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[ EINLEITUNG

I  Einleitung

1 Redox-aktive Liganden

Liganden, welche an definierten Redox-Prozessen teilnehmen kénnen, werden als redox-aktive
Liganden bezeichnet und sind seit langer Zeit aus der Koordinationschemie bekannt.[!l Dithiolen-
Liganden wurden zum Beispiel bereits Anfang der 1960er Jahre in Koordinationskomplexen von
Nickel, Palladium und Platin untersucht (Schema 3).121 Die Bezeichnung redox nicht-unschuldig
(non innocent) wird synonym verwendet und trdagt der von Jgrgensen 1966 eingefiihrten
Beschreibung der Unschuldigkeit (innocence) bzw. Nicht-Unschuldigkeit (non innocence) von
Liganden Rechnung.3l Er beschreibt unschuldige (innocent) Liganden als solche, die eine
eindeutige Bestimmung der Oxidationsstufe des Metalls, an das sie koordinieren, zulassen.[*
Dagegen unterliegt die Bestimmung der Oxidationsstufe von Metallen mit ,non-innocent”
Liganden einer gewissen Ungenauigkeit.3-4] Diese Definition bezieht sich allerdings auf das
Zusammenspiel bestimmter Liganden und Metalle. Ein redox-aktiver Ligand kann sowohl in
Komplexen vorkommen, in welchen die Oxidationsstufenbestimmung des Metalls ambivalent ist,
als auch in solchen, in welchen die Bestimmung eindeutig ist.[!al Es sollte somit von einem
unschuldigen oder nicht-unschuldigen Verhalten eines redox-aktiven Liganden gesprochen
werden.[al Das archetypische Beispiel eines redox-aktiven Liganden ist der Nitrosyl-Ligand (NO),
der eine grofle Rolle im biochemischen Informationstransfer spielt.[t>: 3. 51 In Koordinations-
komplexen mit Ubergangsmetallen kann der Ligand als NO* in einer linearen Struktur, oder als
neutrales NO*-Radikal bzw. NO™-Anion in einer gewinkelten Struktur vorliegen (Schema 1).[1b. 5-6]
Die Schwierigkeit der Oxidationsstufenbestimmung in diesen Komplexen ist dabei auf die

kovalenten Eigenschaften von Metall-Ligand m*-Bindungen zuriickzufiihren.[ 7]

- . - - . 2—
+e _l +e M-N _l

—e ol —e o

~

M—-N=0|

Schema 1: Bindungsmodi des Nitrosyl-Liganden in Ubergangsmetall-NO-Komplexen.

Zu Beginn der Untersuchung von Komplexen mit redox-aktiven Liganden stand vor allem die
Ambivalenz in der Bestimmung von Oxidationsstufen und die Analyse der elektronischen Struktur
der Ubergangsmetall-Komplexe im Mittelpunkt.'a 2 8 Mit der Verbesserung analytischer
Methoden zur Untersuchung ligandzentrierter Radikale, wie beispielsweise der Einkristall-
rontgenstrukturanalyse, Kernresonanz- und Elektronenspinresonanz-Spektroskopie sowie der
Mofibauer-Spektroskopie und dem Fortschritt in der theoretischen Berechnung von
spektroskopischen Daten, entwickelte sich die Forschung an dieser Ligandklasse zu einem breiten

Feld in der Synthese- und Koordinationschemie.[c 1d.1f£ 9] Die Eigenschaft redox-aktiver Liganden,

1



[ EINLEITUNG

im Zusammenspiel mit dem Zentral-Atom oder unabhangig von diesem, an Redox-Prozessen
teilzunehmen, eroffnete neue Gestaltungskonzepte fiir verschiedene Metall-Komplexe und
ermoglichte den Zugang zu neuen Anwendungsbereichen fiir diese Komplexe vor allem in der
Katalyse.[le-s 9 101 Ein wesentliches Ziel war es, das Redox-Verhalten von Edelmetallen auf
glinstigere, haufiger vorkommende, unedlere Metalle zu iibertragen. Dabei sollten redox-aktive
Liganden Komplexen mit unedlen Metallen, die zu Einelektroneniibertragungsreaktionen neigen,
ermoglichen, an reversiblen Mehrelektroneniibertragungen teilzunehmen, was die Komplexe fiir
katalytische Prozesse attraktiv macht.ltel Im Allgemeinen kann die Aktivitat und Selektivitiat von
Ubergangsmetall-Komplexen in der Katalyse durch redox-aktive Liganden kontrollierten werden.
Die Liganden kénnen dabei sowohl eine aktive Rolle einnehmen, indem sie direkt an katalytischen
Prozessen beteiligt sind, wobei zum Beispiel Ligand-Substrat Bindungen ausgebildet werden,11]
oder das Substrat selbst einen redox-aktiven Liganden darstellt,[*2] als auch weniger aktiv sein,
indem sie durch Verdnderung ihres Oxidationszustandes die Lewis-Aciditiat/Basizitat des
Metall-Atoms beeinflussen,[13] oder als Elektronenreservoir dienen.['4l Indem der redox-aktive
Bis(imino)-Pyridin Ligand als Elektronenreservoir diente, konnte beispielsweise von Chirik und
Mitarbeitern eine Eisen-katalysierte [21 + 2mt] Cycloaddition von a,w-Dienen realisiert werden.[15!
Durch ligandzentrierte Elektroneniibertragungen in dieser Katalyse konnte die energetisch
giinstige Oxidationsstufe des Fe(II)-Metallzentrums iiber den gesamten Katalysezyklus hinweg

beibehalten werden.[15]

In neueren Konzepten werden redox-aktive Liganden fiir Einelektroneniibertragungen direkt
vom Liganden auf das Substrat oder vom Substrat auf den Liganden genutzt.[10h] Damit wird ein
metalloradikalbasierter Elektronentransfer, fiir welchen ein redox-aktives Metall benotigt wird,
umgangen. Einelektroneniibertragungen vom Liganden auf das Substrat konnen einerseits
stochiometrisch ablaufen, wie durch die Gruppe um Soper an einem Rhenium-Oxo-Komplex mit
zusdtzlichen redox-aktiven Iminosemiquinon-Liganden beobachtet wurde.[10h. 161 Andererseits
sind katalytische Einelektroneniibertragungen vom Liganden auf ein Substrat moglich, wie
beispielsweise anhand der intramolekularen C(sp3)-H Aminierung von Aziden unter
Zuhilfenahme eines Fe(llI)-Pyridin-aminophenol-Komplexes gezeigt wurde.[10h. 171 Die
Ubertragung eines Elektrons vom Substrat auf den Liganden ist dagegen selten.['8] Aktuelle
Forschung beschéftigt sich auflerdem mit einer katalytisch nutzbaren Kombination von Redox-
und chemischer Nicht-Unschuldigkeit in Form von kombinierten Elektronen- und
Protonentibertragungen.!9l Chemische Nicht-Unschuldigkeit beschreibt dabei die Fahigkeit des
Liganden, an reversiblen chemischen Transformationen teilzunehmen.[20] Liganden, die aufgrund
dieser Eigenschaft eine Synergie zum komplexierten Zentral-Atom eingehen kénnen, werden
auch als kooperative Liganden bezeichnet.[20-21] Nicht selten wurde die Natur als Vorbild fiir

katalytisch aktive Komplexe mit redox-aktiven Liganden herangezogen.[1%fl Ein Beispiel, das die
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Forschung an redox-aktiven Liganden in der Koordinationssphire von Ubergangsmetallen
mitinitiierte, ist das Enzym Galactose-Oxidase, welches die Oxidation von primaren Alkoholen zu
Aldehyden katalysiert.[22] Bei der Katalyse werden die redox-aktiven und kooperativen
Eigenschaften eines Tyrosinyl-Liganden im Enzym genutzt. Durch Nachahmung von
Metalloproteinen konnten in der Vergangenheit bereits eine Reihe effizienter Katalysen
entwickelt werden.[102 23] Uber katalytische Anwendungen hinaus macht die Fihigkeit redox-
aktiver Liganden, verschiedene Oxidationsstufen anzunehmen und in einer oder mehreren dieser
Stufen in ihrer offenschaligen Konfiguration vorzuliegen, diese zu vielseitig nutzbaren
Werkzeugen in der Materialwissenschaft.24] Beispielsweise konnen in diesem Feld relevante
Komplexe durch reversiblen, intramolekularen Elektronentransfer zwischen Ligand und Metall
als Valenztautomere oder Redoxisomere vorliegen.l?5] Definitionsgeméafd enthalten zu
Valenztautomerie fidhige Komplexe redox-aktive Liganden, fiir die offenschalige Konfigurationen
zuganglich sind.[?5] Eine haufig auftretende, offenschalige Konfiguration redox-aktiver Liganden
stellt die radikalisch monoanionische Form dar, welche durch Einelektronenreduktion neutraler
Vorlaufer oder Einelektronenoxidation von Dianionen erhalten werden kann.[1c 261 Beispielhaft ist
daftir das Redox-System von o-Diiminen (dad) dargestellt, welche in Koordinationskomplexen
drei verschiedene Redox-Zustinde annehmen konnen (Schema?2). Die neutrale
geschlossenschalige Form [dad?’], die offenschalige radikal-monoanionische Form [dad*~], sowie

die geschlossenschalige dianionische Form [dad?"] sind fiir diese Art von Liganden typisch.[%

R R R
R__N  R__N  R__N-
1= I = 1
RTSN ¢ R NTT e RTON
R R R
[dad’] [dad""] [dad®7]

Schema 2: Redoxzustdnde eines a-Diimins (dad).

Auflerdem sind Liganden in offenschaligen Konfigurationen als radikalische Dianionen,[27]
Trianionen!?8 und sogar als Radikal-Kationen bekannt.[?9] Neutrale Ligand-Radikale existieren
zum Beispiel in Form von NO* (Schema 1).1301 Neben den Nitrosyl-Liganden und den bereits
erwahnten Dithiolenen®0 311 sind zum Beispiel Redox-Systeme von Diketonen wie
0-Quinon/o-Semiquinon/Catecholat biochemisch relevant (Schema 3).321 Weitere bekannte
Beispiele redox-aktiver Liganden sind Imino- und Bis(imino)-Pyridine,: 331 welche zu den
a-Diiminenl(?d. 341 gehdren, Dipyrinel3s! und Porphyrinel3¢], sowie Carbenel37! in Fischer-Carben-
Komplexen (Schema 3). Neuere Vertreter redox-aktiver Liganden stellen B-Diketiminel38 und

Aminotroponimine (ATIs) dar (Schema 3).139
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R
| R R
R S R 0 R__N R\ / g
1 .
RS R0 RTSN R =Np
R R
a-Dithion a-Diketon a-Diimin Bis(imino)pyridin Carben B-Diketimin

Schema 3: Ausgewahlte Beispiele redox-aktiver Liganden. R = beliebiger Rest.

Flir letztere konnte die Redox-Aktivitit anhand elektrochemischer Untersuchungen eines
Neutralliganden, eines Alkalimetall-Komplexes und eines Rhodium-Komplexes nachgewiesen
werden.39 Das Metall in der Aminotroponiminat(ATI)-Bindungstasche hatte dabei einen
mafigeblichen Einfluss auf das ligandzentrierte Redox-Ereignis. Unter elektrochemischen
Bedingungen war fiir den Rhodium-Komplex ein reversibler Elektronentransfer méglich,
wohingegen die hohe Spindichte auf dem Liganden fiir den Natrium-ATI-Komplex zu einer

reduktiv induzierten Dimerisierung fiihrte.[39]

[Na] 2"

. p iPr\N/ \

{Pr f r N—ph
= N\ +e” = N\ +e 05
/[Rh] e /[M] e :
N I Ph
I -
Ph Ph N N
iPr
[Na]
[M] = Na, Rh

Schema 4: Verhalten eines Natrium- und Rhodium-ATI-Komplexes unter reduktiven Bedingungen.[3]

2 Redox-aktive Liganden in der Hauptgruppenchemie

In der Hauptgruppenchemie haben redox-aktive Liganden eine weit zuriickreichende
Geschichte.l*ol  Haufig werden sie verwendet, um niedrige Oxidationsstufen in
Hauptgruppenmetall-Komplexen zu stabilisieren. Prominente Beispiele sind hier Magnesium(I)-
und Aluminium(I)-Spezies mit B-Diketiminat-Liganden.[*] Mit der Entwicklung solcher
hochreaktiver Spezies war es moglich, Reaktionen wie o-Bindungsspaltungen in Form von
oxidativen Additionen, die Aktivierung von Mehrfachbindungen sowie die reversible Aktivierung
von Einfachbindungen und reduktive Eliminierungen, die lange Zeit Ubergangsmetall-Komplexen
vorbehalten waren, auch fiir Hauptgruppenmetall-Verbindungen zu realisieren.[*0d] Meist
besitzen die redox-aktiven Liganden in Hauptgruppenmetall-Komplexen nur einen

(Ladungs)Zustand. Es sind allerdings eine Reihe an Hauptgruppenmetall-Komplexen bekannt, in

4
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welchen redox-aktive Liganden an einem Protonentransfer beteiligt sind, der mit einer
(Ladungs)Zustandsdanderung des Liganden einhergeht.[19 1%l Zwei Beispiele sind die
ligandvermittelte, katalytische Dehydrogenierung von Ameisensaure oder die dehydrogenative
Kopplung von Aminen mit Aluminium(III)-Komplexen.[1%I Die reduzierte Form des redox-aktiven
Bis(imino)-Pyridin Liganden in diesen Komplexen ermoglichte die selektive Spaltung von X-H
Bindungen der Substrate, sowie die Stabilisierung von Ubergangszustinden bei der
B-Hydridabstraktion wihrend der Katalyse.[1% 421 Eine Anderung des Ladungszustandes von
redox-aktiven Liganden in Hauptgruppenmetall-Komplexen, die durch einen ligandzentrierten
Elektronentransfer = bedingt ist, wird weniger haufig beobachtet.1%  Durch
Einelektronenoxidation des redox-aktiven 1,2-Bis(arylimino)acenaphthen (BIAN) Liganden in
einem Magnesium-Komplex kann beispielsweise 2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO)
reduziert werden.*3] Ein Aluminium-Komplex des BIAN-Liganden ist in der Lage, durch
Ligandoxidation Ketone zu reduzieren.#4l Auch weitere Aluminium-Komplexe mit Liganden wie
Diphenolaminen,[*5] a-Diiminen/*6l und a-Iminopyridinen(332 471 zeigen ligandbasierte
Elektroneniibertragungen. In der Radikalchemie verhalfen redox-aktive Liganden
Hauptgruppenmetall-Komplexen auflerdem zu deren Einsatz in selektiven, iiber
Radikalreaktionen ablaufenden, Bindungskniipfungsreaktionen.l8] Dies konnte zum Beispiel an
einem Magnesium-Komplex mit einem redox-aktiven BIAN Liganden gezeigt werden. Die
Reaktion des untersuchten Komplexes mit Benzophenon fithrte zu C-C und H-H
Bindungskniipfungen die mit der Anderung des Oxidationszustandes des Liganden von einer
dianionischen Form zur radikal monoanionischen Form einhergingen.l*8-491 Kontrollierte
radikalische C-C Bindungsbildungen, die, aufgrund der hohen Spindichte an bestimmten
Positionen des Liganden, am Liganden selbst stattfinden, sind ebenfalls bekannt. Beispielhaft ist
hierfiir die bereits beschriebene reversible reduktive Dimersierung eines Natrium-ATI-
Komplexes zu nennen (Schema 4).39 Ahnlich dazu fithrte Einelektronenreduktion des
Aluminium-Komplexes [AICI(IP*)]. mit zwei monoanionischen a-Iminopyridin Liganden (IP-)
nicht zum Komplex [AI(IP*)(IP)?], sondern zu einer Rekombination zweier in situ gebildeter
ligandzentrierter Radikale unter Ausbildung der dimeren Spezies [(IP?")Al-u(IP-1P2-)-Al(IP?)]
(Schema 5, rechts).l501 Dagegen ist der Komplex [AICI(IP*);] selbst mit zwei ligandzentrierten
Radikalen stabil und isolierbar, was mit einer antiferromagnetischen Kopplung der ungepaarten

Elektronen tiber das Aluminiumzentrum erklart wurde (Schema 5, links).[50I
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[AICI(IP),] [(IP27)Al-p(IP-1P2")-Al(IP%7)]

Schema 5: Stabiler Biradikalkomplex [AICI(IP*)2] und durch Rekombination zweier ligandzentrierter

Radikale gebildetes Dimer [(IP?")Al-u(IP-1P?7)-Al(IP?7)]. R = 2,6-iPrz-CsHa.150]

Ein redox-aktiver Ferrocen-Ligand in der Koordinationssphare von Indium konnte als Schalter fiir
die Kontrolle der Ringoffnungspolymerisation von 1,3-Dioxan-2-on genutzt werden.51 Die
Verdanderung des Oxidationszustandes des Eisenatoms erlaubte dabei den Wechsel zwischen
katalytisch aktiver und weniger aktiver Form.[51al Kiirzlich konnte auflerdem der erste
Hauptgruppenmetall-Komplex isoliert und charakterisiert werden, der redox-isomere
Eigenschaften zeigt.[521 Der untersuchte Bis-o-Aminophenol-Zinn-Komplex kann in Losung als
diamagnetische Sn(IV)-Spezies und als paramagnetische Sn(II)-Spezies vorliegen, wobei die
redox-aktiven Liganden das Metall in ihrer dianionischen Form (AP) pseudotetraedrisch oder in
ihrer radikal-monoanionischen Form (imSQ) quadratisch pyramidal (Pseudostruktur) umgeben

(Schema 6).

tBu
Bu

0 tBu ¢ tBu

\. _N tBu /CEO\Q/N\ tBu
/Sn\ — L /Sn\

tBu N O tBu N 0

| tBu tBu tBu

tBu

(AP),Sn'v (imSQ),Sn'!

Schema 6: Redox-Isomere eines Bis-o-Aminophenol-Zinn-Komplexes.[52]

Die Gruppe um Berben konnte aufierdem zeigen, dass eine Kombination von ligandvermittelter
Protonen- und Elektroneniibertragung moglich ist.[1% 19d] Dafiir wurde die elektrokatalytische
Wasserstoffentwicklung  aus  Aluminium-Komplexen  mit  redox-aktiven  Liganden
unterschiedlicher Aciditit untersucht. Der beobachtete Reaktionsmechanismus, der zwei
Elektronentransfer- und zwei Protonentransfer-Schritte beinhaltet, wurde durch die Aciditat der

Liganden mafdgeblich beeinflusst (Schema 7).[1%d]
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Schema 7: Schematische Darstellung der Reaktionssequenz zur katalytischen Wasserstoffentwicklung mit

zwei verschiedenen Aluminium(I1I)-Komplexen.[192 19d]

Im Zuge der Etablierung von redox-aktiven Liganden fiir Komplexe von Hauptgruppen-Metallen,
wurde diese Ligandklasse auch fiir Koordinationskomplexe von Bismut verwendet. BiCls bildet
beispielsweise = Donor-Akzeptor = Komplexe mit redox-aktiven, aryl-substituierten
Bis-(imino)acenaphthen Liganden. Die Komplexe wurden allerdings lediglich auf ihre
strukturellen Parameter hin untersucht.[53] Eine Reihe weiterer, heteroleptischer Bismut-
Halogenid-Komplexe mit prinzipiell redox-aktiven Liganden wie [-Dialdiminaten,
B-Diketiminaten und Pyrrol-basierten Liganden sind bekannt, ihre Redox-Eigenschaften wurden
aber nicht untersucht.l>4 Grofdtenteils beschrankt sich die Redox-Chemie von Bismut-Komplexen
auf metallzentrierte Redox-Prozesse. Die Gruppe um Cornella beispielsweise beschiftigte sich
kiirzlich mit Bi(I)/Bi(Ill) und Bi(Ill)/Bi(V) Redox-Paaren, die in der katalytischen
Transferhydrierung sowie der Fluorierung von Boronsaurederivaten auftraten.[s5] Die Gruppe um
Chitnis untersuchte ein Bismuttriamid mit T-formiger Ligandstruktur in welchem das Bismutatom
in einem ,redox-verwirrten Bi(I)/Bi(lll) Zustand vorliegt, was mit Hilfe von DFT-Rechnungen
sowie Reaktivititsstudien nachgewiesen werden konnte.l5¢l Fiir eine kationische Bismut(III)-
Carbamoyl-Spezies wurde unter elektrochemischen Bedingungen ein chemisch reversibler
Redox-Prozess zwischen dem Redox-Paar Bi(Il)/Bi(Ill) beobachtet.[57] Isoliert werden konnten
niedervalente Bi(I)- bzw. Bi(ll)-Spezies zum Beispiel in Form von Dibismutenen oder als
monomere Bismutinidene bzw. als Dibismutane oder monomere Bismutinyl-Radikale.l*8] Die
Verwendung redox-aktiver Liganden in der niedervalenten Bismut-Chemie ist wenig untersucht.

Ein Beispiel ist ein Dibismuten mit redox-aktiven Ferrocenyl-Liganden.l5% Die elektrochemische

Untersuchung dieses Bi(I)-Systems konnte zeigen, dass die m-Elektronen in der Bi=Bi Bindung als

effektive m-Briicken zwischen den beiden Liganden fungieren. Turner legte bei der Untersuchung
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einer radikalischen Bismutinyl-Spezies das Augenmerk auf einen redox-aktiven Pyridin-
Dipyrrolid-Liganden.l60l Eine elektronische Stabilisierung der intermedidr gebildeten Bi(Il)-
Spezies durch Ubertagung von Elektronendichte vom Metallzentrum auf den Liganden, und damit
die Isolierung dieser Spezies, gelang nicht. Die postulierte Radikalspezies konnte allerdings durch
eine Abfangreaktion mit dem stabilen organischen Radikal TEMPO indirekt nachgewiesen

werden.
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II Zielsetzung

Die zunehmende Prédsenz redox-aktiver Liganden in der Hauptgruppenchemie und deren
Potential in der Stabilisierung niedervalenter Spezies sowie in der Beeinflussung der Reaktivitat
von Hauptgruppenmetall-Komplexen, zum Beispiel durch das Erméglichen iibergangsmetall-
dhnlichen Verhaltens, motivierte zu dieser Dissertation. Ein in diesem Zusammenhang wenig
untersuchtes Ligand-System ist das der erst 2016 als redox-aktiv identifizierten
Aminotroponiminate (ATIs).391 Neben ihrer Redox-Aktivitit konnte 2016 anhand der
strukturellen Charakterisierung eines Natrium-ATI-Komplexes aufierdem die vorher in der
Literatur nicht diskutierte Fahigkeit des ATI-Liganden zur Ausbildung von Metall-Aren-
Wechselwirkungen im Festkorper offengelegt werden, die eine interessante Erweiterung der

limitierten Koordinationschemie von ATI-Komplexen darstellte.[61]

Auf Grundlage dieser Ergebnisse sollte im Rahmen dieser Arbeit die Koordinationschemie, die
Reaktivitdt und das Redox-Verhalten von Alkalimetall-ATI-Komplexen tiefergehend untersucht
werden. Der Fokus sollte dabei auf der Untersuchung des Einflusses sterischer und elektronischer
Eigenschaften des ATI-Liganden sowie auf der Untersuchung des Einflusses des Zentral-Atoms
liegen. Die Eigenschaften des Liganden sollten durch verschiedene Substituenten an den
Stickstoffatomen sowie am Cs-Riickgrat des Liganden modifiziert werden. Ein Augenmerk sollte
anschlief3end auf der strukturellen Charakterisierung von ATI-Komplexen der Alkalimetall-Reihe
Lithium bis Kalium liegen. Insbesondere sollte untersucht werden, welche Faktoren fiir die
Ausbildung von Metall-Aren-Wechselwirkungen verantwortlich sind. Die Kenntnis der Struktur
im Festkorper und in Losung sollte dazu dienen, einen Bezug dieser zur Reaktivitat verschiedener
Komplexe herzustellen, um die Reaktivitat damit gezielt beeinflussen zu kdnnen. Ein wesentliches
Interesse bei der Untersuchung des Redox-Verhaltens von Alkalimetall-ATI-Komplexen sollte auf
der Erforschung des Einflusses der elektronischen und sterischen Eigenschaften der Liganden
sowie des Zentral-Atoms auf die Generierung von ligandzentrierten Radikalen bzw. auf die

Moglichkeit der Realisierung ligandzentrierter kontrollierter C-C Bindungskniipfungen liegen.

Da redox-aktive Liganden in der Koordinationssphire von Bismut bisher wenig untersucht
worden sind, sollte der ATI-Ligand auf Bismut als Zentral-Atom {ibertragen werden. Die
Untersuchung der Bismut-ATI-Komplexe sollte dabei neben der strukturellen Charakterisierung
vor allem deren Redox-Eigenschaften umfassen. Insbesondere sollte erforscht werden, in wieweit
die Ladung der Komplexe das Redox-Verhalten beeinflusst und ob die redox-aktiven
Eigenschaften des Liganden zu einer Stabilisierung radikalischer Bismut-Spezies beitragen

konnen.
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New Perspectives for Aminotroponiminates: Coordination
Chemistry, Redox Behavior, Cooperativity, and Catalysis

Anna Hanft'® and Crispin Lichtenberg*[

Abstract: Aminotroponiminates (ATls) are monoanionic ligands
with an N,N-binding pocket and a rigid, planar, unsaturated, C;-
ring as a ligand backbone. Recent findings show that this ligand
backbone can play an active role in coordination chemistry,
redox reactions, and ligand-centered reactivity of ATI com-
plexes, Based on these results, ATls have been recognized as
redox-active and cooperative ligands, which has implications
for existing and potential future applications of ATI compounds

in synthesis, catalysis, and materials science. The catalytic appli-
cations of ATl complexes are summarized in this Microreview,
including results from the fields of hydroamination, epoxid-
ation, cyanosilylation, e-caprolactone-, olefin-, epoxide-, and ep-
oxide/CO, (co-)polymerization as well as electron transfer catal-
ysis. Furthermore, recent advances in the use of ATI ligands for
stabilizing heavy analogs of carbon oxo compounds are show-
cased.

1. Introduction

Aminotroponiminates (ATls) have garnered extensive interest as
easily accessible ligands that readily form complexes with
(semi-)metals across large sections of the periodic table. Bear-
ing one amino and one imino functionality, ATls bridge the gap
between the well-established diazadiene and phenylenedi-
amine ligand scaffolds (Scheme 1a). ATls are structurally related
to amidinates and [i-diketiminates (Scheme 1b). They are distin-
guished from these types of ligands by a rigid C; ligand back-
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Am Hubland, 97074 Wiirzburg, Germany
E-mail: crispin.lichtenberg@uni-wuerzburg.de
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bone, which is a prominent structural feature of the ATl ligand
family. ATls have found application in the stabilization of cat-
jonic group 13 complexes!! as substitutes for cyclopentadi-
enide ligands in lanthanoid chemistry,>?! for the synthesis of
hyper- and hypo-valent group 14 compounds,™*! in the investi-
gation of spin delocalization of first row-transition metal com-
plexes,® and in hydroamination catalysis.”) These fields have
been covered elsewhere by the cited review articles.
Traditionally, ATls have been exploited as molecules that are:
(i) monoanionic
(ii) N,N-bidentate
(iii) redox-innocent under reducing conditions
(iv) chemically inert in their C; backbone
(v) spectator ligands (exception: chiral induction).
However, this traditional perception of ATI ligands has re-
cently been challenged (Scheme 1c). This is in large part due
to insights involving the chemistry of the C; ligand backbone.

radical bismuth compounds in synthesis and catalysis.
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Scheme 1. Comparison of selected N,N-chelating ligands: (a) diazadienes and
phenylenediamines; (b) amidinates and fi-diketiminates; (c) aminotropan-
iminates (ATls) with separate view of the NN functionality and the C; ligand
backbone,

New findings have revealed the potential of the ATI ligand
backbone to play an active role in coordination chemistry,
redox-reactions, and ligand cooperativity.

This review article highlights these new aspects of the well-
established ATl ligand family. In addition, recent findings in the
fields of ATI ligand synthesis, catalytic applications based on
ATl complexes, and ATl-stabilized heavy analogs of carbon oxo
compounds are also covered.

2. Ligand Synthesis

Straightforward protocols for the synthesis of ATls with different
substituents at the two nitrogen atoms are available
(Scheme 2).12°! The first NR group can be introduced either in
transition metal-free protocols"® or in Pd-catalyzed reactions
for less nucleophilic amines.""! The resulting aminotropones 6
are commonly transformed into the desired ATI ligands by con-
secutive addition of a Meerwein salt and the desired amine in
a one-pot-reaction. Compounds of type 7a have been isolated
and suggested as intermediates in this reaction."'®'?) More re-
cently, a cationic compound 7b was isolated and shown to re-
act much faster with a given amine than its neutral counterpart
7a (R' = 2,6-diisopropylphenyl)."®! In one-pot-reactions (and
also when isolated 7b is used as a starting material), intermedi-
ates of type 7a and 7b may coexist in equilibrium reactions.
Using the protocols shown in Scheme 2, a variety of func-
tional groups R'/R? can be introduced, including alkyl and aryl
moieties, NR, groups, alkyl groups with additional donor func-
tionalities (cf,, section 3.8.), chiral substituents, and redox-active
substituents (cf, section 4.2.).1'%1113-15] Since steric protection
has been one of the successful strategies for the stabilization
of highly reactive species in recent decades, ATls with bulky aryl
groups at the nitrogen atoms can be attractive synthetic tar-
gets. Along these lines, the combination of R' = sterically de-
manding aryl group and R? = alkyl group can be realized as a
substitution pattern in ATl ligands,""'* however, the installa-
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Scheme 2. Synthetic routes to aminotroponiminates (ATls) 8.

tion of two sterically demanding 2,6-substituted aryl groups has
been described as problematic.l'®!

After initial reports on the functionalization of the C; ligand
backbone in the 5-position via electrophilic aromatic substitu-
tion,""7"8 this type of reaction has recently been investigated
in further detail."®2* Bromination proceeds smoothly and in
excellent yields (90 %),[718.20-221 while other substituents can
be introduced only with lower yields of 19-43 % [Scheme 3, E =
Br, I, NoAryl, NO,, COMe, C5(CN);1.1%2229 The bromo-substituted
compound 9-Br can be subjected to nucleophilic aromatic sub-
stitution to give 10-Nu in excellent yields (92-99 %) {Scheme 3:
Nu = SPh, S[3,5-C¢Hs(CFs),], SePh, TePh; Nu = S(O)Ph with one
additional step}.??! The electronic parameters of the substitu-
ents in the C; backbone can affect the performance of ATl com-
plexes as catalysts, as demonstrated for zinc ATls as catalysts in
hydroamination reactions.”?

R 31 |31
)
NH  s.Ar NH s Ar NH
— E . ——="Nu -
=N N E=Br N
R? R2 R?
8 9-E 10-Nu

Scheme 3. Functionalization of the C; ligand backbone of ATls in the 5-posi-
tion by electrophilic and nucleophilic aromatic substitution, respectively.

3. Coordination Chemistry

3.1. Terminal N,N-Coordination Mode (A)

The metalacyclic structural motif A, with the metal center in the
N,N-binding pocket of the ligand, represents the archetypical
bonding mode of the ATI ligand family (Scheme 4). It was first
reported in the early 1960s along with the first ATI metal com-
plexes, I and first structurally authenticated by single-crystal
X-ray analysis of [Mn(ATI?"""),(acac)] in 1970 (acac = acetylacet-
onate).?®) Coordination mode A predominates in the coordina-
tion chemistry of ATI compounds, although new coordination
modes have recently been unraveled (vide infra).?”}

@ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a) ATl bonding modes showing only N-M interactions topic ligand. Due to the bridging position of the ATI ligand,

1 1 1
R R M] R ™ coordination modes B and C can in principle be found in small
N N=5 N=% . I
@ SM @ / @ -./ aggregates or in coordination polymers. Type B has been re-
N ’}‘---..[M] e ) ported for a dinuclear, cationic aluminum compound, [AlEt(u,-
R2 R? R? 120 -ATIPP) (u,-EL)-AlEL,][B(CsFs)4) (Figure 1a).178 Coordination
A B c mode € was first realized for Li and Ca ATl compounds through

co-complexation with lithium iodide (Figure 1b).1%?) Recently,

b) ATl bonding modes invelving C-M interactions PhiiP i
[K(ATI" ) (thf)] was described as an example of a monometal-

R : R’ R ) ) .
M] HH [M] i [M] M) lic complex with a type B bonding mode that leads to a poly-
SIM] ol meric structure in the solid state (Figure 1c).
N N N
) | 1M
R? R? R?
o £ r 3.3. M-C Interactions with Neutral H-ATI Ligands (D)
More recently, the C; backbone of ATI ligands has been a focus
c) n-Stacking between two ATI ligand backbones of considerable research efforts with respect to its role in coor-
FL{‘ dination chemistry. For neutral ATl ligands (H-ATI) that bear a
N proton in the N,N-binding pocket, coordination mode D with
[MI\N@ R? M-CATI-backbone  honding interactions has  been  realized
R2 @N‘[Ml (Scheme 4).%% The arenophilic [Ru(CsMes)]* group could be co-
N7 ordinated to the ligand backbone of H-ATIP"™ to give the cat-
F‘p ionic species [Ru(CsMeg)(H-ATIF** )]+ (Figure 2). NMR spectro-
¢ scopic investigations revealed an apparent Cs symmetry of the
Scheme 4. Coordination modes of ATl ligands. complex in solution and a significant high-field shift of the

Cbackbane resonances, relative to those of the free H-ATI ligand.
3.2. Bridging N,N-Coordination Modes (B, C)

In coordination modes B and C, the ATI ligand occupies a bridg- F
ing position between two metal centers (Scheme 4), Either one
(B) or two (C) nitrogen atoms interact with two metal atoms.
These bonding modes are closely related to A in that only
M-N interactions are present and the ATI ligand acts as a mono-

a) —|+

Ne_ Al

Figure 2. Molecular structure in the solid state of [Ru(C;Mes)(H-ATIP"™)][PF]
showing coordination mode D with a neutral H-ATI ligand (cf,, Scheme 4).

3.4. ATIs as Ditopic N,N/C; Ligands (E)

o For ATls in their monoanionic form, the analogous coordination
@ \ mode E has been reported, making this ligand ditopic
(Scheme 4). Whereas the N,N-binding site can be considered as
| - relatively hard, the C; binding site is classified as relatively soft.
@ ) The coordination mode E was first analyzed in detail for the
sodium complex [Na(ATIP"*7)(thf)], for which it leads to a one-
dimensional coordination polymer in the solid state (Fig-
ure 3).213% Related ATl complexes of Na and K have been
shown to adopt the same coordination mode in the solid

5 :\. state 3%
e ©

Figure 1. Examples of structurally authenticated molecules with ATl ligands ~ Figure 3. Cutout of the solid-state structure of coordination polymer
in coordination modes B (a) and € (b,c) (cf, Scheme 4). (a) molecular structure  [Na(ATI?*™)(thf)]., with a type E coordination mode (cf, Scheme 4).
of the cationic part of [AL(ATIP™Et]B(CsFs)a); (b) molecular structure of

[Li,CalATIPPry, |, (thf),; (c) cutout of the solid-state structure of coordination A frontier orbital analysis of model compounds [Na(ATI")-
polymer [K(ATIP#)(thf)]... (thf),] revealed strong contributions of p,-type orbitals of the
Eur. J. inorg. Chem. 2018, 3361-3373 www.eurjic.org 3363 @ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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carbon atoms in the ligand backbone to the HOMO and the
LUMO (Figure 4, top).2'3% Thus, ligand-to-metal (L—M) bond-
ing and metal-to-ligand (M—L) backbonding involving the ATI
C, backbone appear to be possible.®! The substitution pattern
at the nitrogen atoms of the ATI ligands was shown to have a
significant influence on the HOMO/LUMO energies (Figure 4,
bottom). This makes ATI ligands with electron donating substit-
uents at nitrogen more suitable for ligand-to-metal (L—M)
bonding of type E, which was confirmed experimentally.3 DFT
calculations and NMR spectroscopic studies suggest that the
coordination mode E is not only relevant in the solid state, but
also in solution {e.g. dinuclear complexes in equilibrium reac-
tions: 2 [Na(ATI)(thf),] 2 [Na,(ATl),(thf)s] + THF}.E!

HOMO LUMO
(R=R'=/Pr) (R=R'=/Pr)

0 LUMO
-1.0 - -

s | BYBY B —

% —— Phl/iPr Ph/Ph ==
40 T —  __ __ CF4CFy
50 HOMO _

[Na(ATIR/R)(thf),]

Figure 4. Top: HOMO (left) and LUMO (right) of [Na(ATIP/Pr)(thf),]. Bottom:
HOMO and LUMO energies of [Na(ATI*®)(thf),] (R/R" = tBu/tBu; iPr/iPr, Ph/
iPr, Ph/Ph, CF3/CFs). Reprinted with permission from ref.>* Copyright 2018
American Chemical Society.

The different properties of the N,N and the C; binding sites
of ATl ligands suggest that the synthesis of well-defined mixed-
metal compounds should be possible. Indeed, potassium/
sodium compounds of type [KNa(ATl),(thf),] with coordination
mode E were recently reported as the first representatives of
these species. These compounds form coordination polymers
in the solid state (Figure 5). According to the hard/soft acid/
base principle, potassium ions interact with the softer ligand
backbone and sodium atoms are found in the harder N,N-bind-
ing pocket.*?

\ 0o
Na N K .. .

X\

Figure 5. Cutout of the solid-state structure of coordination polymer [KNa-
(ATIPPr),(thf),].. with a type E coordination mode (cf., Scheme 4).

3.5. ATIs Interacting with Three Metal Centers (F)

Whereas AT ligands in coordination modes A-E show interac-
tions with one (A, D) or two metal centers (B, C, E), the interac-
tion of one ATI ligand with three metal ions is also possible.

Eur. J. Inorg. Chem. 2018, 3361-3373
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This has been demonstrated for the potassium compound
[K(ATIPPh)], which crystallized free of any neutral donor ligands
as a coordination polymer, resulting in coordination mode F
(Figure 6).24

Figure 6. Cutout of the solid-state structure of coordination polymer
[K(ATIPMPM)]_, with a type F coordination mode (cf., Scheme 4).

3.6. Stacking between ATI Ligand Backbones (G)

An aromatic character has been suggested for ATl ligands with
their characteristic C;N, moiety bearing 10 m-electrons.”® Thus,
it was almost surprising that only recently the first example of
arene--arene interactions with this functional group have been
reported. In this specific example, parallel-displaced m+m-inter-
actions are realized between two ATI ligands, each of which
also hosts a metal atom in its N,N-binding pocket (Figure 7).1'*!
These interactions were observed in the bismuth compound
[BiCl,(ATIFP1)], which shows additional weak Bi---Cl interactions,
leading to formation of an organic/inorganic coordination poly-
mer in the solid state.

Cl
—e
Bi \‘VL.V«
1 Fe N H

Figure 7. Cutout of the solid-state structure of coordination polymer [BiCl,-
(ATIFP1)]_ with a type G coordination mode (additional intermolecular Bi«-Cl
interactions not shown; Fc = ferrocenyl; also see Scheme 4).

The coordination modes of type B-G exemplify the rich coor-
dination chemistry of the ATI ligand family, which goes far be-
yond the archetypical and most frequently observed bonding
mode A. In addition to molecular compounds and small aggre-
gates, coordination polymers are also accessible, especially for
bonding modes E, F, and G, which confer a ditopic character to
the ATI ligand.

3.7. Flexibility of the C;N, Core of ATI Ligands

ATls are classified as relatively rigid ligands due to their seven-
membered ring consisting exclusively of sp? hybridized carbon
atoms.”?! Nevertheless, this structural motif shows a certain de-
gree of flexibility. The C;N, unit, which is the core of every ATI
ligand, can deviate significantly from the expected planarity in
two ways. The first possibility is the puckering of the ligand,
which has been quantified by the dihedral angle between the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

15



[II NEW PERSPECTIVES FOR AMINOTROPONIMINATES: COORDINATION CHEMISTRY, REDOX BEHAVIOR,
COOPERATIVITY, AND CATALYSIS

Europe

mean planes defined by the atoms [C1-7] and [C1-2,N1-2,M]
(Scheme 5a, b).*>3%! Values ranging from 0° to ca. 25° are com-
monly observed for almost perfectly planar and significantly
twisted ring motifs, respectively.*’*8 Analyses of the factors
leading to puckering of ATl ligands show that the nature of the
(semi-)metal in the ATl binding pocket and the steric bulk of
the substituents at nitrogen have to be taken into account.l*5-¢!
A certain degree of puckering is a common phenomenon in ATI
complexes. The second possibility for the C;N, unit of ATI li-
gands to deviate from planarity is bending about the C3/C7
axis (Scheme 5a, c). This deformation may be quantified using
the angle between the mean planes defined by the atoms
[C3-C7] on the one hand and [C1-3,C7] on the other hand
(Scheme 5a, c). This bending mode of the ATI ligand is rare,
but has been observed for the previously mentioned complex
[Ru(CsMeg)(H-ATIP P+, which shows a type D bonding
mode.*® The bending angle of the H-ATI ligand in this com-
pound amounts to 28.2°. Bending of the ATI ligand has so far
not been described as a general phenomenon for compounds
with ATI ligands in bonding mode E.

a) general labeling scheme: 6 !
(top view) O\&[N] 1
5
2 [N] 2
e [N]
b) puckered ATI ligand:
(side view along C1-C2 axis)

4 3 4
N1
s !
T 2 N2

c) bent ATl ligand:
(side view along C1-C2 axis)

6 7
6 7

5 —9—8_1 5 L1
43 1 4 3 1

2 NI} 2
2
Scheme 5. Conformations of ATl ligands in which the CN; motif deviates
significantly from planarity. (a) general labeling scheme; (b) puckering of ATI

ligand {structural data taken from [Ge(ATI®¥®=)F]1*¢); () bending of ATI li-
gand {structural data taken from [Ru(CsMes){H-ATIP/PO][PF ]300},

3.8. ATI Ligands with Additional Donor Groups at N

In order to increase the denticity of ATI compounds, substitu-
ents with additional donor functionalities can be installed at
the nitrogen atoms of these ligands. In this respect, bridged
ATl compounds and tropocoronands have been investigated in
some detail, and most of this work has previously been re-
viewed.”" Apart from such ligands containing two ATl moie-
ties, there are relatively few examples of ATls with additional
donor groups in the substituents bound to N. However, most
of these compounds were only used as starting materials for
ligands containing two or more ATl groups.**~*! Other exam-
ples were investigated more from a heterocyclic chemistry
viewpoint than that of coordination chemistry.[474!

Examples of ATls that bear donor functionalities within the
substituents at nitrogen and have been ligated to metal centers
are shown in Figure 8a. Two zinc complexes, [Zn(ATIFF),] {R =
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(CH,),,OMe, n = 2, 3}, were isolated and fully characterized, but
do not show any interactions between the metal center and
the ether groups that are part of the substituents at nitro-
gen® The same has been suggested for a range of nickel
complexes of type [Ni(ATI),].*? For the nickel complex 11, the
structure shown in Figure 8b has been assigned on the basis of
NMR spectroscopic studies, but was not unequivocally proven
by methods such as single-crystal X-ray diffraction.®"! In this
context, the lithium complex Li(ATIP""") should be mentioned,
since an unusual Li-Ph contact was detected for this compound
in the solid state (Figure 8b, bottom).** Finally, bridged ATls
and tropocoronands should formally also be mentioned in the
category of ATl ligands with additional donor groups at N (Fig-
ure 8C)_[2—4,52—57]

a) Substituents with donor
functionalities at N*™ atoms

b) ATl complexes with donor
functionalities at N*™ atoms

Ph
1)
N
7 N 0
R-N" HN-R Shi” N
N7 o
-$-R=  x~_OMe }_/
Ph
M ome 1"
E

320 .
E=NH,0,8 @: S
o \N/'
N-N">Nm
*?4"‘ _ © @—[Li]
i cutout of
N” NM
N e

solid-state structure of
[Li(ATIPRPhy)
c) Bridged ATls and tropocoronands

linker - (CHQ)H-\
N N QNH N@
: I/ \I ;
NH HN N HN
b (G
R R

linker: (CHz)3, 1,2-cyclo-hexylene

Figure 8. Examples of (a) H-ATI ligands that bear donor functionalities in the
substituents at the N atoms; (b) ATI complexes with substituents at N*"
atoms that are invelved in donor«=M interactions; (c) bridged ATls and tropo-
coronands,

4. Redox Chemistry

4.1. Metal-Centered Redox Chemistry

ATl and tropocoronand complexes of cobalt show (quasi-) re-
versible redox events in a potential range of -0.05 V to -2.6 V
vs. Fe(CsHs)o/[Fe(CsHs);]" (Scheme 6).1°4°¢! Based on compari-
son with structurally related zinc and gallium compounds, these
redox events were ascribed to metal-centered processes (Co'/

@ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Co" and Co'"/Co" couples)*®*7 In tropocoronand complexes,
the electrochemical properties can be tuned by the angle ©®
between the two C; planes of the macrocyclic ligands, which
in turn is controlled by the length of the (CH,),., linkers be-
tween the ATI moieties (Scheme 6). With larger © values, the
potentials for oxidation and reduction are shifted to more posi-
tive and negative values, respectively, i.e. oxidation and reduc-
tion become more difficult. Shifts of electrochemical potentials
of up to +0.23 V and -0.34 V were observed, when © was varied
from 9° to 84°. In a series of cobalt tropocoronands, a linear
correlation was observed between the angle ® and the redox

potentials for oxidation/reduction.
b)

Scheme 6. (a) A tropocoronand complex with its two C; groups highlighted
(n, m = 3-6). (b) Angle © between the two planes that are defined by the
two C; groups of tropacoronands; the color code is according to (a).

a) 7~ (CHa)p~

Jne N _aNs
14 M
\ \N/ n,,

The ruthenium compound  [Ru{CsMes)(H-ATIP"*n)][PF,]
shows an irreversible oxidation and reduction wave with peak
potentials of +0.9 V and -1.8 V, respectively.2%*% The analogous
aminotropone and tropolone complexes show a similar electro-
chemical behavior. The redox events were classified as metal-
based processes based on comparison with trorucene com-
pounds™ and EPR spectroscopic measurements.

