an intramolecular carbogenic FLP in terms of its reactivity.

B INTRODUCTION

Organic molecules featuring 7-systems with unconventional
electronic structures are of fundamental significance in physical
organic chemistry and are also crucial for applications in
molecular electronics.” Specifically, 7-extended dimers and
push—pull chromophores, in which donor and acceptor
substituents induce a polarization of the 7-electron density,”
have been identified as promising building blocks for materials
with attractive optoelectronic properties and potential
applications in singlet fission.” The pronounced polarization
of a 7-bond also influences the chemistry of N-heterocyclic
olefins (NHOs) reflected by the dipolar resonance structure
(Scheme 1).* This class of organic Lewis bases is described as
N-heterocyclic carbenes (NHCs) extended by an alkylidene
group and finds broad applications in catalysis and
coordination chemistry as ligands.” Moreover, NHOs have
been employed in polymerizations, CO, binding,” and N,0
activation,” the latter being particularly notable as it led to the
first isolable diazoolefins.” Recently, we reported on N-
heterocyclic quinodimethanes (NHQs), which can be
described as NHOs with a phenylene linker between the
imidazole core and the alkylidene linker.'"’ Besides unique
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open-shell reactivity, our findings indicated that these systems
exhibit superior proton affinity compared with analogous
NHCs and NHOs, attributed to the enhanced polarization of
the n-electron density due to the aromatization of the
phenylene linker, as illustrated in the resonance structure in
Scheme 1. We now became interested in elucidating whether
the introduction of an acceptor substituent in an ortho-NHQ
(oNHQ) would polarize 7-electron density to such an extent
that charge separation in a conjugated polyene is observed.
Unlike mesoionic NHOs'' and pyridinium ylides'” that cannot
be represented without formal charges, it is possible to
formulate a neutral quinoidal resonance structure for an
acceptor-substituted oNHQ. According to conventional under-
standing, the neutral quinoidal representation should be a
more accurate description than a zwitterionic Lewis structure
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Scheme 1. Context of This Work: Increasing 7-Bond
Polarization and Charge Separation in the Series N-
Heterocyclic Olefin, N-Heterocyclic Quinodimethane, and
Acceptor-Substituted N-Heterocyclic Quinodimethane
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with formal charges, as the common rules for drawing Lewis
structures rely on satisfying the octet rule while minimizing
formal charges/charge separation.m

It is noteworthy that an acceptor-substituted oNHQ_ with
charge separation could also be regarded as isolobal to a
phenylene-linked B—N frustrated Lewis pair (FLP).'"* The
question therefore arises if an acceptor-substituted oNHQ can
be considered in terms of reactivity as a carbogenic FLP. This
term was coined by Alcarazo and co-workers as they
introduced the intermolecular FLP that features an electron-
deficient allene paired with a sterically demanding NHC."®
Additionally, intermolecular FLPs have been developed that
combine a trityl or tnoxatrlan{gu]emum cation with an NHC as
the Lewis basic component.

Herein, we report the synthesis of an acceptor-substituted
oNHQ and present detailed studies of its electronic structure
to address the extent of charge separation across the
conjugated s-system in the solid state, in solution, and in the
gas phase. For this purpose, we selected an imidazolidine-based
system that is capable of stabilizing the positive charge solely
by resonance instead of aromaticity. Concerning the acceptor
substituent, we chose a sulfonyl group that stabilizes the
negative charge by negative hyperconjugation, as opposed to
resonance stabilization commonly encountered for carbonyl
and nitrile groups, thereby formally maintaining a carbon-
centered carbanion.'”

B RESULTS AND DISCUSSION

We began our study with the synthesis of suitable precursor 3
that would allow us to generate acceptor-substituted oNHQ 4
by deprotonation (Scheme 2). Starting from commercially
available 2-(bromomethyl)benzonitrile, the literature known
aldehyde 1 was obtained by a two-step synthesis with an
overall yield of 64%."'""” Subsequent cyclization and oxidation
afford the desired imidazolinium bromide precursor 3.'%"”

Treatment of 3 with KHMDS in DMSO-d, or CD;CN
resulted in quantitative conversion to 4 (Figure S52). Attempts
to isolate 4 after deprotonation with KHMDS resulted in a
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Scheme 2. Synthesis of the Acceptor-Substituted ortho-N-
Heterocyclic Quinodimethane”
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4
“Conditions: (a) N,N’-Diisopropylethylenediamine, EtOH, reflux,

overnight; (b) NBS, DME, rt, 30 min; (c) n-BuLi, THF,—78 °C to 1t,
1 h; then 0 °C, 30 min.

mixture of 3 and 4 (Figure S55, see Chapter 3.1 of the
Supporting Information for further details).”’ However,
deprotonation with n-butyllithium in THF afforded a bright
yellow solid after precipitation with diethyl ether. Upon
layering a DMF-solution of 4 with diethyl ether, yellow needles
formed. Single-crystal X-ray diffraction (SCXRD) analysis
confirmed that these crystals consist of 4. We also obtained the
LiBr-pyridine complex [(4),Li(pyr)]Br upon crystallization of
the crude product from pyridine (Figure 1). In both molecular
structures, 4 adopts the same conformation. We analyzed the
bond lengths in the phenylene linker and compared them to
those of the DFT-optimized structure at the PBE0-D4/def2-
TZVPP level (Table 1).*' The experimental bond lengths of
the individual rings show little variation and are overall in
excellent agreement with the DFT-optimized bond lengths in
the gas phase. The C—C bond lengths and the calculated
Wiberg bond indices (WBIs) range from 1.385(3) to 1.425(3)
A and from 1.22 to 1.36, respectively. Thus, the C—C bonds in
4 are more uniform compared to o-xylylene (WBIs: 1.0—1.7).
Furthermore, the C—C bonds to the a-sulfonyl carbon and the
imidazolinium ring are 1.428(3) and 1.479(3) A in length,
respectively, suggesting C—C single bonds rather than double
bonds. Compared to the starting material 3, the C1—C1’ bond
to the a-sulfonyl carbon is shortened by 0.076(5) A, while the
C2—C2' bond length to the imidazolinium ring is identical
within the margin of error (Figures S10 and Table S8).
Additionally, the N-heterocycle is twisted by 75° with respect
to the phenyl linker, while the sulfonyl unit is rotated by 15°.
The absence of a pronounced bond length alternation as in o-
xylylene and the sizable twist of the imidazolinium ring out of
plane, maintaining the C2—C2' bond length of 3, indicate that
4 exhibits an aromatic phenyl linker that separates the formally
positively charged imidazolinium ring from the formally
negatively charged a-sulfonyl carbanion unit in the solid
state structure (SCXRD) and in the gas phase (DFT).

While o-xylylene rearomatizes by forming a dimer or
bemr,oq,'clobutene,21 the C1'—C2' distance of 2.89 A in 4
determined by SCXRD indicates the absence of a binding
interaction between the a-sulfonyl ca.rbon and the imidazoli-
nium ring, a feature typical for FLPs.”' This situation is
reminiscent of the extreme case of push—pull cyclopropanes,
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Figure 1. Molecular structure of 4 derived from SCXRD (50% probability ellipsoids, all hydrogens and residual pyridine solvent molecules are
omitted, disorder of the isopropyl groups, and the pyridine are not shown). The left molecular structure shows the LiBr-pyridine-complex
[(4),Li(pyr)]Br crystallized from pyridine/diethyl ether and the right molecular structure shows the isolated species crystallized from N,N-
dimethylformamide/diethyl ether. Selected bond lengths and angles (for C—C bond lengths of the phenyl linker (C1—C6) see Table 1):
[(4),Li(pyr)]Br: Li—Br: 2.507(6) A, Li—Ola: 1.949(6) A, S—O1la: 1.459(2) A, S—02a: 1.451(2) A, N1a—C2'a: 1.325(4) A, N2a—C2'a: 1.321(4)
A, S—Cl'a—Cla—C6a: 60(4)°, N1la—C2'a—C2a—C3a: 66.0(4)°, Li—O1b: 1.929(6) A, S—O1b: 1.463(2) A, S—02b: 1.452(2) A, N1b—C2'b:
1.307(4) A, N2b—C2'b: 1.300(4) A, S—C1'b—C1b—Céb: 20.5(5)°, N1b—C2'b—C2b—Céb: 86.1(4)% 4: S—O1: 1.4564(17) A, S—02:
1.4548(17) A, N1-C2": 1.324(3) A, N2—C2": 1.324(3) A, S—C1'=C1-C6: 154(3)°, N2—C2'—-C2—C3: 74.7(3)".