4.2, Ligand-Centered Redox Chemistry under Oxidative
Conditions

Under oxidative conditions (+0.5 to +0.9 V),*®! irreversible elec-
tron transfer has been observed for H-ATI ligands and ATl or
tropocoronand complexes of Na, Ga, Zn, Co, and Rh.54-576%
These redox events were reasoned to be ligand-centered, since
they were observed for the ligands themselves or for complexes
of metals that can be regarded as redox-inactive under the ap-
plied conditions (Na, Ga, Zn). Ligand-centered oxidations of cat-
ionic gallium compounds, [Ga(tropocoronand)]®, occurred at
more positive potentials than those of the neutral zinc analogs,
which can be attributed to the higher Lewis acidity of the Ga
species.*®! For compounds containing more than one ATl ligand
and sulfonyl groups at the N*™ atoms, up to two additional
irreversible, presumably ligand-centered oxidation waves were
reported in the range of +0.8 V to +1.1 V vs. Fe(CsHs)y/
[Fe(CsHs)-1*.1°% For all these cases, the products of the reactions
induced by irreversible electron transfer have not been charac-
terized.

The behavior of ATl-related species under oxidative condi-
tions has been investigated in more detail. For the cyclo-
heptalblquinoxalinium cation 12, which is structurally related
to ATI compounds, but shows different electronic properties
due to its tricyclic structure, a dimerization has been observed
upon double deprotonation under atmospheric conditions
(Scheme 7).1#" This oxidatively induced dimerization is chemi-
cally reversible as shown by reductive cleavage of 13 to regen-
erate 12 in acidic media.
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2 | T -
\ @ -
H +2n, HOAC

Scheme 7. Behavior of ATl-related species under oxidative conditions: Release
of two protons and an electron from 12 gives C-C coupling product 13 in a
chemically reversible reaction.

The redox-properties described above are directly related to
the properties of the C;N, structural core motif of ATl ligands.
In addition, an ATI ligand with a ferrocenyl group as a redox-
active substituent at one of the N atoms has recently been
reported.!’™ The half-wave potential of this H-ATIF™ ligand
amounts to -0.18 V vs, Fe(CsHs)./[Fe(CsHs),l*. In the bismuth
compound [Bi(ATIF/¥"),] (14), three reversible redox events are
detected in the range of -0.23 to +0.09 V (Figure 9).°¥! The
peak separation in the cyclic voltammogram indicates weak
electronic communication between the three ferrocenyl substit-
uents in this compound.

iPr, @
Fe N
ipr N, .

Fc = ferrocenyl -04 -01 02
14 U vs. Fe(CsHs); / [Fe(CsHs)a]* [V]

E;

Is5pa Es

E'

Figure 9. Lewis formula and cyclic voltammogram [CH,CI,/0.1 m
[N{nBu)4l[PF4l, 23 °C} of bismuth ATl compound 14 with ferracenyl substitu-
ents (Fc = ferrocenyl). Adapted from ref!’® with permission of The Royal
Society of Chemistry.

4.3. Ligand-Centered Redox Chemistry under Reductive
Conditions

Under strongly reducing conditions, ATls can act as redox-active
ligands. This was unequivocally demonstrated by cyclic voltam-
metric measurements of the ligand H-ATIP™™, which reveal
a partially reversible redox wave at -2.7 V vs. Fe(CgHs),/
[Fe(CsHs)-1+.1%% Fully reversible electron transfer at very similar
potentials (-2.7 V)*® can be realized for the related rhodium
complex [Rh(ATI"™)(cad)] (cod = cyclooctadiene) (Figure 10a).
This redox process was suggested to be ligand-centered based
on DFT calculations of the spin density distribution in the radi-
cal anion [Rh(ATI"P")(cod)]~ that is generated upon reduction
(Figure 11a).

The nature of the metal center in ATl complexes can have a
significant impact on the ligand-based redox chemistry of these
species under reducing conditions. The sodium compound
[Na(ATIPMPr)(thf)] (15) (an analog of the Rh species discussed
before) is susceptible to a reductively induced dimerization to
give compound 16 (Scheme 8; CV: Figure 10b)./® This reaction
presumably involves a delocalized, ligand-centered, persistent
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30 20 40 0

U vs. Fe(CsHs)2 ! [Fe(CsHs)2]* [V]

Figure 10. Cyclic voltammograms of ligand-based redox events in ATl com-
pounds. (a) fully reversible electron transfer for [Rh{ATIP")(cod)); (b) chemi-
cally reversible, reductively induced dimerization of [Na(ATIPP)(thf)].
Adapted from ref./*® with permission of The Royal Society of Chemistry.

a) b)
Rh OTHF
: \
N N 'Na

Figure 11. Spin density plots of (a) radical anion [Rh(ATI"™)(cod)]~ and (b)
radical intermediate [Na,(ATI"™")(thf),] as determined by DFT calculations;
isovalue: 0.0025. Adapted from ref®! with permission of The Royal Society
of Chemistry.

radical as an intermediate, as determined by DFT calculations
(Figure 11b) and EPR spectroscopy. Nevertheless, it proceeds
with high chemo-, regio-, and diastereoselectivity. Moreover,
this transformation is chemically reversible (Scheme 8).

[Na]
—NiPr |
Eh [Na]—NiPr NPh
N\ Na H
2 P [Na] —=
\N AgBF, H
h .
iPr P - [Na]
[Na] = Nafthf), [Na]
15 16 (rac.)

Scheme 8. Chemically reversible, reductively induced dimerization of
[Na(ATIPM®)(thf)] (15) to give [Maa(di-ATIPY™)(thf)s] (16).

The reversibility of the redox processes shown in Figures 9
and 10 opens up possibilities for applications of ATl species in
the fields of redox-switchable materials and electron transfer
catalysis (cf. section 6.5.).

4.4, Stabilization of (Semi-)Metals in Low Oxidation States

Since the redox-activity of ATl ligands under reducing condi-
tions sets in at strongly negative potentials {typically below
-2.5 V vs. Fe(CsHs)o/[Fe(CsH5),]*1,1906%) ATl ligands can still act as
redox-innacent ligands for the stabilization of low-valent metal
centers. This has been exemplified for complexes containing
central atoms such as Ti", Zn', Ge", or Sn'.[5:3536.63-66] Ngtably,
these Ge' and Sn'" ATl complexes can engage in Ge'/

Sn'-M interactions with coinage metal cations M = Cu*, Ag*,
Aut165-721

Eur. 1. Inorg. Chem. 2018, 3361-3373

www.eurjic.org 3367

Eur||C

European Journal
qflmyn{:ﬂunﬁﬁy

Microreview

5. Ligand Cooperativity

Ligand cooperativity has recently emerged as a powerful tool
in synthesis and catalysis.’>~"* Cooperative ligands participate
directly in bond breaking/forming events: a functional group is
transferred to the ligand and released at a later stage of the
reaction. This reversible reactivity facilitates an overall chemical
process due to synergistic effects between the ligand and the
metal center.

5.1. Reactions with Electrophiles

The reactivity of ATI ligands towards electrophiles or nucleo-
philes is considered to be lower than that of the related diazadi-
ene ligands, for instance.” Nevertheless, cooperative behavior
has been reported for ATl ligands in the coordination sphere of
group 13 metals (Scheme 9).1?87677] Reaction of compounds
[M(ATIPZPIR,] (17-M; M = Al-In; R = alkyl) with a tritylium salt
did not proceed via initial abstraction of the alkyl group R. An
electrophilic attack in the C-5 position of the ligand was ob-
served instead, resulting in formation of compounds 18-M,
which can be detected spectroscopically at low temperature
(-90 to -45 °C) for M = Al or even isolated in the case of M =
Ga, In. In these compounds, the formerly monoanionic ATI li-
gand has been transformed into a neutral diimine ligand. At
temperatures of -40 to -30 °C (M = Al) or 80 °C (M = Ga, In), the
intermediates 18-M undergo elimination of RCPh; (or HCPh; +
olefin for R-groups with [3-hydrogen atoms) to give the cationic
species 19-M with regeneration of the monoanionic AT ligand
motif. This type of reactivity has explicitly been observed for
R = Me, Et and has been suggested for R = Pr, iBu, cyclohexyl,
benzyl.

iPr iPr ;
[}

N. R +[CPhy]B(CsF Ny R
\M,, M phsc_Qt /Mt.

-.N/ "'.R r|‘ R
] P

iPr iPr

[B(CeFs)al

17-M 18-

iPr +

N, ZRCPh; (#)

Crine

N

iPr

[B(CeFshl™ .

19-M

M= Al, Ga, In
R = Me (a), Et (b), Pr (c),
iBu (d), Cy (e), Bn (f)

Scheme 9. Cooperative behavior of AT ligands in the coordination sphere of
Al, Ga, or In with (CPhs)* as an electrophile. Cy = cyclohexyl; Bn = benzyl. #:
depending on R, either RCPh; or [HCPh; + olefin] is eliminated.

De-aromatization of the C;N, moiety?® has also been re-
ported with a proton as the electrophile: stirring H-ATIF7/*" with
W(CO)3(NCMe); in heptane at 65 °C gave compound 20
(Scheme 10).7) This reaction involves migration of a proton
from the nitrogen atom to the C3 position of the ATl ligand.
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The ligand in compound 20 shows a diimine structural motif,
which can be transformed into an ATl moiety by deprotonation
with KH to give compound 21.

iPr HHI'Pr

| co
@:N‘H + W(CO)3(NCMe)s < ].co
< E—— ‘Q’\
N N : co
)l | Cco
iPr iPr
iPr -
[ ele] [¢]
NoT.COl  ,yy M N('C,
KL W |-
sy7ico| -H-H o d
1 ¢o
iPr
21

Scheme 10, Cooperative behavior of ATI ligand with a proton as an electro-
phile. L = thf, dimethoxyethane.

5.2, Reactions with Nucleophiles

De-aromatization of the C;N, group”®! by nucleophilic attack
has recently been mentioned for the reaction of H-ATI?"*" with
nBuli, which gives 22 as one of the products (Scheme 11).54
However, the reverse process has not yet been realized.

f]'h ||=h
N. . N—y:
H +nBuli /L'(L)n . otger
\r*;l N L), Po ucts
Ph ”B“Ph
22

Scheme 11. Nucleophilic attack of (nBu)~ at the ATl ligand backbone; L =
neutral doner ligand.

6. Catalysis

6.1. Hydroamination of Alkenes and Alkynes

ATl complexes have been intensively investigated as catalysts
in hydroamination reactions with a strong focus on lanthanoid
and zinc compounds. These fields of research have been
covered In recent review articles.>*?] Thus, only more recent
advances and contributions based on ATl complexes of other
elements are included here.

ATl complexes [M(ATIP/P){N(SiMe;),(thf),}] (25-M) of the
heavier alkaline earth metals Ca and Sr have been tested as
catalysts in intramolecular hydroamination reactions and com-
pared to their Yb" analogs (Scheme 12).5-%2 The ATI ligand
presumably serves as a spectator ligand in these transforma-
tions, while the {N(SiMe),} group undergoes transamination
with the substrate 23.18' Near quantitative yields of regioselec-
tively cyclized products 24 were observed in most cases, with
catalyst loadings of 2-10 %, reaction times of 0.25-40 h and
reaction temperatures of 23-60 °C, depending on the substrate.
Generally, the calcium compound 25-Ca showed a higher cata-
lytic activity than the strontium congener 25-Sr. This is remark-
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able, since the opposite trend (i.e. increasing activity with in-
creasing ionic radius of the metal center) has been reported for
lanthanoid complexes as olefin hydroamination catalysts.[8'83)
For more challenging substrates 23 (e.g. R', R* = H, R? = Me,
n=0orR' R =H, R* = Me, n = 0) the calcium catalyst 25-Ca
was found to be more active than the ytterbium(ll) analog
25-Yh, with oxidations to Yb"' species being observed as side
reactions.®"! The properties of ATl complex 25-Ca as a hydro-
amination catalyst were also compared to those of the related
B-diketiminate  compound  [{{HC(CMe),N-2,6-iPr,CgHs},1Ca-
{N(SiMes)}(thf)]. Whereas 25-Ca showed higher activities in the
formation of products 24 with six-membered rings (n = 1), the
[-diketiminate was more active for substrates that give prod-
ucts 24 with five-membered rings (n = 0; Scheme 12).18%

R2 R? R? R?
R _~ NH, . ct  _ HNY 2
n ) R?
R? i n
23 R~
il|3r
SIM
N thf j €3
o, ~ /
<7\t O:._ ” ]\ ]@
I N(SiMes),
iPr

25-M (M = Ca, Sr, Yb)

Scheme 12. General scheme for intramalecular hydroamination reactions of
alkenes catalyzed by [M{ATIPPHN(SiMes)s(thf)zl] (M = Ca, Sr, Yb). Scheme
applies analogously for alkynes as substrates; n = 0, 1; R' = H, Ph, R? = H,
Me, Ph or (Ry); = (CHy)s; R® = H, Me.

Stereoselective intramolecular hydroaminations were real-
ized with the lutetium ATl complex 26 (Scheme 12). However,
the highest enantiomeric excess observed in these reactions
was 44 % at full conversion for substrate 23 with R' = R®* = H,
R? = Me and n = 1184861

Zinc ATl complexes can be covalently attached to mesopo-
rous silica, resulting in a recyclable, heterogeneous catalyst for
intramolecular hydroamination. The properties of this catalyst
material have recently been investigated in detail (e.g. determi-
nation of surface area, pore size distribution, pore volume).®”
Furthermore, the synthesis of this catalyst species was improved
by accounting for the fact that Et;0BF,, which is used in the
synthesis of H-ATI ligands, can edge the silica surface (leading
to the presence of unwanted Zn-O bond motifs in the final
product). The immobilized Zn ATI catalysts were shown in most
cases to be slightly more active than the related, immobilized
zinc aminotroponate complexes [A(TOF) of up to 0.15 h™].

6.2. Alkyne Oligomerization and Olefin
(Co-)Polymerization

Low-coordinate, cationic aluminum ATl compounds such as
[AIATIPPR]I[B(C4F5)4] (27-R) are strongly Lewis acidic and po-
tent catalysts for a range of oligo- and polymerization reactions
(Scheme 13, R = alkyl, also see section 6.3). Compounds 27-R
catalyze the head-to-tail dimerization of tert-butylacetylene (28)
to give 29 in > 90 % selectivity with a turnover frequency of
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ca. 4 h'! at 23 °C (Scheme 13a).l"?%%8 With ethylene, 27-Et
undergoes chain transfer reactions as demonstrated in deutera-
tion experiments (Scheme 13b), but no pronounced polymeri-
zation activity was observed. In contrast, isobutylene polymeri-
zation is readily initiated by 27-Et and presumably proceeds via
a cationic mechanism (Scheme 13c).

a) alkyne dimerization H
H
2H—=@By -CALZTR ‘§%rau
28 Bu g9

b) chain transfer with ethylene

D D H H

»=( + 2Bt ==———= )=( + [DJ2T-Et
D D H H

c) isobutyene polymerization

n :< cat. 27-Et polybutylene
B :
C[N\AI—R [BCeFshl™
-.Ilq.f
iPr

27-R (R = Et, nPr, iBu)

Scheme 13. Stoichiometric and catalytic reactions of cationic aluminium ATI
complex 27 with an alkyne and olefins.

Zirconium and hafnium ATls 30-M and 31-M (M = Zr, Hf) are
active as pre-catalysts for the copolymerization of ethylene and
1-octene in the presence of [HNMe(C,gHs7)5][B(C4Fs)a] as an ac-
tivator (Scheme 14a).!'* The hafnium ATls were generally more
active than their zirconium analogs, Within this series of cata-
lysts, 30-Hf showed the highest catalyst efficiency (2.4 x 10* g
of polymer/mmol catalyst) to give the polymer with the highest
weight-averaged molecular weight (My, = 5.0 x 10° g mol™")
and 1-octene content (7.7 mol-%). High polydispersity indices
of 1.8 to 12.8 suggest the presence of multiple active species
under catalytic conditions. Compounds 30-M and 31-M were
developed in an attempt to further improve the performance
of promising imino-enamido pre-catalysts of type 32
(Scheme 14b). However, the original pre-catalyst proved to
show a higher efficiency (1.1 x 10° g of polymer/mmol catalyst),
producing a polymeric material with a higher molecular weight

My, = 1.3 x 10° g mol") and higher 1-octene content (8.6 mol-
0p) 189.90]

r ; ‘rPr
M.,
Q . \"‘Bn
|

nBu NMe, nBu
30-M (M = Zr, Hf) 31-M (M = Zr, Hf) 32
Scheme 14. Pre-catalysts for ethylene/1-octene copolymerization: (a) ATI

complexes with M = Zr, Hf and (b) a structurally related Hf imino-enamido
complex. Bn = benzyl.
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6.3. (Co-)Polymerization of Polar Monomers

The ionic sodium ATl complexes 33-R and 34-R, each of which
contain the complex anion [Na(ATI),]- (Scheme 15a), have been
reported to be highly active as initiators for the polymerization
of e-caprolactone (full conversion after 1 min at -30 °C with
0.04-0.1 mol-% catalyst loading).!*¥! They exhibit synergistic ef-
fects, i.e. their activity exceeds that of their monometallic com-
ponents [M(ATI)] (M = Na, K), which may be ascribed to the
increased nucleophilicity of the [Na(ATI),]~ anion. Unfortunately,
the high activity of these initiators goes along with a relatively
poor molecular weight control at low catalyst loadings (M,,/
M, = 2.6-7.7). Excellent molecular weight control was obtained
at lower monomer/initiator ratios between 125:1 and 500:1.

a) [Na(12c4),)]*
fPr K (thi)z ‘ iﬁ'r

E‘
v oy
iPr R R

33-R (R =iPr, Ph) 34-R (R = iPr, Ph)
b) <)
r'l;"r *
R

N H P |
= AN
N H.\Nf @ \ / .
iPr ~

H IPI

."F‘r (Al
35 36-R (R = iPr, tBu)

Scheme 15. Dinuclear ATl complexes as catalysts for (a) the polymerization
of e-caprolactone, (b) the polymerization of MMA or (c) the copolymerization
of epoxides with CO,. [A]” = [B(CsFs)4]™. 12c4 = 12crown4.

Cationic aluminum ATl compounds may be utilized as cata-
lysts for the polymerization of polar monomers such as methyl-
methacrylate (MMA) and propylene oxide (PO). Poly-MMA with
a moderate syndiotacticity (mm/mr/rr = 1:22:77) was obtained
by treating MMA with 0.2 mol-% of the ATI-supported, cationic,
dinuclear aluminum hydride 35 as an initiator (Scheme 15b).12¢]
Similarly, atactic poly-PO was obtained in an exothermic reac-
tion with 0.2 mol-% of 27-iBu as an initiator, showing a turn-
over frequency of 240 h™28

The dinuclear zinc ATl compounds 36-R have been synthe-
sized and tested as catalysts for the copolymerization of PO
and/or cyclohexene oxide with CO, (Scheme 15¢).°" Moderate
activities and up to 67 % yields of polymeric material were ob-
served with catalyst 36-iPr at 80 °C and 25 bar CO, pressure
within 2 h in the presence of tetrahexylammonium benzoate
as a co-catalyst. Structurally related -diketiminate complexes
showed higher activities, which was ascribed to the steric and
electronic properties of the complexes influencing monomer/
dimer equilibria of (potentially) active species in solution.?'2

6.4. Epoxidation and Cyanosilylation

Zinc peroxides stabilized by N,N-chelating ligands have recently
been introduced as well-defined reagents for the epoxidation
of electron deficient alkenes.® The catalytic version of these
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reactions was first realized with zinc ATl catalysts 39 and 40
(or their p-diketiminate analogs) using trans-chalcone (37) as a
model substrate (Scheme 16).°4 Quantitative conversion was
reached in 4-8 h at 0 °C. With the zinc ATI catalyst (S,5)-40,
enantioselective reactions were achieved, although only moder-
ate enantiomeric excesses of up to 29 % of the 25-3R-enantion-
mer 38 were obtained. In this context, it is interesting to note
that a magnesium analog of the zinc compound 39 has been
suggested as an intermediate in the reaction of magnesium
alkyl ATI compounds, [Mg(ATI)R], with molecular oxygen to give
magnesium ATl alkoxides, [Mg(ATI)OR].®!

o] 10 mol% 39 or 40 e}
P 2 tBuOOH 0
Ph Ph Ph Ph
37 38

-§.<
R=

Ph

\.\r'vt
-.J\Od\

Scheme 16. (Enantioselective) epoxidation of trans-chalcone (37) with
tBuOOH to give 38 using zinc ATI catalysts 39 or 40.

Low-valent germanium ATl compounds have been investi-
gated in quite some detail with respect to structure, bonding,
and reactivity (cf, section 7). The ATl-supported germanium
cyanide 43 reacts with aldehydes with insertion of the substrate
into the Ge-C bond.® The resulting Ge' alcoholate reacts with
Me;Si-CN to regenerate compound 43. These reactions are the
key steps for realization of a Ge'-catalyzed cyanosilylation of
aldehydes. Indeed, a range of aldehydes 41-R could be trans-
formed into the cyanohydrins 42-R with 1 mol-% of the germa-
nium ATl 43 as a catalyst.?**”] The reactions proceed at 0 °C in
ca. 1-2 h in near quantitative yields. The oxidation state of the
germanium center seems to play an important role in this cata-
Iytic transformation, since the related Ge"™ compound 44 did
not react with aldehydes in a 1:1 stoichiometry, even under
more forcing reaction conditions (Scheme 17).

+ Me;Si-CN

1 mol% 43
O  ——————" MeSi—0_CN
RTH 4% R™H

41-R R = Et, iPr, CHPhCH3 42-R

O Ot
= A \CN = A \CN

43 44

Scheme 17. Cyanosilylation of aldehydes with Me;SiCN using the Ge" ATI
catalyst 43.

6.5. Electron Transfer Catalysis

The redox-active character of ATl ligands under strongly reduc-
ing conditions suggests the possibility that ATI complexes may
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act as electron transfer catalysts under suitable reaction condi-
tions (cf,, section 4).!°% The reaction of 2-bromonaphthalene
with MgPhBr has been reported to proceed only in the pres-
ence of a suitable electron transfer catalyst®® In a proof-of-
principle study, it was demonstrated that Rh or in-situ-formed
Mg ATI complexes catalyze this and related C-C coupling reac-
tions in moderate to good yields.!*!

7. Heavy Analogs of Carbon Oxo Compounds

There has recently been an increased interest in heavy analogs
of carbon oxo compounds.*-1%% |n these compounds, the oxy-
gen and/or the carbon atom(s) of ketones and carboxylic acid
derivatives (esters, amides, anhydrides and acid chlorides) have
been exchanged for atoms of heavier group 14/16 elements.
These studies mainly aim at understanding the fundamental
differences between the carbon oxo compounds and their ana-
logs involving heavier group 14/16 elements.

7.1. Synthesis and Characteristics of ATl-Supported Heavy
Analogs of Carbon Oxo Compounds

In recent years, it has been demonstrated that ATI ligands are
well-suited for stabilizing heavy analogs of carbon oxo com-
pounds. With the Ge' complexes [GeO(ATI®“BY)iPr(LA)] (45-LA)
were the first Lewis acid adducts of a heavy ketone analog iso-
lated and fully characterized (Scheme 18a; LA = Lewis acid).['®"
DFT calculations confirmed a decreased *"'Ge-0 bond order for
45-LA [Wiberg bond indices (WBI): 0.60-0.72] compared to that
in the theoretically investigated parent germanone 45 (WBI:
1.08). This was accompanied by higher ionicity of the #"'Ge-0
bond in 45-LA (71-72 %) compared to that in 45 (60 %). The
thio- and selenogermanones [GeX(ATI®®YBY)Ph] were shown to
also act as ligands towards Lewis-acidic moieties (X = S, Se).l'%%]
In specific, the dinuclear silver iodide complexes [GeX-
(ATI"BWEu)ph(Agl)l, were synthesized and characterized.
Stronger intramolecular argentophilic interactions were ob-
served for the selenogermanone-Agl complexes.

A series of germaester complexes of type [GeX(ATI)OtBu] (46-
X-OtBu and 47-X-OtBu, Scheme 18b) have been synthesized
by oxidation of the germylene ATI alkoxides, [Ge(ATI)OtBu], with
elemental sulfur (X = S), selenium (X = Se) or tellurium (X =
Te).['%8197] The O-silylated derivatives 46-X-OSiR’; are accessi-
ble in an analogous approach for X = S, Se and R’ = Me, Ph.['%8
They underwent transesterification with MeOH to give 46-X-
OMe. Attempts to isolate ATl-supported germaesters of type
46-X-Z with X = O led to compounds containing Ge-0 single
bonds via rearrangement or dimerization %%

The oxidation of ATl-supported germylenes proved to be a
successful strategy for the synthesis of heavy analogs of carbox-
ylic acid amides,['97199) halides,*''% and anhydrides!'%”'"" as
well. Thus, reaction of [Ge(ATN)Z] with elemental sulfur, selen-
ium, or tellurium gave compounds [GeX(ATI)Z] (46-X-Z, 47-X-Z)
with X = S, Se, Te and Z = N(SiMes),, pyrrolyl F, Cl, Br
(Scheme 18b). In the case of anhydride analogs, the digermyl-
ene oxide complexes [{Ge(ATI)},O] (48, 49) were oxidized with
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b) Ester, amide, and acid halide analogs
R
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N
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47-X-Z (R = tBu)
c) Acid anhydride analogs
R 0.25Sg R
N or3Se N ﬂ(
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R 2 R 2
48 (R = iBu) 50-X (R = iBu)
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|
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Scheme 18. ATl-supported heavy analogs of ketones as well as carboxylic
acid esters, amides, halides, and anhydrides.

elemental sulfur, selenium, or tellurium to give [{GeX(ATI)},0]
(50-X, 51-X, X = S, Se, Te; Scheme 18¢, top).

Heavy analogs of carboxylic acid anhydrides could also be
obtained in an unusual reaction of the silathiogermylene 52
with group 16 elements to give compounds 53-E (E = S, Se,
Te; Scheme 18¢).""?! (MesSi),S was detected as a byproduct (in
addition to elemental sulfur in the case of E = Se, Te), classifying
these transformations as condensation reactions.

The Ge=Te bonding interactions in a series of three tellurium
compounds, 46-Te-OtBu, 46-Te-N(SiMej3),, and 50-Te, were an-
alyzed in detail using DFT methods.!'®”) Moderate ionicities of
ca. 7 % were reported in all cases, with a polarization towards
the Te atoms. Bonding o-type orbitals and antibonding n-type
orbitals were identified for the Ge=Te interaction in all cases. In
the case of the amide analog 46-Te-N(SiMes),, a Ge-Te-cen-
tered bonding m-type orbital was also localized. Wiberg bond
indices of 1.4-1.5 were found. These analyses confirm the na-
ture of the Ge=Te interaction to be between that of a single
and a double bond, as suggested on the basis of distance crite-
ria derived from single-crystal X-ray diffraction measurements.
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7.2. Reactivity of ATI-Supported Heavy Analogs of Carbon
Oxo Compounds

The fundamental differences in ground state properties be-
tween carboxylic acid derivatives and their heavy analogs also
leads to marked differences in reactivity. This has been exempli-
fied by the interconversion of some of these heavy analogs, in
which the conventional reactivity trend of acid halide > ester >
amide are not necessarily maintained. Reactions of the germa-
acid amides [GeX(ATI)Z] {46-X-Z; X = S, Se, Z = N(SiMes),,
pyrrolyl} with MesSiBr led to the germaacid bromides
[GeX(ATI)Br] (46-X-Br) in high yields of 88-94 %.!"'% Similarly,
reactions of [GeX(ATI)Z] (46-X-Z; X = S, Se, Z = pyrrolyl)
with PhEH (E = S, Se) gave the heavy ester analogs [GeX(ATI)Z]
(46-X-Z; X = S, Se, Z = SPh, SePh) in 92-96 % yield."'"!

8. Summary and Conclusion

Aminotroponiminates (ATls) are a well-established class of li-
gands that readily form complexes with elements across large
sections of the periodic table.

Over the last 25 years or so, the versatility of ATl complexes
has been demonstrated by catalytic applications spanning a
wide range of chemical transformations (e.g. hydroaminations,
epoxidations, polymerization catalysis, electron transfer cataly-
sis). Furthermore, the use of ATl ligands for the stabilization of
Ge-analogs of ketones and carboxylic acid derivatives has been
impressively demonstrated.

In recent years, research on ATls has changed our under-
standing of some of the fundamental properties of these li-
gands. It has been demonstrated that their coordination chem-
istry is not limited to the well-known chelating N,N-binding
mode; it now includes the ATI ligand backbone as a potential
binding site and is thus much richer than previously reported.
Furthermore, ATls can act as tunable, redox-active ligands under
strongly reducing conditions. Depending on the metal bound
to the ATl moiety, reversible electron transfer or reductively in-
duced, chemically reversible dimerizations can be realized. The
reduced radical species show a large spin density on the C;
ligand backbone. The ligand backbones of ATls are also respon-
sible for the potentially cooperative behavior of these ligands.
Functional groups such as (CPh3)* or H* can be covalently
bound to the C; ring and selectively removed at a later stage
of the reaction (or under modified reaction conditions). These
properties of ATl complexes will have implications for their use
in stoichiometric and catalytic transformations. A deeper under-
standing of this class of compounds will contribute to the
rational design of ATls for future applications. Previously de-
scribed reactivity patterns might be rationalized and further ex-
ploited by taking these new insights into account.
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Introduction

In recent years, redox-active ligands have emerged as valuable
tools in synthesis, catalysis, and materials science.' This is due
to their ability to generate transition metal and main group
complexes with unique properties. In such compounds, metal
centres with unusual oxidation or spin states can be stabil-
ized,” main group species with open-shell electronic structures
become accessible,” and switching between two distinct elec-
tronic structures can be realised.” These properties have been
turned into a number of remarkable synthetic applications.
Prominent examples include the use of base metal complexes
with redox-active ligands as substitutes for noble metal cata-
lysts® as well as the exploitation of redox-active ligands in
redox-switchable catalysis,® in the catalytic reduction of H' to
H,,” and in electrochemically controlled gas purification.”
Whereas some redox-active ligands have been developed
deliberately,” the redox activity of other ligand sets was only
recognized long after they had first been used for the synthesis
of coordination compounds.'” We have recently uncovered the
redox-active behaviour of the well-established aminotroponi-
minate (ATI) ligand family’® under strongly reducing con-
ditions (Scheme 1a and b)."" Depending on the choice of the
central atom, reversible electron transfer (Scheme 1a) or a
chemically reversible, reductively induced dimerization can be

Department of Inorganic Chemistry, Julius-Maximilians-Universitét Wilrzburg, Am
Hubland, D-97074 Wiirzburg, Germany.

E-mail: crispin. lichtenberg@uni-wuerzburg.de
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spectroscopy, single-crystal X-ray diffraction, cyclic voltammetry, and DFT calculations.

realised (Scheme 1b). In the key (intermediate) radical species,
considerable spin density is located on the C; ligand back-
bone, providing evidence for the redox-active nature of ATI
ligands under these conditions."'” Under oxidative conditions,
however, (quasi-Jreversible redox events have thus far only be
detected for metal-centred processes in a range of cobalt ATI
complexes.'” Ligand-centred oxidations of ATI species have
been reported, but are irreversible processes.””'" Examples
include certain cobalt ATIs,'? complexes of Na,'"” Ga,'*” and
Zn,'* as well as free H-ATI ligands.'*®'? These irreversible
ligand oxidations take place at potentials ranging from ca.

a) reversible electron transfer

;
Q"\M i
-..N/ reduction

I
R b) reductively induced dimerisation

ATI complex
o i -
oxidation = .
¥ @ = Na]NR

c) ligand-centred oxidation: irreversible reactions

Scheme 1 Ligand-centred redox chemistry of ATl compounds.
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+0.20 to +0.92 V vs. Fe(C5Hs),/[Fe(CsH;),] . 141215 Products of
these oxidation reactions have not been described to date,
suggesting the possibility of unselective consecutive reactions.

ATT complexes have found various applications in cataly-

is,' including the hydroamination of olefins,'® the cyano-
18,19

5|
silylation of aldehydes,'” or the (co-)polymerisation of olefins,
Epoxides,lsb and epoxide/C0,.*>*" For the ATI species, the elec-
tronic parameters of the ligands have been shown to strongly
influence the catalyst performance in some of these reactions.>
Along these lines, it would be desirable to design ATI ligands
with ligand-centred redox-activity under moderately oxidative
conditions, thereby offering an additional possibility for tuning
their electronic properties. In view of the reluctance of the ATI
ligand framework to undergo reversible electron transfer under
oxidative conditions, the installation of a redox-active substitu-
ent may be considered in order to achieve this goal.

Here we present the synthesis and characterisation of an
aminotropone and an aminotroponimine ligand featuring a
ferrocenyl substituent as a redox-active functional group, along
with complexes of sodium and bismuth. The redox properties
of all compounds have been investigated.

Results and discussion

In order to synthesize an ATI ligand susceptible to reversible
electron transfer under oxidising conditions, the redox-active
group should be chemically robust and easy to introduce, Most
importantly however, it must undergo oxidation at a potential
lower than that of irreversible ligand oxidation, which can set
it at ca. +0.20 V vs. Fe(CsH;)2/[Fe(CsH;),]" (vide supra). These
requirements make the aminoferrocenyl group an attractive
candidate, since aromatic amines are standard reagents for
the synthesis of ATI ligands'®*** and the parent H,NFc shows
a redox potential of —0.37 V (Fe = ferrocenyl).”

Aminotroponates: synthesis and structural characterisation

Starting from tosyloxytropone 1, the ferrocenyl-aminotropone
2 (H-AT') was synthesised in a straightforward substitution
reaction (Scheme 2). Metalation of compound 2 with NaHMDS

'Iros lrc I|=c
N
©:o HoNFe @:N” NaHMDS @:/ “
— = — Na
=0 =0 o
1 2 3
lrc
113 BiCly
Fo= N
FP@ 13 Bi
o 3

Scheme 2 Synthesis of ferrocenyl-substituted aminotropone H-AT™
(2), its sodium complex Na(AT™) (3) and its bismuth complex BilAT )s
(4); Tos = SO;-p-(CgHaMe).
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gave the sodium aminotroponate Na(AT"™) (3), which could be
transformed into the bismuth aminotroponate, Bi(AT™), (4) in
a salt elimination reaction with BiCl; (HMDS = hexamethyl-
disilazide). Whereas AT complexes of main group elements
such as Na,”* Ca,*'¥ AL*' or As*' have been investigated, com-
pound 4 is the first example of an aminotroponate in the
coordination sphere of a heavy p-block element.”

Compounds 2-4 show signal patterns in 'H and *C NMR
spectra that are typical for unsymmetrically substituted
tropone derivatives and ferrocenyl groups. The acidic proton in
compound 2 is located at the nitrogen atom as indicated by a
>N NMR chemical shift of —282.1 ppm and "*C NMR chemical
shifts of 155 ppm (CN°H) and 177 ppm (CO), respectively, for
the quaternary carbon atoms in the C, ring. In *C NMR
spectra of compounds 3 and 4, the resonances for the diagnos-
tic CN"°M moieties are low-field-shifted by ca. 10 ppm com-
pared to that of 2, which suggests a stronger electron delocali-
sation in these complexes. Whereas sharp sets of resonances
were observed for compounds 2 and 4, significant signal
broadening was observed for the sodium species 3, especially
when using low-polarity solvents such as benzene. Aggregation
phenomena, which are commonly observed for sodium aryl-
oxide complexes, are likely to account for these observations.,”®

Single crystal X-ray diffraction analysis of H-AT"® (2) con-
firmed the structural assignments from solution NMR spectro-
scopic experiments (Fig. 1; monoclinic space group P2,/c;
Z = 4). The hydrogen H1 atom was located in the difference
Fourier map near the nitrogen atom N1. A short C1-01
(1.25 A) and a relatively long C2-N1 distance (1.35 A) also indi-
cate an o-amino-ketone structure for 2. No intermolecular
hydrogen bonding was observed for 2 in the solid state.

Slow diffusion of pentane into a THF solution of 3 yielded
crystals suitable for single crystal X-ray diffraction analysis.
Compound 3 erystallised as a thf-ligated, tetranuclear species
with an Na,0, heterocubane core structure (3-(thf), 5, triclinic
space group P1 with Z = 2; Fig. 2). The heterocubane motif has
previously been reported for sodium aryloxides and imine-
functionalised derivatives thereof.***” Compound 3-(thf), 5
differs from these examples in that the ligand sphere around
its Na,O, moiety is highly irregular. This is due to the inter-
action of the sodium centres with either one thf ligand (Na2,
Na3) or two thf ligands (Nal, Na4). In addition, one of the
NFcR functionalities is located above a Na,O, face and adopts

Fig. 1 Molecular structure of H-AT™ (2} in the solid state. Displacement
ellipsoids are shown at the 50% probability level. Hydrogen atoms
except for H1 are omitted for clarity. Selected bond lengths (A): C1-01,
1.253(4); C2-N1, 1.348(4).

Dalton Trans., 2018, 47, 10578-10589 | 10579
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Fig. 2 Molecular structure of [Naq(ATr°)4(thf)51 (3:(thf)y5) in the solid
state. Heteroatoms are represented by displacement ellipsoids at the
50% probability level; carbon atoms are shown as wireframe; ferrocenyl
substituents and thf ligands are represented by the jpso-C atoms and
the oxygen atoms respectively. Bonds of the N4O4 core are shown in
black for better visual distinction. Hydrogen atoms and lattice-bound
solvent molecules are omitted for clarity. Selected bond lengths (A) and
angles (°): Nal-N1, 2.598(3); Na2-N1, 2.651(3); Na2—-N3, 2.428(3); Na3—
N2, 2.437(3); Nad4-N4, 2.490(4); Na(l-4)-O(1-4), 2.295(3)-2.426(3);
C"-0, 1.268(5)-1.280(4); C""-N, 1.307(5)-1.321(5); angles O(1-4)-Na
(1-4)-0(1-4) in Na;O4 motif, 79.98(9)-95.93(10).

a bridging coordination mode between Nal and Na2, which is
unprecedented in sodium aryloxide heterocubanes. The
remaining three AT™ ligands are located along the Na-O edges
of the cubane, as commonly observed in Na,0, heterocubanes
based on chelating aryloxide ligands with appropriate bite
angles. The sodium atoms in 3:(thf); 5 adopt slightly (Na4) or
strongly (Na1, Na2) distorted octahedral coordination geome-
tries or a slightly distorted square pyramidal coordination geo-
metry (Na3; ; = 0.26, O1 in the apical position).”® The coordi-
nation chemistry of each sodium site can be correlated with
the Na-0O distances in the Na, 0, core: the shortest Na-O bond
(2.295(3) A) is found for pentacoordinate Na3, whereas the
longest one (2.426(3) A) is associated with hexacoordinate Na2,
which is the only sodium atom in this structure to interact
with two strong nitrogen donors. The C-O (1.268(5)-1.280(4) A)
distances in the aminotroponate moieties of 3-(thf), s are
marginally longer than those in the free ligand, whereas the
C-N (1.307(5)-1.321(5) A) distances are slightly shorter. The
C-O/N bond lengths in 3-(thf), s range between values
expected for single and double bonds, respectively. These
observations suggest considerable delocalisation of electron
density between these functional groups and a shift of electron
density from the nitrogen to the oxygen atom when compared
to neutral H-AT*' ligands.?>" This is in analogy with the
bonding situation in the only other structurally characterised
sodium aminotroponate.*'**

10580 | Daiton Trans, 2018, 47, 10578-10589
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Aminotroponiminates: synthesis and structural
characterisation

Following the established one-pot-protocol for ATI synthesis,
the ferrocenyl-aminotroponimine 5 (H-ATI"*"*") was obtained
in good yield after activation of aminotropone 2 with a
Meerwein salt (Scheme 3). The sodium complex [Na(ATI™ ™)
(thf)] (6-thf) was synthesised by metalation of 5 with
NaHMDS. Addition of the strong neutral donor ligand OPPh,
gave 6-OPPh; in quantitative isolated yield, demonstrating that
the thf ligand in 6-thf is substitutionally labile, Salt elimin-
ation reactions between 6-thf and BiCl; in a 1:1 or 3:1 stoi-
chiometry gave the first bismuth ATI complexes Bi(ATI™*"™)Cl,
(7) and Bi(A’I‘]PC[iPr];; [8].'”

The H-ATI ligand 5 was found to form only a single amine/
imine tautomer in solution with the proton localised at the
N-iPr group as shown in the Lewis formula in Scheme 3. This
is evidenced by "N NMR chemical shifts of —263.7 ppm and
—131.6 ppm for the HNiPr and the NFc group, respectively, as
determined in short- and long-range 'H'°N correlation NMR
spectroscopic experiments.** DFT calculations in the gas
phase confirmed the compound with the proton bound to the
N-iPr group to be the lower energy tautomer (ESIt).
Compounds 5, 6-L, and 7 show signal patterns in their 'H and
3C NMR spectra that are typical for iPr and ferrocenyl moi-
eties as well as unsymmetrically substituted ATI ligands. For
each compound, similar *C NMR chemical shifts were
observed for the two quarternary C; ring carbon atoms [Ad =
0.4-3.7 ppm), suggesting electron delocalisation in the [C;N,]
moieties. The homoleptic bismuth ATI complex 8 shows a set
of broad resonances in "H NMR spectra at ambient tempera-
ture in toluene solution. These signals gradually sharpen with
increasing temperature, and one set of sharp resonances was
obtained at +80 °C.** However, compound 8 slowly degraded

Fc Fc
1) Et;0BF, rIJ r|\I
2) HaNiPr = NaHMDS =N
—_— —— Na(L)
g
) !
iPr iPr
5 6-L
1/3 BiCly BiCly
iPr,
Z
Fe N Fc
| ]

N
V. @ 9
13 A Bi
~ ¢ Fc 3
N/ i - N/?

Scheme 3 Synthesis of ferrocenyl-substituted aminotroponimine
H-ATI"/P" (5), its sodium complexes [Na(ATI"'™)(L)] (6-L) (L = thf,
OPPhs) as well as its bismuth complexes Bi(ATI™/™)Cl, (7) and
Bi(ATI™*/""); (8).
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Fig. 3 Molecular structure of H-ATI*/P (5) in the solid state.
Displacement ellipsoids are shown at the 50% probability level.
Hydrogen atoms except for H2, which was located in the difference
Fourier map, are omitted for clarity. Selected bond lengths (A): C1-N1,
1.314(13); C2-N2, 1.348(13).

under these conditions, prohibiting *C NMR spectra to be
recorded. The dynamic behaviour of this octahedral M(A-B);
type complex in solution was ascribed to a cis/trans isomerism.
DFT calculations confirm a small energy difference of AAH =
4.1 keal mol™" between these two complexes, the trans isomer
being lower in energy.

The ATI compounds 5, 6-OPPh;, 7, and 8 were investigated
by single-crystal X-ray diffraction analyses. Compound 5 crys-
tallised in the orthorhombic space group P2,2,2; with Z = 4
(Fig. 3). No intermolecular hydrogen bonds were detected for 5
in the solid state. In congruency with the bonding situation in
solution, the bonding parameters obtained from XRD analysis
suggest the presence of an isopropyl-substituted amine
(C2-N2, 1.35 A) and a ferrocenyl-substituted imine moiety
(C1-N1, 1.31 A) with 1c-significance.

The sodium ATI compound 6-OPPh; crystallised as a dinuc-
lear species in the monoclinic space group P2,/c with Z = 4
(Fig. 4). The sodium atoms Nal and Nal' are related by a
centre of inversion. Each of them is part of a five-membered
C,N,Na ring and a four-membered Na,O, ring, which leads to
highly distorted tetrahedral coordination geometries around
these metal atoms (bond angles around Nal: 69°-140°). The
central four-membered Na,O, ring is planar by symmetry. The
Na-O bonds of 2.28 and 2.30 A in this ring are similar to those
found in a dicationic complex with the same structural motif,
[Na,(j1,-OPPh;),(OPPh;),]*" (2.28-2.32 A).*® The five-membered
C,N,Na rings deviate slightly from planarity (Na—-(C,N, plane):
0.33 A), whereas the C,N, moiety shows significant puckering
(dihedral angle between C; plane and C,N,Na plane: 17°). The
Nal-N1/2 (2.32 A) and the C1/2-N1/2 bond lengths
(1.32-1.33 A) in 6-OPPh; are identical within the limits of
error, indicating a high degree of electron delocalization in the
C,N, unit. In contrast to the related compound [Na(ATI""*")
(thf)], no bonding interactions are observed between the
sodium atom and the n-electrons of the C; ligand backbone.''*
This was ascribed to the presence of the strongly c-donating
phosphane oxide ligands.

The bismuth compound Bi(ATI"*")Cl, (7) forms a weakly
aggregated dinuclear species in the solid state (Fig. 5a; triclinic
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Fig. 4 Molecular structure of [Na(ATI*“P)(OPPh;)] (6-OPPhs) in the
solid state. Displacement ellipsoids are shown at the 50% probability
level. Carbon atoms of Fc, iPr, and Ph groups are shown as wireframe.
Hydrogen atoms, split position of a disordered iPr group and lattice
bound solvent molecules are omitted for clarity. Selected bond lengths
(A) and angles (°): Na1-N1, 2.318(4); Na1l-N2, 2.322(4); Nal-01, 2.283(3);
Nal-O1, 2300(3); C1-N1, 1.325(6); C2-N2, 1.320(6); N1-Nal-N2,
69.14(14); N2-Nal-0O1', 139.65(14); O1-Na1-O1', 94.15(11); Nal-O1-
Nal’, 85.86(11).

Fig. 5 (a) Molecular structure of dinuclear subunit [Bi(ATI**/*)CL,], (7),
in the solid state. Displacement ellipsoids are shown at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. (b) Cut out of
coordination polymer (7)... Selected bond lengths (A) and angles (°):
Bil-N1, 2.163(7); Bil-N2, 2.214(7); Bil-Cl1, 2.637(2); Bil-Cl2, 2.744(2);
Bil---Cl3, 3.603(2); Bi2—N3, 2.159(6); Bi2—N4, 2.205(7); Bi2—-Cl3, 2.713(2);
Bi2-Cl4, 2.669(2); Bi2---Cl2, 3.259(2); C1-N1, 1.327(10); C2-N2, 1.347
(10); C21-N3, 1.342(10); C22-N4, 1.343(10); C6-centroid, 3.758(17);
C6-plane(C21-27), 3.625(17); C25-centroid’, 3.369(17); C25-plane
(C1-7), 3.301(17); N1-Bi1-N2, 73.1(3); N1-Bil.--Cl3, 155.27(19); N2-
Bil--.Cl3, 110.79(17); Cl1-Bi1-Cl2, 175.33(7); Bil---Cl2---Bi2, 110.44(7);
Bi2.--Cl3---Bil, 102.01(6); Cl2-Bi1---Cl3, 70.66(5); Cl3-Bi2---Cl2, 76.86(6).
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space group P1; Z = 2). The intermolecular interactions are
realised viag two Bi---Cl contacts (Bil---CI3, 3.60 A and Bi2---Cl2,
3.26 A), These values are below the sum of the van der Waals
radii (3.82 A)*” and at the upper limit of distances associated
with weak bismuth chloride bonding.** The Bi,Cl, four-mem-
bered ring is essentially planar (sum of internal angles: 360°).
The bismuth atoms are found in distorted square pyramidal
coordination geometries with N2 and N4 in the apical posi-
tions (75 (Bil) = 0.33; 5 (Bi2) = 0.17).”® The intramolecular Bi-
Cl bonds with terminal chlorido ligands (Bi1-Cl1, 2.64 A; Bi2-
Cl4, 2.67 A) are shorter than those involving bridging CI atoms
(Bi1-Cl2, 2.74 A; Bi2-Cl3, 2.71 A). The Bi-N bond lengths in 7
differ slightly, the Bi-N" bonds (2.16 A) being shorter than the
Bi-N™" bonds (2.21 A). However, these differences in metal-
nitrogen bonding are not pronounced enough to be reflected
by differences in the respective C"™P*"*-N bond lengths, which
are identical within limits of error (1.33-1.35 A) and intermedi-
ate between those expected for C-N single and double bonds.
In addition to the intermolecular Bi---Cl contacts in 7, there
are also intermolecular, parallel-displaced arene---arene inter-
actions between the C; backbones of the ATI ligands in 7
(Fig. 5b). The C6/25-C;(centroid) distances amount to 3.37 A
and 3.76 A, respectively.’® These findings demonstrate that the
ATT ligand backbone can undergo bonding interactions not
only with main group'' and transition metals,”” but also with
organic moieties, Taken together, the C;:--C; and Bi---Cl inter-
actions in 7 lead to formation of an organic/inorganic coordi-
nation polymer in the solid state, which extends along the crys-
tallographic c-axis (Fig. 5b, ESIf)."" Compound 7 represents
the first example of a bismuth ATI complex and may thus be
compared to the related arsenic species As(ATT™"*")Cl,, which
forms a mononuclear complex in the solid state.*" The higher
degree of aggregation in 7 evidences the higher Lewis acidity
of the bismuth compound compared to the related arsenic
species.

The homoleptic bismuth complex Bi(ATI™""), (8) crystal-
lised as a typical molecular compound without any directed
intermolecular bonding interactions in the solid state (Fig. 6;
triclinic space group P1; Z = 2). The bismuth atom is found in
a strongly distorted octahedral coordination geometry (N-Bi-N
angles between cis-oriented sites: 62-121°). The distortion is
due to the small bite angle of the ATI ligand (62-67°) and poss-
ibly further promoted by the bulky ferrocenyl substituents and
the stereochemical activity of the bismuth-centred lone pair
(ESIT). Compound 8 is only the second example of a structu-
rally characterised Bi(AB); type complex based on nitrogen
donors and the first one to crystallise as the trans isomer.**
The Bi-N bonds in 8 (2.33-2.61 A) are 0.12 to 0.45 A longer
than those in 7, which was ascribed to the lower coordination
number, the presence of electronegative chlorido ligands, and
the weak Bi---Cl bonding in 7. The pronounced alteration of
Bi-N lengths in 8 (A(Bi-N) = 0.28 A) results from one ATI
ligand showing shorter bonds to the central atom (Bi1-N1/2,
2.33-2.39 A) than the other two (Bi-N3/4, 2.47-2.61 A; Bi1-N5/6,
2.48-2.55 A]; ie. it is not due to a lack of electron delocalisa-
tion within the ATI ligands. In fact, the C"P*"-N bond
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Fig. 6 Molecular structure of Bi(ATI""™); (8) in the solid state.
Displacement ellipsoids are shown at the 50% probability level. Carbon
atoms of Fc and iPr unit are shown as wireframe for better visibility.
Hydrogen atoms and lattice bound THF molecules are omitted for
clarity. Selected bond lengths (A), bond angles (°), and angles between
planes defined by Cy rings and nitrogen-bound Cs rings (°): Bil-N1,
2.386(3); Bil-N2, 2.328(3); Bil-N3, 2.470(3); Bil-N4, 2.608(3); Bil-N5,
2.476(3); Bil-N6, 2.548(3); C1-N1, 1.336(5); C2-N2, 1.338(5); C21-N3,
1.355(5); C22-N4, 1.298(5); C41-N5, 1.342(5); C42-N6, 1.308(5); N3—
Bil-N4, 62.40(11); N1-Bi1-N4, 120.71(11); N1-Bil—N5, 155.21(11); N3—
Bil-N6, 166.70(11); plane(C1-C7)/plane(Cs), 41.7; plane(C21-C27)/plane
(Cs), 48.9; plane(C41-C47)/plane(Cs), 40.8.

lengths in all three ATI ligands of compound 8 (1.30-1.36 A)
are between those expected for C-N single and double bonds.
Each ferrocenyl substituent in 8 is moderately twisted against
the mean plane of the C; ring to which it is connected through
a nitrogen atom. The angles between the mean planes defined
by the five carbon atoms of the NC;H, groups and the seven
carbon atoms of the C; rings amount to 41-49°, which in prin-
ciple allows for electron delocalisation through the BiN(NFc)
C-H; moieties.

Electrochemical behaviour

The ligands and complexes presented in this work were inves-
tigated by cyclic voltammetry (CV) at 23 °C in THF or CH,Cl,
containing 0.1 M [N(nBu),][PFs] at scan rates in the range of
50 to 1000 mV s™' (for details see ESIf). All potentials are
reported versus the ferrocene/ferrocenium couple.

Oxidative conditions. Under oxidative conditions, the amino-
tropone ligand 2, its sodium salt 3, and its bismuth derivative
4 each showed one reversible redox wave. Half-wave potentials
of E'(2) = -0.03 V, E'(3) = —0.08 V, and E'(4) = —-0.01 V were
recorded with THF as a solvent (Table 1). Thus, the nature of
the element situated in the N,O binding pocket (H vs. Na vs.
Bi) has only a minor effect on the redox potential of the
ferrocenyl substituent. Compared to the parent ferrocenyl
amine, the redox potentials of 2-4 are anodically shifted by ca.
0.29 to 0.36 V, Notably, only one broad redox wave was detected
for the electron transfer events of the three ferrocenyl groups
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Table 1 Redox potentials of compounds 2-8 under oxidative con-
ditions at 23 °C in THF/0.1 M [N(nBu),][PFs]. Potentials of reversible
redox events E*~E® are reported vs. that of Fe(CsHs),/[Fe(CsHs)o)*

Cpd Ligand M E'[V] E* V] E V]
2 AT - -0.03 — —

3 AT Na -0.08 — —

4 AT Bi —0.01 —0.01 —0.01
5 ATI — -0.18 — -
6-thf ATI Na —-0.19 — —
6-OPPh, ATI Na -0.17 — —

7 ATI Bi -0.21 — -

8 ATIL Bi —-0.16% -0.05" +0.09°

“Potentials determined from square wave voltammogram (redox waves
not fully resolved in cyclie voltammogram); when recorded in CH,Cl,/
0.1 M [N(nBu),][PF,], the three redox waves E'-E* were fully resolved in
the eyclic voltammogram: E' = —0.23 V; E* = —0.03 V; E? = +0.09 V (¢f.,
Fig. 7).

of Bi(AT™); (4), i.e. there is no (or only very weak) electronic
communication between the ferrocenyl
Similarly, in a Cu"(AT), complex with ferrocenyl substituents
in the 5-position of the C; ligand backbone, only one redox
wave was detected by CV for the two Fe'/Fe' couples.”*™*® A
remarkable ferromagnetic coupling between the two Fe
centres and the Cu" centre vig a spin polarisation mechanism
was demonstrated for the oxidised form of this complex on the
basis of magnetic susceptibility measurements, EPR spec-
troscopy, and DFT calculations. For a Cu™ AT complex without
ferrocenyl substituents, Cu(AT"™),, only a partially reversible
redox event has been reported."”

The aminotroponimine ligand 5, its sodium complexes
6-thf and 6-OPPh;, as well as its bismuth derivatives 7 and 8,
show reversible redox events at similar potentials in the range
of —0.16 V to —0.21 V (Table 1). Thus, substitution of the
oxygen atom in compounds 2-4 for an N-iPr group in com-
pounds 5-8 leads to a cathodic shift of the first ferrocenyl-
based redox events by 80-200 mV. In the small series of ATI
complexes 5-8, the element bound to the ATI ligand (H vs. Na
vs. Bi) and the neutral or anionic ligand bound to the metal
centre (thf vs. OPPh,; ATI vs. Cl) have only a minor effect on
the potential of the first oxidation. However, electron transfer
involving the second and the third ferrocenyl group of the
homoleptic bismuth complex Bi(ATI"*"); (8) was observed at
half-wave potentials that are anodically shifted by up to
250 mV (E'(8) = —0.16 V, E*(8) = —0.05 V, and E*(8) = +0.09 V),
When recorded in CH,Cl,/0.1 M [N(nBu),][PF¢], this potential
difference slightly increases (A(E',E") = 320 mV) and the redox
waves are clearly separated in the cyclic voltammogram
(Fig. 7). In contrast to the situation observed for the analogous
bismuth aminotroponate 4, the peak separation detected in
CV experiments with aminotroponiminate 8 indicates weak
electronic communication between the three ferrocenyl substi-
tuents in this compound. In principle, intramolecular elec-
tronic communication may proceed via a through-bond or a
through-space mechanism, both of which can also be operative
simultaneously.”"**" DFT calculations on the singly oxidised

substituents."”

1
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Fig. 7 Cyclic voltammogram of 8 at 23 °C in CHpClL/01 M
[N(nBu)4l[PF¢] at a scan rate of 50 mV st

compound [Bi(ATT™),]" (8") revealed that its singly occupied
molecular orbital (SOMO) extends over two ATI™* ligands
and that the shortest Fe--Fe distance amounts to 5.796 A
(EST{). Based on these criteria, both mechanisms appear to be
viable in 8".°° In contrast, the SOMO in [Bi(AT");]" (4") is pre-
dominantly localized on one AT™ ligand and the shortest
Fe.-Fe distance in this species amounts to 6.051 A (ESI%),
which is in line with the weaker electronic communication in
the bismuth AT complex 4 as compared to the bismuth ATI
complex 8,

The AT and ATT complexes 4, 7, and 8 are rare examples of
redox-active bismuth compounds. In recent years, a number of
mononuclear bismuth compounds with the metal centre in oxi-
dation states of +1 and +2 have been reported, some of which
have been shown to undergo well-defined redox reactions.”**
In addition, a dibismuthene, [Bi((2,5-Ar,-CsH,)Fe(CsHs))) (Ar =
3,5-tBu,-CgHj3), with bismuth-bound ferrocenyl groups has been
shown to be susceptible to reversible electron transfer under
oxidising and reducing conditions at —78 °C and +23 °C,
respectively.”® In this case, electronic communication between
the two Fe''/Fe'" redox couples was evidenced by a peak separ-
ation of 480 mV in the cyclic voltammogram.

Reducing conditions. The aminotroponate ligand 2 shows a
quasi-reversible redox event at —2.38 V. DFT calculations of the
radical species [H-AT"]"~ (2-red) led us to suggest that the spin
density in this species is located on the C, ligand backbone, as
opposed to that of the oxidised species [H-AT™]" (2-0x), which
expectedly bears the spin density at the Fe centre (Fig. 8a).
Whereas the sodium complex 3 does not show a redox event
under reducing conditions in the accessible potential window,
the bismuth complex 4 shows a quasi-reversible redox event at
—2.38 V, similar to the neutral ligand. These results are in line
with recent findings that established related aminotropon-
iminates as redox-active ligands."* Similarly, a heterobimetallic
Cu/Ru complex, [Cu(AT™"),(Ru(CsMes)),)[PFelo, has been
reported to show a quasi-reversible two-electron reduction,
which is at least partially ligand-centred according to EPR
spectroscopy.”” However, this redox event was detected at
—0.53 V, which corresponds to a dramatic anodic shift of more
than 1.8 V compared to compounds 2 and 4.
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N
o

radical cation
[H-ATFe]™* (2-0x)

radical anion
[H-ATFe]*~ (2-red)

g ¢
radical cation
[H-ATIFe/iPr** (5-0x)

radical anion

[H-ATIFS/PT= (5.red)

Fig. 8 Mulliken spin densities of radical ions obtained by one-electron
oxidation and -reduction of ligands 2 (a) and 5 (b) as determined by DFT
calculations (iso-value 0.004). Carbon-bound hydrogen atoms are
omitted for clarity. (a) [H-AT"]'* (2-ox) and [H-AT™]"" (2-red); (b)
[H-ATIF/P* (5-0x) and [H-ATI/"]"~ (5-red).

The aminotroponiminate ligand 5 shows a chemically
reversible redox event at —2.64 V. This is in agreement with the
recently reported redox behaviour of H-ATI™™*" and corres-
ponds to a cathodic shift of 260 mV compared to the aminotro-
pone analogue 2.'* The calculated spin density distributions
for the radical cation [H-ATI"]"" (5-0x) and the radical anion
[H-ATI"]"™ (5-red) follow the same trend as those in the amino-
tropone analogs 2-ox and 2-red (Fig. 8b). That is, the spin
density in the oxidised and reduced species is mainly centred
at the Fe atom and the C, ligand backbone, respectively (for
details see ESIt). Cyclic voltammograms of the sodium
complex 6-OPPh; suggest a reductively induced dimerisation,
as recently revealed for [Na(ATI""™")(thf)] with a reduction
wave at —2.69 V and a corresponding oxidation wave at
—0.82 V. Qualitatively, the same electrochemical behaviour was
observed for the homoleptic bismuth compound 8 with the
potentials being shifted to —2.01 V and —1.20 V for the
reduction and the oxidation wave, respectively. However, the
three ATI ligands of 8 do not undergo a quantitative reductive
dimerization under these conditions, since an additional
quasi-reversible redox event is detected at —2.65 V (ESI{).”® As
could be expected due to the presence of two chlorido ligands,
the bismuth ATI complex 7 showed ill-defined redox events
under reducing conditions, which was attributed to degra-
dation of electrochemically generated species such as
[Bi(ATIF('/iPr)Cl]-.Sb

Conclusions

We have presented new aminotroponate (AT) and aminotroponi-
minate (ATI) ligands bearing a ferrocenyl substituent at the
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nitrogen atom. Sodium complexes and the first bismuth AT
and ATI complexes were isolated and characterised. Structural
analyses revealed the formation of an unusual trans isomer for
Bi(ATI™™); and the Lewis-acidity of Bi(ATI**"*")Cl, (indicated
by weak intermolecular interactions in the solid state). The
latter compound also gave evidence for parallel-displaced
n-stacking of ATI ligand backbones, demonstrating that the
ATI ligand backbone can engage in m-m interactions with
organic moieties. This has potential relevance for the pre-
coordination of substrates and the stabilization of transition
states in stoichiometric and catalytic transformations of ATI
compounds. Reversible, ferrocenyl-based redox-events were
detected for all AT and ATI species under investigation, giving
evidence for the first ligand-centred, reversible electron transfer
of ATI compounds under oxidative conditions. Furthermore, we
have demonstrated that reversible electron transfer in bismuth
compounds is possible under oxidative conditions at ambient
temperature. In the homoleptic bismuth ATI complex, three oxi-
dation steps can be realised with electronic communication
between the metal centres as indicated by cyclic voltammetry,
which is unprecedented for mononuclear bismuth complexes.
Under reducing conditions, both the AT and the ATI com-
pounds show well-defined, ligand-centred redox events. These
studies open up perspectives for the use of AT and ATI ligands
in redox- or electrochemically controlled applications such as
redox-switchable catalysis.

Experimental section
General considerations

All air- and moisture-sensitive manipulations were carried out
using standard vacuum line Schlenk techniques or in an
MBraun inert atmosphere dry-box containing an atmosphere
of purified argon. Solvents were degassed and purified accord-
ing to standard laboratory procedures. Starting materials were
synthesised according to the literature. NMR spectra were
recorded on Bruker instruments operating at 200, 400 or
500 MHz with respect to 'H. 'H and '*C NMR chemical shifts
are reported relative to SiMe, using the residual 'H and 26
chemical shifts of the solvent as a secondary standard. '°N
NMR chemical shifts are reported relative to CH;NO, (90% in
CDCl;) and were determined by two-dimensional "H-"°N corre-
lation NMR spectroscopic experiments. If not otherwise noted,
NMR spectra were recorded at 23 °C. In the NMR spectroscopic
characterisation, the CO (in AT compounds) and the CN*¢
carbon atoms (in ATI compounds) are referred to as 1-C.
Elemental analyses were performed on a Leco or a Carlo Erba
instrument. Cyclic voltammograms were recorded using a
Gamry Instruments Reference 600 potentiostat at 23 °C in THF
containing 0.1 M [N(nBu),][PFs] unless otherwise noted. A
standard three-electrode cell configuration was employed
using a platinum disk working electrode, a platinum wire
counter electrode, and a silver wire, separated by a Vycor tip,
serving as the reference electrode. Formal redox potentials are
referenced to the ferrocene/ferrocenium redox couple. UV-vis
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spectra were recorded with a Jasco V-660 UV-vis spectrometer
in THF solution. Mass spectrometric data were recorded using
an Exactive Plus instrument by Thermo Scientific. Single crys-
tals suitable for X-ray diffraction were coated with polyisobutyl-
ene or perfluorinated polyether oil in a glovebox, transferred to
a nylon loop and then transferred to the goniometer of a diffr-
actometer equipped with a molybdenum X-ray tube (i =
0.71073 A). The structures were solved using direct methods
(SHELXS) completed by Fourier synthesis and refined by full-
matrix least-squares procedures, CCDC 1825483-1825488F
contain the crystallographic information for this work.

H-AT™® (2). Ethanol (40 mL) and NEt; (5.53 g, 5.47 mmol)
were added to a mixture of 2-tosyloxy-tropone (1) (1.37 g,
4.97 mmol) and aminoferrocene (1.00 g, 4.97 mmol). The reac-
tion mixture was heated under reflux for 24 h. All volatiles
were removed in vacuo. The crude reaction product was puri-
fied by column chromatography. The product was obtained as
a dark orange solid. Yield: 1.14 g, 3.74 mmol, 75%.

'H NMR (500 MHz, CDCl3): 6 = 4.20 (t, 2H, iy = 1.9 Hz,
3,4-(CsH,NHR)), 4.27 (s, 5H, C;Hy), 4.41 (t, 2H, Yy = 1.9 Hz,
2,5-(CsH,NHR)), 6.71-6.78 (m, 1H, 5-H), 7.19-7.22 (m, 2H, 6,7-
H (overlapping)), 7.23 (dd, 1H, */y = 11.7 Hz, Yy = 1.1 Hz,
3-H), 7.30 (ddd, 1H, *Jyy; = 11.7 Hz, *Jyy = 8.9 Hz, iy =
0.8 Hz, 4-H), 8.26 (br s, 1H, NH) ppm. ’C NMR (126 MHz,
CDCl,) 6 = 64.38 (s, 2,5-(CsH,NHR)), 66.15 (s, 3,4-(CsH,NHR)),
69.54 (s, CsHs), 94.36 (s, 1-(CsH;NHR)), 111.33 (s, 6/7-C),
123.69 (s, 5-C), 129.76 (s, 3-C), 135.97 (s, 7/6-C), 137.56 (s, 4-C),
155.05 (s, 2-C), 176.90 (s, 1-C) ppm. *N NMR (51 MHz, CDCI;):
& = -282.1 (HNFcR) ppm. UV-vis (THF): Aoy = 346, 409, 476
(shoulder) nm. Anal. cale. for C;;H;;NOFe (305.16 g mol™'):
C, 66.91; H, 4.95; N, 4.59; found: C, 66.84; H, 4.82; N,
4.68. M. p.: 81 °C.

Na-AT™ (3). Na(N(SiMe;),) (120 mg, 65.5 pmol) was added to
a solution of (2-ferrocenylaminojtropone (2) (200 mg,
65.5 pmol) in THF/toluene/pentane (1:1:1, 3 mL). After
20 min, all volatiles were removed from the reaction mixture
under reduced pressure. The resulting red oil was washed
with pentane (3 x 3 mL) and dried in vacuo to give a red
foamy solid. Yield: 133 mg, 38.9 pmol, 59%. Residual
amounts of pentane could not be removed by exposing 3 to
reduced pressure, even at slightly elevated temperature of up
to 60 °C.

'H NMR (500 MHz, THF-ds): & = 4.04 (br s, 2H, 3,4-
(C5H,NR)), 4.15 (br s, 5H, C5Hj), 4.21 (br s, 2H, 2,5-(C;H,NR)),
5.98-6.01 (m, 1H, 3-H), 6.47-6.50 (m, 1H, 7-H), 6.64-6.68 (m,
1H, 6-H), 6.81-6.85 (m, 1H, 4-H), 8.03 (d, 1H, *yyyy = 10.2 Hz,
3-H) ppm. C NMR (126 MHz, THF-dg): 6 = 63.33 (s, 2,5
(CsH4NR)), 64.98 (s, 3,4-(CsH4NR)), 68.64 (s, CsHs), 108.15
(s, 1-(CsH,NR)), 115.11 (s, 5-C), 119.00 (s, 3-C, 7-C), 131.90
(s, 4-C), 134.68 (s, 6-C), 164.67 (s, 2-C), 181.41 (s, 1-C) ppm.
Resonances due to residual amounts of pentane were also
detected. UV-vis (THF): Aya. = 415, 443, 500 (shoulder) nm.
Anal. cale. for C,;H,,NOFeNa-(CsHy,)o, (341.57 g mol™'): C,
63.30; H, 4.84; N, 4.10; found: C,63.31; H, 4.77; N, 4.33.

Bi(AT™); (4). A solution of Na(N(SiMes),) (30.0 mg,
0.16 mmol) in THF (1 mL) was added to a solution of H-AT"
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(2) (50.0 mg, 0.163 mmol) in THF (1 mL). Subsequently, a solu-
tion of BiCl; (17.2 mg, 54.6 pmol) in THF (1 mL) was added.
After 5 minutes, the resulting deep red suspension was fil-
tered. All volatiles were removed from the filtrate under
reduced pressure. The resulting red solid was washed with
Et,0 (2 x 3 mL) and dried in vacuo. Yield: 28.0 mg, 23.7 pmol,
43%.

'H-NMR (400 MHz, C¢Dg): 6 = 3.92-3.93 (m, 6H, 3,4-
(CsH4NR)), 4.17 (br s, 15H, CsH;), 4.36-4.37 (m, 6H, 2,5-
(CsHANR)), 6.17-6.21 (t, 3H, *Jis = 9.3 Hz 5-H), 6.68-6.73 (m,
3H, 6-H), 6.81-6.86 (m, 3H, 4-H), 6.91-6.93 (d, 3H, Juy =
10.4 Hz, 7-H), 7.85-7.88 (d, 1H, *}y = 12.0 Hz, 3-H) ppm.
BC-NMR (101 MHz, C¢De): § = 63.68 (s, 2,5-(C;H,NR)), 66.23
(s, 3,4-(CsH4NR)), 69.36 (s, CsHs), 103.44 (s, 1-(CsH,NR)),
122.99 (s, 5-C), 123.43 (s, 3-C), 124.08 (s, 7-C), 133.97 (s, 4-C),
135.63 (s, 6-C), 164.99 (s, 2-C), 176.32 (s, 1-C) ppm. UV-vis
(THF): Apax = 348, 410, 482 (shoulder) nm. ESI-MS (THF),
found: m/z (%) = 817.064 (45), calc. for [Bi(AT™),]": m/z =
817.065. ESI-MS (toluene), found: m/z (%) = 1121.081 (1), calc.
for [Bi(AT™),]"": m/z = 1121.107.%7

H-ATI™P (5). A solution of (2-ferrocenylamino)tropone (2)
(170 mg, 557 umol) in dichloromethane (15 mL) was added to
a solution of Et;OBF, in dichloromethane (250 mg,
1.32 mmol) to give a dark brown solution. After 4 h, iso-propyl-
amine (1 mL) was added at 0 °C. The reaction mixture was
warmed to ambient temperature overnight. All volatiles were
removed in vacuo. The crude reaction product was purified by
column chromatography. The product was obtained as a red
oil that solidified upon standing: yield: 121 mg, 349 pmol,
63%.

"H NMR (500 MHz, CDCLy): 8 = 1.35 (d, 6H, */,y = 6.4 Hz, Me),
3.84 (sept, 1H, *Jyy = 6.4 Hz, CHMe,), 4.15 (t, 2H, YJuy =
1.9 Hz, 3,4-(CsH;NHR)), 4.20 (s, 5H, CsHs), 4.28 (t, 2H, *fiy =
1.9 Hz, 2,5-(CsH,NHR)), 6.14 (d, 1H, Y/, = 10.1 Hz, 3-H), 6.21
(dd, 1H, *Jyy = 8.4 Hz, *Jyy = 9.9 Hz, 5-H), 6.77 (ddd, 1H,
i = 8.4 HE, *Jup = 11.9 Hz, 'y = 1.3 Hz, 6-H), 6.85 (dd, 1H,
Yan = 10.1 Hz, ¥y = 9.9 Hz, 4-H), 7.50 (d, 1H, Yy = 11.9 Hz,
7-H), 7.69 (br s, 1H, NH) ppm. "H NMR (300 MHz, CD,Cl,): § =
1.34 (d, 6H, *Jyn = 6.4 Hz, Me), 3.85 (sept, 1H, *Jiy = 6.4 Hz,
CHMe,), 4.15 (t, 2H, *Juy = 1.9 Hz, 3,4-(C;H,NHR)), 4.19 (s,
5H, CsHs), 4.27 (t, 2H, *Jyy = 1.9 Hz, 2,5-(C;H,NHR)), 6.16 (d,
1H, *Jyy = 10.2 Hz, 3-H), 6.20 (br dd, 1H, *Jiy = 8.4 Hz, Yy =
10.1 Hz, 5-H), 6.78 (ddd, 1H, */yyy; = 8.4 Hz, *Jyyy = 12.0 Hz,
Yun = 1.2 Hz, 6-H), 6.85 (ddd, 1H, *Jiy = 10.1 Hz, “Jyyy =
10.2 Hz, *Jyyyy = 1.2 Hz, 4-H), 7.48 (d, 1H, *Jy;; = 12.0 Hz, 7-H),
7.68 (br s, 1H, NH) ppm. "*C NMR (126 MHz, CDCl;) 6 = 22.48
(s, Me), 43.90 (s, CHMe,), 63.51 (s, 2,5-(C;H,NHR)), 65.48 (s,
3,4-(C;H,NHR)), 69.19 (s, CsHs), 104.69 (s, 3-C), 105.15 (s,
1-(C;H,NHR)), 118.85 (s, 5-C), 120.95 (s, 7-C), 131.95 (s, 6-C),
134.09 (s, 4-C), 151.11 (s, 2-C), 154.81 (1-C) ppm. N NMR
(51 MHz, CDCL3): § = —263.7 (HNiPrR), —131.6 (NFcR) ppm.
UV-vis (THF): Ayax = 366, 408, 489 (shoulder) nm, Anal. calc.
for CyoH,,N,Fe (346.25 g mol™"): C, 69.38; H, 6.40; N, 8.09;
found: C, 69.35; H, 6.56; N, 7.97. HR-MALDI-MS, m/z (%):
caled for (C,oHz,FeN,)' 346.1127, found: 346.1126; [M]';
m. p. = 100-102 °C.
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[Na(ATI*"F)(thf)] (6-thf). Na(N(SiMe;),) (66 mg, 0.36 mmol)
was added to a solution of H-ATI**'™" (5) (125 mg, 0.36 mmol)
in THF (2 mL) to give a deep red solution. After 5 min, all vola-
tiles were removed from the reaction mixture under reduced
pressure. The resulting red oil was washed with hexanes (2 x
3 mL) and dried in vacuo to give a red foamy solid. Yield:
135 mg, 0.34 mmol, 94%.

'H NMR (200 MHz, C¢Dg): 6 = 1.00 (d, 6H, *fiy = 6.1 Hz,
Me), 1.24-1.29 (m, n * 4H, p-THF), 3.29-3.33 (m, n x 4H,
«-THF), 3.69 (sept, 1H, *fiy = 6.1 Hz, CHMe;), 3.91 (t, 2H,
3un = 1.5 Hz, 2,5/3,4-(CsH,NR)), 4.27 (t, 2H, Yy = 1.5 Hz, 3,4/
2,5-(CsH,NR)), 4.34 (s, 5H, C;H;), 6.18 (dd, 1H, *Jyy; = 8.5 Hz,
*an = 9.2 Hz, 5-H), 6.41 (d, 1H, ¥y = 11.7 Hz, 3-H), 6.88
(ddd, 1H, *J,yy = 11.7 Hz, *Juy = 8.5 Hz, Yy = 1.4 Hz, 4-H),
6.99 (ddd, 1H, *Jyy = 11.1 Hz, *Juy = 9.2, Yy = 1.4 Hz, 6-H),
7.73 (d, 1H, ¥un = 11.1 Hz, 7-H) ppm. *C NMR (50 MHz,
CeDg): & = 24.26 (s, CHMe,), 25.53 (s, [-THF), 48.39 (s, CHMe,),
62.31 (s, 3,4/2,5-(C5H,NR)), 64.23 (s, 2,5/3,4-(CsH,NR)), 67.99
(s, «THF), 69.19 (s, CsHs), 110.92 (s, 1-{C;H,NHR)), 112.07
(s, 3-C), 112.33 (s, 7-C), 112.94 (s, 5-C), 132.45 (s, 6-C), 133.38 (s,
4-C), 162.11 (s, 1-C), 163.82 (s, 2-C) ppm. The exact amount of
THF in the sample should be determined for every batch indivi-
dually (typically 7 = 0.4 to 1.0 equivalents). The data presented
here was obtained for a sample containing n = 0.4 equiv. of THF
per formula unit. UV-vis (THF): Adyac = 410, 476, 506 (shoulder)
nm. Anal. cale. for CyoH,, FeN,Na-(CyHg)o (397.08 ¢ mol™): C,
65.34; H, 6.14; N, 7.06; found: C, 64.94; H, 6.16; N, 7.03.

[Na(ATI**)(OPPh,)] (6-OPPh;). OPPh; (33 mg, 0.12 mmol)
was added to a solution of [Na(ATI™)(thf),s] (49 mg,
0.12 mmol) in toluene (1 mL). The red solution was layered
with hexanes (8 mL) and cooled to —30 °C. After 24 h, the pre-
cipitated red solid was isolated by filtration and dried under a
stream of argon, Yield: 84 mg, 0.12 mmol, quantitative,

"H NMR (200 MHz, C¢De/MeCN-d; (10:1)): § = 1.24 (d, 6H,
*Jun = 6.1 Hz, Me), 3.92 (sept, 1H, *J,y = 6.1 Hz, CHMe,), 3.98
(br s, 2H, 3,4-(CsH,NR)), 4.18 (s, 5H, CsH;), 4.31 (br s, 2H, 2,5-
(CsH,NR)), 5.88 (br dd, 1H, *Juyy = 7.4 Hz, iy = 9.4 Hz, 5-H),
6.32 (d, 1H, *Jyy = 11.5 Hz, 3-H), 6.75 (br dd, 1H, *Jyy =
7.4 Hz, *Jiyy = 11.2 Hz, 6-H), 6.78 (br dd, 1H, *fiyy; = 9.4 Hz,
*Jun = 11.5 Hz, 4-H), 7.01-7.05 (d, 1H, 7-H, partially covered by
resonances due to OPPh;), 7.05-7.15 (m, 9H, m/e-Ph, p-Ph),
7.57-7.64 (m, 6H, o/m-Ph) ppm. *C NMR (50 MHz, CgDy/
MeCN-d; (10:1)): 6 = 24.31 (s, CHMe,), 48.90 (s, CHMe,), 62.74
(s, 2,5-(CsH,NR)), 64.37 (s, 3,4-(CsH,NR)), 68.70 (s, C5Hj),
108.92 (s, 5-C), 109.15 (s, 3-C), 110.33 (s, 7-C), 112.77 (s, 1-
(CsH4NR)), 128.82 (d,”*/cp = 12.2 Hz, m/o-Ph), 131.78 (s, 6-C),
132.13 (d, Ycp = 2.8 Hz, p-Ph), 132.19 (s, 4-C), 132.36 (d,**/cp =
10.1 Hz, o/m-Ph), 132.91 (d, 'Jep = 114.9 Hz, ipso-Ph), 162.23 (s,
2-C), 163.67 (s, 1-C) ppm. Resonances for n-hexane (0.5 equiv.)
were also detected. *'P NMR (121 MHz, CoIDe/MeCN-d; (10:1)):
& = 28.57 (5, OPPh;) ppm. UV-vis (THF): Amay = 410, 476, 508
(shoulder) nm. Anal. cale. for CisHzsFeN;NaOP-(CeHy,)o5
(689.62 g mol™"): C, 71.41; H, 6.28; N, 4.06; found: C, 71.37; H,
6.05; N, 3.82. M. p.: 105-107 °C (decomp.).

Bi(ATI"*"™)Cl, (7). Na(N(SiMe;),) (26.5 mg, 144 pmol) was
added to a solution of H-ATI"*""" (5) (50 mg, 144 pmol) in THF
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(2 mL) to give a deep red solution. A solution of BiCl,
(15.2 mg, 48 pmol) in THF (1 mL) was added. After 5 min, the
suspension was filtered. A solution of BiCl; (30.4 mg,
96.2 pmol) in THF (1 mL) was added to the resulting filtrate.
After 5 min, the dark suspension was filtered. After 1 h the pre-
cipitated deep red needles were isolated by filtration and
washed with THF (3 x 3 mL). The needles were dried in vacuo.
Yield: 60 mg, 96 pmol, 67%.

'H-NMR (500 MHz, pyridine-ds): é = 1.84 (d, 6H, *Juu =
6.4 Hz, Me), 4.01 (dd, 4H, ;s = 1.9 Hz, 3,4-(C;H,NR)), 4.45 (s,
10H, CsHs), 4.86 (dd, 4H, 4y = 1.9 Hz, 2,5-(C.H,NR)),
5.46-5.54 (sept, 1H, *Jym = 6.4 Hz, CHMe,), 6.68 (dd, 1H, iy
=9.2 Hz, 5-H), 6.95 (d, 1H, *Juy = 11.6 Hz, 7-H), 7.45 (dd, 1H,
*Tun = 9.6 Hz, 4-H), 7.55-7.60 (m, 1H, 6-H, overlapping with
resonance due to pyridine-ds), 7.70 (d, 1H, *fys = 11.1 Hz, 3-H)
ppm. *C-NMR (126 MHz, pyridine-d;): 8 = 23.90 (s, CHMe,),
51.97 (s, CHMe,), 67.33 (s, 3,4(C;H,NR)), 67.83 (s, 2,5
(CsH4NR)), 70.35 (s, CsHs), 103.13 (s, 1-(CsH,NR)), 124.26
(s, 7-C), 124.77 (s, 3-C), 126.75 (s, 5-C), 134.98 (s, 4-C), 135.53
(s, 6-C), 169.56 (s, 2-C), 169.96 (s, 1-C) ppm. UV-vis (THF):
Amax = 364, 382, 443 (shoulder) nm. Anal. cale. for
CooH,y N,FeBiCl, (625.13 g mol™Y): C, 38.43; H, 3.39; N, 4.48;
found: C, 38.69; H, 3.48; N, 4.54.

Bi(ATI***"); (8). Method A: BiCl; (49 mg, 155 pmol) was
added to a solution of 6-thf (187 mg, 463 pmol (the sample of
6-thf contained 0.5 equiv. THF)) in THF (3.0 mL). After 30 min,
all volatiles were removed under reduced pressure. The dark
red residue was extracted with toluene (4 x 1.0 mL). The com-
bined toluene phases were filtered. All volatiles were removed
from the filtrate under reduced pressure to give a dark red
solid, which was washed with hexanes (3 x 3 mL) and dried
in vacuo. Yield (given for 8-(C,Hg), s (vide infra)): 184 mg,
133 pmol, 86%.

Method B: NaHMDS (42 mg, 229 pmol) was added to a
solution of H-ATI™"™ (5) (79 mg, 228 umol) in THF (2 mL).
BiCl; (24 mg, 76 pumol) was added after 5 min. All volatiles
were removed from the reaction mixture under reduced
pressure after 30 min. The residue was extracted with toluene
(3 * 1 mL). The combined toluene phases were filtered. All
volatiles were removed from the filtrate under reduced
pressure. The dark red residue was recrystallised from THF/
hexanes at —30 °C to give dark red crystals, which were isolated
by filtration and dried in vacuo. Yield (given for of 8:(thf),
(vide infra)): 53 mg, 35 pmol, 46%.

Samples of 8 contained lattice-bound solvent molecules,
which could not be removed under reduced pressure. The
exact amount of toluene (Method A) or THF (Method B)
should individually be determined for every batch (typically
1.5-4.0 equiv. per formula unit).

"H NMR (400 MHz, C,Dg, 353 K): 6 = 1.10 (br d, 18H, *Jy =
6.2 Hz, Me), 3.88 (br s, 6H, 2,5/3,4-(CsH4NR)), 4.16 (br s, 21H,
3,4/2,5-(C;H,NR); C;H; (overlapping)), 4.43 (br sept, 3H, *Jyy =
6.2 Hz, CHMe,), 6.15 (br dd, 3H, *Jyy = 9.4 Hz, *Ji = 8.5 Hz,
5-H), 6.45 (d, 3H, *Jyy = 11.7 Hz, 3-H), 6.88 (ddd, 3H, *Jiyy =
11.7 Hz, *Jun = 8.5 Hz, Yun = 1.4 Hz, 4-H), 7.09 (br dd, 3H,
Yun = 11.2 Hz, Yy = 9.4, 6-H, partially overlapping with
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solvent resonance), 8.38 (br d, 3H, *Jyy = 11.2 Hz, 7-H) ppm.
Resonances due to non-coordinate THF were also detected.
Attempts to obtain '’C NMR spectra at 353 K were unsuccess-
ful, because significant sample decomposition was observed at
this temperature, before all relevant resonances could be
detected. UV-vis (THF): Apnax = 405, 481 (shoulder) nm. Anal.
cale. for CegHyyNgFe;Bi-(C4Hz0), (1533.15 g mol™"): C, 59.54;
H, 6.25; N, 5.48; found: C, 59.68; H, 5.99; N, 5.69. M. p.: 74 °C.

DFT calculations. DFT calculations were performed with the
Gaussian programme®® using the 6-31G(d,p)* (H, C, N, O) or
the LanL2DZ®" (Fe, Bi) basis set and the B3LYP functional.*”
The D3 version of Grimme’s dispersion model with the orig-
inal D3 damping function was applied.®’ Frequency analyses
of the reported structures showed no imaginary frequencies.
Thermodynamic parameters were calculated at a temperature
of 298.15 K and a pressure of 1.00 atm. NBO analyses were per-
formed using NBO 6.
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Sodium Aminotroponiminates: Ligand-Induced
Disproportionation, Mixed-Metal Compounds, and
Exceptional Activity in Polymerization Catalysis

Anna Hanft,” Malte Jiirgensen,® Riidiger Bertermann,” and Crispin Lichtenberg*"

Sodium complexes of aminotroponiminate (ATI) ligands have
been reacted with a range of neutral donor ligands. Upon
addition of crown ethers, they undergo an unusual ligand-
induced disproportionation reaction with formation of [Na(A-
TI),]” sodiate complex anions. The same structural motif has
also been found in the first well-defined mixed-metal ATI
complexes, which have been accessed starting from mono-
metallic sodium and potassium species. The mixed-metal
compounds confirm the possibility of ATls to act as ditopic
ligands. Using the polymerization of e-caprolactone as a
model system, structure-reactivity-relationships in sodium
and mixed-metal ATI compounds have been studied by

Introduction

The reactivity of alkali metal complexes can be controlled by
the use of neutral ligands that differ in parameters such as
polarity, denticity, or bite angle. This has been studied
extensively for lithium alkyl compounds, showing that the
degree of aggregation plays a crucial role in determining their
nucleophilicity and basicity." For the heavier congener sodium,
the art of tuning the reactivity of its metal complexes by
external parameters is much less developed. In a range of case
studies, however, it has been demonstrated that factors such as
reaction temperature, choice of solvent, or the use of a
combination of two different sodium reagents can lead to
different chemo-, regio-, and stereoselectivities or catalyst
activities.”) Examples include the dehydrodehalogenation of
haloalkanes,” the metalation of alkylated pyridine derivatives,"
the Haller-Bauer reaction,” and the polymerization of olefins
with so-called Alfin catalysts.”’ These valuable contributions
clearly showcase the potential to realize an effective control of
the reactivity of sodium amides, but remain largely descriptive,
i.e. differences in reactivity have oftentimes not been rational-
ized on the molecular level.
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Julius-Maximilians-Universitét Wiirzburg
Am Hubland, 97074 Wiirzburg, Germany
E-mail: crispin.lichtenberg@uni-wuerzburg.de

‘% Supporting information for this article is available on the WWW under

https://doi.org/10.1002/cctc.201800580

This publication is part of the Young Researchers Series. More information
regarding these excellent researchers can be found on the ChemCatChem
homepage.

ChemCatChem 2018, 10, 4018 -4027 Wiley Online Library

4018

comparing the reactivity of [Na(ATI)] and [Na(ATI),]~ structural
motifs. These studies revealed trends in the catalyst activity
depending on the nuclearity of the complex and the
substitution pattern at the ATI ligand. Exceptionally high
activities were obtained for dinuclear sodium sodiates of type
[Na(crown),][Na(ATl),], making them the most active alkali
metal initiators for this reaction. The organometallic and
polymeric compounds presented in this work have been
characterized by techniques including (VT-)NMR spectro-
scopy, single-crystal X-ray diffraction, gel permeation chroma-
tography, mass spectrometry, and DFT calculations.

The reactivity of alkali metal complexes can further be
modified by accessing mixed-metal compounds, which contain
two or more different types of metal atoms.” Mixed-metal
compounds containing sodium are mostly limited to cases in
which Na is combined with a more electronegative element
such as Mg, Mn, Fe, or Zn.®?

Recently, we turned our attention towards the chemistry of
aminotroponiminate (ATI) complexes (Scheme 1),"” which

R |-

N chelating
N N,N-donor
|

R'

donor/acceptor
Scheme 1. Aminotroponiminate (ATI) as a ditopic ligand.

represent a valuable ligand platform for catalytic applications
such as the hydroamination of olefins," the cyanosilylation of
aldehydes,"? the (co-)polymerization of methylmetacrylate or
cyclohexene oxide/CO,"" as well as electron transfer cataly-
sis." In order to contribute to the understanding of the role of
the ATl ligand in such transformations, its coordination
chemistry has been investigated in some detail. In particular, it
has been demonstrated that ATIs can interact with metal
centers and potential substrates not only via their N,N binding
pocket,™ but also via the cyclic-conjugated m-electron system
of their C; ligand backbone (Scheme 1). Interactions of the ATI
ligand backbone have recently been reported with a late
transition metal cation,”® an alkali metal cation,"*'"" or with an
arene moiety!'” as the second binding partner. A profound

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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understanding of the coordination chemistry of this ligand set
will be crucial for rationalizing its reactivity and modes of action
in catalysis. Thus, we set out to investigate the influence of
neutral donor ligands and the effect of heterobimetallic
compounds on the coordination chemistry and reactivity of
alkali metal ATls.

Here we report on sodium ATl complexes, which show an
unusual ligand-induced disproportionation and form unprece-
dented mixed-metal ATls when combined with potassium
derivatives. The effects of these coordination chemistry phe-
nomena on their catalytic performance was investigated using
the polymerization of e-caprolactone as a model system.

Results and Discussion
Synthesis and Characterization
The literature-known and new sodium and potassium ATI

complexes [M(ATI*™)L,] were synthesized according to the
protocols shown in Table1 (M=Na, K; R=Ph, iPr). NMR

Table 1. Synthesis of known and new alkali metal ATls.
R .
i NaN(S|M93)2 B
NH N
or KH N
M(L)
S ~ A
N N
. |
IPr iPr
Compound M R L Reference
1-thf Na Ph thf 17
2-thf K Ph thf 17
3 Na iPr none this work
4 K iPr none 20/this work

spectroscopic analysis indicated electron delocalization be-
tween the amide and imine functionalities.""”

Compound 3 crystallized from THF/hexanes in the mono-
clinic space group P2/n with Z=4 as the thf-adduct 3-thf
(Figure 1). It shows a p,-(M-x’N)(M'-x’C) coordination mode, as
recently reported for its analog 1-thf. The distorted tetrahedral
coordination geometry around Na (angles around Na, 68-136")
as well as the Na1-N1/2 (2.36 A), Na1-C(3-7) (2.93-3.27 A), and
Nal—01 (2.34 A) distances in 3-thf are similar to those in 1-thf.
The ditopic nature of the ATI ligand in 3-thf results in formation
of a coordination polymer with a twofold screw axis 2, along
the crystallographic b-axis (Figure 1b).

In view of the experimentally observed Na—AT|"*ne
interactions, K—ATI™®* honding seems even more likely,
because potassium generally shows a higher tendency than
sodium to interact with soft arene donors. Somewhat unexpect-
edly, the potassium complex [K(ATI™™)(thf)] (2-thf) has been
reported to form a coordination polymer in the solid state
without such K—ATI®****™ interactions. However, the thf ligands
of this compound can be removed in vacuo, suggesting a
saturation of the coordination sphere of potassium by arene

ChemCatCherm 2018, 10, 4018 -4027 www.chemcatchem.org
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Figure 1. a) Cut-out of solid state structure of coordination polymer
[Na(ATI®™)(thf)], (3-thf)_. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity; ct represents the
centroid of C(3-7). Atoms exceeding one asymmetric unit are shown as
white ellipsoids. b) Representation showing the arrangement of (3-thf),_as a
one-dimensional coordination polymer. Selected bond lengths (A) and
angles (*) for: Na1-N1, 2.3592(15); Na1-N2, 2.3598(14); Na1-01, 2.3387(14);
Na1-C3', 3.2720(17); Na1—C4', 3.0554(19); Na1—C5', 2.9279(18); Na1-Cé6/,
2.9575(18); Na1-C7’, 3.2369(16); N1-C1, 1.307(2); N2—C2, 1.305(2);
N1-Nal1-N2, 67.70(5); N1-Na1-01, 98.03(5); N2-Na1-01, 97.11(3);
O1-Nal—ct, 114.75(5); N1-Nal—ct, 135.83(5); N2-Nal—ct, 131.18(5).

moieties in thf-free 2" We subjected the literature-known
compound [K(ATI™™)] (4) to single-crystal X-ray diffraction
analysis (monoclinic space group P2,/c with Z=4). Indeed, a
previously mentioned p,-(M-kK’N)(M-x’C) coordination mode
could be confirmed for the thf-adduct 4-thf (Figure 2).%" The
potassium ion is found in a strongly distorted tetrahedral
coordination geometry (angles around K: 59-150°), The termi-
nal K—N and K—O bonds in 4-thf (KN, 2.70-2.71 A; K-0, 2.64 A)
are significantly shorter than those in hexacoordinate 2-thf
with its bridging nitrogen and oxygen atoms (K—N, 2.79-2.97 A;
K—0, 2.85-2.86 A)."”! The K—C(1-7) distances range from 3.16 to
3.53 A indicating significant K—C(xt) bonding.” 4-thf forms a
coordination polymer in the solid state, which extends with a
screw axis 2, along the crystallographic g-axis.