Table 1. Selected C—C Bond Lengths of 4 Derived from SCXRD"

c1-c2 C2-C3 C3-C4 C4-C5 C5-C6 C6—C1 ci-c1’ C2-C2'
4,—[Li] 1.425(4) 1.396(4) 1.378(5) 1.394(5) 1.366(5) 1.425(4) 1.418(4) 1.467(4)
4y—[Li] 1.420(5) 1.389(5) 1.373(5) 1.389(5) 1.379(5) 1.418(4) 1.424(4) 1.479(4)
4 1.425(3) 1.397(3) 1.388(3) 1.391(4) 1.385(3) 1.424(3) 1.428(3) 1.479(3)
DFT 1428 [1.22] 1.400 [1.34] 1.373 [1.49] 1.403 [1.32] 1.370 [1.56] 1.425 [1.24] 1.402 [1.34] 1.447 [1.08]

“The indices A and B indicate the independent fragments within the LiBr-complex (Figure 1). DFT-optimized bond lengths refer to the PBE0-D4/
def2-TZVPP level and Wiberg bond indices are given in square brackets, All bond lengths in A,

which can be regarded as a 1,3-zwitterion.” In the following,
we discuss if the electronic structure of 4 is best described as a
nonaromatic 0QDM or as an aromatic zwitterion (Scheme 3).

Scheme 3. Selected Resonance Structures of 4
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|
N iPr e} iPr
SO;Ph SO,Ph
o-quinodimethane zwitterion

We studied 4 by nuclear magnetic resonance (NMR)
spectroscopy in THF-dg. To assess whether the heterocycle is
better described as imidazolinium or imidazolidine, we
determined the "N chemical shift by utilizing 'H—'"N—
HMBC NMR spectroscopy (Figure 2a). The *N shift of 4
(—247.6 ppm) is comparable to that of imidazolinium bromide
3 (—243.0 ppm), strongly suggesting the presence of a
positively charged imidazolinium ring in 4. Concerning “*C
NMR shifts, the carbon atoms in 1,3- and 1,5-position relative
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to the carbanionic center are notably shielded and resonate at
107.5—118.6 ppm. It is remarkable that exactly these carbon
atoms carry a negative formal charge in the resonance
structures of the zwitterion (Figure 2b). It should be noted
that the oc-orbitals must be taken into account for a
comprehensive analysis of the *C NMR shifts.”* The a-
sulfonyl carbon (C1’) resonates at 67.5 ppm. Furthermore, we
employed nucleus-independent chemical shift (NICS) analysis
to examine the ring currents in the series of o-xylylene, ONHQ_
§ missing the acceptor substituent, and 4 (Figure 2c).*® While
the former two exhibit a paratropic ring current (nonaromatic
phenylene moiety), 4 shows a diatropic ring current,
suggesting an aromatic phenyl linker. This is in contrast to
typical 1,3-benzodithiol-2-ylidene/dicyanomethylene-substi-
tuted push—pull para-quinodimethanes for which NICS
calculations reveal a less pronounced aromatic character
(Figure $20).”" It should also be noted in this context that
while this article was under review, Zhang and co-workers
reported the synthesis and investigation of the zwitterionic
structure of para-quinodimethane derivatives with a triphenyl-
phosphine donor and a dicyanomethylene acceptor.”® We
further analyzed the stereoelectronic influences on the
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Figure 2. Probing the electronic structure of 4 by NMR spectroscopy in THF-dg and NICS computations. (a) Comparison of the "N chemical
shifts of 4 in the series of neutral aminal 2 and cationic imidazolinium 3 referenced to CH;NO, (41 MHz). (b) Selected resonance structures and
assignment of the '*C chemical shifts to the phenyl linker (101 MHz). (c) Computed NICS;, values at the PBE0/def2-QZVPP//PBE0-D4/def2-
TZVPP level in the gas phase. Dihedral angles (in purple) refer to the twist of the imidazolinium ring with respect to the phenyl linker (N—C2'—

C2-C3).

aromaticity of the covalent linker in 4 by considering different
N-substituted derivatives. Substitution of the isopropyl group
with a methyl group (4') hardly causes any change in the
structural parameters and the diatropic current (Table $22).
However, substitution with a proton (4”) leads to planariza-
tion of the imidazolinium ring (Figure S14). In fact, the
heterocycle in hypothetical 4” is closer to coplanarity with
respect to the phenyl linker compared to acceptorless 0INHQ 5
(twisted by 7 and 32°, respectively). Surprisingly, the ring
current in the center of 4” is paratropic (NICS,;(0) = +2.7),
but the remaining profile shows a typical diatropic behavior,
however, less pronounced compared to 4’ and 4. When the
sulfone group in 4” is replaced by a sulfoxide or phenyl group,
the diatropic current gradually displaces the paratropic
contributions until eventually the profile of 5 is obtained
(Figure $15). This emphasizes the decisive role of the acceptor
strength that is required to polarize the covalent linker
electronically despite having centers of charge in formal
conjugation. Thus, the gas phase computations suggest that
charge separation across the covalent linker while retaining its
aromaticity is an intrinsic electronic effect attributed to the
donor—acceptor substitution pattern. In addition, steric effects,
which cause twisting of the heterocycle, prevent quenching of
the separated charges by conjugation and thereby enhance the
polarization. Charge delocalization across the phenyl linker is
also reflected in the '"H NMR spectrum, causing a high-field
shift up to 6.13 ppm. The proton in the benzylic position gives
a signal at 4.41 ppm. NMR studies in more polar solvents such
as pyridine-d;, CD;CN, and DMSO-dg led to similar
conclusions (Figure $39). In the cases of CD,CN and
DMSO-dg, however, the 'H NMR signal of the benzylic
hydrogen vanishes because of the H/D exchange (Figure S1).

We further investigated the zwitterionic nature of 4
electrochemically using cyclic voltammetry (Figure 3). We
observed a well separated reduction and oxidation at E,/, =
=200 V and E;;, = —0.40 V, respectively. To interpret the
potentials and thus the extent of polarization in terms of the
quinoidal/zwitterionic resonance structures, we recorded CVs
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Figure 3. Cyclic voltammograms of 4 (black), imidazolinium bromide
3 (blue), and a-sulfonyl carbanion 6 (orange) recorded in DMF (0.1
M nBuy,NPF, 250 mV/s) with ferrocene as internal reference.

for the reduction of imidazolinium bromide 3, an authenticated
cation, and for the oxidation of lithiated 2-
(phenylsulfonylmethyl)benzonitrile 6, an authenticated anion.
Visual inspection reveals that the reduction and oxidation
potentials of 4 are comparable to those of the imidazolinium
bromide 3 (E,;; = —2.15 V) and the a-sulfonyl carbanion 6
(EPM = —0.37 V), respectively.

Motivated by the intense yellow color of the crystals and
solutions of 4, we recorded UV/vis spectra in THF at different
concentrations. Two distinct absorption bands at 308 nm (& =
3.1(2) % 10* em™' L' mol™') and 366 nm (¢ = 1.7(1) x 10°
cm™ L' mol™') are observed (Figure 4). TD-DFT
computations at the @B97X-D4/def2-QZVPP//PBE0-D4/
def2-TZVPP level of theory allowed us to assign the excitation
at 366 nm to a £ — 7 * transition (calculated absorption at
325 nm) from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
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Figure 4. UV/vis spectrum of 4 in THF (4 X 107 mol/L). Inset
shows the canonical Kohn—Sham molecular orbitals assigned to the
absorption bands based on TD-DFT computations at @B97X-D4/
def2-QZVPP//PBE0-D4/def2-TZVPP level, including the CPCM
model for THF to account for bulk solvation (calculated absorptions
at 325 and 294 nm).

(LUMO).” Similarly, the second absorption at 308 nm is
assigned to a 7 — 7* transition (calculated absorption at 294
nm) from HOMO to the LUMO+1. The absorption band of
the HOMO — LUMO transition extends into the visible range
(up to 570 nm), which in turn causes the yellow appearance of
4. Furthermore, the acceptor substituent increases the singlet—
triplet gap AEg_; from 35.8 kecal/mol (5) to 51.7 kecal/mol
(4).

Regarding the weight between the neutral quinoidal and the
zwitterionic resonance structures, we anticipate an influence of
solvent polarity. Therefore, we systematically examined the
HOMO — LUMO absorption band in the following solvents
of increasing polarity (relative permittivities in parentheses):
THF (7.52), pyridine (13.26), 1,2-difluorobenzene (13.38),
acetonitrile (36.64), DMF (38.25), and DMSO (47.24)."
While the absorption wavelength barely changes (360—366
nm), the molar absorption coefficient significantly increases
with higher solvent permittivity from 1.7(1) X 10° to 4.5(1) X
10> cm™ L' mol™" (Table S2 and Figures S7 and S8). We
further determined the contribution of intramolecular push—
pull stabilization by conjugation and the amount of aromatic
stabilization energy (ASE) of 4 using isodesmic equations at
revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c level and the
SMD model to account for electrostatic solvent interactions
implicitly (Scheme 4).'