Addition of Neutral Ligands to Na ATls

The sodium complexes 1-thf and 3-thf form polymeric
structures in the solid state via Na—C(m) bonding. In order to
evaluate the persistency of Na—C(m) interactions in these
compounds, the effect of neutral donor ligands on their
coordination chemistry was studied. Remarkably, 1-thf crystal-
lized as the known coordination polymer (1-thf),, even in the
presence of one equivalent of tmeda as a chelating ligand

4019 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Cut-out of solid state structure of coordination polymer
[K(ATIP"™)(thf)]. (4-thf). . Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity; ct represents the
centroid of C(1-7). Atoms exceeding one formula unit are shown as white
ellipsoids. Only one of two chemically equivalent but crystallographically
distinct formula units is depicted. b) Representation showing the arrange-
ment of (4-thf)_ as a one-dimensional coordination polymer in the solid
state. Selected bond lengths (&) and angles (°): K1-N1 2.7134(15); K1-N2
2.6978(16); K1-01, 2.6433(15); K1—C18, 3.5285(18); K1-C19, 3.2680(17);
K1-C20, 3.2103(18); K1—-C21, 3.2043(18); K1-C22, 3.1710(19); K1-C23,
3.1620(18); K1-C24, 3.2787(18); K1—ct, 2.8260(19); C1-N1, 1.307(2); C2-N2,
1.309(2); N1-K1-N2, 58.97(4); N1-K1-01, 94.27(5); N2-K1-01, 85.22(5);
N1-K1—ct, 149.82(5); N2—-K1—ct, 135.12(5); O1-K1—ct, 111.85(5).

(Scheme 2; tmeda =tetramethyl-ethylene-diamine). Reaction of
1-thf with the neutral tridentate ligand pmdta gave the
expected molecular complex 1-pmdta (Scheme 2, pmdta=
pentamethyl-diethylene-triamine). This compound was fully
characterized, showing the expected signal patterns in its 'H
and "*C NMR spectra and unexceptional bonding parameters as
determined by single-crystal X-ray analysis (Supp. Inf.). In 'H'H-
NOESY NMR experiments, cross signals are observed between
protons bound to the ATI ligand and protons bound to the
pmdta ligand. This indicates close interactions of the anionic
and the neutral ligand with the Na center in solution,
suggesting that the molecular structure of 1-pmdta in the solid
state is maintained in solution.

Surprisingly, reactions of the sodium ATls with crown ethers
12c4 or 15¢5 did not give simple adducts of type [Na(ATI)(-
crown)], but led to sodium sodiate compounds of type
[Na(crown),][Na(ATl),] in ligand induced disproportionations
(Scheme 2). The connectivity of compounds [Na(12c4),][Na(A-
TI™™),] (5) and [Na(12c4),]INa(ATI™™),] (6) was unambiguously
determined by single-crystal X-ray diffraction analysis (data for
compound 6 was not sufficient for a discussion of bond lengths
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Scheme 2. Effect of multidentate neutral donor ligands on coordination
chemistry of sodium ATls and synthesis of mixed-metal-ATls; R=Ph, 'Pr;
tmeda = tetramethyl-ethylene-diamine; pmdta = pentamethyl-diethylene-tri-
amine; 12c4 =12-crown-4.

Figure 3. Molecular structure of [Na(12c4),J[Na(ATI™"™),)] (5) in the solid
state, Displacement ellipsoids are shown at the 50% probability level.
Hydrogen atoms and split positions of disordered 12c4 ligands are omitted
for clarity; carbon atoms of 12¢4 ligands are drawn as wire frame. Selected
bond lengths (A) and angles (): Na1-N1, 2.317(3); Na1-N2, 2.313(3); C1-N1,
1.319(5); C2-N2, 1.314(5); N1-Na1-N2, 68.60(11); N1-Na1-N1', 134.26(19);
N1-Na1-N2', 130.69(11); N2-Na1-N2', 136.7(2); plane(N1C1C2N2)-plane
(NT'C1'C2'N2'), 86.13.

and angles (see Supp. Inf)). Compound 5 crystallized in the
monoclinic space group C2/c with Z=4 (Figure 3). The sodium
atom Na2 of the complex cation is coordinated by two 12c4
ligands excluding any direct bonding interactions with the ATI
ligands. The sodium atom Nal of the sodiate complex anion is
coordinated by two «’N-ATI ligands. This results in a distorted
tetrahedral coordination geometry around Nal, the distortion
being due to the small bite angle of the ATI ligand (N—Na—N,
69-137°). The Nal-N1/2 bond lengths of 2.31-2.32 A are
slightly shorter than those in the parent compound (1-thf),,
(Na—N, 2.36 A), in which each ATI ligand interacts with two Na
atoms,

4020 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

41



V SODIUM AMINOTROPONIMINATES: LIGAND-INDUCED DISPROPORTIONATION, MIXED-METAL COMPOUNDS,

AND EXCEPTIONAL ACTIVITY IN POLYMERIZATION CATALYSIS

®*ChemPubSoc
rutd Europe

In THF solution, the ATI ligands of [Na(12c4),][Na(ATI"™™),]
(5) and [Na(12c4),][Na(ATI™™),] (6) show one set of resonances
in 'H and "C NMR spectra, respectively. No cross signals
between protons of the crown ether and the ATl ligands were
detected in 'H'H-NOESY NMR spectra. This suggests that the
solid-state structure of “solvent-separated” ion pairs 5 and 6 is
essentially maintained in solution. This was corroborated by a
'H-DOSY NMR experiment with 6, which showed two sets of
signals in the diffusion dimension, one for the crown ether and
one for the ATl ligand. These were ascribed to [Na(12c4),]™ and
[Na(ATI™"™),]", respectively. Using an external calibration curve,
the experimentally determined diffusion constants were trans-
lated into molecular weights, which are in good agreement
with those of the suggested species (for details see Supp.
Inf.).”” DFT calculations on sodium compounds based on the
(AT ligand with a THF solvent model further support this
interpretation (Scheme 3). The ligand substitution reaction

Eq. 1:
+(12c4)
Eq. 2:
2 Na(ATI)(thfa] —202%D | (Na(1264),][Na(ATI),]

-4 THF

Scheme 3, Thermodynamic parameters determined by DFT calculations
[kealmol '): Eq. [1): AH*: +6.7; AG™: —0.5. Eq. [2]: AH™: —24.6; AG™: —28.3.

shown in Eq. [1] leads to the adduct, which was not observed
experimentally, and is endothermic (AH“": +6.7 kcalmol ™)
and only slightly exergonic (AG™'=—0.5 kcalmol™"). The reac-
tion shown in Eq.[2] (ligand substitution followed by dispro-
portionation) leads to the experimentally observed product 6
and was calculated to be clearly exothermic and exergonic
(AH*"'= —24.6 kcalmol '; AG™ = —28.3 kcalmol ).
Ligand-induced disproportionations as observed for com-
pounds 1-thf and 3 have only rarely been reported for other
sodium Complexes.“‘ﬂ The solid-state structure of [Na(15¢5)]
[Na(C;Hs),] has been described in a private communication.”
Sodium carbazolide forms an adduct with 15-crown-5, but a
mixture of ion pairs, [Na(crypt)][Na(NC,,Hg),(thf);] and
[Na(crypt),INa(NC,,Hy);l, is obtained in the presence of a
cryptand (crypt=2,2,1-cryptand).”® These ion pairs could not
be separated on the preparative scale and were analyzed only
by single-crystal X-ray analysis, i.e. no information about the
coordination chemistry in solution was reported. Other sodium
compounds form ion pairs in the solid state, but their
mononuclear parent compounds remain elusive to date*’*®
Our results on the sodium ATls demonstrate that the addition
of crown ethers induces a disproportionation into ion pairs,
which persist not only in the solid state but also in solution.
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Mixed-metal Compounds

Based on the above findings, Na/K mixed-metal ATIs containing
sodium-complex-anions should be accessible. Indeed, reaction
of sodium ATls 1-thf or 3 with potassium ATls 2-thf or 4,
respectively, gave the targeted potassium sodiate compounds
[K(th,)Na(ATI™™™),] (7))  and  [K(thf),][Na(ATI""™),]  (8)
(Scheme 2). Both compounds were analyzed by single-crystal X-
ray diffraction. Only one of the compounds is discussed in the
main text, because they show essentially the same coordination
chemistry in the solid state (for details see Supp. Inf).
Compound 7 crystallized in the monoclinic space group C2/c
with Z=4 (Figure 4). The diffraction experiment confirms

Figure 4. a) Cut-out of the solid-state structure of [K(thf),][Na(ATI™™),] (7).
Displacement ellipsoids are shown at the 50% probability level. Hydrogen
atoms and one split position of a disordered thf molecule are omitted for
clarity; ct represents the centroid of C(3-7); carbon atoms of thf ligands are
drawn as wire frame. b) Representation showing the arrangement of (7)., as
a one-dimensional coordination polymer in the solid state. Selected bond
lengths (A) and angles (°): K1-01, 2.621(3); K1-C3, 3.145(4); K1-C4, 3.107(4);
K1-C5, 3.167(4); K1-C6, 3.237(4); K1-C7, 3.461(4); Na1-N1, 2.397(3); Na1-N2,
2.379(3); N1-C1, 1.307(4); N2-C2, 1.314(4); 01-K1-01', 81.00(13); O1-K1-<t,
117.62; O1'—K1—ct', 117.62; ct—K1—t’, 108.11; N1-Na1-N2, 66.82(9);
N1-Na1-N1’, 156.50(16); plane(N1C1C2N2)—plane(N1'C1'C2'N2’), 85.26.

coordination of two ATI ligands to the sodium atom Nal in a
k’N coordination mode. The resulting [Na(ATl);]” complex
anions are linked by [K(thf),]™ complex cations via K—AT[*¥eene
interactions. Overall, this results in formation of a one-dimen-
sional coordination polymer along the crystallographic g-axis
(Figure 4b). Thus, compounds 7 and 8 represent the first
structurally authenticated examples of heterobimetallic ATI
species, in which metals of two different kinds interact with the
same AT ligand.? Both ATI ligands in the unit cell of 7 are
crystallographically equivalent as are both THF ligands. The
potassium ion K1 is found in a distorted tetrahedral coordina-
tion geometry. The K—O distances (2.62 A) are 0.07 A shorter
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than that in compound 4-thf, which was ascribed to the
presence of K-N interactions in the latter compound. The K-C
distances in 7 (3.11-3.46 A) are similar to those observed in 4-
thf (3.16-3.53 A) and indicate significant bonding interac-
tions.”” The sodium atom Nal in the complex anion adopts a
strongly distorted tetrahedral coordination geometry (N-Na—N,
67-1577). The Na—N bonds in 7 are elongated by an average of
0.07 A compared to those in compound 5, which contains the
same complex anion, but does not exhibit additional K—C
interactions. Thus, the K—ATI®***™ interactions have a signifi-
cant impact on the electron donating ability of the nitrogen
atoms in the N,N-binding pocket of this ligand.

'H- and "*C NMR spectroscopic analysis of compounds 7
and 8 revealed one set of signals indicating apparent C
symmetry in solution. Low temperature 'H NMR spectra of 8 in
THF-d, at —40°C revealed no significant alterations. In specific,
splitting of the single set of resonances of 8 into two sets of
resonances of the starting materials 3 and 4 was not observed,
suggesting an ionic structure in solution. This assumption is
supported by DFT calculations: the model reaction [K(ATI™
P(thf),] + [Na(ATI™™)(thf) ] —[K(thf),][Na(ATI™™) ]+ THF  was
calculated to be exothermic and exergonic (AH®=—19.9 kcal
mol ; AG™= —13.5 kcalmol '; for details see Supp. Inf.).

Polymerization of g-caprolactone

The formation of sodiate complex anions, [Na(ATI),]", by ligand-
induced disproportionations or in mixed-metal compounds is a
coordination chemistry phenomenon, but should have implica-
tions for the reactivity of these complexes. The [Na(ATl),]” anion
is expected to show a higher nucleophilicity than its neutral
counterpart Na(ATI)L,.. In order to validate this hypothesis, the
polymerization of e-caprolactone (e-CL) was chosen as a model
system, since the catalyst activity can be expected to depend
on the nucleophilicity/basicity of the catalyst in these reac-
tions.***" Surprisingly little is known about the polymerization
of e-CL using alkali metal complexes as initiators. Li(NiPr,),?%
LiPh,"¥ a pentanuclear complex [Li;L,(OCHCH,)1,*¥ Na(CH,),*
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NaH,”® Na(0-2,6-tBu,C,H,),*" and KOtBu™ have been reported
to initiate e-CL polymerization at monomer/initiator ratios
ranging from 49:1 to 400:1 (Table 2, entries 1-8).°” For sodium
and potassium compounds in particular, relatively high reaction
temperatures of 20-110°C were necessary (entries 4-8), low
conversions were reported (entries 7,8), long reaction times of
60-300 min were obligatory to reach full conversion (en-
tries 4,5), or a high polydispersity index (PDI) of 5.2 was
reported for a bulk polymerization that gave poly-e-CL in 89%
yield after 5 min reaction time (entry 6). Remarkably, the
initiator Na(O-2,6-iPr,C¢H;) was inactive (entry 7), and Na(CsHs)
did not give any polymeric material when THF was used as a
solvent.””

The ATl compounds 1-8 were tested as initiators for the
polymerization of &-CL in THF at —30°C. All compounds based
on the (ATI™™)" ligand (3, 4, 6, 8) led to full conversion of 250
equivalents of monomer per ATI ligand within reaction times
of <1 min (Table 3, entries 1-4). With the mononuclear sodium
compound [Na(ATI""™)] (3), even 500 equivalents of e-CL were
fully converted within 1 min (entry 5), whereas the potassium
compound [K(ATI™*™)] (4) was inactive under these conditions
(entry 6). This was ascribed to the high sensitivity of the
potassium complex. The mixed-metal compound [NaK(ATI"/"),
(thf),] (8) led to full conversion of 1000 equivalents of &-CL, i.e.
its activity exceeds that of the mononuclear components 3 and
4 simply added together (entry7). The highest activity,
however, was observed for the sodium sodiate [Na(12c4),]”
[Na(ATI""™),]" (6), which led to full conversion of 2500
equivalents of e-CL within 1 min (entry 8). Thus, the nucleophi-
licity of the sodium ATl compounds can be increased by
exploiting the wunusual ligand induced disproportionation
reaction leading to formation of 6. Compound 6 successfully
combines the robustness of the sodium species 3 with the high
activity of the sodium complex anion [Na(ATI™™),]-, which is
also present in mixed-metal compound 8.

These results make the sodium compounds presented in
this work the most active alkali metal initiators for e-CL
polymerization. Their activity is even similar to that of excep-
tional catalysts such as the ytterbium complex [Yb(NPh,)

Table 2. Results of literature-reported g-caprolactone (e-CL) polymerization reactions.
Entry Initiator [e-CL]/[cat] Conditions t [min] Yield M, MM, Ref.
[24] [g/mol]
1 Li(NiPr,) 50 dioxane, r.t.*! 5 100 - - 32
2 LiPh 300 bulk, 170°C 120 49 78000 - 33
3 LisL,(OCHCH ) 400 toluene, rt. 30 94 51000 1.37 34
4 Na(C;Hs) 250 toluene, 20°C 60 98 11600" - 35
5 NaH 190 THF, 70°C 300 88 10200 1.2 36
6 NaH 280 bulk, 70°C 5 89 47600 5.2 36
7 NaOAr" 1500 toluene, 20°C 3 0 - - 37
8 KOtBu 49 toluene, 110°C 15 35 17500 20 38
9 Yb(NPh,)L™ 2000 toluene, 25°C 1 99 96400 258 40
10 Nd,NagL”,(OH),"™ 15000 toluene, 20°C 1 100 90000 1.58 41
1 Nd,NagL",(0H)," 8000 THF, 20°C 1 20 21000 1.77 41
[a] The reaction temperature is implied to be rt, but is not explicitly mentioned in ref. 32. [b] The viscosity average malecular weight, M,, was reported
instead of the number average molecular weight, M,. [c] L= 2,2-ethylidene-bis(4,6-di-tert-butyl-phenolate). [d] The value was corrected by a factor of 0.56. [e]
The weight average molecular weight, M, was reported instead of the number average molecular weight, M,. The value was corrected by a factor of 0.58. [f]
OAr=0-2,6-1Bu,CH.. [g] L' =Me,NCH,CH,N{CH-(2-0-C,H,-3,5-tBu,)},. [h] L” = 0CH,CH,NMe,.
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Table 3. &-Caprolactone (£-CL) polymerization with sodium, potassium, and mixed-metal initiators based on the (ATI**™)" ligand.

Entry Initiator [e-CL]/[cat] Conditions t Yield M, M,./M,

[min] [%0] [g/mol]

1 [Na(ATI™™)] (3) 250 THF, —30°C 1 >95 9700 5.6

2 [KCATIF"™)] (4) 250 THF, —30°C 1 =95 6900 4.5

3 [KNa(ATI™"™),(thf),] (8) 500 THF, —30°C 1 =95 9300 6.3

4 [Na(12c4),] ' [Na(ATI""™),) (6) 500 THF, =30°C 1 =95 8500 5.9

5 [Na(ATI"™)] (3) 500 THF, —30°C 1 >95 9300 5.5

6 [K(ATI™'™)] (4) 500 THF, —30°C 1 <5 - -

7 [KNa(ATI™™)(thf),] (8) 1000 THF, —30°C 1 =95 46000 6.9

8 [Na(12c4),] [Na(ATI""),] (6) 2500 THF, —=30°C 1 =95 10400 5.2

Me,NCH,CH,N{CH,-(2-0-C¢H,-3,5-tBu,)},]  or the neodymium
cluster Nd,Nag(OCH,CH,NMe,),,(OH), (Table 2, entries 9-11).1*
Remarkably, the high polymerization activities of the sodium
ATl species were obtained in THF as a solvent, which is
commonly observed to be detrimental for the performance of
catalysts in £-CL polymerization (cf, Table 2 entries 5,6,10,11).

In addition to the catalyst activity, molecular weight control
is one of the key parameters in e-CL polymerization®
Unfortunately, the high activity of the alkali metal ATl com-
plexes is associated with a relatively poor molecular weight
control, especially when very high monomer/catalyst ratios are
applied. At full conversion, polymeric materials with broad
molecular weight distributions of M,/M,=4.5-6.9 were ob-
tained, (entries 1-8). When the polymerization of e-CL with ATI
initiators was performed at lower monomer/initiator ratios,
polymer samples with narrow molecular weight distributions
were obtained (Supp. Inf,, e.g.: 125 equiv. e-CL, initiator 3, THF,
—30°C, 1 min, >>95% conversion, M,/M,=1.16).

For ATl compounds based on the unsymmetrically sub-
stituted (ATI"™™)~ ligand (1-thf, 2-thf, 5, 7), the same trend in
overall activities (i.e. the combination of activity and robust-
ness) was observed. The initial activities of these catalysts
follow the trend 1-thf=5=>7 = 2-thf (Supp. Inf.). However,
they showed a generally slightly lower activity than the
initiators based on the (ATI™)" ligand, as reaction times of
up to 5min were required to reach full conversion (Table 4
and Supp. Inf). This was attributed to the potential —M
(mesomeric) effect and the weaker inductive effect of the
phenyl group, as compared to the iso-propyl group in the
symmetrically substituted (ATI™™)" ligand.

The lower activity of the ATI™" complexes was accompa-
nied by a dramatically improved molecular weight control
compared to the ATI™™ complexes (M,/M,=1.14-135, en-
tries 1-4 Table 4; cf. Table 3). Only with higher monomer/
initiator ratios, the PDIs increase (Table 4, entry 5 and Supp.

Inf.). It is interesting to note that the choice of solvent also had
a strong influence on the PDI of the polymer sample. With the
only toluene-soluble catalyst 1-thf, a much narrower molecular
weight distribution (M,/M,=1.17) was observed in toluene at a
similar catalyst activity, when compared to results obtained
with THF as the solvent (Table 4, entries 5,6 and Supp. Inf.).

Overall, the dinuclear sodiate complexes 6 and 8 show an
extraordinary catalyst activity, whereas the toluene-soluble
mononuclear compound 1-thf combines a good catalyst
activity with an excellent molecular weight control. When
compared to literature-known alkali metal catalysts for e-CL
polymerization, compound 1-thf shows the highest activity
(outperformed only by catalysts reported in this work) and
matches the best molecular weight control reported to date (cf.
Table 2).

The isolated polymer samples obtained from reactions with
ATl initiators showed cyclic structures according to mass
spectrometric investigations, indicating back-biting processes
to be operative (Supp. Inf).*! Back-biting processes are
suggested to also play a major role in prohibiting a good
molecular weight control, when polymerizations are performed
at high monomer/initiator ratios. For initiator 6, a polymer-
ization reaction was carried out as indicated in Table 3 (entry 8)
and analyzed at different stages of the reaction. Whereas good
molecular weight control was observed up to conversions of
ca. 17% (M, /M,=1.78), the polydispersity index increased at
higher conversions up to the value detected at full conversion
(Table 3, entry 8). It should be noted that PDIs did not
significantly increase when monomer/initiator mixtures were
left to react longer than necessary to reach full conversion. For
instance, reaction of 3 with 250 equiv. £-CL gave full conversion
and a high PDI of 5.6 after 1 min (Table 3, entry 1). Under
identical conditions, 125equiv. ¢-CL were converted to a
polymer sample with an excellent PDI of 1.16 (Table S1, entry 7).
Thus, transesterification processes seem to be most relevant

Table 4. e-Caprolactone (e-CL) polymerization with sodium, potassium, and mixed-metal initiators based on the (ATI"*™) " ligand.
Entry Initiator [e-CL)/[cat] Conditions t Yield M, M,/M,
[min] [%] [g/mol]

1 [Na(ATI"™)(thf)] (1-thf) 250 THF, —30°C 5 =95 79500 135

2 [K(ATI™™)(th)] (2-thf) 250 THF, =30°C 5 >95 162000 1.16

3 [K{thf) JINa(ATI?"#) ] (7) 500 THF, —30°C 5 >95 138100 115

4 [Na(12c4),] [Na(ATI™™),] (5) 500 THF, —30°C 5 >95 1600 1.14

5 [Na(ATI™™)(thf)] (1-thf) 500 THF, —=30°C 5 >95 9400 6.4

6 [Na(ATF*™)(thf)] (1-thf) 500 Toluene, —30°C 5 =95 235200 1.17
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during polymerization at high monomer/initiator ratios, with
post-polymerization events being less decisive,

For the initiation of the polymerization reactions, a
nucleophilic attack of an ATI ligand at the carbonyl group of
the monomer or the deprotonation of the monomer may be
considered. Since back-biting processes make the determina-
tion of the initiation mechanism by end group analysis less
reliable, reactions of initiators of type 1-8 with 5-7 equiv. e-CL
were performed and analyzed by 'H NMR spectroscopy. In all
cases, formation of the free ligand H-ATI™™ (R=Ph, iPr) was
detected along with corresponding amounts of deprotonated
&-CL moieties (Supp. Inf.).**! A deprotonative initiation mecha-
nism has previously been suggested for reactions with Na(C;H)
on the basis of end group analysis.”™ This is also in line with
reports of NaNH, and LiN(iPr), reacting with enolizable organic
esters (including e-CL) via deprotonation rather than nucleo-
philic substitution (i.e. amide formation).***

Conclusions

In conclusion, we have synthesized and fully characterized a set
of new alkali metal aminotroponiminate (ATI) complexes. These
studies confirm an active role of the ATl ligand backbone in
coordination chemistry, In addition, the coordination chemistry
of sodium ATls was found to be strongly affected by the
presence of chelating neutral ligands. Crown ethers induce
unusual disproportionation reactions of the type: 2 Na(ATI)+
2 L—[NaL,] " [Na(ATI),] , the products of which may be de-
scribed as sodium sodiate complexes. By combining sodium
and potassium ATl complexes, synthetic access to the first well-
defined mixed-metal ATl compounds was generated. In these
potassium sodiate compounds, the harder Lewis-acid Na~
occupies the harder NN binding site of the ATl ligand, whereas
the softer K™ ion prefers the softer C, ligand backbone as a
binding site. The coordination chemistry of sodium ATI
complexes was shown to influence their reactivity, which was
exemplified using the polymerization of e-caprolactone (e-CL)
as a model reaction. Sodium ATl compounds with anionic
[Na(ATl),)” moieties were overall more active as initiators in this
reaction than those containing neutral [Na(ATl)] moieties. The
ATl compounds reported here were found to be the most
active alkali metal initiators for £-CL polymerization and show
activities that are similar to exceptional literature-known
lanthanoid catalysts. Whereas the most active catalysts showed
a relatively poor molecular weight control in THF, the only
toluene-soluble catalyst [Na(ATI"™)(thf)] showed a good cata-
lyst activity and excellent molecular weight control, out-
performing literature-known alkali metal catalysts for e-CL
polymerization. These results suggest alkali metal ATl com-
plexes with a good solubility in moderately polar solvents as
promising target catalysts for the efficient and controlled
polymerization of polar monomers, Overall, these studies
contribute to the development of design principles and
structure-reactivity-relationships of ATl complexes.
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Experimental Section

General considerations. All air- and moisture-sensitive manipula-
tions were carried out using standard vacuum line Schlenk
techniques or in inert atmosphere gloveboxes containing an
atmosphere of purified argon. Solvents were degassed and purified
according to standard laboratory procedures. NMR spectra were
recorded on Bruker instruments operating at 300, 400, or 500 MHz
with respect to 'H. 'H and "*C NMR chemical shifts are reported
relative to SiMe, using the residual 'H and "C chemical shifts of the
solvent as a secondary standard. “Li and ’Na NMR chemical shifts
are reported relative to 1m LICl in D,O and 1 m NaCl in D,O,
respectively. NMR spectroscopic experiments were performed at
ambient temperature (typically 25°C), if not otherwise noted. In the
NMR spectroscopic characterization of ATl compounds, the CN*
carbon atom is referred to as 1-C. Elemental analyses were
performed on a Leco or a Carlo Erba instrument. For mass
spectrometric analyses, an Exactive plus instrument (Thermo
Scientific) was used. Single-crystals suitable for X-ray diffraction
were coated with perfluorinated polyether oil in a glovebox,
transferred to a nylon loop and then transferred to the goniometer
of a diffractometer equipped with a molybdenum X-ray tube (A=
0.71073 .lv\J. The structures were solved using direct methods
(SHELXS) completed by Fourier synthesis and refined by full-matrix
least-squares procedures. CCDC 1822672-1822674 and 1822678-
1822680 contain the crystallegraphic information for this work. Gel
permeation chromatography (GPC) experiments were performed
using an Agilent SECcurity GPC System (1260 Infinity) with a
refractive index and a UV detector. THF was used as the eluent at a
flow rate of 1.0mLmin'. All molecular weights are reported
relative to a monodisperse polystyrene standard. The celumns
were contained within an oven (35°C) and consisted of styrene/
divinylbenzene gels with pore sizes ranging from 500 to 100 000 A.

DFT calculations. DFT calculations were performed with the
Gaussian program™” using the 6-31G(d,p)"*® (H, C, N, O) or the 6-
311G(d,p) (Na) basis set'™ and the B3LYP functional.”” A solvent
model (smd,solvent=thf) was used for all calculations.”" The D3
version of Grimme’s dispersion model with the original D3 damp-
ing function was applied.*” Frequency analyses of the reported
structures showed no imaginary frequencies for ground states.
Thermodynamic parameters were calculated at a temperature of
298.15 K and a pressure of 1.00 atm.

[Na(ATI""")(pmdta)] (1-pmdta). A solution of pmdta (5.5 mg,
32 pmol) in C;D, (0.25 mL) was added to a solution of 1-thf (10 mg,
32 pmol) in C,D; (0.25 mL). Quantitative formation of 1-pmdta was
indicated by 'H NMR spectroscopy. Upon removal of all volatiles
under reduced pressure a yellow solid was obtained, which was
washed with pentane. Yield: 12.3 mg, 28 umol, 88%. The reaction
can also be performed on a 50-100 mg scale.

H-NMR (400 MHz, THF-dy): 6=1.15 (d, 6H, *J,;,,=6.2 Hz, CHMe;),
2.14 (s, 12H, N(CH,),), 2.18 (s, 3H, NCH,), 2.28-2.32 (m, 4H, CH,),
2.39-2.43 (m, 4H, CH,), 3.79 (sept, 1H, *Ju, = 6.2 Hz, CHMe,), 5.41 (t,
1H, *}uy=8.7 Hz, 5-H), 5.86 (d, TH, *J4;=11.1 Hz, 3-H), 6.03 (d, 1H,
=117 Hz, 7-H),6.15-6.21 (m, TH, 4-H), 6.37-6.42 (m, 1H, 6-H),
6.71-6.75 (m, 3H, 0-Ph, p-Ph), 7.11-7.15 (m, 2H, m-Ph) ppm. "H-NMR
(400 MHz, C,D¢): 0=1.24 (d, 6H, *J,,=6.2 Hz, CHMe,), 1.51 (s, 3H,
NCH,), 1.71 (br. s, 8H, CH,), 1.84 (s, 12H, N(CH,),), 4.07 (sept, 1H,
Jyy=62Hz, CHMe,), 6.07 (t, 1H, *J,,=88 Hz, 5-H), 6.54 (d, 1H,
*Jyy=87 Hz, 7-H), 6.57 (d, TH, 4y =9.2 Hz, 3-H), 6.77-6.82 (m, 1H,
4-H), 6.93 (t, TH, *Jy,,=7.2 Hz, p-Ph), 6.98-7.03 (m, 3H, o-Ph, 6-H),
7.28-7.32 (m, 2H, m-Ph) ppm. “"C-NMR (101 MHz, THF-d,): § =24.32
(CHMe,), 43.34 (NCH;), 46.22 (N(CH,),), 49.15 (CHMe,), 57.43 (CH,),
58.89 (CH,), 108.82 (5-C), 109.31 (7-C), 110.02 (3-C), 120.15 (p-Ph),
123.40 (0-Ph), 129.50 (m-Ph), 132.07 (6-C), 132.44 (4-C), 158.05 (ipso-
Ph), 161.96 (1-C), 163.55 (2-C) ppm. “C-NMR (101 MHz, C,Dy): 6=
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24,92 (CHMe,), 42.70 (NCH,), 45.75 (N(CH,),), 48.85 (CHMe,), 56.04
(CH,), 57.49 (CH,), 109.79 (3-C), 109.99 (7-C), 111.22 (5-C), 120.40 (p-
Ph), 123.84 (o-Ph), 129.60 (m-Ph), 132.64 (6-C), 133.02 (4-C), 158.65
(ipso-Ph), 162.23 (1-C), 164.18 (2-C) ppm. Anal. Calc. for CysH,NsNa
(433.62 g/mol): C 69.32, H 9.30, N 16.15; found: C 62.32, H 9.34, N
16.31.

[Na(ATI”"®)] (3), NaN(SiMes), (897 mg, 4.89 mmol) was added to a
solution of N-isopropyl-2-(isopropylamino)troponimine (800 mg,
3.92 mmol) in THF (5 mL). After 30 min, all volatiles were removed
from the reaction mixture under reduced pressure. The resulting
orange solid was washed with toluene (2x3 mL) and pentane (2x
3 mL) and dried in vacuo. Yield: 711 mg, 2.97 mmol, 76 %.

'"H-NMR (400 MHz, THF-dy): 0=1.09 (d, 12H, “J,,=6.2 Hz, CHMe,),
230 (s, nx3H, CH,“"*™), 3.70 (sept, 2H, J,,,=6.2 Hz, CHMe,), 5.27
{t, 1H, *J,,,=8.8 Hz, 5-H), 5.73 (d, 2H, *J,,,=11.5 Hz, 3-H, 7-H), 6.31
(dd, 2H, *J,,,=8.8 Hz, *J,,= 11.5 Hz, 4-H, 6-H), 7.06 — 7.20 (m, nx5H,
CH™"") ppm. “C-NMR (101 MHz, THF-dg): 0=21.28 (CH,""),
24.39 (CHMe,), 48.81 (CHMe,), 105.62 (3-C, 7-C), 106.00 (5-C), 125.84
(CH@Mere), 128,71 (CH@“™), 12947 (CH““*"), 131.89 4-C, 6-C),
16265 (1-C, 2-C) ppm. *Na-NMR (400.1 MHz, THF-dy: &=
14.65 ppm. Anal. Calc. for C;;H;sN;Na-(C;Hg)y,, (239.20 g/mol): C
70.20, H 8.48, N 11.71; found: C 69.80, H 8.75, N 11.32. Compound 3
contains residual amounts of toluene (when the crude product is
washed with toluene) or THF (when the crude product is washed
only with pentane). The amount of residual solvent in the isolated
compound has to be checked individually for every batch. Values
typically ranged from n=0.14 to n=0.23 molecules of toluene/THF
per formula unit.

[Na(12c4),])[Na(ATI”"™),] (5). To a solution of [Na(ATI""™)(thf)]
(200 mg, 0.64 mmol) in THF (4 mL) was added the crown ether
12c4 (114 mg, 0.64 mmol). After 1.5h, an orange solid was
precipitated by addition of pentane (6 mL), isolated by filtration,
washed with pentane (3x2mLl), and dried in vacuo. The raw
product was recrystallized from THF/pentane at —30°C. Yield:
84 mg, 0.14 mmol, 45%.

'"H-NMR (400 MHz, THF-dy): 6=1.10 (d, 12H, *J,,=6.2 Hz, CHMe,),
3.55 (5, 32H, (OC,H.).), 3.71 (sept, 2H, *J,,=6.2 Hz, CHMe,), 5.36 (t,
2H, Yy,=8.8 Hz, 5-H), 5.86 (d, 2H, ", =11.1 Hz, 3-H), 5.99 (d, 2H,
*Jyw=11.6 Hz, 7-H), 6.12-6.17 (m, 2H, 4-H), 6.33-6.38 (m, 2H, 6-H),
6.68 (t, 2H, *Jy;;=7.3 Hz, p-Ph), 6.75 (d, 4H, *J,=7.7 Hz, 0-Ph), 7.08-
711 (m, 4H, m-Ph) ppm. PC-NMR (101 MHz, THF-dy): &=24.42
(CHMe,), 49.33 (CHMe,), 68.30 ((OC;H.),), 108.19 (5-C), 109.03 (7-C),
109.58 (3-C), 119.97 (p-Ph), 123.52 (0-Ph), 129.35 (m-Ph), 131.81 (6-
C), 132.24 (4-C), 157.88 (ipso-Ph), 161.68 (1-C), 163.49 (2-C) ppm. No
signal was detected by *Na NMR spectroscopy. Anal. Calc. for
CygHgN.Na, O (873.05 g/mol): C 66.04, H 7.62, N 6.42; found: C
65.84, H 7.62, N 6.30.

[Na(12c4),][Na(ATI""™),]) (6). The crown ether 12c4 (144 mg,
0.82 mmol) was added to a solution of 5 (200 mg, 0.81 mmol) in
THF (4 mL). After 45 min, pentane (6 mL) was added to the reaction
mixture to give a yellow precipitate, which was isolated by
filtration, washed with pentane (32 mL) and dried in vacuo. Yield:
264 mg, 0.33 mmol, 81%.

'H NMR (400 MHz, THF-d;): $=1.12 (d, 24H, *J,,,=6.2 Hz, CHMe,),
3.58 (s, 32H, (OC,H.), overlapping with solvent signal), 3.67 (sept,
4H, *Jyy=6.2 Hz, CHMe,), 5.18 (t, 2H, *Jyy = 8.6 Hz, 5-H), 5.70 (d, 4H,
Juw=1.5Hz, 3,7-H), 6.26 (dd, *}, =86 Hz, "Jy=11.5 Hz, 4,6-H)
ppm. *C NMR (101 MHz, THF-dy): & =25.09 (CHMe,), 49.78 (CHMe,),
67.35 ((OC,H,),, overlapping with solvent signal), 105.02 (5-C),
10549 (3,7-C), 131.89 (4,6-C), 16294 (1,2-C) ppm. “Na NMR
(106 MHz, THF-dg): 6=-3.62 (br s) ppm. Anal. Calc. for
CoHoN.Na, O, (805.02 g/mol): C, 62.66; H, 8.76; N, 6,96; found: C,
62.58; H, 8.84; N, 7.12.
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[K(thf),)[Na(ATI"™™),] (7). A solution of [Na(ATI"™)(thf)] (50.0 mg,
0.17 mmol) in THF (25mL) was added to [K(ATI"™™)] (50 mg,
0.17 mmol). The reaction mixture was layered with pentane
(1.0mL) and cooled to —30°C. After 24 h, a red-brown solid had
precipitated, which was isolated by filtration, washed with pentane
(3% 1.5 mL) and dried in vacuo. Yield: 82 mg, 0.13 mmol, 76 %.

'H-NMR (400 MHz, THF-d,): 6=1.15 (d, 12H, *J,,,=6.2 Hz, CHMe,),
1.75-1.78 (m, nx4H, B-THF), 3.59-3.63 (m, nx4H, o-THF), 3.78
(sept, 2H, *J,,,=6.2 Hz, CH,,), 5.34 (t, 2H, *J,,,=—8.8 Hz, 5-C), 5.77 (d,
2H, “Jyy=11.1Hz, 3-H), 5.96 (d, 2H, *J,,,=11.6 Hz, 7-H), 6.14 (ddd,
2H, )y =88Hz, Yy =11.1Hz, Yyy=14Hz, 4-H), 635 (ddd, 2H,
J=88Hz, Yy =116 Hz, Jyy=1.4 Hz, 6-H), 6.68-6.73 (m, 6H, o-
Ph, p-Ph), 7.10-7.13 (m, 4H, m-Ph) ppm. *C-NMR (101 MHz, THF-d,):
&=24.34 (CHMe,), 26.38 (B-THF), 49.38 (CHMe,), 68.21 (a-THF),
108.03 (5-C), 108.76 (7-C), 109.42 (3-C), 119.81 (p-Ph), 123.19 (o-Ph),
129.50 (m-Ph), 131.87 (6-C), 132.32 (4-C), 158.21 (ipso-Ph), 161.98 (1-
(), 163.43 (2-C) ppm. The exact amount of THF in the isolated
compound has to be checked individually for every batch. Values
are typically around n=1.5 molecules of THF per formula unit.
Anal. Calc. for Cy,HyNKN - (CH;0),5 (644.90 g/mol): C, 70.77; H,
7.19; N, 8.69; found: C, 70.98; H, 7.58; N, 8.35.

[K{thf),]INa(ATI*"™),] (8). A solution of [Na(ATI™™)] (50.6 mg,
0.21 mmol) in THF (2.5mL) was added to [K(ATI™™™)] (50 mg,
0.21 mmol). The reaction mixture was layered with pentane
(25mL) and cooled to —30°C. After 24 h, an orange solid had
precipitated, which was isolated by filtration, washed with pentane
(2x2 mL) and dried in vacuo. Yield: 91 mg, 0.15 mmol, 71 %.

'H-NMR (400 MHz, THF-d): 6 =1.09 (d, 24H, *J,,,=6.2 Hz, CHMe,),
1.75-1.78 (m, nx4H, B-THF), 3.59-3.62 (m, nx4H, o-THF), 3.68
(sept, 4H, *J,,=6.2 Hz, CHMe,), 5.15 (t, 2H, *J,,=8.8 Hz, 5-H), 5.63
(d, 4H, *J4,=11.4 Hz, 3-H, 7-H), 6.24 (dd, 4H, *},,=8.8 Hz, =
11.4 Hz, 4-H, 6-H) ppm. 'H-NMR (400.1 MHz, —40°C, THF-dy): 6=
111 (d, 24H, *Jy,=6.2 Hz, CHMe,), 1.77-1.80 (m, nx4H, p-THF),
3.61-3.63 (m, nx4H, a-THF), 3.63 (sept, 4H, *J,,=6.2 Hz, CHMe,),
5.5 (t, 2H, *4,,=9.1 Hz, 5-H), 5.63 (br d, 4H, *J,,=109 Hz, 3-H, 7-
H), 6.23 (dd, 4H, *J,,= 9.1 Hz, *J,,=10.9 Hz, 4-H, 6-H) ppm. *C-NMR
(101 MHz, THF-d;): & =24.69 (CHMe,), 26.37 ([3-THF), 49.56 (CHMe,),
68.21 (a-THF), 104.64 (5-C), 104.86 (3-C, 7-C), 131.75 (4-C, 6-C),
162.81 (1-C, 2-C) ppm. The exact amount of THF in the isolated
compound has to be checked individually for every batch. Values
are typically between n=1 and n=2 molecules of THF per formula
unit. Anal. Calc. for C,gH;sNKNa - (C,Hz0), (612.38 g/mol): C, 66.63;
H, 8.88; N, 9.14; found: C, 66.57; H, 8.75; N, 9.29.

Reactions of initiators of type 1-8 with 5-7 equiv. of &CL.
Method A: To a solution of a given initiator (typically 5 pmol) in
THF-d; (0.5 mL) was added e-CL (5 equiv. per ATl ligand; stock
solution in THF). Method B: A solution of &-CL (23.5 mg, 206 pmol
per ATI ligand of initiator) in THF (0.17 mL) was cooled to —30°C
while stirring. A solution of a given initiator (31 umol) in 1.5 mL THF
was added via a syringe. All volatiles were removed under reduced
pressure and the resulting residue was analyzed by NMR spectro-
scopy using THF-d; as a solvent. Formation of protonated ligands
(H-ATI) and the corresponding amount of deprotonated e-CL
species was detected by 'H NMR spectroscopy in all cases.

General procedure for polymerization experiments. A solution of
£-CL (235 mg, 2.06 mmol) in THF (17.5 mL) was cooled to —30°C
while stirring. A THF solution (200 pl) containing the desired
amount of the initiator was taken from a freshly prepared stock
solution of the desired initiator in THF and added to the THF
solution of £-CL via a syringe.

In order to monitor the reaction, small aliquots were removed at
given time intervals under inert gas atmosphere, quenched by
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addition of CDCl, containing traces of water, and analyzed by NMR
spectroscopy.

For isolation of the polymer sample, the reaction was stopped at a
given time by addition of an excess of wet pentane (typically
20 mL). The precipitated polymer was isolated by filtration, washed
with pentane (typically 3x5 mL) and dried in vacuo.
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ABSTRACT: A small series of alkali metal aminotroponiminates (ATIs), [M- pgq

Ph/Ph _ 3 3 R R/R' fine-tunes
(ATI™™")(thf),], have been synthesized and fully characterized (M = Li, Na, K). All N - coordination chemistry
of these compounds adopt coordination modes that differ from those reported for N’M - reactivity
derivatives with a slightly varied substitution pattern at the ATI ligand (one or two of R at C; ligand backbone

the N-bound Ph groups substituted by iPr groups). This leads to an unprecedented ATI

coordination mode for the potassium compound [K(ATI"®™)] and an unusual Li---Ph interaction for the lithium compound
[Li(ATT™"*®)]. The influence of the substitution pattern at the ATI ligand on the shape and energy of the frontier orbitals of its
sodium complexes has been rationalized by theoretical methods and correlated with experimental results. Analytical techniques
applied in this work include NMR spectroscopy, single crystal X-ray diffraction, and DFT calculations.

H INTRODUCTION Consequently, ATIs have found various applications in
The alkali metals Li, Na, and K show a multifaceted synthesns and catalysis. Examples include hydroamination
coordination chemistry. This is largely due to the relatively catalysxs, " propylene oxide,” and e-caprola.ctone polym.er—
high ionic character of their bonding interactions, which results ization,” and the stabilization of low-valent mau:ﬂgroup species
in a pronounced flexibility in terms of coordination numbers and heavy analogues of carbon compounds.” For hydro-
and geometries." In addition, these metals have only a moderate amination catalysis and é-caprolactone polymerization, a
preference for bonding interactions with either hard or soft significant impact of the ATI substxtutlon pattern on the
donor functionalities (e.g,, O- or N-based donors vs arenes).” catalyst activity has been reported.””
Consequently, the coordination chemistry of alkali metal By studying a set of alkali metal ATI complexes, new
complexes of monoanionic, ditopic ligands with hard and soft coordination modes of this ligand have been revealed.
binding sites can be challenging to predict. This is especially Specifically, it has been demonstrated that not only the N,N
true, when factors such as solvent, concentration, and binding pocket of the anionic ligand but also its cyclic C,
temperature dependency or the presence of additional backbone can play an active role in coordination chemistry
(multidentate) neutral ligands are taken into account.”*’ (Scheme 1, C).>*'"*'* On the basis of coordination mode C, the
Recently, we turned our attention toward the coordination first mixed-metal ATI complexes have recently been reported

chemistry of aminotroponiminates (ATIs, Scheme 1, A).” This (M = Na, M’ = K).” Differences in the ionic radius and the
well-established ligand scaffold is characterized by the rigidity of valence orbitals of the metal center can have a significant

its C- ligand backbone and its substantial chemical robustness.” impact on the coordination chemistry of ATI compounds.
Experimental results backed-up by DFT calculations on a single
Scheme 1. Coordination Modes of ATI Ligands” compound suggest that the ligand backbone can contribute to
™ R both, L-M bonding and M—L b;n:kbcmding.13 In these
N N, respects, the coordination chemistry of monoanionic ATIs
@r{m @ @"/Wﬂ parI;Hels that of the neutral H-ATI lig’and, which can bind to a
R R ruthenium atom via its C, backbone, as reported for the
N .u:-xJN 1 (M-N)YM=x5C) complex [Ru(CMe)(H-ATI™”™)][PE]."
A B < Here, we show that subtle differences in the nitrogen-bound
R substituents of ATI ligands can significantly affect the
@’LIM} L) R _m coordination chemistry and reactivity of alkali metal amino-
/ 1% L N .
N @ troponiminates. These effects are rationalized by correlation of
-] z ™1 results from DFT calculations with experimental observatiqns.
Along these lines, the investigation of compounds M(ATI™/™)
1o (M-ZN)(M-x3C) ps-(M-ENY M- NYM*x>C) (M = Li, Na, K) revealed two unprecedented coordination
° this work E modes of ATI ligands (Scheme 1, D,E).

“ATI ligands are monoanionic; charges of metal ions are not reflected & 5
in graphic representation.'* Received:  April 9, 2018
Published: May 31, 2018

<7 ACS Publications ~ © 2018 American Chemical Society 1781 DO 10.1021/acs.organomet 8500208
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B RESULTS AND DISCUSSION

The coordination chemistry of alkali metal ATIs M{ATIV®)
and their remarkable catalytic activity in the polymerization of
e-caprolactone have recently been reported (M = Li, Na, K, R/
R’ = iPr/iPr, Ph/iPr).”” In order to understand the influence of
the nitrogen-bound substituents of ATI ligands on their
coordination chemistry, we set out to synthesize, isolate, and
characterize compounds M(ATI™™) (M = Li, Na, K),
completing the above-mentioned series.””

In the original protocol for the synthesis of Li-ATIs, which
was first established for [Li(ATI™"")(thf),], nBuLi is used as a
base.'® When this procedure was applied for the synthesis of
[Li(ATT™™™)(thf),] (1-(thf),), however, nBuLi reacted not
only as a base but also as a nucleophile toward the desired
product (Scheme 2, top). In the resulting mixture of

Scheme 2. Top: Nucleophilic Attack of #nBuLi at the ATI
Ligand Backbone of ATI Ligand as a Side Reaction. Bottom:
Synthesis of Alkali Metal ATIs [M(ATI"™™™)(thf),] (M = Li,
Na, K, n = 0-2)"

Li(L)y (LaLi_ LifL)y
1 equiv. AN [P
nBuLi PRN NPh  PRN NPh
H
PhN fNPh 14(Et,0); L =E;0 4
major (77%) minor (23%)
LiHMDS
or
H-ATIPYPP | NaHMDS M{thf),

or

KH PhN NPh M=Li, n=2 1-{thf)y

M=Na,n=1: 2-thf
M=K, n=0:3

THF. rt

“HMDS = hexamethyldisilazide.

compounds, the desired complex 1-(Et,0), and the product
of the nudleophilic attack, [Li,(1-nBu-ATI™™)(Et,0),] (4),
were obtained in a 77:23 ratio. Compound 4 was identified by
one- and two-dimensional NMR spectroscopic experiments.
‘Whereas aromatic substitution reactions at the ATI ligand
backbone as well as migration of H atoms and the electrophilic
addition of (CPh;)" to the ATI ligand backbone have been
7d,8,16b,17=19

reported, a nucleophilic addition as a side reaction
is unprecedented and adds a new facet to the chemistry of ATI
ligands. Remarkably, a reaction of the iPr/Ph-substituted ligand
H-ATI™" with nBuLi under identical reaction conditions
cleanlar generated the literature-known compound [Li-
(ATT™™®7)(L),].>" This observation gives initial evidence for
the influence of the substitution pattern in ATI compounds on
the energy of their frontier orbitals (vide infra) and thus on
their reactivity. The use of the less nucleophilic base
LiN(SiMe;), or LiCH,SiMe; instead of nBulLi allowed for the
selective synthesis of 1-(thf), (Scheme 2, bottom).m
Compounds [Na(ATI™™)(thf)] (2-thf) and [K(ATI™™)]
(3) could be synthesmed analogously to published procedures
(Scheme 2).5%*!

In order to obtain solubilities sufficient for solution NMR.
spectroscopic analysis, compounds of type 1—3 require the
presence of stoichiometric (for 1-(thf),) or super-stoichio-
metric (2-thf, 3) amounts of monodentate neutral donor
ligands such as THE. 'H and *C NMR spectra of these ATI
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complexes revealed signal patterns in agreement with an
apparent C,, symmetry in solution. This indicates electron
delocalization between the formal amide and imine function-
alities of the ATI ligands.

In the solid state, the literature-known lithium compounds
[Li(ATI™ ) (thf) (OPPh,)] and [Li(ATT™ ") (thf),] bear two
neutral donor ligands and show the expected tetrahedral
coordination geometry with a #’N coordination mode of the
ATI ligand (cf, Scheme 1, A)>*'® The thf ligands of
[Li(ATI™™)(thf),] (1-(thf),) could not be removed under
reduced pressure. However, crystallization of 1-(thf), from
benzene/}?entane solutions yielded donor ligand-free crystals of
[Li(ATT™™)] (1).** Single crystal X-ray analysis revealed an
asymmetric unit containing two formula units of 1 (Figure 1).

Figure 1. (a) Cut-out of the solid state structure of the coordination
polymer [Li(ATI™™™)]_ (1),,. Displacement ellipsoids are shown at
the 50% probability level. Hydrogen atoms and lattice-bound benzene
molecules are omitted for clarity. Atoms exceeding one asymmetric
unit are shown as white ellipsoids. (b) Representation showing the
arrangement of (1), as a one-dimensional coordination polymer in
the solid state. Selected bond lengths (A) and angles (deg): Lil-N1,
1.944(6); Lil—N2, 1.956(6); Lil—N3, 2.103(5); Lil—N4, 2.117(6);
Li2—N3, 2.035(6); Li2—N4, 2.015(6); Li2—C14', 2.810(6); Li2—
C1s/, 2884(6) Li2—C16', 2.746(6); Li2—C17/, 2503(6), Li2—C18',
2366(6), Li2—C19', 2.511(6); N1-Cl, 1.322(4); N2—C2, 1.340(4);
N1-Lil—-N2, 82.5(2); N1-Lil-N3, 122.0(3); N1-Lil-N4,
127.2(3); N2—Lil—N3, 128.5(3); N2—Lil—N4, 130.3(3); N3—Lil—
N4, 73.4(2); N3—Li2—ct, 139.68(3); Nd4—Li2—ct, 128.08(3); (X(N/
(et)—Li2—N/(ct)), 358.9.

One ATTI ligand adopts a bridging y1,-%*N coordination mode;
the second shows a new ji,-(M-«*N)(M-x*C) coordination, in
which a phenyl substituent rather than the ATI ligand backbone
realizes a Li—arene interaction (D, Scheme 1). As expected, the
Li—=N bonds involving bridging N atoms (Lil/2—N3/4,
2.015(6)=2.117(6) A) are longer than Li—N bonds with
terminal N atoms (Lil—-N1/2, 1.944(6)—1.956(6) A). The
Li2—C(17'~19’) distances of 2.37—2.51 A are in the range of
those reported for the other few cases of Li—arene®™
interactions.” Overall, the brid §;ng coordination modes of
the ATI ligands in [Li( (ATI?Y lead to a coordination
polymer with a two-fold screw-axis 2, along the crystallographic
b-axis. Thus, intermolecular Li—Ph interactions can compete

DO 10.1021/acs.organomet. 8b00208
Organometallics 2018, 37, 1781-1787
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with Li—thf interactions in the solid state and in dilute solutions
of [Li(ATT™"™)(thf),] (1-(thf),) in nonpolar solvents.

The sodium complex [Na(ATI"™™™)(thf)] (2-thf) crystal-
lized from a concentrated solution in Et,O upon cooling to
—30 °C as a bis-Et,0-adduct, 2-(Et,0), (Figure 2; triclinic

Figure 2. Molecular structure of [Na(ATI™™)(Et,0),] (2-(Et,0),)
in the solid state. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg): Nal—N1, 2.3606(18); Nal—-N2,
2.3682(19); Nal-Ol, 2.3441(18); Nal—-02, 2.3547(16); N1—Cl,
1.318(3); N2—C2, 1.326(3); N1-Nal-N2, 66.30(6); N1-Na—Ol,
105.28(6); N1-Nal—02, 125.10(7); N2—Nal-01, 134.80(7); N2—
Nal—02, 108.07(6); O1-Na—02, 111.66(6).

space group PI, Z = 4). The ATI ligand adopts the ©’N
bonding mode, which is commonly observed for this ligand
family (cf,, Scheme 1, A). That is, compound 2-(Et,0), forms a
typical molecular structure without any directed intermolecular
bonding interactions in the solid state. This is in contrast to the
coordination chemistry of recently reported sodium ATIs
[Na(ATI""™)(thf)] and [Na(ATI"™"")(thf)], in which the
ATI ligands show bridging coordination modes of type C
(Scheme 1), resulting in the formation of one-dimensional
coordination polymers in the solid state.”™ The sodium atom
is found in a distorted tetrahedral coordination geometry (O/
N—Na—O/N, 66—135°), which is due to the small bite angle of
the ATI ligand (N1—-Na—N2, 66°). The Nal—N1/2 distances
of 2.36—2.37 A are similar to those found in [Na(ATI™/*r)-
(thf)] and [Na(ATI™*)(thf)] (2.36 A).*” Due to the weaker
donor properties of Et,O compared to thf, the Na—O bond
lengths in 2-(Et,0), (2.34—2.35 A) are at the upper limit of
those in [Na(ATI"""7)(thf)] and [Na(ATI™")(thf)] (2.30—
2.34 A)>¥

Whereas the thf ligands of potassium compounds [K-
(ATT**)] and [K(ATI™™)] could only be removed under
reduced pressure,””’ compound 3 crystallized from THF/Et,O
without any neutral donor ligands and was analyzed by single
crystal X-ray diffraction (Figure 3, orthorhombic space group
Cmc2, with Z = 4). The potassium ion is coordinated by four
nitrogen atoms of two different ATI ligands and by the C,-
backbone of a third ATT ligand. This leads to a distorted square
pyramidal coordination geometry around K1 with the arene
unit in the apical position (ct—K—N, 114—122°; cis-(N—K—N),
53-98°). The nitrogen atoms of the ATI ligand occupy
bridging positions between two potassium ions, as reported for
compound [K(ATI™™)(thf)],* whereas the ATI ligand
backbone adopts a terminal coordination mode as observed
in [K(ATT®"*)(thf)].®° The K1-N and K1-C(2—4) and
distances in 3 (K—N, 2.81-2.89 A; K—C, 3.12—3.42 A) are

1783

Figure 3. (a) Cut-out of solid state structure of coordination polymer
[K(ATT™™)], (3). Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity; ct represents
the centroid of C(2—4). Atoms exceeding one asymmetric unit are
shown as white ellipsoids. (b) Representation showing the arrange-
ment of (3),, as a one-dimensional coordination polymer in the solid
state. Selected bond lengths (A) and angles (deg): KI-N1, 2.809(2);
KI-N1"", 2.890(2); Kl—ct, 2.920(4); K1''=C2, 3.421(3); K1"'—C3,
3202(3); K1"—C4, 3.123(4); N1-Cl, 1.321(4); NI-KI-NI’,
54.53(9); N1—-Kl—ct, 122.10; NI—-KI1-N1""", 98.17(7); N1—-KI—
N1, 12337(6); N1-K1'"'=N1’, 52.88(9); N1—K1""'=NI’,
114.44.

similar to those in [K(ATI™"")(thf)] (K—N, 2.79—2.92 A)
and [K(ATI"™)(thf)] (K—C, 3.16—3.53 A), respectively.”
Every ATI ligand in 3 interacts with a total of three different
potassium centers (two via K—N and one via K—C bonding);
ie, an unprecedented y3-(M-K*N)(M'-<*N)(M'"-c°C) coordi-
nation mode is realized (Scheme 2, E). This results in a one-
dimensional coordination polymer of compound 3 in the solid
state with a two-fold screw axis 2, along the crystallographic c-
axis (Figure 3b).

In order to rationalize and quantify the influence of nitrogen-
bound substituents in ATI ligands on the coordination
chemistry and reactivity of the corresponding metal complexes,
a range of model compounds were investigated by DFT
calculations. A frontier orbital analysis of model compounds

[Na(ATIV®)(thf),] (5-R/R’) confirmed that, for all com-
plexes, the HOMO and the LUMO show considerable
contributions by p. type orbitals of the carbon atoms in the
C, ligand backbone (Figure 4 (top) and the Supporting
Information; R/R" = tBu/tBu, iPr/iPr, Ph/iPr, Ph/Ph, CF;/
CF,, SiMe,/SiMe;, NMe,/NMe,).™ The frontier orbital
energies are significantly influenced by the substitution pattern
at the nitrogen atoms: the exchange of electron donating
substituents (such as tBu or iPr) for electron withdrawing
substituents (such as Ph or CF;) successively lowers the
HOMO and LUMO energies. In this series of compounds, the
HOMO/LUMO energies vary from —3.94 eV/—0.37 eV for R
=R’ =tBu to —5.27 eV/—1.46 eV for R = R’ = CF;, covering a
range of 1.33 and 1.09 eV, respectively. Since the effect of the
nitrogen-bound substituents on the HOMO and LUMO
energies is qualitatively the same and quantitatively similar,

DOI: 10.1021/acs.organomet.8b00208
Organometallics 2018, 37, 17811787
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Figure 4. Top: HOMO and LUMO of model compounds
[Na(ATIV®)(thf),] (5-R/R’) shown for R = R’ = iPr at an isovalue
of 0.04. Bottom: HOMO and LUMO energies of model compounds
[Na(ATIV®)(thf),] (5-R/R’) (R/R’ = tBu/Bu, iPr/iPr, Ph/iPr, Ph/
Ph, CF;/CF,) as determined by DFT calculations. All HOMOs and
LUMOs show considerable contributions from p_ type orbitals of the
carbon atoms in the C; ligand backbone (Supporting Information).

the HOMO/LUMO gaps show little variation (AE(HOMO/
LUMO) = 348-3.82 eV).

The sum of the Hammett parameters of the nitrogen-bound
substituents in model compounds [Na(ATI*®)(thf),] (6(R) +
o(R")) was plotted against their HOMO and LUMO energies
(Figure S and the Supporting Information). In both cases, a

(=]

v %o
-1 5 e .
R2=0.94 o
-2
* LUMO energies
2
w 4 HOMO energies
44 a4 -
5 R2=10.95
-
6 Ay
-0.4 0.1 0.6

sum of Hammett parameters, o(R) + o(R’)

Figure 5. Correlation of the sum of the Hammett parameters of
substituents R and R’ in model compounds [Na(ATI*)(thf),]
(6(R) + o6(R’)) with their HOMO and LUMO energies.

linear correlation is obtained, which thus allows easy estimation
of the frontier orbital energies for unknown ATI complexes
based on tabulated Hammett parameters (Supporting In-
formation).

In order to correlate the differences in frontier orbital
energies of ATI complexes with their ability to interact with
Lewis acidic complex fragments via their C; ligand backbone,

model compounds [Na(diglyme)Na(ATIR/R’)(thf)z]' (6-R/
R’) were investigated by DFT calculations (Table 1; diglyme
= MeO(C,H,)O(C,H,;)OMe). For all compounds 6-R/R’ with
hydrocarbon-based substituents R/R’, the general structure
shown in Table 1 corresponds to a minimum on the potential
energy surface. In contrast, all attempts to locate a minimum
structure of this type for 6-CF;/CF; failed, since geometry
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optimizations for this compound converged to an isomer 7-
CF;/CF; with the ATI ligand in a type B coordination mode
(cf, Scheme 1; for details, see the Supporting Information).
This is a first indication for the relatively poor electron
donating properties of the C; ligand backbone of this species.
For comparison with the other compounds of the series 6-R/
R’, a single-point calculation was performed for 6-CF;/CF;, in
which all coordinates except for those of the CF; groups were
taken from the optimized structure of 6-Ph/Ph.

A natural bond orbital (NBO) analysis of 6-R/R’ was
performed in order to evaluate the bonding interactions
between the sodium atom in [Na(diglyme)]* and the complex

fragment [Na(ATI*®)(thf),]. The deletion energies™ of C—
Na bonding were determined; i.e., dative bonding from natural
bond orbitals involving carbon atoms of the C, ATI ligand
backbone to sodium-centered natural bond orbitals were
analyzed (Table 1). These deletion energies range from 30.5
to 44.9 kJ-mol™" and follow the trend that is suggested by the
HOMO energies of compounds $-R/R’. In agreement with
these analyses, free reaction enthalpies associated with the
adduct formation leading to compounds 6-R/R’ follow the
same trend (Table 1).*

These theoretical investigations help to rationalize exper-
imental observations concerning the coordination chemistry
and reactivity of ATI compounds. Sodium complexes of
(ATIV™)~ ligands (R = iPr, Ph) form coordination polymers
in the solid state,”™” whereas [Na(ATI™™*")(thf)] (2-thf), with
its energetically lower-lying HOMO, forms a molecular
structure in the solid state (vide supra). In reactions with
nBuLi, (H-ATI™”™) is cleanly metalated,'® whereas (H-
ATI™™), with its energetically lower-lying LUMO, is also
susceptible to a nucleophilic attack at the ATI ligand backbone
(vide supra).

B CONCLUSIONS

The alkali metal aminotroponiminates (ATIs) [M(ATI™™)-
(L),] (M = Li, Na, K) have been synthesized and fully
characterized. In the solid state, the lithium compound shows
an unusual Li--Ph interaction. The potassium compound
reveals a p3-(M-k*N)(M'-K*N)(M''-c*C) coordination mode, in
which one ATT ligand interacts with three different metal
atoms, which is unprecedented in ATI chemistry. The sodium
compound shows a commonly observed ¥*N coordination
mode. This is in contrast with literature-known sodium ATIs
[Na(ATI™/*)(thf)] and [Na(ATI™™®)(thf)], for which
interactions between the sodium atom and the r-electron
cloud of the ATI ligand backbone are observed. These
differences have been rationalized on the basis of DFT
calculations, which reveal a significant influence of the
nitrogen-bound substituents of ATT ligands on their HOMO/
LUMO energies and on their ability to efficiently bind to a
Lewis acid via their ligand backbone. Specifically, electron
donating substituents at nitrogen increase the energy of the
HOMO and the LUMO, both of which are in large parts made
up by p-type atomic orbitals of the carbon atoms in the ligand
backbone. Electron withdrawing substituents at nitrogen
decrease the HOMO/LUMO energies. Thus, the ability of
the C, ligand backbone to act as an electron donating (L—M)
or electron accepting (M—L) ligand can be tuned by choice of
the nitrogen-bound substituents. A correlation of Hammett
parameters with HOMO/LUMO energies has been established
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Table 1. Deletion Energies for C—Na Interactions in Model Compounds 6-R/R’ and Reaction Enthalpy Associated with

Formation of 6-R/R’

o _| + D\/j) j +
R —Na— Na PN R
Nt PO P' N T
(g x Na, ,Na,'_
N Tt N e
R R
5-RIR' 6-R/IR"
R/R'

tBu/tBu iPr/iPr iPr/Ph Ph/Ph CF,/CF,4
Na—C deletion energy [kJ-mol™']" +44.9 +41.3 +39.8 +36.2 +30.5"
AG [i-mol™] —145 —135 —128 -120 +26.3"

“Deletion energies of dative bonding from natural bond orbitals involving carbon atoms of the C; ATT ligand backbone to sodium-centered natural
bond orbitals in model compounds 6-R/R’. “Value based on single-point calculation (see text). “Also see ref 26.

and should help to predict the characteristics (and potential
reactivity) of yet unknown ATI ligands and complexes.

B EXPERIMENTAL SECTION

General Considerations. All air- and moisture-sensitive manip-
ulations were carried out using standard vacuum line Schlenk
techniques or in inert atmosphere gloveboxes containing an
atmosphere of purified argon. Solvents were degassed and purified
according to standard laboratory procedures. NMR spectra were
recorded on Bruker instruments operating at 400 or 500 MHz with
respect to 'H. 'H and *C NMR chemical shifts are reported relative to
SiMe, using the residual "H and "*C chemical shifts of the solvent as a
secondary standard, "Li and ®Na NMR chemical shifts are reported
relative to 1 M LiCl in D,0 and 1 M NaCl in D,0, respectively. NMR
spectroscopic experiments were performed at ambient temperature
(typically 25 °C). In the NMR spectroscopic characterization of ATI
compounds, the CN™ carbon atom is referred to as 1-C. Elemental
analyses were performed on a Leco or a Carlo Erba instrument. Single
crystals suitable for X-ray diffraction were coated with perfluorinated
polyether oil in a glovebox, transferred to a nylon loop, and then
transferred to the goniometer of a diffractometer equipped with a
molybdenum X-ray tube (4 = 0.71073 A). The structures were solved
using direct methods (SHELXS) completed by Fourier synthesis and
refined by full-matrix least-squares procedures. CCDC 1822675—
1822677 contain the crystallographic information for this work.

DFT Calculations. DFT calculations were performed with the
Gaussian program” using the 6-31G(d,p)* (H, C, N, O) or the 6-
311G(d,p) (Na) basis set’” and the B3LYP functional.”® A solvent
model (smd, solvent = thf) was used for the frontier orbital analyses of

[Na(ATIVV)(thf),].*" The D3 version of Grimme’s dispersion model
with the original D3 damping function was applied. Frequency
analyses of the reported structures showed no imaginary frequencies
for ground states. Thermodynamic parameters were calculated at a
temperature of 298.15 K and a pressure of 1.00 atm.

[LI(ATFR)(thf);] (1-(thf)y). LIN(SiMe;), (61.4 mg, 367 gmol) was
added to a solution of N-phenyl-2-(phenylamino)troponimine (100
mg, 367 pmol) in THF (3 mL). After 30 min, all volatiles were
removed from the reaction mixture under reduced pressure. The
resulting orange solid was washed with pentane (3 X 3 mL) and dried
in vacuo. The crude product was recrystallized at room temperature
from toluene/pentane (3:1) by solvent diffusion, isolated by filtration
and dried in vacuo. Yield: 100 mg, 247 pmol, 67%.

Single crystals of 1 were obtained by layering a solution of 1-(thf),
(10 mg, 25 pmol) in benzene (3 mL) with pentane (1 mL). After 2
days, a crystalline material had formed, which was isolated by filtration.

'H NMR (500 MHz, CDy): 6 = 1.16—1.19 (m, n X 4H, f-THF),
3.30-3.32 (m, n X 4H, @-THF), 6.15 (t, 1H, ¥,y = 9.0 Hz, 5-H), 6.74
(t, 2H, ¥,yy; = 9.0 Hz, 4-H, 6-H), 6.97—7.01 (m, 4H, 3-H, 7-H, p-Ph),
712 (d, 4H, ¥y, = 7.7 Hz, 0-Ph), 7.32 (t, 4H, *[,y; = 7.7 Hz, m-Ph)
ppm. *C NMR (126 MHz, C;D): 6 = 25.40 (s, f-THF), 68.15 (5, o
THF), 114.36 (s, 3-C, 7-C), 115.39 (br. 5, 5-C), 121.97 (br. 5, 0-Ph),
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12347 (s, m-Ph), 129.71 (s, p-Ph), 133.67 (s, 4-C, 6-C), 154.80 (br. 5,
ipso-Ph), 163.71 (br. s, 1-C, 2-C) ppm. 'Li NMR (194 MHz, C,D,): &
= 1.78 (s) ppm. Anal. Cale. for CjgH LN, (CyHO), 75 (404.46 g/
mol): C 77.21, H 7.23, N 6.93; found: C 77.37, H 7.39, N 7.19. The
amount of THF in the isolated complex is n = 1.75 molecules per
formula unit.

[Na(ATP*0)(thf)] (2-thf). NaN(SiMe,), (67.3 mg, 367 jimol) was
added to a solution of N-phenyl-2-(phenylamino Jtroponimine (100
mg, 367 wmol) in THF (2 mL). After 30 min, all volatiles were
removed from the reaction mixture under reduced pressure. The
resulting orange solid was washed with pentane (3 X 2 mL) and dried
in vacuo. Yield: 68.0 mg, 196 umol, 53%.

Single crystals of 2-(Et,0), were obtained by cooling a selution of
2-thf (20 mg, 58 pmol) in EL,O (1 mL) to =30 °C. After 2 days, a
crystalline material had formed, which was isolated by filtration.

'H NMR (400 MHz, THF-dy): 6 = 1.76—1.79 (m, n X 4H, A-THF),
3.60-3.63 (m, n X 4H, a-THF), 5.52 (t, 1H, ¥;;; = 8.8 Hz, 5-H), 6.10
(d, 2H, ¥y = 10.8 Hz, 3-H, 7-H), 6.31 (dd, 2H, ¥,y = 8.8 Hz, *Jyyy =
11.7 Hz, 4-H, 6-H), 6.78—6.83 (m, 6H, o-Ph, p-Ph), 7.17-7.22 (m,
4H, m-Ph) ppm, C NMR (101 MHz, THE-dg): & = 26,55 (s, f-
THF), 68.39 (s, a-THF), 11059 (br. 5, 5-C), 112.84 (s, 3-C, 7-C),
120.52 (s, p-Ph), 12321 (5, 0-Ph), 129.42 (s, m-Ph), 132.20 (s, 4-C, 6-
C), 157.80 (s, ipso-Ph), 162.89 (s, 1-C, 2-C} ppm. “Na-NMR (132
MHz, THF-dg): 6 = 3.69 ppm. Anal. Calc. for (%) CgH N,Na-
(C4H,0)g5 (344.80 g/mol): C 75.94, H 6.02, N 8.12; found: C 75.72,
H 5.89, N 8.22. The amount of THF in the isolated compound has to
be checked individually for every batch. Values typically ranged from n
= 0.4 to n = 0.7 molecules of THF per formula unit.

[K(ATI®M)] (3). A solution of N-phenyl-2-(phenylamino)-
troponimine (150 mg, 551 gmol) in THE (3 mL) was added slowly
to a suspension of KH (44.2 mg, 1.10 mmol) in THF at —78 °C. The
mixture was warmed to room temperature, stirred for 4 h, and then
filtered. All volatiles were removed from the filtrate under reduced
pressure. The resulting orange solid was washed with pentane (2 X 4
mL) and dried in vacuo. Yield: 123 mg, 370 gmol, 67%.

Single crystals of 3 were obtained by layering a solution of 3 (10
mg, 30 pmol) in THF (1 mL) with Et,O (1 mL). After 3 days, a
crystalline material had formed, which was isolated by filtration.

'H NMR (400 MHz, THF-d): § = 1.77 (m, n X 4H, f-THF), 3.61
(m, n X 4H, a-THF), 5.45 (t, 1H, Y[y = 8.7 Hz, 5-H), 6.02 (d, 2H,
3 = 114 Hz, 3-H, 7-H), 623 (m, 2H, 4-H, 6-H), 6.74—6.78 (m, 6H,
o-Ph, p-Ph), 7.16—7.20 (m, 4H, m-Ph) ppm. *C NMR (101 MHz,
THF-dy): 6 = 26,55 (s, J-THEF), 68.39 (s, a-THF), 109.85 (s, 5-C),
112,01 (s, 3-C, 7-C), 119.93 (s, p-Ph), 12249 (s, 0-Ph), 129.52 (s, m-
Ph), 132.16 (s, 4-C, 6-C), 157.72 (s, ipso-Ph), 162.65 (s, 1-C, 2-C)
ppm. Anal. Cale. for CgH KN, (C,Hg0)g (332,07 g/mol): C 73.06,
H 5.28, N 8.44; found: C 72.73, H 5.15, N 8.73. Residual amounts of
THF could not be removed from the isolated compound under
reduced pressure. The amount of THF in the isolated compound has
to be checked individually for every batch. Values typically ranged
from # = 0.1 to # = 0.3 molecules of THF per formula unit.
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Reaction of H-ATI™™ with nBuLi. The following procedure
describes a representative experiment: A solution of nBuLi in hexanes
(1.6 M, 360 L) was slowly added to a solution of H-ATI™™ (150
mg, 0.55 mmol) in Et,O (3.0 mL) at 0 °C. The reaction mixture was
warmed to ambient temperature over a period of 2.5 h, after which all
volatiles were removed under reduced pressure. The solid residue was
washed with pentane (3 X 3.0 mL) to give an orange solid, which was
dried in vacuo. Yield: 51 mg.

'H NMR (400 MHz, C,Dg): § = 0.85 (t, 3H, *Jyyy = 7.4 Hz, &-
CH,), 1.21-1.30 (m, 2H, y-CH,), 1.43—1.53 (m, 2H, §-CH,), 2.66 (t,
2H, i = 7.4 Hz, a-CH,), 5.76 (dd, 1H, *Jipy = 7.5 He, Yy = 12.0
Hz, 4-H), 5.86—5.91 (m, 1H, 5-H), $.99—6.03 (m, 1H, 6-H), 6.22 (d,
2H, g = 10.0 Hz, 7-H), 625 (d, *yy = 12.0 He, 3-H), 6.65—6.70
(m, o-Ph, overlapping with signal due to [Li(ATI"™"™)]), 6.87—6.91
(m, 2H, p-Ph, overlapping with signal due to [Li(ATI"™™™)]), 7.01—
7.11 (m, 4H, m-Ph) ppm. Resonances due to 1-(Et,0), and Et,O are
not listed. *C NMR (101 MHz, C;Dy): & = 14.18 (s, 6-C), 22.83 (s, 7-
C), 30.77 (s, f-C), 3641 (s, @-C), 121.06 (s, 0-Ph), 124.65 (s, p-Ph),
129.40 (s, 3-C), 130.20 (s, m-Ph), 13048 (s, 5-C), 131.59 (s, 7-C),
132,52 (s, 4-C), 132.66 (s, 6-C), 149.57 (s, ipso-Ph), 165 (s, 2-C,
detected only in 'H"*C-HMBC experiment) ppm. A resonance of the
quarternary carbon atom C-1 could not be detected. Resonances due
to 1-(Et,0),, and Et,O are not listed. "Li NMR (194 MHz, C,D,): & =
2.08-3.35 (two broad, overlapping resonances) ppm.

Reaction of H-ATI"™™" with LiCH,SiMe;. LiCH,SiMe; (3.5 mg,
37 pmol) was added to a solution of H-ATI™™ (5 mg, 18 ymol) in
THF-dg (0.5 mL). NMR spectroscopic analysis revealed the formation
of a 1:1 mixture of [Li(ATI™"™)(thf),] and LiCH,SiMe,. No changes
were observed in the 'H NMR spectrum after heating this reaction
mixture to 60 °C for 24 h.

Reaction of H-ATIP"™ with nBuLi. The following procedure
describes a representative experiment: A solution of nBuLi in hexanes
(1.6 M, 1.11 mL) was slowly added to a solution of H-ATI"™™ (400
mg, 1.68 mmol) in Et,0 (10 mL) at 0 °C. The reaction mixture was
warmed to ambient temperature over a period of 2.5 h, after which all
volatiles were removed under reduced pressure. The solid residue was
washed with pentane (3 X 5.0 mL) to give an orange solid, which was
dried in vacuo. Yield: 240 mg, 0.76 mmol, 45%. The product was
identified as [Li(ATI™™"")(Et,0),;] by NMR spectroscopic analy-
ses.”
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Abstract: Aminotroponiminates (ATls) have recently been
shown to belong to the growing class of redox-active li-
gands. The choice of the metal center allowed to switch be-
tween reversible electron transfer (M=Rh) and reductively
induced dimerization (M = Na). Here, we investigate if the re-
ductively induced dimerization of ATls is a more general
phenomenon for their alkali-metal complexes. Lithium ATI
complexes are shown to undergo reductively induced dime-
rizations, which are equilibrium reactions and chemically re-
versible. The choice of the metal center (Li vs. Na), the sub-

stitution pattern at the nitrogen atoms of the ATI \igands,\
and the solvent critically influence the regioselectivity and
diastereoselectivity of the radical-dimerization reactions. Po-
tassium ATls are shown to be susceptible to side reactions,
more specifically a reduction accompanied by hydrogen-
atom transfer. Products and intermediates of the reductively
induced dimerizations were characterized by techniques in-
cluding NMR and EPR spectroscopy, cyclic voltammetry, DFT
calculations, single-crystal X-ray diffraction, and mass spec-
trometry.

v

Introduction

Organic and organometallic carbon-centered radicals are key
species in various fields of synthetic chemistry, including or-
ganic radical synthesis, radical polymerization of olefins, and
one-electron-transfer reagents. One strategy to stabilize these
compounds and to control their reactivity is to aim for a delo-
calization of the spin density. This approach has been exploit-
ed in the investigation of radical species that are obtained by
reduction of cyclic conjugated ni-electron systems. Examples
include naphthalene, anthracene, tropylium ions, azulene,
guaiazulene, and related compounds, from which persistent
and in special cases even isolable radicals can be generated."”
These species can be applied as reducing agents and electron-
transfer catalysts with adjustable redox potentials that operate
under homogeneous conditions (common examples being
naphthalene and anthracene radical anions).” A promising,
but yet underdeveloped strategy targets the exploitation of
bond-forming events from such delocalized radical species by
radical coupling. A range of case studies has been reported in
which radicals that are generated by reduction of cyclic conju-
gated m-electron systems undergo dimerization with C-C
bond formation (Scheme 1). Prominent examples include the
dimerization of radicals generated from benzene,” tropylium
ions," azulene,” and acenaphtylene' (derivatives).

[a] A. Hanft, Dr. |. Krummenacher, Dr. C. Lichtenberg
Institute of Inorganic Chemistry, Julius-Maximilians-University Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
E-mail: crispin.lichtenberg@uni-wuerzburg.de
£l Supporting information and the ORCID identification number(s) for the
@ author(s) of this article can be found under:
https://doi.org/10.1002/chem.201901962.
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The latter cases are especially noteworthy because chiral
ansa-metallocene complexes that are competent as olefin
polymerization catalysts can be synthesized in a single step
(Scheme 1b,c).*"

The stabilization of radicals by delocalization of spin density
through a conjugated m-electron system helps to minimize
side reactions of otherwise highly reactive radical compounds,
thus it can be a powerful strategy to increase chemoselectivity.
In contrast, controlling the regioselectivity of reactions involv-
ing delocalized radical species becomes a major challenge,

a)

o H |
o ey 2Nt @2@
2| fe BT Naery

z

Scheme 1. Radical dimerization reactions involving cyclic conjugated m-elec-
tron systems that proceed with formation of a new C—C bond (highlighted
in blue). Ln=5m, Yb.
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because every atom that carries a significant amount of spin
density may be considered as a potentially reactive site. In the
dimerization of radicals that are delocalized through a cyclic
conjugated m-electron system, the number of regioisomers
that may be formed equals 0.5:[n-(n+1)] with n being the
number of chemically inequivalent reactive sites (for details
see the Supporting Information). In addition, two diastereo-
meric forms of each regicisomer may be formed: the RS
(meso) compound or a racemic mixture of the R,R and the 5,5
compound, which sums up to a total number of n:(n+1) dif-
ferent compounds in the above-mentioned example of a radi-
cal dimerization.

In practice, some dimerizations of delocalized radical species
indeed yield a large number of different isomers, which some-
times cannot be separated due to their similar physical and
physicochemical properties.®**® In contrast, there are also
cases which proceed with remarkable selectivity despite the
presence of a larger number of chemically inequivalent poten-
tially reactive sites.®*=%>% | some of these reports, possible
reasons for the observed selectivities have not been discussed
in detail **® |n other standalone case studies, steric protection
and reversibility of radical recombination have been discussed
as possible driving forces for unexpectedly high selectivi-
ties."™***1 However, contributions towards a more systematic
investigation of the reasons that influence regio- and diaste-
reoselectivities in the dimerization of delocalized radical spe-
cies under reducing conditions have not been reported to
date.

We recently demonstrated that aminotroponiminate (ATI)
complexes can undergo a one-electron reduction with the
extra electron being delocalized in the m-electron system of
the ligand (Scheme 2)."" Depending on the choice of the
metal atom, reversible electron transfer (M=Rh) or dimeriza-
tion of the radical species is observed (M=Na). Remarkably,
the reductively induced dimerization of ATIs was found to be
chemically reversible,

We now set out to investigate the general validity of the (re-
versible) reductively induced dimerization of alkali-metal ATls
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Scheme 2. Generation of an ATI radical anion by one-electron reduction of
an ATl complex.

and the factors influencing the selectivity of these transforma-
tions.

Results and Discussion
Reductively induced dimerizations of lithium ATIs

The regio- and diastereoselective reductively induced dimeriza-
tion of the sodium ATl complex [Na(ATI™™)(thf)] (1-Na) to give
the coupling product rac-2-Na has recently been reported
(Scheme 3 a). The C—C bond formation takes place through the
7/7"-positions and a racemic mixture of the R,R and 5,5 isomers
is formed exclusively, whereas the meso (R,S) compound is not
observed. To test if the reductively induced dimerization is a
more general reaction pathway for alkali-metal ATls, the analo-
gous lithium compound [LI{ATI™™)] (1-Li) was reacted with ele-
mental lithium in dimethoxyethane (DME) at ambient tempera-
ture (Scheme 3b)."? Indeed, the product of a reductively in-
duced dimerization was isolated from this reaction as a mix-
ture of the rac- and the meso-form, rac-2-Li and meso-2-Li
(3.0:2.0). Remarkably, the selective C—C bond formation does
not take place through the 7/7-position in this case, but
through the 4/4'-position instead. Thus, the formal exchange
of Na for Li atoms in these reactions maintains the chemose-
lectivity, but switches the regioselectivity (from 100% 7/7' to
100% 4/4'), and also influences the diastereoselectivity."” The
mixture of rac/meso-2-Li was obtained in the form of an air-
sensitive slightly yellow solid, which is stable in THF at 23°C,"
but decomposes upon heating to 60°C. In the NMR spectro-
scopic analysis of 2-Li, the resonances of the CH group at

a) previous work [Na]. [Na] numbering and labeling scheme
Ph NiPr
N H Ph
N 2 Na 4 3 i
2 _Natn) o O Q 2-N_ [Na] = NaL),
N H 5 = ML = L),
iPr {PrI‘IJ PhN_ 6 1 P:.I L = dme, thf
[Na] [Na] T Pr
1-Na rac-2-Na
b) this work
E'h
N N
2 U 2Li I
=N’ rt,2d NP
| =
iPr IN‘:‘/ L Ny
Ph [Li] Ph [Li]
1-Li rac-2-Li meso-2-Li
60% 40%

Scheme 3. Reductive dimerization of sodium ATl complex [Na(ATI™™)(thf]] (a, previous work) and its lithium analog [Li(ATI™™)] (b, this work); dme=dime-

thoxyethane.
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which the C-C coupling takes place serve as a valuable spec-
troscopic handle, because the resonances for the two diaste-
reomers are baseline separated and show characteristic chemi-
cal shifts (‘"HNMR: 0=2.16 (rac), 2.32 ppm (meso); '*C NMR:
42.3 (rac), 42.5 ppm (meso)). This allows for the 'H NMR spec-
troscopic determination of the rac-2-Li to meso-2-Li ratio.
Isolated samples of the two diastereomers rac-2-Li and
meso-2-Li were obtained in small amounts by careful crystalli-
zation from DME/pentane and THF/pentane (for details see the
Experimental Section). Single-crystal X-ray diffraction analysis
of these samples allowed for the unequivocal assignment of
NMR spectroscopic resonances to each of the two isomers.
Compounds rac-2-Li and meso-2-Li crystallized in the ortho-
rhombic space group P2,2,2 with Z=2 and the monoclinic
space group P2,/n with Z=2, respectively (Figure 1). The race-
mic mixture of the R,R and the S,S isomer, rac-2-Li, crystallized
with one chelating DME ligand coordinated to each Li center,
rac-[Li,(di-ATI™")(dme),] (Figure 1a). Monomeric subunits of
rac-2-Li are crystallographically related by a twofold screw
axis, which runs through the C4-C4’ bond and is perpendicular
to the mean plane defined by the atoms H4,C4,C4',H4". The ni-
trogen atoms of the di-ATl ligand adopt a bridging coordina-
tion mode between two Li atoms, as previously observed for

a) rac-2-Li

b) meso-2-Li

ODME
ODME@

Figure 1. Molecular structures of rac- and meso-[Li,(di-ATI™™™)(thf),(dme),]
(a: rac-2-Li, n=0, m=4; b: meso-2-Li, n=4, m=2) in the solid state. Dis-
placement ellipsoids are shown at the 50% probability level. Hydrogen
atoms except for H4 and carbon atoms of THF and DME ligands are omitted
for clarity. Selected bond lengths (A) and angles (*): a) Li1-N1 1.994(8), Li1—
N2 1.994(9), Li1-0°" 1.971(9)-2.030(8), Li2—N1 2.087(9), Li2—N2 2.006(9),
Li2—0P= 1.975(9)-2.014(8), N1-C1 1.377(6), N2—C2 1.409(6); O°¥=-Li1-0°=
81.4(3), O°E-Li1-N1/2 120.2(4)-128.2(4), N1-Li1-N2 81.7(3), O°M-Li2-0°"*
85.3(3), O"V-Li2-N1/2 116.5(4)-134.4(4), N1-Li2-N2 79.2(3). b) Bond lengths
and angles are not discussed (see text); for structure of meso-[Li,(di-ATI™™
"™)(tmeda),] see the Supporting Information.
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ATI complexes of lithium and potassium."®"""* This results in a
distorted-tetrahedral coordination geometry around Li1 and
Li2, the distortion being due to the chelating nature of the li-
gands (O-Li-O 81-85°, N-Li-N 79-82°, O-Li-N 117-134").

The Li-N bonds in rac-2-Li (1.99-2.09 A) are on average
shorter than those in lithium complexes of nonreduced ATI li-
gands in a bridging coordination mode (2.04-2.16 A),"*" re-
flecting the larger negative charge of the reduced species. The
reductive C—C coupling of two ATI ligands strongly decreases
the delocalization of m-electron density in the C;N, core units.
As a result, the C, backbones in rac-2-Li show a stronger alter-
nation between smaller and larger C—C distances than those of
nonreduced ATI ligands."® "%l |n agreement with these ob-
servations, the C1/2-N1/2 bonds (1.38-1.41 A) are longer than
typically observed in nonreduced ATl complexes."® "% De-
spite rac-2-Li crystallizing in a chiral space group (see above),
the determination of its absolute stereochemistry by X-ray dif-
fraction was not successful, because the compound proved to
be a weak anomalous scatterer.

Crystals of meso-2-Li showed low diffraction intensities at
high diffraction angles; therefore, bond lengths and angles are
not discussed, but the diffraction data serve as a proof of con-
nectivity (Figure 1b). In the presence of N,N,N’,N"-tetramethyle-
thylenediamine (tmeda), samples of the analogous species
meso-[Li,(di-ATI"™)(thf),(tmeda);] suitable for single-crystal X-
ray analysis were obtained (for a more detailed discussion see
the Supporting Information).

As a next step, the influence of the substituents at the nitro-
gen atoms of the ATI ligands on the feasibility of reductively
induced dimerizations was investigated. Given that small
changes in the properties of the central atom (Na vs. Li) had a
dramatic impact on the regioselectivity of this type of reaction,
only a small variation in the characteristics of the substituents
was targeted. Thus, [Li(ATI""™)] (3-L)""® was chosen as a sub-
strate, in which one of the phenyl groups is exchanged for an
iso-propyl group, when compared with 1-Li. Reduction of 3-Li
with lithium gave the dimerization product 4-Li in quantitative
spectroscopic and was isolated as a pale-yellow solid."? In this
case, the C—C bond formation occurs in 4/4'-position exclusive-
ly (Scheme 4)."”" Again, the diastereoselectivity of the reaction
can be determined by NMR spectroscopy, using the resonan-
ces of the CH group in 4-position as a diagnostic tool ("H NMR:
0=2.19 (rac), 2.23ppm (meso); “CNMR: 0=43.15 (rac),
43.43 ppm (meso)). Reaction monitoring with NMR spectrosco-
py revealed a rac-4-Li to meso-4-Li ratio of 1:1 when using
polar solvents such as THF. This ratio can be modified to 13:1
in favor of the meso-isomer, when using a less polar solvent
mixture such as benzene/THF (V/V 6:1; small amounts of THF
are needed to dissolve the starting material 3-Li and the prod-
uct, for details see the Experimental Section). From reactions in
THF (initially giving a ratio of rac/meso=1:1), meso-4-Li was
isolated in 41% yield by crystallization over a period of 2d.
Surprisingly, pure meso-4-Li was isolated in 71% yield from
samples that originally showed a rac/meso ratio of 1:1 after
prolonged crystallization (14 d). Thus, a very slow isomerization
of 4-Li takes place at 23°C. To further support this hypothesis,
a THF solution of rac-enriched 4-Li was heated to 60 °C. Under
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Scheme 4, Reductive dimerization of [Li(ATI™™)].

these conditions, the rac/meso ratio changed from 2.5:1.0 to
1.0:1.3 over the course of 1d, as determined by 'H NMR spec-
troscopy along with slow decomposition of 4-Li."

Single crystals suitable for X-ray diffraction analysis of both
diastereomers, rac-4-Li and meso-4-Li, were obtained. In addi-
tion, preparative separation of the meso-compound was ach-
ieved by fractional crystallization, thus allowing for the un-
equivocal assignment of the spectroscopic signatures of both
diastereomers. Compounds rac-4-Li and meso-4-Li crystallized
in the tetragonal space group /4,/a with Z=8 and the triclinic
space group P1 with Z=2, respectively (Figure 2). In the meso-

a) rac-4-Li

Figure 2. Molecular structures of rac- and meso-[Li,(di-ATI""™)(thf),] (a: rac-4-
Li, n=8; b: meso-4-Li, n=6) in the solid state. Displacement ellipsoids are
shown at the 50% probability level. Hydrogen atoms except for H4, carbon
atoms of THF ligands, and one set of split positions of a disordered thf
ligand at Li1 in meso-4-Li are omitted for clarity. The asymmetric unit of
meso-4-Li contains two chemically identical, but crystallographically inde-
pendent molecules of meso-4-Li, only one of which is discussed. Selected
bond lengths (A} and angles (*): a) Lil—N1 2.115(4), Li1-N2 1.967(4), Li1-0™"
1.949(4)-2.000(4), Li2—N11.986(4), Li2—N2 2.065(4), Li2—O™" 1.987(4)-
2.007(4), N1-C1 1.376(3), N2-C2 1.393(3); O™-Li1-0™ 96.03(17), O™"-Lin-
N1/2 110.89(18)-127.3(2), N1-Li1-N2 79.59(14), 0""-Li2-0™" 96.71(17), 0™"-
Li2-N1/2 108.36(18)-128.1(2), N1-Li2-N2 80.39(15). b) Li1—N1 2.030(5), Li1—-N2
1.937(4), Li1—0™ 1.91(2), Li2—=N1 2.002(5), Li2—N2 2.071(4), Li2—0™"
1.976(4)-2.016(4), N1-C1 1.388(3), N2-C2 1.399(3); O™"-Li1-N1/2 125.5(7)-
149.7(7), N1-Li1-N2 82.61(17), O™"-Li2-0™" 105.81(19), O™"-Li2-N1/2 111.0(2)-
123.8(2), N1-Li2-N2 80.01(16).
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isomer, two of the lithium atoms, Li1, Li1’, bear only one in-
stead of two THF ligands, resulting in a somewhat unusual dis-
torted trigonal-planar coordination geometry (N-Li-N 83,
O-Li-N 126-1507). Other than that, bonding parameters in rac-
4-Li and meso-4-Li are similar to those of the related species
rac-2-Li, which have been discussed above (for detailed discus-
sion, see the Supporting Information).