In the gas phase, the conjugation between the imidazolinium
ring and the a-sulfonyl carbanion moiety is 20.3 kcal/mol. This
contribution is reduced to 15.2 kcal/mol in THF due to
partially quenched charges diminishing electrostatic interac-
tions with the solvent. The ASE is 29.4 kcal/mol in the gas
phase and increases by 3.6 kcal/mol in THF which reflects the
additional charge separation caused by aromatization of the
covalent linker. The ASE of benzene at the same level (34.8
kcal/mol) is comparable to the amount of 4 (Scheme S2). The
total intramolecular 7-stabilization is 49.6 kcal/mol in the gas
phase and 48.2 kcal/mol in THF.

During an exploration of the conformational space, we found
a syn conformer (4,) in addition to the anti conformer (4,,;)
that was found in the solid state structure (Figure S). While
4., is 4.7 keal/mol more stable in THF, 4, is 2.7 kcal/mol
more stable in the gas phase. This is consistent with the
computed dipole moments. The anti conformer with the
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Scheme 4. Isodesmic Equations for the Quantification of
Intramolecular Push—Pull Stabilization and Aromatic
Stabilization Energy”
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“Zero-point corrected electronic energies at 0 K computed at
revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c level in kcal/mol.
Values in parentheses consider electrostatic interactions from bulk
solvation implicitly (SMD model for THF).
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Figure 5. Potential energy surface of the rotational barrier of 4
computed at the revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c level
in the gas phase (blue). Bulk solvation was considered implicitly using
the SMD model for THF (orange). Dipole moments y (given in
Debye) were computed at the PBE0-D4/def2-TZVPP level.

higher dipole moment (12.57 D) benefits from greater
solvation energy compared to the syn conformer with a dipole
moment of 6.23 D. Note that the dipole moments of 4,,,, and
4, are particularly high, even exceeding the dipole moment of
cis-C¢FgHy (Scheme S4).3* The computed barrier for the
rotation around the C1—C1’ bond, interconverting 4,,, =4,
is 10.7 keal/mol in THF (and 12.9 kcal/mol in the gas phase).
Thus, the rotational barrier is significantly lower than that of
the C—N rotation in N,N-dimethylacetamide ™ but higher than
that of the C—C rotation in 1,3-butadiene (s-cis=s-trans).”*
In summary, the findings from SCXRD, NMR spectroscopy,
CV, and DFT suggest that a zwitterionic description is the
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more accurate representation of the electronic structure of 4,
with *C NMR data implying some delocalization of the
negative charge over the phenyl ring. Furthermore, we
analyzed the charge distribution and molecular orbitals within
the series o-xylylene, oNHQ_S, and zwitterion 4 at the PBE0/
def2-QZVPP//PBE0-D4/def2-TZVPP level of theory. While
the charge distribution within the rings is similar, it varies
significantly at the exocyclic carbon atoms (Figure S18). The
methylene group in o-xylylene exhibits a charge of —0.35. The
introduction of the NHC substituent (o-xylylene — 35)
increases the polarization, resulting in a higher charge density
of the methylene group (—0.54) and charge depletion at the
C2-position of the N-heterocycle (+0.52). Adding the sulfone
substituent to the methylene group (5 — 4) increases the
charge density even further to —0.81, accompanied by charge
depletion at the C2-position of the N-heterocycle (+0.64).
This evaluation is based on gas phase computations, but the
results are virtually identical if implicit solvation of 4 in DMF
as a polar solvent is taken into account. The polarization is also
clearly reflected in the shapes of the HOMO and LUMO. In
the case of o-xylylene, both reactive centers have the same
atomic coefficient in the HOMO and LUMO. Introducing the
donor substituent (o-xylylene — 5) raises the energy levels and
polarizes the HOMO and LUMO. The donor—acceptor
substitution in 4 amplifies this effect: The HOMO is now to
49% localized at the a-sulfonyl carbon, while the LUMO is to
22% localized at the C2-carbon of the imidazolinium ring
(Figure §19). A comparison of the ion affinities of 4 and 5§
illustrates this effect further (Table $23). We calculated the
proton affinities (PAs), methyl cation affinities (MCAs),
hydride ion affinities (HIAs), and fluoride ion affinities
(F1As) at the revDSD-PBEP86-D4/def2-QZVPP//PBEh-3¢
level. The decrease in PAs (—12.2 kcal/mol) and MCAs
(—18.1 kcal/mol) by going from § to 4 is compensated by an
increase in HIAs (+14.1 kcal/mol) and FIAs (+19.0 kcal/mol).
The fact that the PA and MCA on the one hand and the FIA
and HIA on the other are balanced indicates that 4, in contrast
to NHOs, is not a pure nucleophile but should show both
nucleophilic and electrophilic reactivity. Despite the acceptor
substituent, the PA of 4 is higher than those of typical NHOs
(Scheme $3). This computational result was substantiated
experimentally by using 4 as a Brgnsted base to generate an
NHO from its conjugate acid, demonstrating the increased
basicity of acceptor-substituted NHQs compared to that of
NHOs (Figure S2). In addition, *'P NMR analysis of
triethylphosphine oxide according to the Gutmann—Beckett
method reveals deshielding of AG(*'P) = +9.8 ppm in case of
4, while no changes in the 3P NMR spectrum were observed
for 2 (Figure §3).%

In order to clarify the extent to which 4 actually reacts as an
ambiphile, we reacted 4 with ammonia borane. Treatment with
1.2 equiv of NH;BHj results in the formation of 2, indicating
spontaneous dehydrogenation of ammonia borane at room
temperature (Scheme 5). We monitored the reaction in
CD,CN using "H NMR spectroscopy and observed conversion
from 4 — 2 with an estimated half-life of t,/, & 0.6 h (Figure
$66). The "'B NMR spectrum shows new signals in the range
of —4 to —13 ppm indicative of cyclization products of
NH,BH, (Figure $67).*° The reaction also proceeds in THE-
dy (68% yield determined by quantitative "H NMR spectros-
copy). Upon slow evaporation of a saturated n-hexane solution
of 2, colorless blocks suitable for SCXRD formed and allowed
us to confirm the molecular structure (Figure 6). Comparison
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Scheme 5. Dehydrogenation of Ammonia Borane
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Figure 6. Molecular structure of 2 derived from SCXRD (50%
probability ellipsoids, disordered parts, and hydrogens attached to
carbons are omitted, and isopropyl groups are shown in stick
representation for clarity). Selected bond lengths and angles: C1-C2:
1.404(4) A, C2—C3: 1.398(5) A, C3—-C4: 1.378(5) A, C4-C5:
1.374(6) A, C5—C6: 1.383(5) A, C6-C1: 1.388(4) A, C1-Cl":
1.513(5) A, C2—C2": 1.512(4) A, N1-C2": 1.454(4) A, N2-C2":
1.462(4) A. N1-C2'—C2—Cl1: 58.4(5)°.

of the bond lengths between 2 and 4 reveals an insignificant
change of the C2-C2’ bond (<0.03 A difference) but
considerable elongation of the N—C2’ bond (+0.13 A). The
C1-C1’ bond is elongated by 0.09 A at a comparable C1'—
C2’ distance (2.98 A) caused by the uptake of one equivalent
of H, by 4. This further substantiates the aforementioned
conclusion that the imidazolinium scaffold in 4 is not in
conjugation, while the negative charge is partially delocalized
across the z-linker.

Furthermore, phenylacetylene adds to 4 at elevated
temperatures, resulting in C—H bond cleavage (Scheme 6).

Scheme 6. Addition of Phenylacetylene

lPr\('%‘)
"B Pr— ~iPr
THF =
+ — P
Pr H—=—Fh 90 °C, overnight S Ph
(<]
0,Ph 0;Ph
7
52%

Investigation of the reaction by 'H NMR spectroscopy shows
that 4 and phenylacetylene do not react at room temperature.
Upon heating, the air-stable addition product 7 is formed,
while no intermediates are detected. For satisfactory yields, an
excess of phenylacetylene is necessary (Table S1), resulting in
the formation of 7 in 52% yield after column chromatography
using Alox-B (17% of the starting material was recovered as
imidazolinium salt 3). Crystals of 7 suitable for SCXRD were
grown by slow evaporation of an Et,0/n-hexane solution and
allowed us to confirm the molecular structure (Figure 7).
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Figure 7. Molecular structure of 7 derived from SCXRD (50%
probability ellipsoids, all hydrogens attached to carbons are omitted,
and isopropyl groups are shown in stick representation for clarity).
Selected bond lengths: C1—C2: 1.4093(12) A, C2—C3: 1.3946(12)
A, C3-C4: 1.3908(13) A, C4—Cs: 1.3842(14) A, C5-Cé:
1.3898(14) A, C6—Cl: 1.3982(13) A, C1-C1’: 1.5184(13) A,
C2-C2": 1.5356(12) A.