Reduction of sodium and potassium ATls.

'HNMR spectroscopic experiments concerning the reductive
dimerization of [Na(ATI""™)] (Na-3)"? with sodium suggest that
C-C coupling also takes place at the 4/4'-position. However,
attempts to obtain full spectroscopic data or to isolate the
product of this reaction were hampered by its high sensitivity
and very poor solubility in common aprotic solvents. Attempts
to reduce potassium species [K(ATI™™)] and [K(ATI"™)] with
elemental potassium or KC, led to complex product mixtures.
Trace amounts of decompeosition product 5 were obtained and
unambiguously identified by single-crystal X-ray diffraction
analysis (Scheme 5, for details see the Supporting Information).
Compound 5 is a 1:1 adduct of starting material [K(ATI™"™)]
and its (formally) hydrogenated derivative. The latter is sug-
gested to result from twofold reduction and protonation of
[K(ATI™™], which is in line with a very high reactivity and sen-
sitivity of the targeted radical species [K(ATI™ ™).

I
. iPre—N_ Ni-Ph
N, e KCq P AN
- -
2 o ! DME s me
N iPr=N N-Ph
H o er H
H
H
1K 5 H

Scheme 5. Side reaction in the reduction of potassium ATl 1-K to give 5.
[KI = Kithf)ys.

EPR spectroscopy and DFT calculations

To detect potential radical intermediates in the reductively in-
duced dimerization of 1-Li and 3-Li, the reactions were moni-
tored by EPR spectroscopy. Indeed, an isotropic resonance as-
cribed to a single radical compound was detected during the
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reduction of 1-Li with Li (g, = 2.003). The spectrum resembles
that obtained for the reduction of 1-Na with Na, but is not as
well resolved, precluding the detailed analysis of hyperfine
splittings (for details see the Supporting Information)."®!

In contrast, the EPR spectrum obtained from monitoring the
reduction of 3-Li with lithium in DME showed an isotropic
signal with g,,=2.003 and distinctly resolved hyperfine split-
tings (Figure 3). Simulation of the experimental spectrum to-

1 r'”f*‘*“"u’%'MWl|}° ’r‘u ity

332.5 333 3335 334 3345 335 3355
magnetic field [mT]

dy* / dB

Figure 3. EPR spectrum of suggested intermediate [Li,(ATI”"")(L),]" (3-Li-int)
obtained by in situ reduction of [Li(ATI™™)] (3-Li) with Li in DME at 23°C;
L=dme.

gether with DFT calculations (see below) revealed coupling of
the unpaired electron with all protons of the ATI ligand back-
bone as well as both nitrogen atoms and both CHMe, groups.
In particular, one very large coupling constant of a('H, 2H)=
22.7 MHz suggests that the spin density is predominantly lo-
cated at two magnetically equivalent positions of the C; ring
(C4,C6-position).”” A second medium coupling constant of
a(*H, 1H)=11.0 MHz hints at additional substantial spin density
at a single CH group, that is most likely in the C5-position. In
addition, smaller coupling constants of a('H, 2H; C3,C7-posi-
tion)=3.80, a(”N,2N)=1.87, and a('H,2H; 2xCHMe,) =
0.93 MHz were obtained from the simulation. Importantly, solu-
tions of isolated samples of 2-Li and 4-Li in THF were found to
show very weak EPR signals close to the detection limit.”" The
signal detected from solutions of 4-Li was approximately twice
as intensive as that obtained from 2-Li. Together with the ex-
periments on the isomerization of racemic mixtures of 4-Li
(see above), this indicates the radical dimerization of [Li,(ATI™
")(L),] to be an equilibrium reaction that is far on the product
(.e. dimer) side at 23 °C in solution (L= thf, dme).*”

The molecular geometries of potential radical intermediates
were optimized using DFT calculations (for details, see the Ex-
perimental Section and the Supporting Information). In these
calculations, the coordination spheres of the metal centers

Chem. Eur. J. 2019, 25, 11883 - 11891
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were saturated by THF ligands. Although bonding between
the m-electron cloud of the C; ligand backbone and the metal
center plays an important role in diamagnetic alkali-metal
ATls, 10011215219 DET calculations suggest that this is not the
case for the radical intermediates discussed in this work (for
details see the Supporting Information). In agreement with the
results from EPR spectroscopy, the spin density in the calculat-
ed radical intermediates 1-Li-int and 3-Li-int is delocalized
through the m-electron system of the ATI ligands (Figure 4,
Table 1). The unsymmetrical substitution pattern of 1-Li-int in-
duces an unsymmetrical distribution of spin density over the
G,N, framework. Somewhat counterintuitively, only one of the
two nitrogen atoms bears significant spin density, as previously
observed for the sodium analog, [Na,(ATI™™)(thf)]' (1-Na-
int)."® The highest spin density is located at the C2 carbon
atom bearing the NPh substituent, but this position can be ex-
pected not to be relevant for effective radical dimerization for
steric reasons.”” Out of the five CH groups in the ATl ligand
backbone which should be accessible for radical coupling (C3-
7), one shows a significantly higher spin density than the
others. This is exactly the 4-position at which the C—C bond
formation of the reductively induced dimerization was exclu-
sively observed. In the radical species 3-Li-int, the spin density
distribution shows an apparent C,, symmetry (in agreement

a) b)

o

Figure 4. Spin-density plots of [Li,(ATI™™)(L),J' (1-Li-int) (a) and [Li,(ATI™
)(L),] (3-Li-int) (b) for L=thf, n=2. Carbon atoms of thf ligands and hydro-
gen atoms are omitted for clarity; positive and negative spin density shown
in green and orange, respectively, at an iso-value of 0.008.

Table 1. Calculated spin densities of 1-Li-int, 3-Li-int, and 1-Na-int at in-
dividual pesitions of the C;N, backbone. Highest spin density of sterically
accessible carbon atom (C3-7) is printed in bold. Position at which C—C
coupling was experimentally observed is underlined.

1-Li-int:  [M] = Li(thf); R=Ph
3-Li-int: [M] = Li(thf);; R=iPr
1-Na-int: [M] = Na(thf);; R=Ph

1-Li-int 3-Li-int 1-Na-int
N1 0.00 0.07 0.00
N2 0.04 0.07 0.04
1 —0.05 on —0.08
c2 0.39 013 042
3 —0.17 —0.01 —0.14
4 0.36 041 0.29
5 —0.04 —0.18 0.06
ce 0.14 0.40 0.04
7 0.22 0.01 0.29

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

62



VII ALKALI METAL AMINOTROPONIMINATES: SELECTIVITIES AND EQUILIBRIA IN REVERSIBLE RADICAL

COUPLING OF DELOCALIZED II-ELECTRON SYSTEMS

"x ChemPubSoc
heetha! Europe

with the apparent symmetry of the symmetrically substituted
ATl ligand in this molecule). The spin-density distribution
within the CN, unit of 3-Li-int clearly differs from that ob-
served for 1-Li-int: The largest share of the spin density is lo-
calized at the chemically equivalent 4- and 6-position, at which
the reductively induced C—C coupling was experimentally ob-
served (Table 1). Minor contributions to the overall spin density
were found at carbon atoms in the 1-, 2, and 5-position. Alto-
gether, there is an excellent agreement between the sterically
accessible position with highest spin density in suggested in-
termediates 1-Li-int and 3-Li-int and the experimentally ob-
served position of C-C coupling in their reductively induced
dimerizations. This prompted us to comparatively analyze the
spin density distribution in the previously reported intermedi-
ate 1-Na-int, which undergoes reductive C—C coupling in the
7/7-position. Indeed, the spin density in the 4-position is
smaller and that in the 7-position is larger than those in the
lithium analog 1-Li-int (Table 1). This corroborates the signifi-
cant impact of the alkali metal in the N,N-binding pocket of
the ATl ligand on the spin density distribution in the radical in-
termediate. Additional calculations on related AT radical spe-
cies with and without alkali-metal ions in different coordina-
tion modes further support these findings (Supporting Infor-
mation). The fact that 1-Na-int selectively coupled through the
7-position, although the spin density in the 4- and 7-position
are equally high, suggests that other factors such as aggrega-
tion phenomena of radical species prior to coupling events
may also play an important role.

The overall thermodynamics of the ATI radical-dimerization
reactions are significantly affected by the choice of the central
atoms and the ligand substitution patterns. DFT calculations
together with experimental observations indicate that dimeri-
zations are more exergonic for Na than for Li complexes. Ex-
changing one iPr substituent at nitrogen for a Ph group also
increases the exergonic character of these reactions (for details
see the Supporting Information). This results in an equilibrium
reaction for the radical dimerization of [Li,(ATI™")(thf),] (3-Li-
int), which is far on the dimer side at ambient temperature in
THF solution.

Oxidatively induced C-C bond cleavage and cyclic voltam-
metry

The dimerization products 2-Li and 4-Li were reacted with oxi-
dizing agents such as AgBF,, because previously reported 2-Na
underwent clean oxidative C-C bond cleavage to regenerate
starting material 1-Na (Scheme 6). For compound 2-Li, this oxi-
dation resulted in quantitative formation of starting material 1-
Li (Scheme 6). In the case of 4-Li, starting material 3-Li was
generated as the only THF-soluble species according to
"H NMR spectroscopy. Using resonances of the deuterated sol-
vent as an internal reference, however, indicated a spectro-
scopic yield of only 35% at full conversion, suggesting the for-
mation of insoluble side products due to unselective oxidation
or complex formation with AgBF, (Scheme 6).

Compounds 1-Li and 3-Li were further investigated by cyclic
voltammetry (CV) in THF/ 0.1 m [nBu,N][PF,] at 23°C (Figure 5,
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Scheme 6. Oxidatively induced C—C bond cleavage in compounds 2-Li and
4-Li. [Li]=Li(solv),.
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Figure 5. Cyclic voltammograms of 1-Li and 3-Li in THF/ 0.1 m [nBu,N][PF,]
at 23°C with a scan rate of 250 mVs .

for details, see the Supporting Information). A partially reversi-
ble redox event was detected for 1-Li at —3.23 V (vs. Fc/Fc™,
Fc=ferrocene), indicating that the radical dimerization is rele-
vant under the conditions of the CV experiment.

Compound 3-Li showed a quasi-reversible redox event at
—2.81V (vs. F¢/Fc '), which is in agreement with a slower and
less exergonic dimerization process of 3-Li-int as compared
with 1-Li-int. In contrast, the reductive dimerization of the
sodium species 1-Na was fast on the time scale of the CV ex-
periment."® Somewhat unexpectedly, the reduction of 1-Li
(—3.23 V) occurs at more negative potentials than that of the
sodium analog 1-Na (—2.67 V) and the lithium derivative 3-Li
(—2.81), in which one Ph group of the ATI ligand is substituted
for an iPr moiety*" This demonstrates that the choice of the
alkali-metal atom and the substitution pattern in ATl com-
plexes can significantly affect their redox potentials.

Conclusions

To shed some more light on the factors influencing the reactiv-
ity of radical species containing a delocalized n-electron
system, a previous single case report of a sodium aminotropo-
niminate (ATI) radical complex was extended. We have demon-
strated that the chemically reversible, reductively induced di-
merization of alkali-metal ATls is a more general reaction path-
way. For lithium and sodium ATls, a high chemoselectivity with
chemically reversible C-C bond formation/cleavage is main-
tained. The regioselectivity is generally very high (up to 100%,
determined by 'H NMR spectroscopy). Importantly, the position
of the delocalized m-electron system at which radical coupling
occurs can be controlled by choice of the central atom (Li vs.
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Na) and the ATI substitution pattern (Ph vs. iPr). The regioselec-
tivity correlates with the spin-density distribution of the radical
intermediates which were characterized by EPR spectroscopy
and DFT calculations. Although the spin density of radical inter-
mediates appears to be the most important parameter to con-
trol the regioselectivity of reductively induced dimerizations,
other factors such as the aggregation of radical intermediates
in solution may also play a significant role. The diastereoselec-
tivity was found to be tunable by modifying the reaction con-
ditions. The thermodynamic parameters of the exothermic di-
merization reactions also depend on the choice of the central
atom and the ligand substitution pattern, with one example of
an experimentally exploitable equilibrium between the rac-
and the meso-isomers. These findings contribute to the under-
standing of redox-active ATl ligands and the reactivity of radi-
cals featuring delocalized m-electron systems.

Experimental Section
General considerations

All air- and moisture-sensitive manipulations were carried out
using standard vacuum-line Schlenk techniques or in an MBraun
inert-atmosphere dry-box containing an atmosphere of purified
argon. Solvents were degassed and purified according to standard
laboratory procedures. Lithium sand was prepared from lithium
rod purchased from Merck as follows: pieces of lithium were
heated to 250°C in paraffin oil under an argon atmosphere. The
molten lithium was dispersed with an overhead homogenizer
(ultra turrax). The lithium sand was filtered, washed with hexane,
and dried in vacuo. NMR spectra were recorded on Bruker instru-
ments operating at 400 or 500 MHz with respect to 'H. 'H and
*C NMR chemical shifts are reported relative to SiMe, using the re-
sidual 'H and "*C chemical shifts of the solvent as a secondary stan-
dard. "Li NMR chemical shifts are reported relative to 1m LiCl in
D,0. In the NMR spectroscopic characterization of ATl and di-ATl
compounds, the CN™ carbon atom is referred to as 1-C. Satisfacto-
ry elemental analyses of dimerization products 2-Li and 4-Li were
not obtained due to the sensitivity of these compounds (analyses
were performed on a Leco or a Carlo Erba instrument). High-reso-
lution mass-spectrometric analyses of these compounds gave sig-
nals corresponding the species that have undergone partial oxida-
tion and protonolysis, providing evidence for their dimeric nature
and their sensitivity. For mass-spectrometric analyses, an Exactive
plus instrument (Thermo Scientific) was used. Cyclic voltammo-
grams were recorded using a Gamry Instruments Reference 600
potentiostat. A standard three-electrode cell configuration was em-
ployed using a platinum-disk working electrode, a platinum-wire
counter electrode, and a silver wire, separated by a Vycor tip, serv-
ing as the reference electrode. Formal redox potentials are refer-
enced to the ferrocene/ferrocenium (Fc/Fc') redox couple. EPR
measurements at X-band (9.37 GHz) were carried out at 298K
using a Bruker ELEXSYS ES580 CW/FT EPR spectrometer. CW EPR
spectra were measured using 0.6 mW microwave power and 0.1 G
field modulation at 100 kHz, with a conversion time of 80 ms. The
spectral simulations were performed using MATLAB 8.6 and the
EasySpin 5.0.18 toolbox.”" Single crystals suitable for X-ray diffrac-
tion were coated with polyisobutylene or perfluorinated polyether
oil in a glove box, transferred to a nylon loop and then transferred
to the goniometer of a diffractometer equipped with a molybde-
num X-ray tube (4=0.71073 A). The structures were solved using
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direct methods (SHELXS) completed by Fourier synthesis and re-
fined by full-matrix least-squares procedures. CCDC 1910098,
1910099, 1910100, 1910101, 1910102, and 1910103 contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.

Computational Details

DFT calculations were performed with the Gaussian program“®

using the 6-31G(d,p)*" (H, Li, C, N, O) and the 6-311G(d,p)*® (Na)
basis set and the B3LYP functional.” A THF solvent model and dis-
persion corrections were applied for all calculations.”®*" Frequency
analyses of the reported structures showed no imaginary frequen-
cies. Thermodynamic parameters were calculated at a temperature
of 298.15K and a pressure of 1.00 atm. Cartesian coordinates of
optimized structures are provided in the Supporting Information.

[Li (4,4'-di-ATI""")(dme),] (2-Li)

Lithium sand (4.3 mg, 620 umol) was added to a solution of [Li(A-
TP (1-Li, 50 mg, 205 pmol) in dimethoxyethane (4 mL). The red
suspension was stirred for 3 d and then filtered to give “solid A"
and “filtrate B". THF (2 mL) was added to the remaining beige
“solid A" to give a suspension, which was filtered. The solvent was
evaporated in a stream of argon to give an off-white solid, which
was washed with pentane (3x2mL) and dried in a stream of
argon. Exposure to high vacuum leads to decomposition of the
compound. The amount of THF and DME in the isolated com-
pound has to be checked individually for every batch. Values typi-
cally ranged from n=0.8 to n=6 molecules of THF or DME per for-
mula unit. A 3:2 mixture of rac- and meso-compound was ob-
tained. Yield: 30 mg (35 pmol (with n =4 equiv of dme), 34%).
Procedure for isolation of rac-2-Li: Using 123 pmol of 1-Li as a
starting material, the volume of “filtrate B” was reduced to 1 mL
and layered with pentane (0.3 mL). After 2 d, a crystalline material
had precipitated, which was isolated by filtration and dried in a
stream of argon. Yield: 14 mg (16.2 umol, with n=4 equiv DME,
26%).

Procedure for isolation of meso-2-Li: Using 123 pmol of 1-Li as a
starting material, THF (1 mL) was added to “solid A" to give a sus-
pension, which was filtered. The filtrate was layered with the same
volume of pentane to give a precipitate after 1 d, which was isolat-
ed by filtration and dried in a stream of argon. Yield: 7 mg (8 umol
with n=2.0 equiv dme and n=3.4 equiv THF 13 %).

NMR spectroscopic data for rac-2-Li: 'H NMR (400 MHz, [DJTHF):
8=1.07 (d, 6H, *J,,=6.0Hz, CHMe,"), 1.10 (d, 6H, *};,=6.0 Hz,
CHMe,"), 2.16 (br. s, 2H, 4-H, 4"-H), 3.27 (s, nx6H, DME-Me), 3.32-
3.37 (m, 4H, CHMe,), 3.43 (nx4H, DME-CH,), 457 (d, 2H, =
7.5 Hz, 7-H, 7"-H), 4.63 (d, 2H, *J,,=9.7 Hz, 5-H, 5-H), 5.17 (s, 2H, 3-
H, 3-H), 5.75 (dd, 2H, *J,,,=8.9 Hz, *J,,,=7.4 Hz, 6-H, 6'-H), 5.95 (t,
2H, 4y =7.0 Hz, p-Ph), 6.66 (dd, 4H, “f,=8.5 Hz, "y =7.1 Hz, m-
Ph), 6.94 ppm (d, 4H, *Jy;=7.5 Hz, o-Ph); "CNMR (101, [DgJTHF):
&=25.25-25.79 (overlapping with the signal of [Dg]THF, CHMe,),
42,29 (s, 4-C, 4-C), 47.19 (s, CHMe,), 58.71 (s, DME-Me), 72.56 (s,
DME-CH,), 93.14 (s, 7-C, 7'-C), 100.27 (s, 3-C, 3'-C), 111.01 (s, p-Ph),
116.96 (s, 5-C, 5"-C), 120.96 (s, 0-Ph), 126.52 (s, 6-C, 6'-C), 128.56 (m-
Ph), 148.20 (s, 2-C, 2"-C), 160.11 (s, ipso-Ph), 161.14 ppm (s, 1-C,1’-
C); resonances of THF ligands may be detected (see above);
"Li NMR (155 MHz, [DgITHF): 6 =0.53 ppm (br. s).

NMR spectroscopic data for meso-2-Li. 'H NMR (400 MHz, [Dg]THF):
6=1.07 (d, 6H, fyy=6.0Hz, CHMe,") 1.11 (d, 6H, fy,=6.1 Hz,
CHMef), 1.76-1.79 (m, nx4H, a-THF), 2.30-2.35 (br. m, 2H, 4-H, 4-
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H), 3.27 (s, nx6H, DME-Me), 3.32-3.38 (m, 4H, CHMe;), 3.43 (nx
4H, DME-CH,), 3.60-3.63 (m, nx4H, -THF), 454 (d, 2H, *Jy,=
7.6 Hz, 7-H, 7"-H), 4.84 (dd, 2H, ")y =93 Hz, Yy =3.7 Hz, 5-H, 5"-H),
538 (d, 2H, *hy=43Hz 3-H, 3-H), 573 (dd, 2H, =85 Hz,
*Ju=7.7 Hz, 6:H, 6-H), 6.01-6.05 (t, 2H, >, =7.0 Hz, p-Ph), 6.83
(dd, 4H, *Jy=84Hz, *Jy,=7.1 Hz, m-Ph), 7.07 ppm (d, 4H, U=
7.5Hz, o-Ph); "CNMR (101 MHz, [De]THF): & =25.25-25.79 (s,
CHMe,*®, overlapping with the signal of [DgJTHF), 26.19 (s, a-THF),
4252 (s, 4-C, 4-C), 47.12 (s, CH), 58.71 (s, DME-Me), 68.03 (s, B-THF),
72.58 (s, DME-CH,), 92.78 (s, 7-C, 7'-C), 99.15 (s, 3-C, 3'-C), 111.39 (s,
p-Ph), 116.34 (s, 5-C, 5-C), 121.40 (s, o-Ph), 126.77 (s, 6-C, 6'-C),
12839 (s, m-Ph), 14790 (s, 2-C, 2-C), 159.77 (s, ipso-Ph),
160.97 ppm (s, 1-C, 1-Q); “Li NMR (156 MHz, [D,JTHF): 6=0.50 (br.
s), 070 ppm (br. s); ESI+)-MS: cale. for [CyHsNJ', miz=
476.2934; found: m/z=476.2932.

NMR spectroscopic monitoring of reduction of 3-Li with lithium
to give 4-Li

Lithium sand (0.5 mg, 76 pmol) was added to a solution of [Li(ATI™"
"] (3-L) (10 mg, 38 umol) in the solvent of choice (0.5mL, a:
[DJTHF; b: C,Dy/[DJTHF (6:1)). The course of the reaction was
monitored by 'H NMR spectroscopy. After a given reaction time (a:
3d; b: 3d), quantitative conversion to 4-Li was detected with a
rac/meso ratio of 1:1 (a) and 4:1 (b). In reaction b, a solid precipi-
tated during the course of the reaction, which was isolated by fil-
tration. It was dissolved in [DyJTHF and filtered (to remove excess
L. "H NMR spectroscopy revealed exclusively resonances for meso-
4-Li. To evaluate the overall diastereoselectivity of reaction b, all
volatiles were removed from the reaction mixture after the reac-
tion had reached full conversion. [Dg]THF was added to dissolve all
4-Li. NMR spectroscopy revealed a rac/mese ratio of 13:1.

[Li (4,4 -di-ATI""™)(thf) ] (4-Li)

Lithium sand (4.0 mg, 576 pmeol) was added to a solution of [Li(A-
TIP™)(Et,0)] (3-Li, (50 mg, 191 pmol) in THF (4 mL). The yellow sus-
pension was stirred for 3 d and then filtered. Under reduced pres-
sure, the volume of the filtrate was reduced to half. Then the fil-
trate was layered with pentane (2 mL). The sample was left to crys-
tallize for a defined period of time (a: 2d; b: 14 d). After that
yellow crystals had formed, which were isolated by filtration and
dried in a stream of argon. Exposure to high vacuum leads to de-
composition of the compound. The amount of THF in the isolated
compound has to be checked individually for every batch; values
typically ranged from n=2.5 to n=6 molecules of THF per formula
unit. Yield: conditions a): 29 mg of pure meso-4-Li (36 pmol, with
n=>5 equiv of THF, 419%). Conditions b: 50 mg of pure meso-4-Li
(63 umol, with n=5 equiv of THF, 71%).

Procedure for enrichment of rac-4-Li: Using benzene/THF (6:1) as a
solvent mixture for the reduction of 3-Li with Li gave a suspension,
the liquid phase of which contained 4-Li with a rac/meso ratio of
4:1 (see reaction b in “NMR spectroscopic monitoring of reduction
of 3-Li with lithium to give 4-Li.").

NMR spectroscopic data for meso-4-Li. "H NMR (400 MHz, [Dg]THF):
0=094 (d, 6H, *J,;=5.9 Hz, 2,2-N(CH(Me,))), 1.05 (d, 6H, =
5.9Hz, 2,2-N(CHMe,)), 1.06 (d, 6H, *Jy,,=6.1 Hz, 1,1"-N(CHMe,)),
1.09 (d, 6H, *Jyy=6.1 Hz, 1,1-N(CH(Me.))), 1.76-1.79 (m, nx4H, B-
THF), 2.23 (br. 5, 2H, 4-H, 4-H), 3.18 (sept, 2H, iJ‘H,..:{i\.'l Hz,1,1-
N(CHMe,)), 3.35 (sept, 2H, *J,y=6.3 Hz, 2,2"- N(CHMe,)), 3.60-3.63
(m, nx4H, a-THF), 3.67 (br. 5, 2H, 3-H, 3-H), 440 (d, 2H, =
6.9 Hz, 7-H, 7"-H), 4.92 (br. d, 2H, 5-H, 5'-H), 5.59-5.63 ppm (m, 2H,
6-H, 6-H); "CNMR (101 MHz, [DgTHF): &=25.43-26.15 (partially
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overlapped with THF and [Dg]THF, 1,1°,2,2'-N(CHMe,)), 43.43 (s, 4-C,
4'-C), 47.20 (s, 2,2'-N(CHMe,)), 47.34 (s, 1,1"-N(CHMe,)), 91.58 (s, 7-C,
7'-C), 92.92 (s, 3-C, 3'-C), 118.83 (s, 5-C, 5'-C), 125.37 (s, 6-C, 6-Q),
15270 (s, 2,2-C), 161.61ppm (s, 1,1-C); 'Li NMR (155 MHz,
[DGITHF): 6 =066 (br. 5), 1.01 ppm (br. s).

NMR spectroscopic data for rac-4-Li (extracted from samples con-
taining rac-4-Li and meso-4-Li). "HNMR (400 MHz, [Dg]THF): 6=
0.94 (d, 12H, 3.n‘HH=5<9 Hz, 2,2'-N(CH(Me,)), overlapping with 2,2'-
N(CH(Me,)) of meso-compound), 1.05 (d, 12H, *J,,=5.9 Hz, 2,2"-
N(CH(Me,)), overlapping with 2,2"-N(CH(Me,)) of meso-compound),
1.06 (d, 12H, *Jy,=6.1 Hz, 1,1-N(CH(Me.)), overlapping with 1,1"-
N(CH(Me,)) of meso-compound), 1.09 (d, 12H, ), =6.1 Hz, 1,1~
N(CH(Me,)), overlapping with 1,1'-N(CH(Me,)) of meso-compound),
219 (br. s, 2H, 4-H, 4-H), 3.18 (sept, 4H, *},,=6.1Hz, 1,1~
N(CH(Me,)), overlapped with 1,1-N(CH(Me.)) of meso-compound),
3.35 (sept, 9H, Sy, = 6.3 Hz, 2,2'- N(CH(Me,)), overlapping with 2,2~
N(CH(Me,)) of meso-compound and and O(CH,Me),), 3.71 (br. 5, 2H,
3-H, 3'-H), 4.40 (d, 4H, stH =6.9 Hz, 7-H, 7"-H, overlapping with 7-H,
7'-H of meso-compound), 4.72 (br. d, 2H, 5-H, 5-H), 5.59-5.63 ppm
(m, 4H, 6-H, 6'-H, overlapped with 6-H, 6'-H of meso-compound);
PCNMR (101 MHz, [Dg]THF): 6=25.61-26.12 (1,1°,2,2-N(CH(Me,))
overlapping with THF and 1,1",2,2-N(CH(Me,)) of meso-compound),
43.15 (s, 4-C, 4-C), 47.21 (s, 2,2-N(CH(Me;)), 47.29 (s, 1,1-
N(CH(Me,)), 91.77 (s, 7-C, 7'-C), 92.80 (s, 3-C, 3-C), 119.30 (5, 5-C, 5~
Q), 125.34 (s, 6-C, 6-C), 152.82 (s, 2,2'-C), 161.56 ppm (s, 1,1-C);
Li NMR (155 MHz, [DgTHF): 6 =0.66 (br. s}, 1.01 ppm (br. s).ESI(+)-
MS: calc. for [C,qH,N,] ™, m/z=408.3247; found: m/z=408.3246.

Oxidation of 2-Li

AgBF, (2.0 mg, 10.4 pmol) was added to a solution of [Li,(4,4-di-
ATI™™)(dme),] (9.0 mg 10.4 pmol) in [DgJTHF (0.5 mL). The color of
the reaction mixture changed from yellow to dark brown and pre-
cipitation of dark solid was observed. 'H NMR spectroscopic analy-
sis of the reaction mixture indicated full conversion to [Li(ATIP"™)]
(1-Li) as only THF-soluble species. Quantitative conversion to 1-Li
was corroborated by using the resonances of [Dg]THF as an internal
standard.

Oxidation of 4-Li

Compound 4-Li was generated in situ from 3-Li (10 mg, 38 pmol)
and lithium sand (1.0 mg, 144 pmol) in [Dg]THF (0.5 mL). When full
conversion to 4-Li was detected by NMR spectroscopy, the lithium
sand was filtered off and AgBF, (5.4 mg, 38 pmol) was added to
the solution containing 4-Li (19 pmol). The color of the reaction
mixture changed from yellow to dark brown and precipitation of a
dark solid was observed. '"H NMR spectroscopic analysis of the re-
action mixture indicated full conversion of 4-Li. 3-Li was detected
as the only THF-soluble species. Using the resonances of [Dy]THF
as an internal standard, a spectroscopic yield of 35% was deter-
mined.
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Anna Hanft and Crispin Lichtenberg*

Dimerization of 2-[(2-((2-aminophenyl)thio)
phenyl)amino]-cyclohepta-2,4,6-trien-1-one
through hydrogen bonding, C;oH1sN,0S

The molecular structure is shown in the figure. Table 1 con-
tains crystallographic data and Table 2 contains the list of
the atoms including atomic coordinates and displacement
parameters.

Table 1: Data collection and handling.

Crystal: Colourless plate

Size: 0.21 x 0.16 x 0.04 mm
Wavelength: Mo Ka radiation (0.71073 A)
'8 0.22 mm—!

Diffractometer, scan mode: Bruker SMART APEX, ¢ and w
Gmax, cOMpleteness: 28.0°,99%

N(hkDmeasareds NCkDynigue, Rini: - 9366, 3619, 0.040

Criterion for loss, N(hk{)gi: Jobs = 2 0(lops), 2625
N(param),efined: 220

Programs: Bruker [1, 2], SHELX [3, 4],

Mercury [5], Olex2 [6]

Comment

Aminotroponiminates (ATIs) are monoanionic ligands with
applications in fields such as hydroamination and polymer-
ization catalysis and the stabilization of low-valent main

https://doi.org/10.1515/ncrs-2020-0124 group species [7-12]. Their potential to act as redox-active
Received March 5, 2020; accepted April 23, 2020; available ligands has recently been demonstrated [13-15]. In the coor-
online May 5, 2020 dination chemistry of ATIs, it has been shown that not only

their N,N’-binding pocket, but also their C;-ligand back-
Abstract bone can undergo directed bonding interactions with metal
CioHieN:0S,  triclinic, PI (no.2), a=815103) A, centers [16-19]. Thus, ATIs can effectively act as ditopic,
h=8.8021(3) A, c=11.3953(5) A, a=72546(2)°, (ridentate ligands. A strategy to further increase the den-
B=84568(2)°, y=80760(2)°, V=768.86(5 A, Z=2, ticity of this class of ligands is to connect two ATI ligands via
Rg(F) = 0.0491, wRys(F?) = 01494, T =100 K. linkers, generating so-called tropocoronands. These macro-
CCDC no.: 1998662 cyclic ligands have been employed for the chelation of metal

atoms including Co, Ni, Cu, and Rh [20-28]. We became
interested in tropocoronands containing unsaturated linker
units. Reaction of 2,2’-thio-dianiline (1) with O-tosyltropone

*Corresponding author: Crispin Lichtenberg, Institut fiir (2) in a 1.0:2.5 stoichiometry gave the title compound 2-((2-
Anorganische Chemie, Julius-Maximilians-Universitat ((2-aminophenyl)thio)phenyl)amino)-cyclohepta-2,4,6-trien-
Wiirzburg, Am Hubland, 97074 Wiirzburg, Germany, 1-one (3) as the main product, which was isolated and fully

e-mail; crispin.lichtenberg@uni-wuerzburg.de. characterized. The isolation of compound 3 shows that
https://orcid.org/0000-0002-0176-0939

Anna Hanft: Institut fir Anorganische Chemie, Julius- functionalization of the first N atom in 1 hampers function-
Maximilians-Universitit Wiirzburg, Am Hubland, 97074 Wirzburg, ~ alization of the second nitrogen atom in this substrate in

Germany the protocol that was employed. The asymmetric unit of the
3 Open Access. © 2020 Anna Hanft et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 Public
License.
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Table 2: Fractional atomic coordinates and isotropic or equivalent
isotropic displacement parameters (A2).

Atom X y z Uiso*/Ueq
c1 0.2649(3) 0.9263(2) 0.59895(19) 0.0194(5)
c2 0.4020(3) 0.8573(2) 0.68386(19) 0.0170(4)
3 0.5422(3) 0.7529(3) 0.66942(19) 0.0214(5)
H3 0.612709 0.721509 0.734592 0.026*
C4 0.5961(3) 0.6864(3) 0.5733(2) 0.0262(5)
H4 0.696426 0.617702 0.584103 0.031*
(o 0.5225(3) 0.7078(3) 0.4652(2) 0.0254(5)
H5 0.580316 0.654797 0.411164 0.031*
c6 0.3712(3) 0.7996(3) 0.4269(2) 0.0232(5)
H6 0.340482 0.797943 0.350771 0.028*
c7 0.2605(3) 0.8920(3) 0.48436(19) 0.0223(5)
H7 0.165653 0.941274 0.441153 0.027*
c8 0.4611(3) 0.8454(2) 0.89677(19) 0.0173(4)
c9 0.3829(2) 0.7484(2) 1.00027(19) 0.0172(4)
c10 0.4672(3) 0.6839(3) 1.10903(19) 0.0205(5)
H10 0.416279 0.618802 1.178156 0.025*
c11 0.6259(3) 0.7165(3) 1.1144(2) 0.0210(5)
H11 0.682462 0.671832 1.186693 0.025*
c12 0.7015(3) 0.8159(3) 1.0120(2) 0.0218(5)
H12 0.807463 0.839519 1.016403 0.026*
C13 0.6186(3) 0.8802(3) 0.9025(2) 0.0198(5)
H13 0.669291 0.946235 0.833736 0.024*
Cl4 0.1056(3) 0.6179(3) 1.13132(19) 0.0193(4)
C15 0.0507(2) 0.7064(3) 1.21541(19) 0.0184(4)
C16 —0.0269(3) 0.6290(3) 1.3276(2) 0.0219(5)
H16 0.062511 0.684984 1.384912 0.026*
c17 ~0.0509(3) 0.4700(3) 1.3539(2) 0.0247(5)
H17 —0.104983 0.421133 1.428000 0.030*
C18 0.0044(3) 0.3819(3) 1.2714(2) 0.0263(5)
H18 —0.009798 0.274248 1.290426 0.032*
c19 0.0811(3) 0.4578(3) 1.1605(2) 0.0229(5)
H19 0.117034 0.400415 1.104136 0.027*
H1 0.282(3) 0.972(3) 0.788(2) 0.034(7)*
H2A 0.100(3) 0.914(3) 1.109(3) 0.041(8)*
H2B 0.013(4) 0.921(3) 1.240(3) 0.046(8)*
N1 0.3736(2) 0.9092(2) 0.78604(16) 0.0194(4)
N2 0.0760(3) 0.8639(2) 1.1906(2) 0.0247(4)
01 0.14534(19) 1.01392(19) 0.63363(14) 0.0271(4)

S1 0.18083(7)  0.71275(7)  0.98081(5) 0.02337(18)

title compounds contains one formula unit of 3 (triclinic,
P1, Z =2, see the Figure). The three planar ring systems in
3 are twisted towards each other. The angle between the
mean planes of the tropolone and the adjacent phenylene
ring amounts to 68.3°. The angle between the mean planes
of the two phenylene units is 76.3°. The C—N bond lengths in
compound 3 suggest partial double bond character for C2—
N1 [1.361(3) A] and C15—N2 [1.374(3) A, but not for C8—N1
[1.426(3) A]. This demonstrates the stronger electron with-
drawing character of the tropolon-2-yl unit compared to the
phenylene unit in 3. The C—S bond lengths are identical
within limits of error and virtually identical to those in the

DE GRUYTER

free 2,2-thiodianiline substituent [1.772(2) A] [7-12, 29] In the
solid state, the title compound is linked via two N—H---0
hydrogen bonds, forming dimers with C; symmetry (see the
Figure). In this scenario, O1 acts as a H-bond acceptor, while
H2B represents the H-bond donor. Overall, this leads to a so-
called R%(22) motif, i.e. a ring strucutre formed by 22 atoms
including two hydrogen bond donors and two hydrogen bond
acceptors [30]. Using the C;HsONH fragment, 15 structures
of 2-(amino)tropones can be found in the Cambride Struc-
tural Database [31]. The majority of these compounds form
dimers in the solid state through N—H- + - O hydrogen bond-
ing [32-42]. In comparison to the title compound, all of these
dimers form R%,(10) motifs, i.e. the rings generated through
hydrogen bonding are significantly smaller. In addition, two
examples of hydrogen-bonded coordination polymers and
two monometric species have been reported in the literature
[14, 43-45).

Source of material

Ethanol (30 mL) was added to a mixture of 2,2’-thio-dianiline
(1) (157 mg, 0.726 mmol) and O-tosyltropone (2) (500 mg,
1.81 mmol). The reaction mixture was heated under reflux
for 3 d. Aqueous sodium hydroxide (2 M, 20 mL) and CH,Cl,
(20 mL) were added, the aqueous phase was separated and
extracted with CH,Cl; (2 x 10 mL). The combined organic
phases were dried over Na,CO; and all volatiles were removed
in vacuo. The crude reaction product was purified by column
chromatography (Hexan/Ethyl acetate 5:1). The product was
obtained as colourless crystals. Yield: 70 mg, 0.220 mmol,
30%.

The atom labeling used for the NMR spectroscopic char-
acterization is the same as the atom labeling in the single
crystal X-ray structure analysis.

TH-NMR (500 MHz, CDCl;): &=672 (td, 1H,
Jun =750 Hz, “Jay=129 Hz, 18-H), 672 (dd, 1H,
*Jun = 8.10 He, “Jun = 135 Hz, 16-H), 6.78 (m, 1H, 5-H), 6.85
(dd, 1H, ?Jyy =10.3 Hz, “Juy = 0.52 Hz, 3-H), 6.96 (dd, 1H,
3Jun = 795 Hz, *Jun = 1.42 Hz, 10-H), 711 (m, 1H, 4-H), 714 (m,
1H, 11-H), 7.20 (m, 1H, 17-H), 722 (m, 1H, 12-H), 732 (m, 3H,
6-H, 7-H, 13-H) 736 (dd, *Jun = 77 Hz, *Jun = 1.5 Hz, 19-H),
8.69 (br. s, 1H, NH) ppm.

BC-NMR (125 MHz, CDCl5): § =110.83 (s, 3-C), 113.31 (s,
14-C), 115.66 (s, 16-C), 119.15 (s, 18-C), 124.84 (s, 5-C), 126.33 (s,
13-C), 126.63 (s, 12-C), 12746 (s, 11-C), 128.19 (s, 10-C), 131.09 (s,
7-C), 131.38 (s, 17-C), 134.45 (s, 9-C), 135.58 (s, 8-C), 136.05 (s,
4-C), 13742 (s, 19-C), 13760 (s, 6-C), 149.09 (s, 15-C), 153.96 (s,
2-0), 177.17 (s, 1-C) ppm.

Anal. cale. for CigHgN>08 (32041 g/mol): C, 71.22; H,
5.03; N, 8.74; found: C, 70.99; H, 4.95; N, 8.61.

m. p.: 175 °C.
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Experimental details

The Ujs, values of H atoms were set to 1.2 * Ueq of the par-
ent atoms. Coordinates of hydrogen atoms bound to N were
refined without any constraints or restraints. All other hydro-
gen atoms were refined with riding coordinates.
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ABSTRACT: The formation of salicylaldimine derivatives via ring
contraction as byproducts in 2-aminotropone syntheses has been
investigated. Salicylaldiminate (SAI) complexes of the alkali metals
Li—K have been synthesized and transformed into heterobimetallic
complexes. Important findings include an unusual double hetero-
cubane structure of the homometallic sodium SAI, an unprece-
dented ligand-induced E/Z isomerization of the aldimine functional
group in the homometallic potassium SAI, and the first example of a
structurally authenticated mixed-metal SAI based on s-block central
atoms. Rapid equilibria have been shown to play a crucial role in the
solution phase chemistry of mixed-metal SAls. Analytical techniques
applied in this work include (heteronuclear) NMR spectroscopy,
VT- and DOSY NMR spectroscopy, high-resolution mass

Mixed-Metal
s-Block
Heterocubanes

spectrometry, single-crystal X-ray diffraction analysis, and DFT calculations.

B INTRODUCTION

Aminotroponiminates (ATIs) are a well-established ligand
family] with a rich coordination chemistry,Z a multi-faceted
redox chemistry,” ligand cooperativity," and a variety of catalytic
applications (e.g., alkyne oligomerization,“ olefin hydroamina-
tion,” and polymerization of cyclic esters™). A range of
approaches have been developed for the generation of various
types of ATI ligands.'™' The synthetic route to ATIs with aryl
and alkyl substituents at nitrogen (without excessive steric bulk)
and without further substituents in the ATI backbone is robust,
high-yielding, and probably the one that has been applied most
frequently (Scheme la).!we

The first step of this reaction (1 — A) reflects a substitution
reaction transforming the tropone into an aminotropone. Ring
contraction reactions may compete with this transformation,
when additional substituents are present in the tropone
backbone,” when transition metal complexes are present,ﬂ' or
when high reaction temperatures in combination with bulky
amines are employed (Scheme 1b).* The nature of the leaving
group X and the substituents in the tropone backbone as well as
the nature of the amine employed as a nucleophile can have a
dramatic impact on the chemo- and regioselectivity of these
reactions.’ By using tropones with bromo substituents in the
backbone, for instance, a substitution-rearrangement pathway
has been addressed deliberately in order to generate bromo-
substituted salen-type ligands for hydroamination catalysis
(Scheme 1c).” In the widely applied standard protocol for the
synthesis of 2-aminotropones A, however, such rearrangements
have not been reported to date.'»°

© 2020 American Chemical Society

< ACS Publications 17678

Salicylaldimines of type D have a long-standing history as
ligands in coordination chemistry and catalysis.'” For example,
transition metal salicylaldiminate (SAI) complexes show
antimicrobial activity'' and have been exploited as catalysts'”
for the polymerization of ethylene” and cyclic esters,'* in olefin

. 15 . . . . 9b
metathesis, * and in hydroamination reactions.
Main group complexes and especially alkali metal derivatives

of SATs are less explored. They have been utilized as SAI transfer
13b,16

reagents in the synthesis of transition metal complexes, as
bases in carboxylation reactions,'” and as catalysts in ring
opening polymerizations (ROP) of eyclic esters."*'® In the last

type of reactions, the ligand architecture and the coordination
chemistry of the metal complexes have been shown to critically
influence the catalytic performance of SAI complexes and have
thus been studied in some detail. In the solid state, alkali metal
SAls may aggregate to give dinuclear,"*" tetranuclear, and
hexanuclear s[pecies, corresponding to planar, cu-
bic, #1715l 4hq double cubic'® core structures, respec-
tively (Scheme 2a). These structural features may be
rationalized in analogy with the ring stacking principle that has
originally been proposed for the analysis of the solid state
structures of lithium compounds.”
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Scheme 1. (a) Synthetic Route to Aminotroponimines (H-
ATIs). (b) Substitution Reaction of Tropone Derivatives
with Amines, Followed by Ring Contraction to Give
Salicylaldimines (H-SAls). (c) Example of a Double
Substitution at a Brominated Tropone Derivative, Followed
by a Ring Contraction”

a) synthesis of aminotroponiminates: no ring contraction
route 1

/ + excess \ + OEt,BF, R
SEpRl
ONSHHEHR NH NH
Ts\ﬂnﬁ/‘ R R
1 route 2 A B

» moderate reaction temperatures
+ no excessive bulk in substituents R, R’
+ unsubstituted ligand backbone

b) general scheme for ring contraction of tropolone motif

substituents 7/~ =0 + H,NR
2L
\ X

X = halide, OR, NR;

substituents ./—
N OH

NR
D

c) example of substitution followed by ring contraction

Br NiPr
i HZNPr salen
type
Iigand
Br NHiPr

F

“OTs = tosylate.

Scheme 2. (a) Schematic Presentation of Structural Motifs
Reported for Alkali Metal SAT Complexes. (b, ¢) Examples of
Heterobimetallic SAI Complexes”

a)

- (Sle] fldR

—M

N )

QikM_|\0 | =
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s ?TL r4

M =Li, Na, K
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o—m %o—lm .
o—m o-|— o | M
N (5]
Qu—yo Sn—0 Sw—3 o/
b) <)
Ph _PPh;
I |
D,ppN \ PhN c—A'Mez PAN_
L) | ' AIMez
Me,aI-O an PhN

Q

=Na, Kb

“R = alkyl, aryl; Z = substituent(s) in the aromatic backbone.

n=0,2-4, M =Li, Na, K

Heterobimetallic SAT complexes are rare and comprise
transition metal complexes linked to alkali metals by additional
donor substituents in the ligand periphery (e.g, Scheme

2b).1%82122 Iy olefin polymerization, the heterobimetallic
species show enhanced catalytic activities or improved
molecular weight control compared to their monometallic
counterparts.”'*** Heterobimetallic complexes with both metals
being main group metals have so far only been realized in a series
of alkali metal aluminate complexes (Scheme 2c). * The
intriguing cubic and double cubic structural motifs found in
alkali metal SAI complexes (Scheme 2a) have so far not been
authenticated for heterobimetallic SAI species.