The addition of acetylenes to the C2-position of (benz)-
imidazolinium derivatives is documented in the literature and
assumed to proceed via a stepwise mechanism involving
deprotonation and subsequent addition.”” A radical mecha-
nism is unlikely due to the increased C(sp”")—H bond
dissociation energies within the series sp > sp> > sp* (Figure
§17). According to the calculated potential energy surface
(Figure S16), the deprotonation of phenylacetylene by 4 is
endergonic (+15.2 kcal/mol), and the subsequent nucleophilic
addition of the acetylide is rate-determining with a barrier of
26.8 kcal/mol that is consistent with the experimental finding
of a reaction at elevated temperature. This further demon-
strates the ambiphilic-like reactivity of zwitterionic 4 since o-
xylylene and its quinoidal derivatives typically participate in
cycloaddition reactions.””*® Both the ability of 4 to
dehydrogenate ammonia borane and the observed C—H
bond cleavage of terminal alkynes indeed recall the reactivity
exhibited by phosphine—borane-based FLPs toward terminal
alkynes and ammonia borane.* Therefore, it seems justified to
describe 4 in terms of its reactivity as an intramolecular
carbogenic FLP.

2,38

B CONCLUSIONS

We report the synthesis and isolation of the stable acceptor-
substituted oNHQ_ 4. The detailed analysis of its electronic
structure by SCXRD, NMR and UV/vis spectroscopy, CV, and
DFT calculations shows that a zwitterionic Lewis structure is a
better representation of the electronic structure than a neutral
quinoidal resonance structure. According to DFT, the
polarization of the z-system is an electronic effect caused by
donor—acceptor substitution that stabilizes the charge-
separated aromatic state. This effect is further amplified by
steric influences. Thus, 4 is a rare example of an organic
zwitterion in which the centers of charge are in conjugation."’
The zwitterionic character of 4 is also reflected in its
ambiphilic reactivity, as shown by the dehydrogenation of
ammonia borane and the addition of phenylacetylene via C—H
bond cleavage. In terms of its reactivity, 4 can therefore be
regarded as a carbon-based intramolecular FLP that expands
the repertoire of possibilities for bond activation by purely
organic compounds. Furthermore, the ambiphilic reactivity of
4 could be a starting point for the development of a new class
of organocatalysts that exhibit FLP-like reactivity.
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6 Publikationen in Kooperation

6.1  Synthesis and characterization of a formal 21-electron cobaltocene derivative
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Metallocene sind duferst vielseitige metallorganische Verbindungen und kdnnen in ihren Komplexen
eine diverse Anzahl formaler Valenzelektronen stabilisieren. Bislang wurden d-Block-Metallocene mit
einer Elektronenzahl von bis zu 20 synthetisiert und in der Katalyse, der Sensorik und anderen
Bereichen eingesetzt. Metallocene mit mehr als 20 Elektronen sind jedoch bislang nur schwer
zuganglich. Die Synthese und Isolierung solcher Komplexe stellt eine Herausforderung dar, weil die
Metall-Kohlenstoff-Bindungen in d-Block-Metallocenen mit zunehmender Abweichung von der
stabilen 18-Elektronen-Konfiguration schwacher werden. Wir berichten hier (ber die Synthese,
Isolierung und Charakterisierung eines 21-Elektronen-Cobaltocen-Derivats. Diese Entdeckung basiert
auf einem Ligandendesign, das die Koordination eines Elektronenpaardonors an ein 19-Elektronen-
Cobaltocen-Derivat unter Beibehaltung der Cobalt—Kohlenstoff-Bindungen ermdéglicht — ein bisher
unerforschter synthetischer Ansatz. Weiterhin klaren wir den Ursprung der Stabilitat, die
Redoxchemie und den Spin-Zustand des 21-Elektronen-Komplexes auf. Diese Studie zeigt eine
synthetische Methode, die Struktur, die chemische Bindung und die Eigenschaften des 21-Elektronen-
Metallocen-Derivats auf, die unser konzeptionelles Verstandnis der Chemie der d-Block-Metallocene
erweitert. Wir erwarten, dass dieser Bericht neuartige synthetische Mdglichkeiten in der Chemie der
d-Block-Ubergangsmetalle, einschlieBlich der Bereiche Katalyse und Materialchemie, eroffnen wird.
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Metallocenes are highly versatile organometallic compounds. The versatility
of the metallocenes stems from their ability to stabilize a wide range of formal
electron counts. To date, d-block metallocenes with an electron count of up to
20 have been synthesized and utilized in catalysis, sensing, and other fields.
However, d-block metallocenes with more than formal 20-electron counts
have remained elusive. The synthesis and isolation of such complexes are
challenging because the metal-carbon bonds in d-block metallocenes become
weaker with increasing deviation from the stable 18-electron configuration.
Here, we report the synthesis, isolation, and characterization of a 21-electron
cobaltocene derivative. This discovery is based on the ligand design that
allows the coordination of an electron pair donor to a 19-electron cobaltocene
derivative while maintaining the cobalt-carbon bonds, a previously unex-
plored synthetic approach. Furthermore, we elucidate the origin of the stabi-
lity, redox chemistry, and spin state of the 21-electron complex. This study
reveals a synthetic method, structure, chemical bonding, and properties of the
21-electron metallocene derivative that expands our conceptual under-
standing of d-block metallocene chemistry. We expect that this report will
open up previously unexplored synthetic possibilities in d-block transition
metal chemistry, including the fields of catalysis and materials chemistry.

Since the discovery of ferrocene in the 1950s by Kealy and Pauson, as
well as Miller et al.', and the Nobel Prize-winning work of Fischer and
Wilkinson*, various derivatives of metallocenes have been synthe-
sized and have played pivotal roles in important discoveries in a variety
of fields, including catalysis*’, materials"”, energy'’, and medical"
sciences (Fig. 1a). The versatility of metallocenes stems from the ability
of the cyclopentadienyl ligand (Cp) and its derivatives to stabilize

-9

metals with a wide range of valence electron counts. To date, d-block
metallocenes and their derivatives with a formal electron count in the
range from 14 to 20, including recently synthesized 16-electron fer-
rocene dication”” and 20-electron cobaltocene anion', have been
isolated. Wilkinson and Hursthouse et al. reported a possible formal 21-
electron manganocene derivative, MnCp,(dmpe) [dmpe: 1,2-bis(di-
methylphosphino)ethane] (Fig. 1b)°. However, as noted by the
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Fig. 1| Preparation of 21-electron metallocene derivatives. a Selected examples
of metallocenes and their applications. b Previously proposed 21-electron metal-
locene derivatives. ¢ Synthetic route to the 21-electron cobaltocene derivative,
complex 1. THF: tetrahydrofuran. d Oak Ridge Thermal Ellipsoid Plot (ORTEP) of 1

at the 80% probability level according to high-resolution single-crystal X-ray dif-
fraction (SC-XRD). Green ellipsoids: hydrogen atoms. e Comparison of M-Crt(Cp),
A, and ¥ values. M: metal. DFT: density functional theory. dmpe: 1,2-bis(dimethyl-
phosphino)ethane. Cp: cyclopentadienyl.

authors, the formation of this complex does not follow the expected
trend of other metallocenes'. Furthermore, as with other mangano-
cene complexes, the coordination mode of the Cp ligands in this
complex deviates from the ideal p*-coordination because of ring
slippage'*"-*, This anomalous behavior of manganocene complexes is
attributed to the primarily electrostatic character of the Mn-C(Cp)
interactions, and the observed coordination modes are mainly con-
trolled by the steric factor of the ligands™ . The solid-state zigzag
chain structure of MnCp; is a vivid example of the anomalous coor-
dination chemistry of manganocene complexes. Therefore, accord-
ing to the available literature data, the formal electron count of
MnCp,(dmpe) cannot be conclusively described. Geiger et al.” and
later Bard and Strelets et al.”® reported the electrochemical reduction
of NiCp; and proposed the formation of formal 2I-electron NiCp,~
based on cyclic voltammetry (CV) (Fig. 1b). However, since this com-
plex is thermally unstable and cannot be isolated, the possibilities for
its characterization are limited.

The 18-electron rule works best for the complexes with strong -
accepting ligands” and the existence of formal 14- to 20-electron
metallocenes clearly shows that the 18-electron rule is only loosely
applicable to metallocene complexes, especially paramagnetic ones.
Furthermore, it is worth nothing to point out that a bonding model
based on sd" hybridization and 3c-4e hypervalent bonding™* indi-
cates the possible formation of formal 21-electron metallocene
derivatives by exploiting weaker attractive interactions such as
higher multi-center donor-acceptor interactions, long-range elec-
trostatics, London dispersion, and/or entropically favorable

interstitial vacancies’, Nevertheless, the isolation of well-defined
d-block metallocenes or their derivatives with more than a formal
20-electron count has remained elusive. The difficulty in synthesizing
formal 21-electron complexes lies in the fact that increasing deviation
from the stable 18-electron configuration destabilizes metal-C(Cp)
interactions and promotes the change of hapticity of Cp ligands™ *
or decomposition of the complexes®*, Here, we report the synth-
esis, isolation, and detailed theoretical and experimental character-
ization of a new cobaltocene derivative with a formal electron count
of 21 (Fig. 1c).

Results and Discussion

Synthesis and spectroscopic characterization

Inspired by the coordination chemistry of Cp,Ni*, we envisioned that
the incorporation of two Cp ligands into a pyridine-based pincer ligand
motif might allow the N-coordination of the pyridine ligand to the
metal center while maintaining the n*-coordination mode of the two
Cp groups. For this reason, the Na,CpNCp ligand (Fig. 1¢)* was chosen
for the synthesis of metallocene derivatives with formal valence elec-
tron counts of more than 20. Prior to this work, the coordination
chemistry of d-block metals and Na,CpNCp was known only with
metals with a formal d-electron count of less than four***, Portionwise
addition of Na;CpNCp to a tetrahydrofuran (THF) solution of CoBr; at
room temperature resulted in the formation of a NaBr precipitate.
Following the workup, an orange crystalline solid of 2,6-bis(methyle-
necyclopentadienyl)pyridinecobalt (1) was isolated in 34% yield
(average of two experiments) (Fig. 1c). Unlike NiCp, ', complex 1 was

Nature Communications | (2023)14:4979

71



Article

https://doi.org/10.1038/541467-023-40557-7

a o b 1 b m
- L como - ]
2 S 113 ¥ g
c |# ‘ ,\:.
l
o // % 9=5.077,3.172, 1.896
s e | A (F9Co) = 205, 142, 293 MHz
&
c / \NfCo
a —
| t L
" —— Simulated
| d o Experimantal
Ty 10 s o -5 00 150 200 250 ppm 100 150 200 250 300 350 400
g a § ] e Magnetic field (mT)
- o - - L
c d
14
N -
z
5
fand
g
=
£
.8
€
-
s —_
Q
Cobaltocene
17 15 13 A1 09

Fig. 2 | Characterization of complex 1. a 'H NMR (400.15 MHz, 298 K, in C4Dg)
spectrum of 1 and signal assignments (a-e). *: signals from residual THF. #: a signal
from residual C4DsH. b Experimental (4.2 K, toluene glass) and simulated X-band
EPR spectra of 1 using fictitious 5 = 1/2. g: effective g-values. A(**Co): **Co hyperfine
coupling constants. ¢ Four-pulse HYSCORE spectrum of 1observed at 320 mT (4K,

Potential (V vs. FeCp,"*)

toluene-ds glass). d CV of 1 and cobaltocene recorded with a glassy carbon elec-
trode (3 mm diameter) from -1.6 to -1V range with a scan rate of 0.0L Vs ™, in 0.1 M
[Bu,NIPF; THF at 25°C, and reported vs. FeCp,”°. The starting point (open circuit
potential) and direction of scans are indicated by arrows.

stable as a solid or as a solution under nitrogen at ambient
temperature.

In order to unambiguously show the bonding situation and formal
electron count of 1, the paramagnetic complex 1 was characterized by
a number of methods, including high-resolution single-crystal X-ray
diffraction (SC-XRD), 'H, ®C, and H nuclear magnetic resonance
(NMR) spectroscopies, electron paramagnetic resonance (EPR) spec-
troscopy, vibrating sample magnetometry (VSM), electrospray ioni-
zation mass spectrometry (ESI-MS), elemental analysis, and density
functional theory (DFT) calculations at the TPSSh-D4/def2-QZVPP//
TPSS-D4/def2-TZVPP level of theory. The molecular structure of 1 in
the crystal, obtained by precision high-resolution SC-XRD at 100 K
with a reciprocal resolution sin(8,,,/4) of 1.26 A and following mul-
tipole refinement*, supports the N-coordination of a pyridine moiety
and r°-coordination mode of two Cp groups (Fig. 1d). More specifically,
the Co-N bond distance of 2.1998(3) A is within the internuclear
Co"-Ny, distances in the neutral Co"PNP pincer complexes, which are
in the range from 1.974 to 2.343 A with an average distance of 2.144 A
(Supplementary Table 2). The Co-C(Cp) distances are in the range
from 2.2783(3) to 2.3292(2) A with an average distance of 2.302 A, and
the Co-Cp centroid (Co-Cnt(Cp)) distances are 1.9607(2) and
1.9593(2) A. These distances are significantly longer than those of
cobaltocene (2112 A for the average of the libration-corrected
Co-C(Cp) distances and ca. 1.722 A for Co-Cnt(Cp))*’ and may indi-
cate a weakening of the Co-C(Cp) interactions. The differences
between the maximum and minimum Co-C(Cp) distances of 0.051 and
0.035A for the two Cp groups are similar to those of cobaltocene
(0.033A)"’. The coordination mode of the Cp groups was further

analyzed by the Cp ring slip parameters A and ¥ (Fig. 1e)"". The A and ¥
values of complex 1 are among the smallest reported for A and ¥»+*
and strongly support the i*-coordination mode of the two Cp groups.
In comparison, the proposed 21-electron manganocene derivative,
MnCpz(dmpe), has a significantly larger deviation from the ideal i’
coordination mode (Fig. 1e). The 4 and ¥ values derived from the gas-
phase DFT calculations are in agreement with the experimental values,
supporting that crystal packing effects are not essential for the i
coordination (Fig. le). The DFT optimized structure reproduces the
equidistance of the Co-C(Cp) bonds with an average distance of
2.297(21) A and a short Co-N distance of 2,2176 A. Furthermore, the
average Wiberg bond index for the Co-C(Cp) bonds of 0.15(2) is
similar to that of cobaltocene (0.22(5)) as calculated at the same level
of theory, and a practically uniform distribution of negative charges on
the Cp rings was observed by the calculations (Supplementary
Table 3).

In solution, the 'H NMR spectrum of 1 showed five signals between
-260 and +144 ppm (Fig. 2a). All the 'H NMR signals were assigned
based on selective deuteration of the Cp groups and two-dimensional
NMR experiments (Supplementary Figs. 6, 7, and 12). The two broader
signals at the higher field are from the Cp rings, and the three sharper
signals at the lower field are from the pyridine ring and CH; groups of
the CpNCp ligand. The “C NMR spectrum shows four signals between
-504 and +410 ppm (Supplementary Fig. 5), and the signals are par-
tially assigned based on two-dimensional NMR and the splitting pat-
tern of the signals. Three “C NMR signals are missing, most likely due
to the close proximity of the Cp groups to the paramagnetic Co center.
Magnetic measurements conducted by the Evans NMR method (298 K,
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in C¢Dg) and VSM (298 K, bulk solid) showed that 1 has an effective
magnetic moment peg of 43 and 3.99 pg (pg: Bohr magneton) in
solution and solid state, respectively, which indicates that 1 has the
5=13/2 ground electron spin state. The §=3/2 ground electron spin
state was further supported by continuous wave (cw)-EPR, where a
large deviation of effective g-values from that of a free electron was
observed due to the sizable zero-field splitting of the § = 3/2 complex
(Fig. 2b). The EPR spectrum also clearly shows the presence of large
*Co hyperfine splitting, which supports the presence of a cobalt-
centered radical,

The presence of the Co-N bond in the frozen solution was sup-
ported by pulse-EPR measurements, which observed the electron spin
echo envelope modulation (ESEEM) effects”. The two-dimensional
field-swept two-pulse and three-pulse ESEEM spectra observed at 4 K
(Supplementary Figs. 30 and 31) showed the nuclear modulation
effects due to the N atom coupled with the Co atom, indicating the
presence of bonding interaction between them. Furthermore, we
applied four-pulse hyperfine sublevel correlation (HYSCORE)
spectroscopy*® to measure the nuclear spins coupled with the Co
atom. The HYSCORE spectrum (Fig. 2c) showed the correlation peaks
due to the 'H and “N atoms. The 'H-HYSCORE signals spreading over a
frequency range of 3-4 MHz in the angular selective spectra were
assigned to the protons belonging to the Cp groups. Based on the cw-
EPR spectrum and the modulation effects, we determined spin-
Hamiltonian parameters of 1 with §=3/2"(Supplementary Fig. 33,
Supplementary Table 1) as well as fictitious §=1/2 (Fig. 2b). The
experimental tensors showed that the principal axis with the largest
principal value of the *N-hyperfine coupling (A) tensor coincides with
that of the ¥Co-A tensor. This observation indicates the presence of
electronic interaction between the Co and N atoms in the frozen
solution.