‘We herein report the formation of salicylaldimines during the
synthesis of unsubstituted 2-aminotropones B (Scheme 1a) and
factors influencing the chemoselectivity of this reaction. Mono-
and heterobimetallic alkali metal SAI complexes were
synthesized, and their structure in the solid state and in solution
was investigated.

Bl RESULTS AND DISCUSSION

Salicylaldimines. In the standard protocol for the synthesis
of 2-aminotropones B, the tosyl-oxy-tropone 1 can simply be
stirred in an excess of amine, if the amine is sufficiently
nucleophilic, liquid at room temperature, and affordable in the
required quantities (Scheme 1, route 1). Alternatively,
stoichiometric amounts of an amine are used in the presence
of a base, if the amine is valuable and/or solid at room
temperature (route 2).' 4% Many primary alkylamines fulfill
the requirements for the more facile route 1, isopropylamine
being one of the archetypical examples. Consequently, the
reaction of 1 to give 2 is one of the most common reactions in
the preparation of aminotropones and aminotroponimines
(Scheme 3a, left).”* We were therefore surprised to detect a

Scheme 3. Isolation of Ring Contraction Products 3a and 5
from Reactions of 1 with H,NiPr and H,NFc, Respectively"

a)

1o

O g HaNtPr

OH or

o conmtmns OH
A:n=10,neat, 0°C, 16 h Bl% 3% none
B:n=1,CHCl; 40°C, 7d 15% 19% none
b) Fc

Tos Fc |

| | —|

o HaNFe NH

= +
o) EtOH, reflux, o .
1 conditions
4 5

A: 24 h, NEty 75% none
B: 4h, no base 38% 4%

“Tos = §O,-p-(C4H,Me); Fe = ferrocenyl; results from conditions A
in part (b) have been reported in ref 3b.

side product in this frequently used synthetic procedure,
which—to the best of our knowledge—had never been
identified in any literature reports. This species was obtained
in small, but reproducible, quantities and could be isolated by
column chromatography. Elemental analysis and high-resolu-
tion mass spectrometry indicated the composition C;;H;N,0;
ie, it is an isomer of compound 2 (for details, see the
Experimental Section). This left the possibilities of a ring
contraction to give literature-known 3a”” or a cine-substitution
pathway’’ to give the unknown seven-membered ring 3b.

https://dx.doi.org/10.1021/acs.inorgchem.0c02920
Inorg. Chem. 2020, 59, 17678—17688

74



[X SALICYLALDIMINES: FORMATION VIA RING CONTRACTION AND SYNTHESIS OF MONO- AND
HETEROBIMETALLIC ALKALI METAL HETEROCUBANES

Inorganic Chemistry

pubs.acs.org/IC

Evaluation of the NMR data of the sample strongly suggested
the formation of 3a,” which was verified by transformation of 3a
into metalated derivatives and their detailed analysis (vide infra).

The unprecedented observation of a ring contraction in a
standard protocol for the synthesis of 2-aminotropones
prompted us to perform a short survey on the factors influencing
the selectivity of these reactions. As a result, reaction of 1 with
only 1 equiv of isopropylamine at extended reaction times of 7 d
and in the absence of an additional base gave selectivities of
>50% toward 3a at moderate overall conversions (for details, see
the Supporting Information). It should be noted that, under the
applied reaction conditions, isolated 2 did not rearrange to give
compound 3a (for details, see the Supporting Information).

In the light of these findings on the occurrence of ring
contractions during the synthesis of 2-aminotropones via route
1, ferrocenylamine (H,NFc) was also investigated in this
reaction as a typical representative of a less nucleophilic and
more valuable primary amine (route 2). In this case, the product
of a ring contraction (compound 57") was obtained in low yield,
only when the reaction was performed in the absence of an
external base (Scheme 3b; for details, see the Experimental
Section and, for NMR spectroscopic reaction monitoring, see
the Supporting Information).

These results show that the ring contraction reactions
identified here only play a minor role under standard conditions
for the synthesis of aminotropones, but may become reaction
pathways of significant importance when the reaction conditions
are slightly modified. This is an important point to keep in mind
(i) for the synthesis of yet unknown aminotropones (and ATIs
derived thereof) and (ii) for the exploitation of synthetic
strategies that deliberately address such ring contraction
reactions in order to generate salicylaldimines that may be
more difficult to synthesize via more established synthetic
routes.”

Alkali Metal Salicylaldiminates (SAls). The synthesis of
alkali metal salicylaldiminates (SAls) was targeted in order to
explore their potential in the generation of mixed-metal
compounds. Thus, compound 3a was reacted with alkali metal
bases MHMDS (Scheme 4; M = Li—K; HMDS =

Scheme 4. Synthesis of Alkali Metal Salicylaldiminate
Complexes 6, 7, 8, and 8-crown”

- -

=N =N
MHMDS ML),
OH —— o
THF, L

6 M=Li L,=none T4%
3a 7 M=Na L, =traces” 79%
8 M=K L= (thfg, 78%

8-crown M=K L,=18-crown-8 92%

“i: Traces of THE (0.02 equiv) and toluene (0.04 equiv) were
detected.

hexamethyldisilazide). Isolation and characterization of the
literature-known lithium species 6' * confirmed the structural
assignment of starting material 3a obtained from the ring
contraction reaction of 1 (cf. Scheme 3a). The sodium and the
potassium compounds 7 and 8 were isolated as colorless solids
in good yields. NMR spectroscopic analysis of 6—8 in pyridine-
dy revealed the expected signal patterns for the isopropyl, the
aldimine, and the 1,2-substituted aryl functional groups with
clearly distinct chemical shifts for each of the complexes.””

For the potassium SAI crown ether complex 8-crown, NMR.
spectroscopy revealed the presence of a second signal set of
minor intensity (3% upon solvation of the sample). This was
ascribed to an E/Z isomerism of the aldimine functional group
with the main species being the E-isomer.*” This is supported by
analysis of the "H'H-NOESY NMR spectrum of this compound:
a cross signal between the CH moiety of the isopropyl group and
the aromatic CH group in the 3-position is absent for the major
isomer, but present for the minor isomer. A trans configuration
of the C*"'—C¥¥™* group was tentatively assigned to both
isomers based on cross signals between the aldimine CH group
and the ethylene groups of the crown ether.

For aldimines in general, E/Z isomerism is a well-known
phenomenon, with the isomer distribution depending on
electronic and steric factors as well as solvent effects.’’
Transformations between the two isomers can be triggered
thermally or photochemically.‘u However, E/Z isomerism has
only rarely been discussed for salicylaldiminate complexes and
not been unambiguously identified.” Most importantly, the
isomerism was not observed for compounds 6—8; in other
words, it can be triggered by addition of the strong chelating
ligand 18-crown-6. This is most likely due to a switch of the SAI
ligand from a chelating coordination mode in the absence of 18-
crown-6 to a 'O coordination mode in the presence of 18-
crown-6 (vide infra). In agreement with these findings,
irradiating solutions of 8-crown with a mercury vapor lamp
for 2 h increased the amount of the Z-isomer to 11%. Storing the
same sample at ambient light for 2 d gave back the initial 3% of
the Z-isomer. Heating the sample to 60 °C for 2 h or shielding
from ambient light for 7 d resulted in formation of the E-isomer,
exclusively. No decomposition of the sample was observed
during the above-mentioned manipulations.

Single-crystal X-ray analysis of the lithium complex 6 revealed
the literature-known Li,SAl, structural motif,'*" although single
crystals were grown under various conditions, including the use
of polar solvents such as pyridine.

Slow diffusion of pentane into a THF solution of the sodium
compound 7 yielded crystals suitable for single-crystal X-ray
diffraction analysis. Compound 7 crystallized as a hexanuclear
species with a NayOy core structure, which is built of two face-
fused Na, 0, heterocubanes (triclinic space group P1 with Z = 2;
Figure 1). The structure can be thought of as being composed of
three Na,SAI, units, which are equivalent to two outer faces and
one inner face of the double heterocubane. The outer face units
are linked to the inner face unit only through Na—Q interactions
(not through Na—N bonding). The SAI ligands adopt chelating
coordination modes with a sodium atom in the N/O binding
pocket. At the same time, the oxygen atoms of the ligands that
are part of the outer face units bridge three sodium atoms, while
each of the oxygen atoms that is part of the central Na,SAI, unit
bridges four sodium atoms. As a result, the sodium atoms of the
outer faces are four-coordinate and adopt a strongly distorted
tetrahedral coordination geometry (O—Na(1/2/4/5)-0/N,
81.4—154.1°).>* The inner face sodium atoms are five-
coordinate and adopt a slightly distorted square pyramidal
coordination geometry (Na3, 7 = 0.06, O3 in the apical position;
Na6, 7 = 0.05, 06 in the apical position). The four-coordinate
sodium atoms (Nal, Na2, Na4, and Na5) show short Na—0 and
Na—N bond lengths (Na—0, 2.23-2.38 A; Na—N, 2.32-2.36
A) as compared to the five-coordinate sodium atoms Na3 and
Na6 (Na—0, 2.33—2.46 A; Na—N, 2.44 A).

While heterocubane structures of sodium SAls have been
reported in several instances," "' "% double heterocubane

17680 https://dx.doi.org/10.1021/acs.inorgchem.0c02920
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Figure 1. Molecular structure of [Nay(SAI)4] 7 in the solid state (left)
and schematic presentation (right). Heteroatoms are represented by
displacement ellipsoids at the 50% probability level; carbon atoms are
shown as wireframe. Hydrogen atoms and a lattice bound solvent
molecule are omitted for clarity. Selected bond lengths (A) and angles
(deg): Nal—-NI1, 2.3305(13); Nal—-Ol, 2.2284(11); Nal-02,
2.2844(11); Nal—06, 2.3835(11); Na2—N2, 2.355(3); Na2-01,
2.2773(12); Na2—02, 2.2375(11); Na2—03, 2.3178(11); Na3—N3,
2.4416(13); Na3—02, 2.3659(11); Na3—03, 2.3252(11); Na3—04,
2.4019(11); Na3—06, 2.4324(11); Nad—N4, 2.3181(13); Na4—03,
2.3636(11); Na4—04, 2.2287(13); Na4—05, 2.2799(12); Na5—NS,
2.3371(19); Na5—04, 2.2852(12); Nas5—05, 2.2364(11); Na5—06,
2.3276(11); Na6—N6, 2.437(2); Na6—01, 2.3688(13); Na6—03,
2.4621(11); Na6—05, 2.3382(11); Na6—06, 2.3289(11); 01-Cl,
1.3019(18); 02—Cl11, 1.3067(17); 03—C21, 1.3176(17); 04—C31,
1.3044(17); 05-C41, 1.3061(17); 06—C51, 1.3211(18); O(1—6)—
Na(1/2/4/5)-0(1-6), 88.98(4)—96.84(4); O(1—6)—Na(1/2/4/
5)-N(1/2/4/5), 81.44(8)—154.13(7); O(1-6)—Na(3/6)-0(1-6),
84.84(4)—169.95(4); O(1-6)—Na(3/6)-N(5/6), 76.61(4)—
166.82(7).

structural motifs are extremely rare for sodium SAIs. In fact,
only one such example has been reported in the literature, but
contains additional thioether functional groups, which leads to
larger coordination numbers of the sodium atoms (CN = 5—6)
and larger Na—O bond lengths of up to 2.62 A (as compared to
an upper limit of 2.46 A for the Na—O bond lengths in 7)."’
Thus, the structural analysis of 7 proves that the unusual double
heterocubane structural motif can be realized for sodium SAls
without the aid of additional chelating functional groups.””

Potassium SAI complexes have been reported to be mono-,
di-, or tetranuclear in the solid state."**"™™ Mononuclear species
can be obtained, for instance, by complexation of the potassium
atom with 18-crown-6. Since our attempts to obtain single
crystals of compound 8 were unsuccessful under various
conditions, crystallization in the presence of 18-crown-6 was
performed. Slow diffusion of pentane into a THF solution
containing 8 and 1 equiv of 18-crown-6 led to crystals suitable
for single-crystal X-ray diffraction analysis. 8-crown crystallized
in the monoclinic space group P2, with Z = 2 (Figure 2). In
accordance with the literature, a mononuclear complex is
formed, and the coordination sphere of the potassium atom is
saturated by the crown ether and the oxygen atom of the SAI
ligand, which coordinates in a 'O fashion.

The C¥¥l—adimine group shows a trans configuration, which
minimizes steric repulsion between the iPr substituent and the
K(18-crown-6) moiety. The C=N double bond shows an E-
configuration. These findings confirm the structure suggested
for the main isomer of 8-crown in solution (vide supra). The
K1—01 bond length of 2.50 A is significantly smaller, and the
C1-01-K1 angle of 164.1° is much larger than the
corresponding values in the closely related species [IK(SAI™)-

T .Oi/$3
05._,.—-751' - L]
02\’ o
o 01 [ ]
@02
cog @
5 @hCh

Figure 2. Molecular structure of [K(SAI)(18-crown-6) ] 8-crown in the
solid state. All atoms except the ethylene units of the crown ether, which
are shown as wire frame, are represented by displacement ellipsoids at
the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg): K1-01, 2.501(3); K1—
02, 2.847(3); K1-03, 2.841(2); K1-04, 2.874(3); K1-05,
2.808(3); K1-06, 2.863(3); K1-07, 2.866(3); 01-Cl1, 1.282(4);
C2-C7, 1.458(5); N1-C7, 1.271(4); C1-C2, 1.428(5); C2—C3,
1.406(5); C3—C4, 1.379(5); C4—Cs, 1.394(5); C5—C6, 1.364(5);
C1-C6, 1.430(5); 0(1-7)=K1-0(1-7), 58.35(7)—161.49(7); C1—
01-K1, 164.1(2).

(18-crown-6)], where the iPr group of 8-crown is formall
substituted by a Ph group (K—0, 2.62 A; C—-0-K, 130.9°).'%"
This was ascribed to the electron-donating character of the iPr
group in 8-crown.

Mixed-Metal Salicylaldiminates (SAls). Mixed-metal
compounds, in general,‘w and mixed-metal compounds of s-
block elements, in particular, have been shown to display a
complex coordination chemistry in solution and in the solid
state, with high potential for applications such as metalation
reactions,”” cyclization reactions,”’ (reversible) de-aromatiza-
tion reactions,’ olefin olig(:amerization"U as well as the
polymerization of olefins®** and cyclic esters.” " We aimed
to evaluate the potential of simple SAl ligands without additional
functional groups for the synthesis of heterobimetallic
complexes. Thus, two series of reactions were performed with
compounds 6—8: (i) reactions of two alkali metal SAls in a 1:1
stoichiometry (Table 1, entries 1—3) and (ii) reactions of the

Table 1. Synthesis of Heterobimetallic Complexes 9—13

XM(SAI + y M(SA)  —r™ MM(SAleuy(thl)y

Entry Compound M M' x vy n Yieldl?!

1 9 Li Na 1 1 0 61%
2 10 Li K 1 1 0 96%
3 11 Na K 1 1 0I5 9%
4 12 Li Na 3 1 0 59%
5 13 Li Na 1 3 018 65%

“Isolated yield, conversion quantitative.

lithium compound 6 and the sodium compound 7 in 1:3, and 3:1
stoichiometries (entries 4 and 5). The products 9—13 of these
reactions were isolated as colorless solids. In all cases, NMR
spectroscopic analysis ('H, '*C; "Li, **Na where appropriate) at
23 °C revealed one set of well-resolved signals with the expected
multiplicities and with chemical shifts, which did not correspond
to the weighted average of the chemical shifts recorded for the
pure monometallic complexes. The NMR spectra of all
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compounds 9—13 remained unchanged, when solutions of these
complexes were kept under inert conditions for several days.

Slow evaporation of the solvent of a THF solution of complex
9 with its Li/Na = 1:1 stoichiometry led to the formation of
crystals suitable for single-crystal X-ray diffraction analysis
(orthorhombic space group Pna2, with Z = 4). Unexpectedly,
the structural analysis revealed a complex with a Li/Na = 3:1
stoichiometry, [Li;(SAI);Na(SAI)(thf),] (12-(thf),)."”* Com-
pound 12+(thf), shows a heterocubane core structure (Figure
3), confirming the formation of the first mixed alkali metal SAI
complex.

Figure 3. Molecular structure of [Li;Na(SAI), (thf),] (12+(thf),) in the
solid state. Heteroatoms are represented by displacement ellipsoids at
the 50% probability level; carbon atoms are shown as wireframe.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg): Nal—02, 2.545(2); Nal—03, 2.469(2); Nal-04,
2.3270(19); Nal—0S§, 2.400(2); Nal—06, 2.453(14); Nal-N4,
2.514(2); Lil—01, 1.943(5); Lil—02, 1.962(4); Lil—04, 1.974(4);
Lil=N1, 2.037(4); Li2—01, 2.029(4); Li2—02, 1.930(5); Li2—03,
1.914(4); Li2—N2, 2.030(5); Li3—01, 2.005(4); Li3—03, 1.995(5);
Li3—04, 2.020(4); Li3—N3, 2.049(4); O1-C1, 1.310(3); 02—C11,
1.298(3); 03—C21, 1.306(3); 04—C31, 1.316(3); N1-C7, 1.282(3);
N2-C17, 1.277(4); N3—C27, 1.279(4); N4—C37, 1.275(4); O(2—
6)—Nal—(02-6), 74.67(6)—169.0(3); O(2—6)—Nal—N4,
76.88(7)—152.84(7); O(1—4)-Li(1-3)-0(1-4), 92.21(19)—
104.6(2); O(1—4)—Li(1-3)—N(1-3), 91.77(18)—135.4(2).

The coordination geometries are distorted tetrahedral for
lithium atoms and distorted octahedral for the sodium center
with its two thf ligands. The structure of 12+(thf), is related to
that of the parent homometallic lithium complex 6" by
exchange of one Li atom for one [Na(thf),] unit. This leads to a
significant distortion of the M,Q, cube in 12+(thf), due to the
larger Na—O bond lengths. In addition, the incorporation of a
sodium atom into the heterocubane also increases the Li--Li
interatomic distances to 2.68—2.72 A, as compared to 2.55-2.69
A in homometallic 6."*" The Li—O (1.91-2.03 A) and Li—-N
bond lengths (2.03—2.05 A) in 12+(thf), are only marginally
larger than those in 6 (Li—0, 1.89—2.00 A; Li—N, 1.97—2.00
A)."" The Na1-0* (2.33-2.55 A) and Nal—-N4 (2.51 A)
bonds in 12+(thf), are longer than those in homometallic 7 (CN
=4: Na—0,2.23-2.38 A; Na—N, 2.32—-2.36 A; CN = 5: Na—0,
2.33-2.46 A; Na—N, 2.44 A), which was ascribed to the higher
coordination number of the sodium atom in the heterobimetallic
species.

The isolation of 12+(thf), from a solution of compound 9
raised the question of dynamic exchange reactions in such
heterobimetallic species. In order to gain first insights into the
aggregation behavior of and potential interconversion between
these compounds, DFT calculations were performed (for
details, see the Experimental Section and Supporting Informa-
tion). According to these studies, the addition of 2 equiv of THF
to 9 and 12, respectively, is exothermal and exergonic in both
cases (Scheme 5a). The dissociations of tetranuclear species 9+
(thf), and 12+(thf), into dinuclear species are thermoneutral
(for 9-(thf),) and exothermic (for 12-(thf),) as well as slightly
endergonic in both cases (Scheme 35b). Thus, these trans-
formations represent a potential entry into rearrangement
reactions of this type of heterocubanes. The formation of
“lithium-rich” compound 12-(thf), from compound 9+(thf),
requires the appearance of one or more “sodium-rich”
byproducts. The formation of isolable homometallic sodium
complex 7 fulfills this requirement and results in the reaction
equation given in Scheme 5c. This reaction is marginally
endothermic and exergonic, demonstrating that such rearrange-
ment reactions are thermodynamically feasible.

Scheme 5. Thermodynamic Data for Reactions of
Heterocubanes [Li,Na,(SAI),] (9) and [Li;Na,(SAI),] (12)
As Determined by DFT Calculations”

A4H (4G)
a) adduct formation with THF [kcal-moi™']
[Lil[Na], + 2L —= [Li[Nal,L,  —35.1(-9.9)
9 9.(thf),
[Lils[Na}; + 2L —= [Lils[NalLe  _37.1(-10.1)
12 12.(thf),
b) dissociation into dinuclear compounds
[Lil[NalLy + 2L —= [LiloL; * [Na];L; -0.1(+6.1)
9-(thf)2
[LilsNalLy + 3L —= [LilL, + [Li};[NalLs —11.9 (+6.2)
12-(thf),
c) formation of 12.(thf), from 9-(thf),
[Lilo[Na]:L> —=
9.(thf), +2.9 (-2.7)
2/3 [Lils[Na],L, + 2/9 [Na]g + 2/3L
12.(thf), 7

“[Li] = Li(SAL); [Na] = Na(SAL); L = thf

The potential of compound 9 to be susceptible to dynamic
exchange reactions in solution motivated more detailed
investigations of the solution behavior of lithium/sodium
mixed-metal SAI complexes (all of which were performed in
THF). Low-temperature NMR spectroscopy on compound 9
revealed one sharp set of signals even at —100 °C, suggesting the
exchange indicated by the isolation of 12+(thf), from solutions
of 9 and by DFT calculations (vide supra) to be fast on the time
scale of the NMR spectroscopic experiment (Figure $23). In
contrast, the mixed-metal complexes 12 and 13 revealed
significant broadening of all resonances in THF solution at

17682 https://dx.doi.org/10.1021/acs.inorgchem.0c02920
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Table 2. Investigation of Compounds 6, 7,9, 12, and 13 by DOSY NMR Spectroscopy in THF-dy at Room Temperature: Diffusion
Coeflicients (D) and Molecular Masses (M) Using THF-d, as Internal Standard and Assuming That Complexes Behave as

Compact Spheres

examples of species at different degrees of aggregation that may be formed from the parent complex in solution

# Cpd. dinuclear species (M, .y [grmol™'])  tetranuclear species (M. [grmol™'])  hexanuclear species (M. [gmol™])  log(D,pom) My, [g-mol™"]
1 6 Liy(SAL),(thf), (483) Liy(SAL), (677) —9.0878 526
2 7 Na,(SAL),(thf), (515) Na,(SAL), (741) Nag(SAD)g (1111) ~9.1422 678
i 9 Li,(SAD), (thf), (483) Li;Na,(SAL),(thf), (853) Nag(SAL)g (1111) —9.0949 544
4 1 Li,(SAI),(thf), (483) Li;Na(SAL),(thf), (837) Nag(SAD)g (1111) ~9.1087 580
513 Na, (SAT),(th), (515) LiNay(SAL),(thf); (941) Nag(SAL), (1111) —9.1443 685

—40 °C. Using the CH™™" resonance as a diagnostic tool, at
least two (compound 12)*" and three (compound 13) different
species were present under these conditions (Figures 524 and
§25).**" This suggests that these compounds exist as mixtures of
rapidly interconverting aggregates in solution, leading to an
averaged set of sharp resonances in their NMR spectra recorded
at room temperature. The homometallic complexes 6 and 7 each
showed one set of signals at —100 °C, which were significantly
broadened in the case of the sodium compound.

In order to gather information on the (average) degree of
aggregation of these compounds in solution, complexes 6, 7, 9,
12, and 13 were subjected to DOSY NMR spectroscopic
experiments in THF at room temperature. In each case, one set
of signals was detected in the diffusion dimension. Using an
external calibration curve with normalized diffusion coefh-
cients,” the diffusion coefficients were translated into molecular
weights (Table 2). The molecular weights determined with this
method range between 526 and 685 g-mol_l. In agreement with
the results from DFT calculations and VT NMR spectroscopy,
this rules out the exclusive presence of tetranuclear or even
hexanuclear species. It is rather in line with the presence of rapid
equilibria between dinuclear (solvated) species and tetranuclear
(solvated) species (or a hexanuclear species in cases where the
homometallic sodium species may also be formed).

High-resolution mass spectrometric analyses of 6, 7, 9, 12,
and 13 confirmed the presence of alkali metal SAI species with
degrees of aggregation ranging from one to five and multiple
different species being detected in each individual sample (for
details, see the Supporting Information). This is in contrast to
alkali metal SATs with additional substituents in ortho- and para-
positions (relative to the oxygen atom), which have been
suggested to be dinuclear based on ESI mass spectrometry.'™

It should be noted that mixed-metal compounds with Li:Na
ratios of 1:3 in heterocubane structural motifs have been
reported when a guanidinate ligand was used instead of SAI
ligands,“’ suggesting that modifications of the ligand framework
will allow access to a wide variety of s-block mixed-metal
heterocubane complexes.

B CONCLUSION

It has been demonstrated that, in reactions that are commonly
employed for the synthesis of aminotroponiminate ligand
systems, salicylaldimines are formed in minor amounts via ring
contraction. Modification of the reaction conditions can
significantly increase the selectivity toward ring contraction,
turning it into a major reaction pathway. Metalation of
salicylaldimines gave the corresponding alkali metal salicylaldi-
minates (SAls). Structural analysis of the sodium complex
revealed the first example of an unsupported double
heterocubane motif in this family of compounds. Investigation
of the potassium compound uncovered that a reversible E/Z

isomerization of the aldimine functional group can be triggered
by addition of 18-crown-6 as a strong chelating ligand. Using
alkali metal SAIs as starting materials (Li—K), the potential of
simple SAI ligands to support the formation of mixed-metal
compounds was demonstrated, and the first example of a mixed-
metal SAI complex of s-block metals was structurally
authenticated. These species exhibit a dynamic solution
behavior: investigations by (VT) NMR and DOSY NMR
spectroscopy, as well as single-crystal X-ray analysis, mass
spectrometry, and DFT calculations, demonstrate that these
compounds engage in rapid equilibria in solution at ambient
temperature, which involve different degrees of aggregation
(most likely between two and six). These findings in the growing
domain of higher aggregate mixed-metal compounds will
contribute to the understanding of complex equilibria in
solution and to the deliberate design of well-defined compounds
in this field of research.

B EXPERIMENTAL SECTION

All air- and moisture-sensitive manipulations were carried out using
standard vacuum-line Schlenk or glovebox techniques in an atmosphere
of purified argon. Solvents were degassed and purified according to
standard laboratory procedures, NMR spectra were recorded on Bruker
instruments operating at 200, 300, 400, or 500 MHz with respect to 'H.
"H and "*C NMR chemical shifts are reported relative to SiMe, using
the residual 'H and '*C chemical shifts of the solvent as a secondary
standard. "Li NMR and **Na NMR chemical shifts are reported relative
to 1 M LiClin D,0 and 1 M NaClin D,0. N NMR chemical shifts are
reported relative to CH;NO, (90% in CDCl,) and were determined by
two-dimensional '"H—"*N correlation NMR spectroscopic experiments.
If not otherwise noted, NMR spectra were recorded at 23 °C. UV/vis
spectra were recorded with a Mettler Toledo UVS UV Vis spectrometer
in THF solution. IR spectra were measured with a Bruker Alpha-P FT-
IR instrument, and spectra of neat solid material were recorded in all
cases. Elemental analyses were performed on a Leco or a Carlo Erba
instrument. For mass spectrometric analyses, an Exactive plus
instrument (Thermo Scientific) was used (ionization methods:
LIFDI, ESI, ASAP). Single crystals suitable for X-ray diffraction were
coated with perfluorinated polyether oil in a glovebox, transferred to a
nylon loop, and then transferred to the goniometer of a diffractometer
equipped with a molybdenum (4 = 0.71073 A) or copper (4 = 1.5418
A) Xoray tube. The structures were solved using the intrinsic phasing
method, completed by Fourier synthesis, and refined by full-matrix
least-squares procedures. CCDC 2034962—2034964 contain the
crystallographic information for this work. For an example of a general
method for the synthesis of salicylaldimines, see ref 26a.
Computational Details. DFT calculations were performed with
the Gaussianfm)g[am using the 6-31G(d,p)4? (H, Li, C, N, O) and the
6-311G(d,p)" (Na) basis sets and the B3LYP functional.”” The D3
version of Grimme's dispersion model with the original D3 damping
function was applied.” Frequency analyses of the reported structures
showed no imaginary frequencies. Thermodynamic parameters were
calculated at a temperature of 298.15 K and a pressure of 1.00 atm.
Further details are given in the Supporting Information. Cartesian
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coordinates of optimized structures are provided in .xyz format
(Supporting Information).

Compounds 2 and 3a.%" Isopropylamine (27.8 g 470 mmol, 40.3
mL) was cooled to 0 °C. 2-Tosyloxytropone (100 g 362 mmol) was
added in small portions while stirring. The mixture was allowed to warm
to room temperature and was stirred at room temperature overnight.
All volatiles were removed under reduced pressure, and the crude
product was purified by column chromatography (silica; EtOAc:Pen-
tane 1:4, 3 vol % NEt,). The product 2 was obtained as a yellow
crystalline solid. Yield: 5,19 g, 31.8 mmol, 88%. Analytical data were in
agreement with the literature.”

During column chromatography, compound 3a was isolated as a
brown oil. Yield: 183 mg, 1.1 mmol, 3%.

'H NMR (300 MHz, CDC,): 8 = 1.29 (d, 6H, sy = 6.4 Hz, CI13),
3.55 (sept, 1H, *Jiyy; = 6.4 Hz, CHpp,), 6.86 (dt, 1H, *Jy; = 1.1 Hz, ¥y
= 7.4 Hz, 4-H), 6.95 (td, 1H, “Jyyy; = 8.3 Hz, 6-H), 7.23 (dd, 1H, Yy =
1.7 Hz, ¥y = 7.6 Hz, 3-H), 7.27-7.31 (m, 1H, 5-H), 8.35 (s, 1H,
Hyjgimine)s 13.68 (s, 1H, OH) ppm. *C NMR (76 MHz, CDCL,): 6 =
24.31 (s, CH,), 60.14 (s, CHp,), 117.13 (s, 6-C), 118.52 (s, 4-C),
118.96 (s, 2-C), 131.18 (5, 3-C), 132.09 (s, 5-C), 161.43 (s, 1-C),
162.12 (3, Cppmine) ppm. Elemental analysis: caled (%) for C,oH;NO
(163.22 g/mol): C 73.59, H 8.03, N 8.58; found: C 73.69, H 8.32, N
8.64. ASAP-MS, positive mode (%): caled for [C,H,;NO + H']", m/z
= 164.1070; found: m/z = 164.1064.

Compounds 4 and 5. (In contrast to the literature protocol for the
synthesis of 4, no NEt; was used here).”

Ethanol (40 mL) was added to a mixture of 2-tosyloxytropone (3.03
g, 10.9 mmol) and aminoferrocene (2,20 g, 10.9 mmol). The reaction
mixture was heated under reflux for 4 h. All volatiles were removed in
vacuo. The crude reaction product was purified by column
chromatography. The product 4 was obtained as a dark orange solid.
Yield: 1.27 g, 4.16 mmol, 38%. Analytical data were in agreement with
the literature.™”

During column chromatography, compound $ was isolated as a red
solid. Yield: 140 mg, 457 umol, 4%.

'H NMR (200 MHz, CDCL): 6 = 4.19 (s, SH, C;H,), 429 (t,
2H,* iy = 1.9 Hz, 3,4-(C;H,NHR)), 4.60 (t, 2H, 1y = 1.9 Hz, 2,5-
(C4H,NHR)), 6.87—6.95 (dd, gy = 8.1 Hz, ¥y = 6.8 Hz, 1H, 4-H),
699 (d, 1H, *Jyy = 81 Hz, 6-H), 7.29-7.39 (m, 2H, 3-H, 5-H
(overlapping)), 8.63 (s, 1H, Hyguine) 13.37 (s, 1H, OH) ppm. "C
NMR (50 MHz, CDCL): 6 = 62.60 (s, 2,5-(CH,NHR)), 67.73 (s, 3,4-
(C3H,NHRY)), 70.00 (s, CsH;), 102.37 (s, 1-(CsH,NHR), 117.31 (s, 6-
C), 119.10 (s, 4-C), 119.85 (5, 2-C), 131.16 (s, 3-C), 132.19 (s, 5-C),
160.20 (s, 1-C), 160.93 (5, Cugimne) ppm. ESI, positive mode (%):
caled for [C;HFeNO + H']", m/z = 306.0576; found: m/z =
306.0578.

Compound 6."*" 2-Tsopropyliminomethylphenol (3a) (115 mg,
0.71 mmol) and lithium HMDS (117 mg, 0.71 mmol) were dissolved in
THEF (1 mL) and stirred for 10 min. All volatiles were removed in vacuo,
and the remaining white solid was washed with a mixture of toluene and
pentane (1:1, 2 X 4 mL) and dried in vacuo. The product was obtained
as a white solid. Yield: 88 mg, 0.52 mmol, 74%.

"H NMR (400 MHz, pyridine-ds): 8 = 117 (d, 6H, *J,,;; = 6.4 Hz,
CH), 3.25-3.34 (sept, 1H, *Jy, = 6.3 Hz, CHyp,), 6.67 (dd, 1H, ¥y =
7.8 Hz, *Jiyy = 6.5 Hz, 4-H), 7.15 (d, 1H, *J;y; = 8.5 Hz, 6-H), 7.40—
7.43 (m, 2H, 3-H, 5-H), 8.28 (5, 1H, Hygimne) ppm. *C NMR (100
MHz, pyridine-ds): 8 = 25.36 (s, CH,), 62.98 (s, CHyp,), 112.01 (s, 4-
C), 12353 (s, 6-C), 123.77 (5, 2-C), 133.35 (s, 5-C), 13647 (s, 3-C),
165.17 (5, Cogrune)s 17139 (5, 1-C) ppm. "Li NMR (1557 MHz,
pyridine-ds): § = 2.64 ppm. Further analytical data were in agreement
with the literature."”

Compound 7. 2-Isopropyliminomethylphenol (3a) (100 mg, 0.61
mmol) and sodium HMDS (112 mg, 0.61 mmol) were dissolved in
THEF (1 mL) and stirred for 10 min. All volatiles were removed in vacuo,
and the remaining white solid was washed with a mixture of toluene and
pentane (1:1, 2 X 4 mL) and dried in vacuo. The product was obtained
as a white solid. The amount of THF in the isolated compound has to be
checked individually for every batch. Yield: 90 mg, 0.49 mmol (with n =
0.02 equiv of THF and m = 0.04 equiv of toluene), 79%.

"H NMR (400 MHz, THF-d,): 8 = 1.06 (d, 6H, *Jy; = 6.4 Hz, CH,),
1.76—1.79 (m, n x 4H, §-THF), 3.26 (sept, 1H, 3w = 6.4 Hz, CHyp,),
3.60-3.63 (m, n X 4H, &-THE), 6.19 (dd, 1H, *Jyy; = 8.2 Hz, !]HH =62
Hz, 4-H), 6.46 (d, 1H, Yy = 8.3 Hz, 6-H), 6.89-6.93 (m, 1H, 5-H),
7.03 (dd, 1H, *Jyyy = 7.7 Hz, iy = 1.7 Hz, 3-H), 8.19 (s, 1H, Hpygmine)
ppm. "H NMR (400 MHz, pyridine-d;): § = 1.17 (d, 6H, *Jy; = 6.4 Hz,
CH), 1.60—1.64 (m, n X 4H, f-THF), 3.28 (sept, 1H, Jy = 6.3 Hz,
CHy,), 3.65-3.68 (m, n X 4H, o THF), 6.54 (dd, 1H, Jyyy = 8.4 Hz,
om = 7.2 Hz, 4-H), 6.96 (d, 1H, *J;yy = 8.4 Hz, 6-H), 7.24—7.28 (m,
1H, 5-H), 7.03 (dd, 1H, Yy = 7.6 Hz, ",y = 2.1 Hz, 3-H), 8.55 (5, 1H,
Hidimee) ppm. “C NMR (100 MHz, THF-dy): 6 = 24.59 (s, CH.),
63.36 (s, CHyp,), 110.64 (s, 4-C), 123.09 (s, 6-C), 123.86 (s, 2-C),
13191 (s, 5-C), 135.54 (s, 3-C), 164.64 (5, Cpgimine)s 172.71 (s, 1-C)
ppm. *Na NMR (106 MHz, THF-d): & = 5.93 ppm.

Elemental analysis: calcd (%) for C,oH;;NaNQ-(C,HgO)y, (192.41
g/mol): C 64.92, H 6.71, N 7.21; found: C 64.85, H 6.84, N 7.00.

Compound 8. 2-Tsopropyliminomethylphenol (3a) (60 mg, 0.37
mmol) and potassium HMDS (74 mg, 0.37 mmol) were dissolved in
THF (1 mL). Immediately, a white precipitate was formed. Pentane (6
mL) was added, and the precipitate was isolated by filtration. The white
solid was washed with pentane (4 % 5 mL) and dried in vacuo. The
product was obtained as a white solid. The amount of THF in the
isolated compound has to be checked individually for every batch.

Yield: 60 mg, 0.29 mmol (with 1 = 0.1 equiv of THF), 78%.

"H NMR (400 MHz, pyridine-ds): & = 1.24 (d, 6H, ]y, = 6.4 Hz,
CH,), 1.61—1.64 (m, n % 4 H, f-THF), 3.29-3.35 (sept, 1H, 15 = 6.1
Hz, CHy,), 3.65—3.68 (m, n X 4 H, «-THF), 6.50 (dd, 1H, *J,u,, = 7.9
Hz, Yy = 6.2 Hz, 4-H), 7.01 (d, 1H, Fuup = 8.0 Hz, 6.H), 7.25-7.30
(m, 1H, §-H), 8.00 (d, 1H, ]y, = 7.5 Hz, 3-H) 9.04 (s, 1H, Hgimine)
ppm. *C NMR (100 MHz, pyridine-d ): & = 25.73 (s, CH,), 26.26 (s,
B-THF), 63.29 (s, CHy), 68.29 (s, a-THE), 109.09 (5, 4-C), 123.78 (s,
overlay with signal of pyridine-ds, 6-C),124.95 (s, 2-C), 132.17 (5, 3-C),
132.74 (s, 5-C), 162.03 (s, Coygimine)s 174.76 (s, 1-C) ppm. Elemental
analysis: caled (%) for CjoH,;,KNO-(C,H,0),, (208.52 g/mol}: C
59.90, H 6.19, N 6.72; found: C 59.71, H 6.12, N 6.72.

Compound 8-crown. 2-Isopropyliminomethylphenol (3a) (50
mg, 0.31 mmol) and potassium HMDS (61 mg, 0.31 mmol) were
dissolved in THF (3 mL). Immediately, a white precipitate was formed.
18-crown-6 was added, and the resulting light yellow solution was
layered with pentane (1 mL). After 24 h, a beige solid had precipitated,
was isolated by filtration, washed with pentane (4 X 2 mL), and dried in
vacuo. The product was obtained as a beige solid. Yield: 131 mg, 0.28
mmol, 92%.

Signals of the E-isomer (97%): 'H NMR (500 MHz, pyridine-d;): &
=134 (d, 6H, JJuuy = 63 Hz, CH,), 348 (s, 24H, CH, crown), 3.60—
3.68 (sept, 1H, Yuy = 6.3 Hz, CHyp,), 6.41-6.44 (m, 1H, 4-H), 7.05—
7.08 (m, 1H, 6-H), 7.34—7.38 (m, 1H, 5-H), 8.50 (m, 1H, 3-H) 9.74 (s,
1H, Hyjgimine) pPm. *C NMR (126 MHz, pyridine-ds): 6 = 26.10 (s,
CH,), 62.73 (s, CHyp,), 70.71 (s, CH, crown), 107.31 (s, 4-C),124.50
(s, 6-C), 125.21 (s, 2-C),128.38 (s, 3-C), 132.58 (s, 5-C), 160.75 (s,
Cjigimine)s 17625 (s, 1-C) ppm.

Signals of the Z-isomer (3%): "H NMR (500 MHg, pyridine-d;): 6 =
1.36 (d, 6H, *Jyyy = 6.1 Hz, CH,), 3.48 (s, 24H, CH, crown), 4.76—4.83
(sept, 1H, Yy = 6.1 Hz, CH,,), 6.39-642 (m, 1H, 4-H), 7.05-7.08
(m, 1H, 6-H), 7.35—7.40 (m, 1H, 5-H), 7.58 (m, 1H, 3-H (overlapping
with signal of pyridine-ds)) 9.38 (s, 1H, Hygne) ppm. “C NMR (126
MHz, pyridine-ds): 8= 25.79 (s, CH,), 5102 (s, CH,y,), 68.29 (s, CH,
crown), 105.93 (s, 4-C),124.17 (s, overlay with signal of pyridine-d;, 6-
C), 124.64 (s, 2-C), 130.08 (s, 3-C),131.90 (s, 5-C), 161.84 (s,
Cldimine)» 175.98 (5, 1-C) ppm.

Elemental analysis: caled (%) for C,3H KNO, (465.63 g/mol): C
56.75, H 7.79, N 3.01; found: C 56.93, H 8.00, N 2.94.

Compound 9. A solution of 6 (8.7 mg, 51 ymol) in THF (1 mL)
was added to a solution of 7:(thf) ,, (10 mg, 51 gmol) in THF (1 mL).
All volatiles were removed in vacuo. The product was obtained as a
white solid, which was washed with pentane (2 X 2 mL) and dried in
vacto.

Yield: 11 mg, 31 gmol, 61%.

'H NMR (400 MHz, pyridine-d;): 8 = 1.17 (d, 12H, ¥}y, = 6.4 Hz,
CHS), 3.26—3.32 (sept, 2H, *J,y; = 6.3 Hz, CHp,), 6.55 (dd, 2H, ¥yqpy =
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8.6 Hz, [y = 7.0 Hz, 4-H), 6,85 (d, 2H, *Jyyy = 8.1 Hz, 6-H), 7.19 {m,
overlay with signal of pyridine-ds, 2H,5-H), 7.35 (d, 2H, *J,yy = 7.6 Hz,
3-H) 8.27 (5, 2H, Hapgiuine) Ppm. °C NMR (100 MHz, pyridine-ds): 5
=25.28 (s, CH,), 63.10 (s, CH,p,), 110.89 (s, 4-C), 123.79 (s, overlay
with signals of pyridine-d;, 6-C),124.03 (s, overlay with signals of
pyridine-ds, 2-C), 132.70 (s, 5-C), 136,03 (s, overlay with signals of
pyridine-ds, 3-C), 164.51 (s, Capgimine)s 172.66 (s, 1-C) ppm. "Li NMR
(156 MHz, pyridine-ds): § = 2.78 (s) ppm. *Na NMR (106 MHz,
pyridine-ds): § = 3.79 (br. s) ppm.

Elemental analysis: caled (%) for CpHyLiNaN, O, (354.35 g/mol):
C 67.79, H 6.83, N 7.91; found: C 67.81, H 6.99, N 7.87.

Compound 10. A solution of 6 (8 mg, 48 gmol) in THF (2 mL)
was added to a solution of 8+(thf)g g4 (10 mg, 48 gmol) in THF (2 mL).
All volatiles were removed in vacuo. The product was obtained as a
white solid, which was washed with pentane (2 X 2 mL) and dried in
vacuo. Yield: 17 mg, 46 umol, 96%.

'H NMR. (400 MHz, pyridine-d;): & = 1.22 (d, 12H, *Jyy;; = 6.3 Hz,
CH,), 3.24—3.34 (sept, 2H, *Jyyy; = 6.3 Hz, CH,p,), 6.54 (dd, 2H, =
7.5 Hz, *Jyyy = 5.8 Hz, 4-H), 6.91 (d, 2H, %]y, = 8.4 Hz, 6-H), 7.25 (dd,
overlay with signal of pyridine-d;, 2H, *Jyy = 10.2 Hz, *Jyyyy = 6.9 Hz 5-
H), 7.39 (d, 2H, ¥,y = 7.5 Hz, 3-H) 8.32 (s, 2H, Hyge) ppm. C
NMR(100 MHz, pyridine-ds): 8 = 25.29 (s, CH,), 63.47 (s, CHpp,),
110.46 (s, 4-C), 123.85 (s, overlay with signals of pyridine-d;, 6-
C),123.87 (s, overlay with signals of pyridine-d;, 2-C), 132.83 (s, 5-C),
135.71 (s, overlay with signals of pyridine-ds, 3-C), 164.24 (s, Cajgimine)s
172.89 (s, 1-C) ppm. "Li NMR (156 MHz, pyridine-ds): 5 = 3.9 (s)
ppm. Elemental analysis: caled (%) for CyH,,KLiN,O, (37046 g/
mol): C 64.84, H 6.53, N 7.56; found: C 64.66, H 6.56, N 7.38.

Compound 11. A solution of 7+(thf)y ,(toluene), 5, (9.0 mg, 48
pmeol) in THF (1 mL) was added to a solution of 8+(thf) 5 g (10 mg, 48
pmeol) in THF (1 mL). All volatiles were removed in vacuo. The product
was obtained as a white solid, which was washed with pentane (2 X 2
mL) and dried in vacuo. The amount of THF in the isolated compound
has to be checked individually for every batch. Yield: 15 mg, 38 pmol
(with n = 0.15 equiv of THEF), 79%.

'H NMR (400.1 MHz, pyridine-d;): &= 1.18 (d, 12H, *Jyy;; = 6.4 Hz,
CH,), 1.61—1.64 (m, n X 4 H, f-THF), 3.23—3.32 (sept, 2H, J; = 6.3
Hz, CHp,), 3.65—3.68 (m, n X 4 H, a-THF), 6.53 (dd, 2H, ¥,y = 7.8
Hz, Yy = 6.6 Hz, 4-H), 6.93 (d, 2H, J,yy; = 8.4 Hz, 6-H), 7.19 (dd,
overlay with signal of pyridine-ds, 2H, ¥y = 8.7 Hz, Jyy; = 6.8 Hz 5-
H), 7.60 (d, overlay with signal of pyridine-ds, 2H, ¥,y = 7.7 Hz, 3-H)
8.59 (s, 2H, Hygmne) ppm. PC NMR (100 MHz, pyridine-ds): & =
25.41 (s, CHy), 26.26 (s, f-THF), 63.41 (s, CH,), 68.29 (s, @-THF),
110.46 (s, 4-C), 123.94 (s, overlay with signals of pyridine-ds, 6-
C),12449 (s, 2-C), 132,74 (s, 3-C), 134.94 (s, 5-C), 16393 (s,
Cadimine) 173.68 (s, 1-C) ppm. Na NMR (106 MHz, pyridine-d;): &
=8.79 (br. s) ppm. Elemental analysis: caled (%) for Cy0H,,KNaN,O,-
(C4H50 )08 (392,28 g/mol): C 62.23, H 6,35, N 7.12; found: C 62.23,
H 6.39, N 6.95.