The cyclic voltammogram of 1 showed reversible Co®”*" half-wave
potential at -1.23 V (vs. FeCp, ™ in MeCN), whichis 0.11 V higher or less
negative than that of cobaltocene (Fig. 2d). This change in the Co™"*
half-wave potential is not due to the introduction of the pyr-
idinylmethyl group on each Cp ring, since such a substitution is
expected to decrease the reduction potential by about 0.02 V**. Thus,
the N-coordination of the pyridine group unexpectedly increases the
reduction potential of 1 despite the increase in formal electron count.

Examination of the interatomic interactions

The bonding situation in 1 was further investigated by the quantum
topological analysis of the experimental electron density p(r)** and
electrostatic potential g,(r)*” in the crystal. The analysis identified six
bond critical points (BCPs) with negative near-zero values of the
electronic energy density A(r) corresponding to the Co-N and
Co-C(Cp) coordinate bonds (Supplementary Fig. 34)°'. In comparison,
the analysis of p(r) derived from DFT calculations resulted in a differ-
ent set of Co-C(Cp) coordinate bonds (Supplementary Figs. 34 and
35), while Co-N was still present. It is known that the location of BCPs
alone is not sufficient to correctly describe metal-Cp hapticity™.
Therefore, the distribution of the Laplacian of electron density V2p(r)
(Fig. 3a and Supplementary Fig. 36) was studied. Examination of the
V2p(r) maps reveals that the charge concentration lobes associated
with the N atom and each C atom of the Cp rings (lobes of red contour
in Fig. 3a) are directed toward the Co atom in the electron depletion
region (blue contours) approximately along the internuclear lines.
Moreover, the N-atom lobe is directed into the furcation region
between the valence shell charge concentrations of the Co atom,
supporting the donor-acceptor nature of the coordinate Co-N bond.
These observations suggest the r7°-coordination of both Cp groups as
well as the N-coordination of the pyridine group. The experimental and
theoretical values of p(r), Vzp(r), and h(r) at the BCP for Co-N: 0.057,
0.220, and -0.006 a.u. and 0.055, 0.218, and -0.011 a.u., respectively,
showed good agreement. An approximate Co-N delocalization index

Fig. 3 | Quantum chemical topology of 1. Experimental maps based on SC-XRD
data (left) and theoretical maps based on gas-phase DFT calculations (right) are
compared. Map planes pass through the atoms Col, N1, and C2. a Contour maps of
V2 p(r); the logarithmic scale in the form of +1,2,4,8-10" (-2<n<3)e A*is
adopted:; blue and red colors correspond to positive and negative function values,
respectively. b Superposition of the zero-flux boundaries of p-basins (black) and
(,s-basins (blue) in the gradient vector fields Vp(r) and Vg (r).

(DI) of 0.78 and an average Co-C(Cp) DI of 0.52(5), obtained from DFT
calculations, further support the presence of interactions between Co
and N, as well as all C(Cp) atoms™*,

The Coulombic attraction between Co and N as well as C(Cp)
atoms was examined by superposing trajectory maps of the gradient
vector fields of charge density and electrostatic potential, Vp(r) and
V. (r) (Fig. 3b)*"*. The electrons within the volumetric overlapping
area of Vp(r) and Vge(r) (colored yellow in Fig. 3b) belong to the
atomic p-basins of N and all C(Cp) but simultaneously fall into the
neighboring pseudoatomic ¢,-basin of Co; therefore, these captured
electrons are drawn toward the Co nucleus by the electrostatic force
F..(r)=Vip,,(r). This area represents the trace of the expansion of the
ligand atoms of the first coordination sphere, capturing electrons, and
the compression of the Co atom losing electrons as a result of the
chemical bond formation starting from free neutral atoms. The elec-
tron transfer thus defined is estimated to be 0.90 and 0.98 e for 1in the
crystal according to experimental diffraction data and for the free
molecule from DFT calculations, respectively. The action of the elec-
tric field generated by the cobalt atom inside the nearest 11 atoms of
the ligand, as well as the joint total interatomic charge transfer from Co
to N and C(Cp), indicates that all 10 C(Cp), as well as the N-atom, form a
“ligand binding field” around the Co-coordination center. The experi-
mental and computational studies strongly support the presence of
the Co-N bond and two r>-coordinated Cp ligands, and together show
that complex 1 is a formal 21-electron cobaltocene derivative.

Attempted synthesis of 22-, 20-, and 19-electron analogs

Aiming at the formation of a 22-electron analog, we attempted to
synthesize the analogous Ni(CpNCp) complex. However, the reaction
between Na,CpNCp and NiCl,(DME) (DME: 1,2-dimethoxyethane)
resulted in the formation of a dimeric nickel complex 2 that lacked
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Fig. 4 | Attempted formation of formal 22-, 20-, and 19-electron analogs.
a Synthetic route to the dimeric Ni' complex 2. THF: tetrahydrofuran. DMF:
dimethylformamide. DME: 1,2-dimethoxyethane. b Oxidation of 1 with [FeCp,]BF,

8g '~

<z

to generate Co™ complex 3. ¢ Synthetic route to the Mn" complex 4. Insert: Mole-
cular structure of corresponding complexes at the 80 % probability level for non-
hydrogen atoms according to SC-XRD.

Ni-N bonds (Fig. 4a). Therefore, the addition of one more electron
cancels out the stability of the complex gained by the formation of the
metal-N bond. The one-electron oxidation of 1 was also investigated to
elucidate if a formal 20-electron analog could be prepared. Oxidation
of 1 by [FeCp,]BF, resulted in the quantitative formation of a dia-
magnetic cobaltocenium complex 3 (Fig. 4b). The SC-XRD analysis of 3
revealed long Co-N internuclear distances of 2.745(4) and 2.790(5) A,
which vary significantly for two molecules in the asymmetric cell,
Furthermore, the average Co-C(Cp) bond length is significantly
shortened from 2.302 to 2.084 A and close to that of [CoCp,]BF,
(2.041 A). The variable temperature (from -40 to 80 °C) NMR mea-
surements showed no sign of reversible coordination of the pyridine
group, and the "N NMR chemical shift of 3 is close to that of
Na,CpNCp. Therefore, 3 is best described as a formal 18-electron
complex without Co-N bonding. The absence of Co-N bonding is
likely due to the formation of a stronger attractive interaction between
the anionic Cp groups and the Co* center, as evidenced by the
shortening of the Co-C(Cp) bonds, which increases the energy penalty
required to form a Co-N bond. To further investigate the coordination
chemistry of the CpNCp ligand, we synthesized the Mn complex 4
(Fig. 4¢). A pegr of 6.2 (in C4Dg, at 298 K) and the cw-EPR spectrum and
its simulation with S=5/2 spin state supports an §=5/2 ground elec-
tron spin state of 4 (Supplementary Fig. 27). The SC-XRD analysis of 4
showed that the Mn-N distance is 2.2709(14) A, which is within the Mn
-N distance of other N-donor-ligated manganocene derivatives™. The
Cp ring slip parameters 4 of 0.213 and 0.105 A as well as ¥ of 5.7° and
2.8° are relatively small but significantly larger than those of 1 (Fig. le).
Thus, like other manganocene derivatives, the coordination chemistry
of 4 is more strongly influenced by the ligand steric factor*. These
studies of the Ni, Co, and Mn complexes led us to further investigate
the origin of the stability of complex 1 and the instability of the
metal-N bonds in complexes 2 and 3 by computational methods.

Origin of the stability

The origin of the stability of 1 and the unexpected increase in the
Co*?" reduction potential were investigated by computational
methods. Using DFT calculations, we were able to locate an isomer of

1 with an §=1/2 spin state in which the coordinate Co-N bond is
broken, as a local minimum energy structure (', Fig. 5).

The relaxed potential energy surface scans of the Co-N distance
reveal that upon decreasing the Co-N distance, the 21-electron con-
figuration with a spin state of §=3/2 is more stabilized than the 19-
electron configuration with $=1/2 (Supplementary Fig. 41), with 1
being 5kcal mol™ (Gibbs free energy at 298 K) more stable than 1".
Thus, the coordination of nitrogen significantly stabilizes complex 1.
Figure 5 shows the frontier molecular orbital (MO) diagrams of
cobaltocene, I’, and 1, derived canonically from Kohn-Sham quasi-
restricted orbitals (KS-QROs)™. As expected, the MO diagrams of
cobaltocene and I’ are similar, and no significant change in the energy
of the singly occupied molecular orbital (SOMO) was observed.
Examination of the canonical KS-QROs of 1 revealed that the Co-N
bond in 1 results from the o-type interaction between the metal d-
orbital and the nitrogen lone pair. The formation of the Co-N bond has
two consequences, First, it generates the Co-N antibonding orbital,
which is singly occupied (Fig. 5, SOMO]1). Thus, the Co-N bond for-
mally has a bond order of 0.5. This situation is reminiscent of the
formation of 19-electron adducts from the 17-electron complexes,
where the formation of one-half of a metal-ligand bond stabilizes the
19-electron complex”. Second, the formation of the Co-N bond sig-
nificantly lowers the energy level of the SOMO and the lowest unoc-
cupied molecular orbital (LUMO) of I, and both can be singly occupied
to form an $=3/2 ground electron spin state (Fig. 5, SOMO2 and
SOMO3). These two orbitals are Co--Cp antibonding, and their partial
occupation explains the significant elongation of the Co-C(Cp) inter-
nuclear distances in 1. The decrease in the energy of the highest
SOMO3 explains the observed increase in the Co*? reduction
potential. These half-filled Co--Cp antibonding orbitals allow the Cp
ligands to maintain the i*-coordination mode. Therefore, the stability
of 1is a product of the formation of one-half of a Co-N bond and the
half-filled two Co-Cp antibonding orbitals, and the pincer ligand motif
that holds all these weak Co—N and Co-C(Cp) bonds together. Indeed,
a control experiment showed that coordination of pyridine to cobal-
tocene does not occur without the chelate effect provided by the
pincer motif (see the Supplememntary Information for details). This
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type of complex stabilization by half-filled metal-ligand antibonding
orbitals contrasts with the way formal 20-electron M(CO)g (M = Zr,
Hf)*™ and [M(CO)g] (M = Sc, Y, La)* species are stabilized by the pre-
sence of a filled purely ligand based MO. Our MO analysis also quali-
tatively explains the formation of 2 and 3. The hypothetical formal 22-
electron Ni(CpNCp) complex should have a fully occupied Ni-N anti-
bonding orbital, leading to the cleavage of a Ni-N bond and the for-
mation of 2. The removal of one electron from 1 should lead to the
pairing of the remaining two unpaired electrons in 1 to achieve a more
stable low-spin configuration, in which the Co-N bond does not exist.
In summary, we have synthesized the formal 21-electron cobal-
tocene derivative 1 by utilizing the chelate effect of the CpNCp pincer
ligand, which enables the coordination of the nitrogen lone pair donor
while maintaining the f*-coordination mode of two Cp groups. The
structural analysis, quantum-chemical topological studies, and DFT
calculations strongly support the presence of the Co-N bond and two
iP-coordinated Cp ligands, and thus the formation of the 21-electron
cobaltocene derivative. The stability and unexpected redox property
of the 2l-electron complex 1 originate from the half-filled Co-N and
Co-Cp antibonding orbitals, and the chelation effect of the pincer
ligand. The formal 2l-electron metallocene presented here expands
our understanding and perception of metallocene and organometallic
chemistry, as well as chemical bond theory. It is anticipated that this
discovery will open up unexplored possibilities in transition metal
chemistry, especially in the field of catalysis and materials science.

Methods

General considerations and materials for the synthetic study
All reactions were carried out under an N, atmosphere using an
MBRAUN glovebox, UNILAB Plus SP, equipped with an MB-20-G gas
purifier, an MB-LMF-2/40-REG regenerable solvent trap, and an MB-GS-
35 -35 °C freezer. All glasswares were dried overnight at 170 °C and

cooled down under vacuum in the glovebox antechamber. All solvents
were reagent grade or higher. n-Pentane ( = 99.0%), hexane ( =95.0%,
n-hexane with minor amounts of isomers of methylpentane and

methylcyclopentane), n-heptane (299.0%), dichloromethane
(299.5%), benzene (=99.7%), toluene (=99.8%), acetonitrile
(299.8%), methanol (=99.8%), tetrahydrofuran (Sigma-Aldrich

401757-1L, anhydrous, 299.9%, inhibitor-free), diethyl ether ( = 99.8%,
inhibitor-free), hexamethyldisiloxane (Sigma-Aldrich 205389-500 ML,
298%), and dimethylformamide (DMF, 299.0%) were dried over MS3A
(dried overnight in a 200 °C oven and cooled overnight under vacuum
in the glovebox antechamber) in the glovebox for more than 2 days
and stored in the glovebox. Common chemicals were purchased, kept
in the glovebox, and used as received unless stated otherwise. Anhy-
drous CoBr; (green powder, >97%) was purchased from Fujifilm Wako
Chemicals. NiCl.(DME) (yellow powder, 98%) was purchased from
Sigma Aldrich. MnBr; (pink powder, 99%) was purchased from Acros
Organics. Celite filtration was carried out using a pipet, cotton wool,
and Celite®545, which was dried overnight in a 170 °C oven, cooled
down overnight under vacuum in the glovebox antechamber, and kept
in the glovebox. The dimensions of the 20 mL vial are 60 mmin height,
28 mm in outer diameter, and the Teflon-coated stirring bar is 15 mm
long and 5 mm in diameter.

Instrumental analysis methods

NMR spectroscopy. All deuterated solvents were purchased and dried
over MS3A in the glovebox for more than 2 days and kept in the glo-
vebox. NMR spectra were recorded using a Bruker Avance IlI-400N
spectrometer and an Avance 1ll NEO 500 spectrometer equipped with
a cryoprobe. 'H and *C NMR chemical shifts are reported in parts per
million (&) relative to TMS (0 ppm) with the residual solvent signal
(CDCl5: 7.26 ('H) and 77.16 (°C) ppm, C4Ds: 7.16 ("H) and 128.06 (°C)
ppm, THF-dg: 1.72 ("H) and 25.31 (®C) ppm, toluene-dg: 2.08 (‘"H) and
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20.43 (*C) ppm, DMSO-d,;: 2.50 ('H) and 39.52 ("*C) ppm, methanol-d,:
3.31 ("H) and 49.00 (°C) ppm, CD5CN: 1.94 ('H) and 118.26 (°C) ppm) as
the internal references ’H NMR chemical shifts are reported in parts
per million (§) relative to residual solvent signal as the internal
reference. "B, ®N, and '*F NMR chemical shifts are reported in parts per
million (8) relative to BF3-OEt; in CDCl; (0 ppm), NH3(liquid) (O ppm),
and CFCl; (0 ppm), respectively, as external references.

NMR peak assignments of diamagnetic compounds were made
using 'H-'H-gCOSY, 'H-"C-HSQC, and 'H-"C-HMBC NMR experiments.
Abbreviations for NMR spectra are s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), sep (septet), dd (doublet of doublet), td
(doublet of triplet), dq (doublet of quartet), m (multiplet), and br
(broad). 'H NMR signals of paramagnetic complexes are reported with
chemical shift (§) and line width at half-height (Av"?). Air-sensitive NMR
samples were prepared in the nitrogen glovebox using a J. Young NMR
tube or a standard NMR tube sealed with a septa and parafilm.

NMR measurement of paramagnetic complexes. 'H NMR of para-
magnetic complexes (typically 20 mM solution) was measured with
delay time (d1) of 0.1s, time domain data points (td) of 128k, and scan
number (ns) of 1 to 128, and spectral width (sw) of 200 to 600 ppm.
Proton-coupled “C NMR experiments were carried out using an
Avance Il NEO 500 spectrometer equipped with a cryoprobe. For
proton coupled *C NMR experiments, a delay time (d1) of 0.1s, a time
domain data points (td) of 64k, a scan number (ns) of 64k, and a
spectral width (sw) of 1100 ppm were used.

Measurement of effective magnetic moment by Evans’ method.
Measurement of the effective magnetic moment by Evans’ method was
carried out using glass capillaries containing C4D, (measurement in
CeDg) as external standards.

Single-crystal X-ray diffraction (SC-XRD). The X-ray diffraction
experiments for 1-3 were performed on a Bruker D8 Venture dif-
fractometer equipped with a PHOTON Il CPAD detector and an IpS 3.0
microfocus X-ray source (Mo Ka radiation). The X-ray diffraction data
for the single crystal 4 were collected on a Rigaku Xtalab PRO
instrument equipped with a PILATUS3 R 200K hybrid pixel array
detector and a MicroMax™-003 microfocus X-ray tube (Mo Ka). Data
were collected at 100 K according to recommended strategies, then
processed and corrected. All structures were solved using SHELXT®".
Structures 2-4 were refined by the full-matrix least-squares using
SHELXL". Non-hydrogen atoms were refined anisotropically.

VSM measurement. The VSM measurement was carried out using the
Quantum Design PPMS DynaCool VSM module. VSM powder sample
holders (part #: 4096-388) were weighed outside the glovebox using a
microbalance and placed inside in the glovebox. All powdered samples
were packed and sealed in the sample holders in the nitrogen glove-
box. The sealed samples were weighed outside the glovebox using
microbalance to calculate the weight of the samples.

FTIR spectroscopy. IR spectra were recorded using a Nicolet iS5 FT-IR
spectrophotometer and are reported in absorption frequency (cm™).
Abbreviations for FT-IR spectra are s (strong), m (medium), and
w (weak).

High-resolution mass spectrometry (HRMS). HRMS data were
recorded on a Thermo Scientific LTQ-Orbitrap mass spectrometer,
using electrospray ionization (ESI) mode.

Elemental analyses. Elemental analyses were conducted using an
Exeter Analytical CE-440 elemental analyzer. Empty tin cups were
weighed outside the glovebox using a microbalance and brought in the
glovebox. All samples were weighed and sealed in the tin cups in the

nitrogen glovebox. The sealed samples were weighed outside the
glovebox using microbalance to calculate weight of the samples. The
N, gas in the tin cups was replaced by argon through three vacuum-
argon refill cycles. All the samples were analyzed using an autosampler
under a He atmosphere.

Cyclic voltammetry (CV). CV was measured inside the nitrogen glo-
vebox using an ECstat-301WL potentiostat equipped with a glassy
carbon working electrode (3.0 mm diameter), a platinum wire counter
electrode (0.5 mm diameter), and an Ag/Ag' reference electrode (Ag
wire in 0.01 M AgNO; in 0.1 M [Bu,N]PF, MeCN solution). The sample
solution was prepared by dissolving an appropriate sample in 0.1M
[BusNINPF, THF solution. All potentials are reported using the FeCp,™*
couple (O mV) as an external reference.

Computational Methods

DFT computations were performed with the ORCA software package
(versions 5.0.0, 5.0.1, 5.0.3) unless otherwise noted”**. For structure
optimizations and harmonic vibrational frequencies, we employed the
TPSS meta-GGA functional® . Additionally, we utilized Grimme’s
latest additive dispersion correction D4°*“” and an Ahlrichs-type basis
set with triple-zeta quality (def2-TZVPP)™. Minima on the potential
energy surface were confirmed by the absence of imaginary fre-
quencies. For accurate electronic energies and quasi-restricted orbitals
(QROs)* we used the hybrid variant of this functional, i.e., TPSSh,
together with the quadruple-zeta quality basis set (def2-QZVPP)"°. We
tested the influence of relativistic effects by incorporating the zeroth-
order regular approximation (ZORA) at the scalar spin-free level of the
theory”. As recommended, these calculations use a relativistically
recontracted basis set (ZORA-def2-XVP) and a decontracted auxiliary
basis set (SARC/])™. Unless noted otherwise, the resolution of identity
(RI) and chain-of-spheres (RJCOSX) approximations, as implemented
in ORCA, were used for (meta)-GGA and hybrid functionals, respec-
tively, together with the appropriate auxiliary basis set (def2/])"*”. All
computations performed with ORCA utilized the tight SCF con-
vergence criteria and the default integration grid (defgrid2).

Wiberg bond indices were determined in the framework of natural
bond orbital (NBO 7.0.10) analysis™. The topological analysis of the
theoretical electron density p(r) and electrostatic potential @.(r) was
performed with Multiwfn 3.8(dev)”. For this purpose, we carried out
single-point energy computations at TPSSh/def2-QZVPP level using
the Gaussianl6 software package (revision C.01) to generate a Gaussian
checkpoint file as input (tight SCF convergence criteria, ultrafine
integration grid)’®. The electrostatic potential ¢,(r) was evaluated
using the built-in code”. The protocol for generating superposition
maps of the zero-flux surfaces defined in the gradient vector fields
Vp(r) and Ve, (r) was described in detail earlier™.

Quantum crystallography
The X-ray diffraction data of 1 were collected at 100 K with a reciprocal
resolution sin(f,,,,/A) of 1.26 A The multipole refinement of 1 was
performed within the Hansen-Coppens formalism as implemented in
MoPro”. The anharmonic atomic motion of Co was modeled using the
Gram-Charlier expansion of the temperature factors. A block refine-
ment of the charge density parameters and the Gram-Charlier coeffi-
cients was applied analogously to the procedure described earlier™.
The analysis of the multipole-derived electron density p(r) and
electrostatic potential @,(r) was performed in WinXPRO" analogous
to the published procedures™. The energy density h(r) was approxi-
mated according to Kirzhnits™,

Data availability

All data are available in the main text or the supplementary informa-
tion. Additional data are available from the corresponding authors
upon request. Crystallographic data for the structures reported in this
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article and its supplementary information were deposited at the
Cambridge Crystallographic Data Centre under deposition numbers
CCDC 2220152 (1), 2220153 (1, multipole model), 2220154 (2), 2220155
(3), and 2220156 (4). Copies of the data can be obtained free of charge
via https://www.ccdc.cam.ac.uk/structures/.
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7 Zusammenfassung und Schlussfolgerung

NHOs reagieren mit N.O unter Bildung von SEDs oder Diazoalkenen (ber einen Additions—
Eliminierungs-Mechanismus. Anhand des gem-dimethylierten NHOs 5 wurde gezeigt, dass die
Reaktion mit N2O nicht auf unsubstituierte NHOs beschrankt ist. Die C=C-Doppelbindung ist
ausreichend polarisiert, um bereits bei Raumtemperatur eine 1,3-dipolare Cycloaddition mit N-O
einzugehen. In einem nédchsten Schritt wird ein Diazoalkan durch eine Cycloreversion des
Intermediats freigesetzt. DFT-Berechnungen und kinetische Untersuchungen deuten darauf hin, dass
die initiale Cycloaddition mit N-O, gekennzeichnet durch eine stark negative Aktivierungsentropie
(A*S = -40(1) e.u.), geschwindigkeitsbestimmend fiir die Reaktionssequenz ist.

NHQs mit einem CgHa-Linker zwischen einem NHC-Fragment und einer Methylidengruppe erweitern
das Repertoire von NHOs und stellen eine neue Verbindungsklasse starker o-Donoren mit dualer
Reaktivitat dar. Wie anhand von 1 veranschaulicht, zeichnen sich NHQs beztglich ihrer geschlossen-
schaligen Reaktivitat durch ihre hohe Basizitat und Protonenaffinitat aus, die die von herkémmlichen
NHOs und NHCs ubersteigt. Gleichzeitig weisen sie eine diradikalische Reaktivitat auf, die zur
dehydrogenativen Kopf—Kopf-Dimerisierung fuhrt, wobei sich Uber einen offenschaligen Singulett-
Reaktionspfad ein SED 2 mit einem Reduktionspotential von Ei, =-1.71V (vs. Fc/Fc*) bildet.
Weitere Merkmale des konjugierten Bis-Chinodimethans 2 sind eine kleine Singulett—Triplett-Licke
von 4.4 kcal mol™? und ein breites Absorptionsmaximum bei Amax = 650 nm, welches sich (iber den
gesamten sichtbaren Bereich (400-800 nm) erstreckt.

Wird zuséatzlich noch ein Akzeptor-Substituent eingeflhrt, entsteht ein Donor—Akzeptor-substituiertes
Chinodimethan. Anhand des ortho-Akzeptor-substituierten NHQs 3 wurde gezeigt, dass entgegen der
gangigen Regeln zur Formulierung von Lewis-Strukturen die elektronische Struktur am besten als
organisches Zwitterion beschrieben ist. Die Kombination aus Aromatizitat des Linkers und dessen
Donor—Akzeptor-Substitution verursacht Ladungstrennung trotz formaler Konjugation, wie aus
Analysen der Strukturparameter im Festkdrper (SCXRD), spektroskopischen/elektrochemischen
Untersuchungen in Losung (NMR, UV-vis, CV) und DFT-Berechnungen in der Gasphase hervorgeht.
Wie aus NICSzz(r)-Berechnungen von Derivaten hervorgeht, ist die Polarisation primér ein
elektronischer Effekt, der sich durch sterische Einfllsse zusétzlich verstarken l&sst. Eine Konsequenz
der zwitterionischen Struktur ist die ambiphile Reaktivitdt als Carbokation/Carbanion-Paar, das sich
isolobal zu FLPs verhalt. Entsprechend eignet sich 3 zur Dehydrierung von Amminboran und der
Addition von Phenylacetylen unter Spaltung der C-H-Bindung, sodass 3 als intramolekulares
kohlenstoffbasiertes FLP betrachtet werden kann.

Aulerdem konnte in einer theoretischen Arbeit gezeigt werden, dass gangige WFT- und DFT-
Protokolle zu einer Uberschatzung der Gibbs-Energien fiir assoziative Reaktionen fiihren. Dieser
sogenannte ,,Entropie-Fehler fiir bimolekulare Reaktionen resultiert aus einer unzureichenden
Behandlung von Entropie-Effekten in Losung, was zur Uberschitzung der Beitridge der Gasphase
fihrt. Davon betroffen sind Aktivierungsbarrieren und vor allem Reaktionsenergien. Ein physikalisch
fundierter Formalismus der Entropie in Ldsung, der von Garza présentiert wurde, eignet sich als
additive Korrektur fur Routineanwendungen ohne erheblichen Rechenaufwand.
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