Compound 12. Compound 6 (30 mg, 177 pgmol) was added to a
solution of compound 7+(toluene)y,; (12 mg, 59 pmol) in THF (2
mL). All volatiles were removed in vacuo. The product was obtained as a
white solid, which was washed with pentane (2 X 2 mL) and dried in
vacuo. Yield: 24 mg, 35 umol, 59%.

'H NMR. (400 MHz, pyridine-ds): & = 1.17 (d, 24H, ¥,y = 6.0 Hz,
CH,), 3.25—3.34 (sept, 4H, oy = 6.2 Hz, CHy,), 6.61 (m, 4H, 4-H),
6.96 (br. s, 4H, 6-H), 7.29 (br. m, 4H,5-H), 7.36 (d, 4H, *Jy; = 7.4 Hz,
3-H) 8.26 (5, 4H, Huygimine) ppm. *C NMR (100 MHz, pyridine-ds): &
=25.28 (s, CH,), 63.01 (s, CHy,), 111.45 (s, 4-C), 123.74 (s, overlay
with signals of pyridine-d;, 6-C),123.91 (s, overlay with signals of
pyridine-ds, 2-C), 132.96 (s, 5-C), 136.24 (s, overlay with signals of
pyridine-ds, 3-C), 164.83 (s, Capgipine)s 172.09 (s, 1-C) ppm. "Li NMR
(156 MHz, pyridine-ds): § = 2.66 (s) ppm. *Na NMR (106 MHz,
pyridine-ds): § = 3.12 (br. s) ppm.

Elemental analysis: caled (%) for CuoHgLi;NaN,O, (692.66 g/
mol): C 69.36, H 6.99, N 8.09; found: C 69.67, H 7.20, N 7.99.

Compound 13. Compound 6 (10 mg, 59 umol) was added to a
solution of compound 7+(toluene)p,; (33 mg, 177 gmol) in THF (2
mL). All volatiles were removed in vacuo. The product was obtained as a
white solid, which was washed with pentane (3 X 5§ mL) and dried in

vacuo. The amount of THF in the isolated compound has to be checked
individually for every batch. Yield: 32 mg, 43 ygmol (with n = 0,06 equiv
of THF and 0.13 equiv of pentane), 73%.

'H NMR (400 MHz, pyridine-d;): 6 = 1.17 (d, 24H, ¥y = 6.4 Hz,
CH,), 1.61—-1.64 (m, n X 4 H, J-THF), 3.24—3.33 (sept, 4H, ¥ ;55 = 6.3
Hz, CHp,), 3.65—3.68 (m, n X 4 H, a-THF), 6.52—6.56 (dd, 4H, ¥y, =
8.6 Hz, *Jyyy; = 7.0 Hz, 4-H), 6.90 (d, 4H, *Jyyy; = 7.8 Hz, 6-H), 7.22—
7.26 (m, overlay with signals of pyridine-ds, 5-H,), 7.44 (d, 4H, ¥y =
7.7 Hz, 3-H) 839 (s, 4H, Hyjpmye) ppm. C NMR (100 MHz,
pyridine-d,): & = 25.33 (s, CH,), 26.26 (s, f-THF), 63.20 (s, CH,p,),
68.29 (s, a-THEF), 110.59 (s, 4-C), 124.13 (s, 6-C),124.24 (s, overlay
with signals of pyridine-d;, 2-C), 132.66 (s, 5-C), 135.8 (s, overlay with
signals of pyridine-d, 3-C), 164.51 (8, Cajgimne)s 17329 (s, 1-C) ppm.
Li NMR (156 MHz, pyridine-d;): & = 2.80 (s) ppm. *Na NMR (106
MHz, pyridine-d;): 6 = 5.68 (br. s) ppm. Elemental analysis: caled (%)
for C,H s LiNa;N,0,(C,HO)y , (731.97 g/mol): C 66.29, H 6.72, N
7.65; found: C 66.34, H 6.87, N 7.36.
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Abstract: The behavior of the redox-active aminotroponimi-
nate (ATI) ligand in the coordination sphere of bismuth has
been investigated in neutral and cationic compounds,
[Bi(ATI);) and [Bi(ATI);L,J[A] (L=neutral ligand; n=0, 1; A=
counteranion). Their coordination chemistry in solution and
in the solid state has been analyzed through (variable-tem-
perature) NMR spectroscopy, line-shape analysis, and single-
crystal X-ray diffraction analyses, and their Lewis acidity has

been evaluated by using the Gutmann-Beckett method (and
modifications thereof). Cyclic voltammetry, in combination
with DFT calculations, indicates that switching between
ligand- and metal-centered redox events is possible by alter-
ing the charge of the compounds from 0 in neutral species
to +1 in cationic compounds. This adds important facets to
the rich redox chemistry of ATls and to the redox chemistry
of bismuth compounds, which is, so far, largely unexplored.

Introduction

In recent years, redox-active ligands have been established as
a versatile and valuable tool to diversify and control the prop-
erties and reactivity of coordination entities.”" In compounds
of first-row transition metals, for instance, redox-active ligands
have been used to stabilize unusual oxidation states of the
central atom™ or to foster reactions that involve two-electron
processes rather than single-electron transfer In compounds
of p-block elements, redox-active ligands have been used to
enable facile and reversible electron transfer and to open up
reaction pathways for controlled radical reactions.!'*%

It has been demonstrated that redox-active ligands may also
be directly involved in selective bond-forming events, such as
the dimerization of radical species, which result from a high
spin density at specific sites of the redox-active entity.”’ How-
ever, strategies to control such reactivity remain rare. Alumi-
num complex A has been reported to undergo dimerization
through C-C bond formation to give A, (Scheme 1a, left),
whereas the closely related species B is isolable in the mono-
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meric form (Scheme 1a, right).”*” This has been ascribed to in-
tramolecular ferromagnetic coupling between the radical li-
gands in B, which leads to a reduced effective spin density in
these compounds. We have demonstrated that rhodium com-
pounds of aminotroponiminates (ATIs) are susceptible to rever-
sible (ligand-centered) electron transfer (Scheme 1b (left), C—
D), whereas the corresponding alkali-metal complexes readily
undergo reductively induced dimerization (Scheme 1b (right),
C—0.5E).” Thus, modifying the metal bound to a redox-active
ligand can have a dramatic influence on ligand-centered redox
events and reactivity.

Although the chemistry of redox-active ligands is well devel-
oped for central atoms across large parts of the periodic
table,"’ the redox chemistry of heavier Group 15 elements, and
the heaviest congener bismuth, in particular, has been focused
on metal(oid)-centered radical species and redox-shuttling.*”!
Remarkable advances in the field include the incorporation of
Bi'/Bi" and proposed Bi"/Bi' redox couples in catalytic cycles™
the first examples of persistent and isolable bismuth radical
complexes,” the generation of an organometallic biradical,"”!
unusual reactivity patterns (e.g., towards P, and S),""" and cat-
alytic applications in cycloisomerization and dehydrocoupling
reactions,"” olefin polymerization,"” and photochemistry.!'*!
These findings were largely based on strategies in which the
radical center (if present) was stabilized through bulky ligands
or through reversible radical recombination reactions. In con-
trast, the use of (potentially) redox-active ligands in the field of
bismuth chemistry is only little explored. Examples include bis-
muth(l) and bismuth(lll) complexes with ferrocenyl groups in
the ligand backbone (F, G),"" as well as bismuth(lll} pyridine di-
pyrrolide complexes H (Scheme 2)."
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Scheme 1. Controlling the properties of open-shell main-group compounds: a) through magnetic coupling (dimerization vs. isolable species); b) through the
choice of the central atom (reversible electron transfer vs. dimerization). X=Cl, 0,SCF;; R=2,6-iPr,-C¢H,.

Scheme 2. Bismuth complexes with redox-active ligands (F, G) and potential-
ly redox-active ligands (H). R/R"=tBu/tBu, Ph/mesityl; Dtp =3,5-tBu,-CH,.

Herein, we report on the synthesis, isolation, characteriza-
tion, and redox properties of the first series of cationic bismuth
ATl complexes.

Results and Discussion
Synthesis and structure

Starting from a reported sodium ATl compound
[Na(ATI?™™)(thf)], with its unsymmetric Ph/iPr substitution pat-
tern, neutral and cationic bismuth ATls 1 and 2-X were synthe-
sized in straightforward salt elimination protocols (Scheme 3;
X =OTf, SbF,, BAr*; OTf=0,5CF,; BAr" =B(3,5-(CF,),CcH,),). Fol-
lowing the same synthetic approach, cationic bismuth ATls 3-X
and 4-X based on ATI”"™, which has been reported in the liter-
ature, and the new ATI"™*"** ligand were obtained (Scheme 3;
for details on the synthesis and characterization of
[Na(ATIP"MeP)(thf)] and related species, see the Experimental
Section and the Supporting Information). The products were
isolated as red to orange solids.

Chem. Eur. J. 2021, 27,1-11 www.chemeurj.org
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R' +
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— 2 NaCl ~gi” R
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2-0Tf n=075 47%
R/R' = Ph/iPr { 2-SbFg n=075 81%

2-BArff  n=1 85%
3-0Tf n=0 52%
3-SbFg n=09 65%
R/R' = PhSMe/iPr--- 4-BAr* n=0.5 87%

R/R' = iPr/iPr {

Scheme 3. Synthesis of neutral and cationic bismuth ATl complexes.
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NMR spectroscopic analysis in solution revealed the expect-
ed signal patterns for bismuth complexes with one set of mag-
netically equivalent ATI ligands in all cases. In the case of neu-
tral 1, a second set of resonances with minor intensities of 6%
was detected. This was ascribed to fac/mer isomerism in this
M(AB),-type compound;"*'® the main isomer is the fac spe-
cies, according to DFT calculations (AG (fac-1—mer-1)=
+1.9 kcalmol™") and structural analysis of 1 in the solid state
(see below). In all compounds with the [ATI™™™]~ ligand, the
resonances for all protons of the phenyl groups were signifi-
cantly broadened at room temperature, Variable-temperature
(VT) "H NMR spectroscopy revealed coalescence temperatures
of 40°C for neutral 1 and 15-25°C for cationic 2-X and five
well-resolved signals for the phenyl groups in the low-temper-
ature scenario. This indicates a hindered rotation of the phenyl
groups around the N*"'-C™ bond. Line-shape analyses and
Eyring plots revealed activation parameters of AG”(298 K)=
14.9 kcalmol ™' for neutral 1 and AG*(298 K)=13.6-13.9 kcal
mol~" for cationic 2-X (for details, see the Supporting Informa-
tion). Thus, the ATI ligands in neutral and cationic complexes
experience similar steric clash in the coordination sphere of
bismuth, although a significantly less crowded coordination
environment and a more easily accessible metal center is
found for the cationic species (see below). This was ascribed to
the coordination geometry of the cationic species being dictat-
ed by orbital interactions rather than Coulomb interactions.

Compounds 1, 2-X, 3-X, and 4-BAr" were characterized by
single-crystal X-ray diffraction analyses. Compound 1 crystal-
lized in the monoclinic space group P2,/n with Z=4 and
shows a fac configuration (Figure 1a). The central atom is
found in a distorted octahedral coordination geometry: angles
of ligands in cis orientation range from 65 to 118°. Strong devi-
ations from ideal symmetry are due to the small bite angle of
the ATl ligand (chelating: N-Bi-N, 65-67°). In addition, the
HOMO-3 shows significant contributions from an s-type bis-
muth atomic orbital, which is polarized towards the empty
space created by deviations from an octahedral symmetry, as
determined by DFT calculations (Figure 1b; for details, see the
Supporting Information). This may be associated with a stereo-
chemically active lone pair at bismuth. Due to its fac configura-
tion, compound 1 bears three pairs of trans-oriented NPh and
NiPr groups. Delocalization of electron density in the ATI li-
gands prohibits the unequivocal assignment of amido and
imino groups. Nevertheless, it is apparent that the C—NiPr
bonds (1.31-1.33 A) are, on average, slightly shorter than the
C—NPh bonds (1.34-1.35 A). In agreement with this observa-
tion, the Bi-NiPr bonds (2.53-2.58 A) are significantly longer
than the Bi—NPh bonds (2.35-2.38 A). This is further supported
by the Wiberg bond indices (WBIs), which are considerably
smaller for the Bi—NiPr bonds (WBI=0.22-0.23) than for the Bi-
NPh bonds (WBI=0.32-0.33). This is in contrast to the only
other homoleptic bismuth ATl complex [Bi(ATI"®),], which
crystallizes in a mer configuration, leading to an even more
pronounced variation in Bi—-N bond lengths (2.33-2.61 A)."*!

The molecular structures of the cationic bismuth ATIs 2-X, 3~
X, and 4-BAr" are shown in Figure 2. Selected crystallographic
and structural information are summarized in Table 1. The co-
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Figure 1. a) Molecular structure of [Bi(ATI™™),] (1) in the solid state. Dis-
placement ellipsoids are shown at the 50% probability level. Carbon atoms
of Ph and iPr groups are shown in the wireframe model and hydrogen
atoms are omitted for clarity. Bi1-N1 2.552(4), Bi1—N2 2.384(4), Bi1-N3
2.531(4), Bi1-N4 2.354(4), Bi1—N5 2.581(4), Bi1-N6 2.368(4), N1-C1 1.313(6),
N2—-C2 1.349(6), N3—-C17 1.326(6), N4—C18 1.354(6), N5-C33 1.319(7), N6—
€34 1.342(6) A; N1-Bi1-N6 155.87(14), N2-Bi1-N3 158.65(13), N4-Bi1-N5
154.62(14), N1-Bi1-N2 64.89(12), N3-Bi1-N4 67.16(13), N5-Bi1-N6 64.89(13),
N1-Bi1-N5 117.64(13)". b) HOMO-3 of compound 1 (isovalue=0.05), as deter-
mined by DFT calculations. This molecular orbital (MO) shows contributions
by an s-type bismuth atomic orbital that is polarized towards the hemi-
sphere in which the NiPr groups are localized and may be associated with a
stereochemically active lone pair (for details, see the Supporting Informa-
tion).

ordination geometries of the cationic species are bisphenoidal
(2-BAr", 3-OTf, 4-BAr") or square pyramidal (2-OTf, 2-SbF,, 3-
SbFg; 75=0.18-0.28), if only the ATl and thf ligands are consid-
ered. If additional weak bonding interactions with counteran-
jons or the thioether group in 4-BAr* are also taken into ac-
count, the coordination geometries are best described as
square pyramidal (2-BAr"; 7,=0.22), distorted octahedral (3-
OTf, 3-SbF,), and irregular (2-OTf, 2-SbF;, 4-BAr'). The Bi—N
bond lengths of the cationic species (2.21-2.38 A) are, on aver-
age, significantly shorter than those in neutral 1 (2.35-2.58 A),
although the same or even higher coordination numbers are
reached in the cationic species. This is due to the interactions
between the bismuth atoms of the cationic species and their
counteranions or neutral donor groups (thf or thioether) being
weak compared with the Bi—N"" interactions in neutral 1. In all
cationic species, the Bi—-N bonds that face another Bi—N bond
in the trans position (2.31-2.38 A) are significantly longer than
those that have a Bi-X bond or a free coordination site in the
trans position (2.21-2.25 A; X=0"", @O, gthloether pBAT) that is,
there is a considerable thermodynamic trans effect in these
compounds."*""! Notably, this is also observed in compounds
3-X, in which the substituents at nitrogen are identical and any
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a)

d) 0OTf (neighboring ~ €)
molecule)

(neighboring molecule)

Figure 2. Molecular structures of compounds 2-X (a-c), 3-X (d, ), and 4-BAr" (f) in the solid state. Displacement ellipsoids are shown at the 50% probability
level. Carbon atoms, except for those of the ATl backbone, are shown as wireframe. Hydrogen atoms and lattice-bound solvent molecules are omitted for
clarity. Only one of the six crystallographically independent, but chemically identical, formula units is shown in d). Atoms that exceed one formula unit are
shown as colorless ellipsoids (d, f). For details, see the Supporting Information.

Table 1. Selected crystallographic information and structural parameters of compounds 1, 2-X, 3-X, and 4-BAr". For details, see the Supporting Information.
1 2-OTf 2-SbF, 2-BAF 3-0Tf? 3-SbFg 4-BAr"
crystal system monoclinic monoclinic monoclinic triclinic monoclinic monoclinic orthorhombic
space group P2,/n P2,/n P2,/n Pi P2, Cc 222,
z 4 4 4 2 2 4 4
R/R Ph/iPr Ph/iPr Ph/iPr Ph/iPr iPr/iPr iPr/iPr PhSMe/iPr
coordination number with 6 7(5) 7(5 5(4) 6 (4) 6 (5) 8 (4)
(without) weak interactions™
Bi-0™" [A] - 2.943(11) 2.809(5) - - 2.888(4) 2xBi~SMeR;
3.8693(15);
3.8693(15)
Bi--anion; [A] = 2xBi~0; 2xBiF; 1xBi-F; 2xBi~O; 1xBi~F;  2xBi-~F; 3.470(6);
3.120(14); 3.084(7); 3.2908(19) 2.873(6); 3.139(3) 3.470(6)
3.215(13) 3.437(7) 2.940(6)
Bi—N (other N atom in trans 2.360(4); 2.311(5); 2.327(2); 2.336(7); 2.339(3);  2.338(5); 2.338(5)
position) [A] shortest Bi—N: 2.354(4);  2.383(4) 2.370(5) 2.3389(19) 2.341(8) 2.376(3)
Bi—N (X or free coordination longest Bi—N: 2.581(4) 2.241(4); 2.221(4); 2.2068(19); 2.195(10); 2.226(3);  2.219(5); 2.219(5)
site in trans position)® [A] 2.250(4) 2.249(4) 2210Q2);  2.226(6) 2243(3)
[a] Data for one of the six crystallographically independent, but chemically identical, formula units are presented (for details, see the Supporting Informa-
tion). [b] For the determination of the coordination number in compounds 2-X, 3-X, and 4-X, Bi--0°™, Bi--F, and Bi--S""*™™, interactions were considered to
be weak. [c] No thf ligand is present in 4-BAr" and the interatomic distance between the Bi atom and S atoms of the thioether functional groups are listed
instead. [d] X = O™, OCT, gioener, FSbf, oA,

impact of the substitution pattern on Bi-N bond lengths is  versus [ATI™"]~ in 2-SbF¢)"? and the counteranion (OTf~ in 2-
thus ruled out. The Bi-O™" bond lengths in the cationic bis-  OTf vs. [SbFs]™ in 2-SbF) increase the Bi-O™" bond lengths
muth ATls (2.81-2.94 A) are within the broad range of Bi-O™  (Table 1). The Bi--S"*™" interactions in 4-BAr" are very weak (if
bond lengths reported for other cationic bismuth amides (e.g.,  they exist) based on distance criteria (Bi--S 3.87 A; identical to
2.57-3.19 A in [Bi(NiPr,),(thf);][BAr])."® As a trend, a stronger  the sum of the van der Waals radii, which is ascribed to geo-
electron-donating ability of the ATl ligand ([ATI""™]~ in 3-SbF;  metrical constraints in the ligand framework. While bonding in-
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teractions between the bismuth atom and the counteranion
are significant in the case of the triflate species (Bi--0°" 2.87-
322 A; 10-20% below the sum of the van der Waals radii),
they are less pronounced for the hexafluoroantimonates (Bi--F
3.08-3.14 A; 11-13% below the sum of the van der Waals
radi),*” and only minor in the BAr® species (Bi~F 3.29-3.47 A;
2-7% below the sum of the van der Waals radii). The cationic
species generally form typical mononuclear complexes in the
solid state. As an exception to this, compound 3-OTf crystalli-
zes as a coordination polymer due to a bridging coordination
mode of the triflate anion (for details, see the Supporting Infor-
mation). Surprisingly, the cationic species 2-BAr", which forms
only very weak interactions with the borate counteranion, crys-
tallizes from solutions of difluorobenzene without any thf li-
gands bound to the bismuth atom. This shows that the thf
adduct (as obtained from the isolation of analytically pure bulk
material) may release its neutral ligand in solutions of moder-
ately polar and weakly donating solvents.

Lewis acidity

The Lewis acidity of molecular cationic bismuth compounds
can be a crucial factor for the realization of unusual phenom-
ena and reactivity patterns in coordination chemistry,?" group-
transfer reactions,"® CH activation,”' small-molecule activa-
tion,” and catalytic applications."*®*" It has recently been
quantified by using the Gutmann-Beckett (GB) method, that is,
through adduct formation of the bismuth species with
OPEt,. We have recently reported that the use of EPMe; (E=
S, Se) instead of OPEt; can be exploited for the assessment of
the soft character of a Lewis acid, which is demonstrated to be
especially pronounced for bismuth cations.”® Because the
Lewis acidity of cationic bismuth compounds based on chelat-
ing N,N-donor ligands has not been quantified, to date, select-
ed bismuth ATl complexes were investigated with the original
and modified GB methods (Table 2).

By using one equivalent of OPEt; as a donor in dichlorome-
thane, all bismuth ATls showed relatively low acceptor num-
bers of AN(OPEt)=21-29. As a trend, bismuth ATl cations
without significant bonding interactions to the counteranion
showed slightly larger ANs of 25-29 than those with Bi--OTf in-
teractions or neutral 1*” (AN(OPEt;) = 21-22).

Table 2. 'P NMR chemical shifts and acceptor numbers (ANs), according
to the original GB method (OPEt; as a Lewis base) and modifications
thereof (SPMe,, SePMe; as Lewis bases).”’

Compound  OPEt; SPMe; SePMe;
8P lppml AN 4 ¥P[ppm] AN 4P [ppm] AN
1 503 21
2-07f 504 21
2-5bF, 53.4 27
2-BAr 524 25
3-01f 511 22
4-BAr 54.0 29 309 11 89 6

[a] One equivalent of OPEt;, SPMe;, or SePMe; was added to solutions of
the respective bismuth compound in dichloromethane. For details, see
the Experimental Section.
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These ANs are larger than that of B(NMe,); (AN(OPEt,)=9)
and similar to that of B(OMe); (AN(OPEt;) =23)."" Compound
4-BAr" was additionally investigated with the modified GB
method, but also showed low ANs if the soft donors EPMe,
were applied (AN(SPMe;)=11; AN(SePMe,)=6). Thus, the ATI
ligand (an example of a bidentate monoanionic N,N-donor
ligand) quenches large parts of the Lewis acidity of the bis-
muth center towards external Lewis bases, even in cationic
species. This raises the question of whether the reduction of
cationic bismuth ATIs would predominantly be a ligand- or a
metal-centered event (or an intermediate scenario; see below).

Redox properties

The redox-active nature of ATI ligands has recently been estab-
lished, Specifically, it has been demonstrated that alkali-metal
ATl complexes undergo reductively induced dimerization reac-
tions, whereas rhodium ATl species are susceptible to reversi-
ble, ligand-centered electron transfer (Scheme 1b).” To shed
some light on the redox properties of the bismuth complexes
presented herein, they were analyzed by cyclic voltammetry
(all potentials referenced vs. ferrocene/ferrocenium; for details,
see the Experimental Section and the Supporting Information).
An irreversible redox event in the range of 0.27-0.39 V was ob-
served for all compounds (see the Supperting Information).
Under reducing conditions, neutral bismuth ATl complex 1
showed a reduction wave at —2.26 V, with the corresponding
oxidation wave appearing at —1.20 V (Figure 3a and Table 3,
entry 1). This indicates that a chemical reaction takes place
after electron transfer. The ratio, I/l of these redox waves is
close to one and the shape of the cyclic voltammogram does
not change significantly upon increasing the number of cycles,
which indicates the reversibility of the ECEC sequence. This be-

a)

I?_o LA

b) — 1000 mV-s~1
— 750 mV-s~!

500 mV-s~!

250 mV-s~1

100 mV-s~!

-2.5 -2.0 -1.5 -1.0

E vs. ferrocene/ferrocenium [V]

-3.0

Figure 3. Cyclic voltammograms of 1 (a) and [Bi(ATI"™"),)[BA'] (2-BAr") (b) in
THF/0.1 M [N(nBu),][PF.] at a temperature of 23°C and scan rates in the
range of 100-1000 mVs .

@ 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

89



X CATIONIC BISMUTH AMINOTROPONIMINATES: CHARGE CONTROLS REDOX PROPERTIES

Full Paper
Chemistry—A European Journal

doi.org/10.1002/chem.202005186

Chemistry
Europe

European Chemical
Societies Publishing

Table 3. Redox properties of bismuth ATl complexes under reducing con-
ditions, as deduced from cyclic voltammetry in THF/0.1 m [N{nBu),1[PF,] at
23°C and scan rates of 50-5000 mV's ' (for details, see the Supporting In-

formation).

Entry Compound £ or E,J/E,, [VI*'  Classification™  Reversibility
1 1 —2.26/—1.20" ECEC qr

2 2-0Tf —2.63 EE pr

3 2-5bF, 264 EE pr

4 2-BAF —2.61 EE qr

5 3-0Tf —-2.7 EE pr

6 3-ShF, —280 EE pr

7 4-BAr" —257 EE ar

[a] Potentials are referenced versus the ferrocene/ferrocenium couple;
entry 1: E,/E,,; entries 2-7: E,,. [b] E=electron transfer; C=chemical re-
action. [¢] qr=quasi-reversible; pr= partially reversible, [d] There is an ad-
ditional redox event at —2.66 V (for details, see the Supporting Informa-
tion).

havior (as determined from cyclic voltammetry) is strongly
reminiscent of the situation found for the corresponding
sodium compound, [Na(ATI™™)(thf)], which undergoes a
highly selective, chemically reversible, reductively induced di-
merization with the formation of a C—C bond between two ATI
moieties (cf. C—E in Scheme 1b).*! In contrast, no indications
for such redox behavior were obtained in the cyclic voltamme-
try analyses of the cationic bismuth ATl species 2-X, 3-X, and
4-BAr. While complexes with [OTf]" or [SbF,]  counteranions
show partially reversible redox events, compounds 2-BAr* and
4-BAr" show quasi-reversible redox events at strongly negative
potentials of —2.61 and —2.57 V, respectively (shown for 2-BAr"
in Figure 3b and Table 3, entries 2-7). While the redox poten-
tials of cationic bismuth ATls with [ATI™™]~ and [ATIP""/"~ |j-
gands range from —2.57 to —2.64 V, those for complexes with
the [ATI*"™]~ ligand were found from —2.71 to —2.80 V. This
corresponds to a cathodic shift of up to 230 mV and reflects
the more electron-donating nature of the [ATI™™]~ ligand,
which has previously been discussed in the context of catalytic
applications."

Overall, these findings demonstrate that the redox proper-
ties of bismuth ATl compounds can be controlled by the
choice of the charge of the complex. While the redox behavior
of the neutral species resembles that of alkali-metal ATI com-
plexes, the cationic species show a redox behavior reminiscent
of the corresponding rhodium compound. DFT calculations
were performed to rationalize these differences (for details, see
the Experimental Section and the Supporting Information).
Frontier orbital analysis of 1 and 2-BAr revealed that the
LUMO is exclusively ligand-centered in the neutral compound,
but has significant contributions from a bismuth p-type atomic
orbital in the cationic species (Figure 4a,b). These findings are
in agreement with an analysis of the spin-density distribution
in the reduced species Na-1-rad and 2-rad. Compound Na-1-
rad shows a negligible spin density of 0.6% at the bismuth
atom, and an overwhelming spin density of 97% at one ATI
ligand, which interacts with the sodium countercation (with
spin densities of up to 27% at individual atoms of this ligand;
Figure 4c). In contrast, compound 2-rad may be described as a
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Lowest Unoccupied MOs
b)

Bi(ATI),
(1)

Spin density

[Bi(ATI),][BArF]
(2-BArF)

[Na(thf),][Bi(ATI)4]
(Na-1-rad)

[Bi(ATI),]
(2-rad)

Figure 4. Structures obtained from geometry optimizations by DFT calcula-
tions. LUMOs of 1 (a} and 2-BA" (b; the counteranion is included in the cal-
culation, but omitted in the figure for clarity) at isovalues of 0.03. Spin densi-
ties of [Na(thf),J[BI(ATI""*),) (Na-1-rad) (c) and [Bi(ATI"™),] (2-rad) (d) at iso-
values of 0.002.

bismuth-centered radical (72% spin density) supported by two
redox-active ATl ligands, each of which has a spin density of
14% (with up to 3% spin density at individual atoms of these
ligands; Figure 4d).*”

Conclusion

We have prepared the first examples of cationic bismuth ATls,
[Bi(ATI),L,JIA] (L=neutral ligand; n=0-1; A=counteranion).
Depending on the choice of the counteranion, contact ion
pairs, solvent-separated ion pairs, or “naked” bismuth ATI cat-
ions with weak Bi-[F] interactions were obtained ([F]=fluorine
atom of BAr), According to VT-NMR spectroscopy studies and
line-shape analyses, the ATI ligands in neutral and cationic spe-
cies experience similar steric clash, which was assigned to a
predominantly orbital-controlled coordination chemistry in the
cationic compounds. The Lewis acidity of bismuth ATl cations
towards hard and soft donors was relatively weak, according
to the GB method (and its modifications), which was ascribed
to the bidentate nature of the monoanionic ATI ligand. In turn,
the empty p orbital of the bismuth atom in cationic species
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was accessible under reducing conditions and allowed for
quasi-reversible electron transfer at bismuth (according to
cyclic voltammetry and DFT calculations). In contrast, investiga-
tions into the redox chemistry of the neutral bismuth ATl com-
plex [Bi(ATI™™).] indicated ligand-centered redox events. Thus,
we demonstrated that the choice of the charge in bismuth ATI
complexes allowed switching from ligand-centered redox
events (as previously reported for alkali-metal complexes) to
metal-centered, quasi-reversible redox events. The latter was
analogous to Rh ATl compounds in terms of reversibility, but
are distinct in terms of the localization of spin density in the
reduced species (metal-centered in [Bi(ATI),]", but ligand-cen-
tered in [Rh(ATI)(cod)]""; cod=1,5-cyclooctadienyl). These find-
ings open up perspectives for switchable redox-catalysis based
on the heavy main-group element bismuth.

Experimental Section
General

All air- and moisture-sensitive manipulations were carried out by
using standard vacuum-line Schlenk or glove box techniques in an
atmosphere of purified argon. Solvents were degassed and puri-
fied, according to standard laboratory procedures. NMR spectra
were recorded on Bruker instruments operating at 200, 400, or
500 MHz with respect to 'H. "°F and *'P NMR spectra were recorded
with proton decoupling. All chemical shifts () are reported in
ppm. 'H and "*C NMR chemical shifts are reported relative to SiMe,
by using the residual 'H and "*C chemical shifts of the solvent as a
secondary standard. "°F and *'P NMR chemical shifts are reported
relative to CFCl; and 85% aqueous H,;PO,, respectively, as external
standards. Unless stated otherwise, NMR spectra were recorded at
23°C. Elemental analyses were performed on a Leco or a Carlo
Erba instrument. For MS analyses, an Exactive plus instrument
(Thermo Scientific) was used. Cyclic voltammograms were recorded
by using a Gamry Instruments Reference 600 potentiostat at 23°C
in THF containing 0.1m [N(nBu).J[PFs], unless otherwise noted. A
standard three-glectrode cell configuration was employed by using
a platinum disk working electrode, a platinum wire counter elec-
trode, and a silver wire separated by a Vycor tip as the reference
electrode. Formal redox potentials are referenced to the ferrocene/
ferrocenium redox couple. Single crystals suitable for X-ray diffrac-
tion were coated with perfluorinated polyether oil in a glove box,
transferred to a nylon loop, and then transferred to the goniome-
ter of a diffractometer equipped with a molybdenum (1=
0.71073 A) or copper (1=1.5418 A) X-ray tube. The structures were
solved using the intrinsic phasing method, completed by Fourier
synthesis and refined by full-matrix least-squares procedures. Dep-
osition numbers 2044644, 2044645, 2044646, 2044647, 2044648,
2044649, 2044650, 2044875, and 2044876 contain the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service.

Computational details

DFT calculations were performed with the Gaussian program by
using the 6-31G(d,p) (H, B, C, N, O, F),°" 6-311G(d,p) (Na),*" and
LaNL2DZ (Bi)*” basis sets and the (U)B3LYP functional.*® The D3
version of Grimme's dispersion model with the original D3 damp-
ing function was applied.®” Frequency analyses of the reported
structures showed no imaginary frequencies. Thermodynamic pa-
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rameters were calculated at a temperature of 298.15 K and a pres-
sure of 1.00 atm. Further details are given in the Supporting Infor-
mation. Cartesian coordinates of optimized structures are provided
in xyz format.

General procedure for the original and modified GB
methods

Equimolar amounts of the potential Lewis acid (usually 10 mg of
the bismuth complex) and the Lewis base (OPEt;, SPMe,;, or
SePMe;) were dissolved in CD,Cl, (0.5mL) and 'H and *'P NMR
spectra were recorded.

Compound 1

NaN(SiMe;), (42 mg, 0.23 mmol) and BiCl; (24 mg, 76 pmol) were
subsequently added to a solution of N-iPr-2-phenylaminotroponi-
mine (54 mg, 0.23 mmol) in THF (2 mL). All volatile compounds
were removed from the red reaction mixture under reduced pres-
sure. The residue was suspended in toluene (3x1.5 mL) and the re-
sulting suspension was filtered. All volatile compounds were re-
moved from the deep-red filtrate under reduced pressure to give a
deep-red solid, which was dried in vacuo (58 mg, 63 umol, 83%).
M.p. 198°C (dec); 'H NMR (500 MHz, —40°C, [DJJtoluene): 6=1.23
(d, *J(HH)=5.5Hz, 9H; Me"), 1.32 (d, Y(HH)=5.8 Hz, 9H; Me?),
3.96-4.03 (brs, 3H; CHMe,), 4.80 (d, *J(HH)=8.2Hz, 3H; o-Ph),
5.83 (d, *J(H,H)=11.2 Hz, 3H; 3-H), 6.00 (brdd, *J(HH)=8.2, 8.9 Hz,
3H; 5-H), 643 (d, “J(HH)=11.8 Hz, 3H; 7-H), 6.44 (brdd, J(HH)=
9.8, 11.2 Hz, 3H; 4-H), 6.77-6.80 (m, 3H; p-Ph), 6.87 (brdd, 3J(H,H) =
8.2, 11.8 Hz, 3H; 6-H), 6.97 (d, *J(HH) =82 Hz, 3H; o-Ph’), 6.98-
7.02 ppm (m, 6H; m-Ph"™); *C NMR (126 MHz, —40°C, [Dgltoluene):
3=23.9 (s, Me?), 24.1 (s, Me'), 49.9 (s, CHMe,), 116.8 (s, 7-C), 117.4
(s, 5-C), 117.4 (s, 3-C), 124.7 (s, p-Ph), 127.7 (s, 0-Ph?), 1285 (s, m-
Ph'/m-Ph?), 129.2 (s, m-Ph*/m-Ph'), 133.3 (s, 6-C), 1336 (s, 4-Q),
151.4 (s, ipso-Ph), 163.5 (s, 1-C), 168.0 ppm (s, 2-C); elemental analy-
sis caled (%) for C4gHsNgBi (920.95 gmol™'): € 62,60, H 5.58, N 9.13;
found: C 62.79, H 5.41, N 9.09.

Compound 2-OTf

A solution of Na{ATI®™)(thflys, (50 mg, 156 pmol) in THF (1 mL)
was added dropwise to a suspension of sodium triflate (13.5 mg,
78 pmol) and BiCl; (25 mg, 78 pmol) under stirring. The red suspen-
sion was filtered and layered with pentane (0.5 mL). After 24 h, the
red crystalline precipitate was isolated by filtration, washed with
pentane (3x3 mL), and dried in vacuo. Crystals suitable for single-
crystal X-ray analysis were obtained by layering a solution of 2-OTf
(20mg) in THF (0.5mL) with pentane (0.1 mL). Yield: 33 mg,
37 umol (with n=0.75 equiv of THF), 47%; 'HNMR (500 MHz,
—30°C, [Dslpyridine): 6=0.70 (d, *J(HH)=5.9 Hz, 6H; CHMe), 1.35
(d, *J(H,H)=6.0 Hz, 6H; CHMe), 1.48-1.50 (m, nx4H; -THF), 3.26-
3.20 (brm, 2H; CHMe,), 3.57-3.59 (m, nx4H; a-THF), 630 (d,
*J(HH)=11.0Hz, 2H; 3-H), 6.35 (d, J(HH)=7.8 Hz, 2H; o-Ph, par-
tially overlapped by 3-H), 6.37 (d, *JHH)=11.7 Hz, 2H; 7-H), 6.73
(dd, J(H,H)=8.7, 9.8 Hz, 2H; 5-H), 7.13 (d, *JIHH)=7.6 Hz, 2H; o-
Ph), 7.18 (m, 2H; 6-H, partially overlapped by [D;lpyridine), 7.22 (m,
2H; m-Ph, partially overlapped by [Dlpyridine), 7.27 (dd, *J(H,H) =
6.5, 8.3 Hz, 2H; p-Ph), 7.45 (m, 2H; m-Ph, partially overlapped by 4-
H), 7.47 ppm (m, 2H; 4-H); *C NMR (126 MHz, —30°C, [D;]pyridine):
6=21.0 (s, CHMe), 26.2 (s, B-THF), 26.7 (s, CHMe), 50.0 (s, CHMe,),
68.3 (s, a-THF), 1206 (s, 3-C), 121.7 (s, 7-Q), 1245 (s, 5-C), 127.8 (s,
m-Ph), 128.1 (s, 0-Ph), 129.4 (s, 0-Ph), 130.7 (s, p-Ph), 130.7 (s, p-Ph),
148.1 (s, ipso-Ph), 165.1 (s, 1-C), 1703 ppm (s, 2-C); "FNMR
(470 MHz, [D:]pyridine): & =—76.07 ppm; elemental analysis calcd
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(%) for Cy5HsqN,BiF;S05+(C,H0) (904.80 gmol™'): C 49.12, H 4.68, N
6.19, S 3.54; found: C 49.03, H 4.58, N 6.41, S 3.32.

Compound 2-SbF,

A solution of Na(ATI™™) (25 mg, 96 umol) in THF (0.5 mL) was
added dropwise to a suspension of silver hexafluoroantimonate(V)
(17 mg, 48 umol) and BiCl; (15 mg, 48 umol) under stirring. After
10 min, the red suspension was filtered, and the volume of the fil-
trate was reduced to half. After 24 h, the red crystalline precipitate
was isolated by filtration, washed with pentane (3x1 mL), and
dried in vacuo (38 mg, 39 pmol (with n=0.75 equiv of THF), 81%).
"HNMR (500 MHz, —35°C, [DsJpyridine): 6=059 (d, *JHH)=
5.9 Hz, 6H; CHMe), 1.25 (d, *J(H,H)=5.8 Hz, 6H; CHMe), 1.46-1.49
(m, nx4H; B-THF), 3.19-3.23 (brm, 2H; CHMe,), 3.56-3.59 (m, nx
4H; o-THF), 6.33 (d, *J(H,H)=7.8 Hz, 2H; o-Ph, partially overlapped
by 4-H), 634 (d, *NHH)=11.1Hz, 2H; 3-H), 637 (d, JJHH)=
12.1 Hz, 2H; 7-H), 6.78 (dd, *J(HH)=8.8, 9.7 Hz, 2H; 5-H), 7.01 (d,
*J(HH)=8.0Hz, 2H; o-Ph), 7.22-7.25 (m, 2H; 6-H, partially over-
lapped by m-Ph), 7.23-7.26 (m, 2H; m-Ph, partially overlapped by
6-H), 7.28 (dd, *J(H,H)=7.4, 8.3 Hz, 2H; p-Ph), 7.45 (dd, *JHH)=7.2,
8.1 Hz, 2H; m-Ph), 7.51 ppm (dd, 3JHH)=94, 11.1 Hz, 2H; 4-H);
"*C NMR (126 MHz, —35°C, [D;lpyridine): & =20.9 (s, CHMe), 26.2 (s,
B-THF), 26.8 (s, CHMe), 49.9 (s, CHMe,), 68.3 (s, a-THF), 120.8 (s, 3-
C), 1245 (s, 7-C), 125.0 (s, 5-C), 127.9 (s, m-Ph), 129.3 (s, o-Ph),
129.5 (s, o-Ph), 130.7 (s, p-Ph), 130.8 (s, p-Ph), 147.8 (s, ipso-Ph),
165.0 (s, 1-C), 170.2 ppm (s, 2-C); elemental analysis calcd (%) for
Cy;H1N,BiFSb(C,H0) (991.49gmol™"): C 4361, H 427, N 5.65;
found: C 43.87, H 4.24, N 5.65.

Compound 2-BArf

Na(ATI™™) (200 mg, 602 pmol) was added dropwise to a solution
of sodium tetrakis[3,5-bis(trifluoromethyl)phenyllborate (267 mg,
301 pmol) and BiCl; (95 mg, 301 pmol) in THF (4 mL) under stirring.
After 1 h, the red suspension was filtered, and all volatile com-
pounds were removed under reduced pressure. The crude product
was washed with hexane (2x2 mL) and dried in vacuo (416 mg,
257 ymol (with n=1equiv of THF), 85%). 'HNMR (500 MHz,
—40°C, [Dg]THF): 6=1.10 (d, *J(HH)=6.0 Hz, 6H; CHMe), 1.48 (d,
*J(HH)=6.3 Hz, 6H; CHMe), 1.77-1.79 (m, nx4H; f-THF), 3.39-3.44
(brm, 2H; CHMe,), 3.61-3.63 (m, nx4H; o-THF), 6.14 (d, *J(H,H) =
11.1Hz, 2H; 3-H), 646 (d, *J(HH)=7.8Hz, 2H; o-Ph'), 6.48 (d,
3J(HH)=11.8 Hz, 2H; 7-H), 6.67 (dd, *J(H,H) =8.6, 9.8 Hz, 2H; 5-H),
7.15 (dd, *J(HH)=9.8, 11.1 Hz, 2H; 4-H), 7.18 (d, *J(H,H)=7.8 Hz,
2H; o-Ph?, 7.28 (ddd, *J(HH) =76, 7.6 Hz, *J(HH)=1.7 Hz, 2H; m-
Ph'), 7.35 (brdd, *J(HH)=7.3, 7.3 Hz, 2H; p-Ph), 7.45 (m, *JHH)=
86, 11.8Hz, YJHH)=15Hz, 2H; 6-H), 759 (ddd, JHH)=73,
7.8Hz, U(HH)=17Hz, 2H; m-Ph?), 7.76 (brs, 4H; 4-CH;(CF),),
7.86 (brs, 8H; 2,6-C;H.(CF,),) ppm; BCNMR (126 MHz, —40°C,
[DGITHF): 6=21.1 (s, Me"), 262 (s, B-THF), 265 (5, Me?), 50.2 (s,
CHMe,), 68.0 (s, a-THF), 118.1 (s, 4-C4H,(CF,),), 120.8 (s, 3-C), 124.4
(s, 5-C), 125.0 (s, 7-C), 125.2 (quart, "J(C,F)=271.9 Hz, CF;), 127.9 (s,
p-Ph), 128.6 (s, 0-Ph?), 129.5 (s, o-Ph'), 129.7 (brquart, “J(CF)=
345 Hz, 3,5-CH,(CFy),), 1307 (s, m-Ph'¥), 1352 (brs, 4C, 26
CgHs(CF3), (overlapping)), 1354 (s, 6-C), 147.8 (s, ipso-Ph), 162.7
(quart, 'J(B,C)=49.9 Hz, 1-C,H,(CF3),), 165.0 (s, 1-C), 170.2 ppm (s,
2-C); elemental analysis calcd (%) for CgHyN,BF;4Bi+(C,HZ0)
(1618.95 gmoI'T): C 50.45, H 3.36, N 3.46; found: C 50.73, H 3.20, N
3.48.
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Compound 3-OTf

A solution of Na(ATI®"™) (200 mg, 808 umol) in THF (1.5 mL) was
added dropwise to a suspension of sodium triflate (70 mg,
404 pmol) and BiCl; (127 mg, 404 umol) under stirring. The red sus-
pension was filtered and all volatile compounds of the filtrate were
removed under reduced pressure to give an orange solid, which
was washed with pentane (3x3 mL) and dried in vacuo. Crystals
suitable for single-crystal X-ray analysis were obtained by layering
a solution of 3-OTf (20 mg) in THF (0.5 mL) with pentane (0.1 mL).
Yield: 162 mg, 210 umol, 52%; 'H NMR (500 MHz, [Ds]pyridine): 6 =
1.37 (d, *J(HH)=6.7 Hz, 24H; CHMe), 4.73-4.81 (sept, “J(HH)=
6.7 Hz, 4H; CHMe,), 671 (t, *J(HH)=9.1Hz, 2H; 5-H), 692 (d,
3J(HH)=11.5Hz, 4H; 3-H, 7-H), 7.48 ppm (dd, *J(HH)=11.8, 9.1 Hz,
4H; 4-H, 7-H); "CNMR (126 MHz, [Dg]pyridine): 6 =22.6 (s, CHMe),
52.3 (s, CHMe;), 120.86 (s, 3-C, 7-C), 120.87 (s, 3-C, 7-C), 123.5 (s, 5-
Q), 135.0 (s, 4-C, 6-C), 168.2 ppm (5, 1-C, 2-C); "F NMR (470 MHz,
[Dslpyridine): d=—76.16 ppm; elemental analysis calcd (%) for
C57H3gN,BiF;50, (764.66 gmol™'): C 42.41, H 5.01, N 7.33, § 4.19;
found: C 42,61, H 4.98, N 7.49, S 3.96.

Compound 3-SbF,

A solution of Na(ATI™*™) (25mg, 101 pmol) in THF (1 mL) was
added dropwise to a suspension of silver hexafluoroantimonate(V)
(17 mg, 51 pmol) and BiCl; (16 mg, 51 pmol) in a plastic vial under
stirring. The red suspension was filtered and hexane was added
(5 mL). The brown precipitate was isolated by filtration, washed
with hexane (3x3 mL), and dried in vacuo. Drying for prolonged
periods of time reproducibly led to the start of decomposition of
the compound. Therefore, the amount of THF and residual hexane
had to be checked individually for every batch. Typically, n equiva-
lents of THF and m equivalents of hexane were detected, with n=
0.07-1.0 and m=0.0-0.5. Yield: 31 mg, 33 umol (with n=0.9 equiv
of THF and 0.25 equiv of hexane), 65%; 'H NMR (400 MHz, CD,Cl,):
&=1.48 (d, *){HH)=6.7 Hz, 24H; CHMe), 1.80-1.83 (m, nx4H; B-
THF), 3.66-3.70 (m, nx4H; a-THF), 4.77-4.87 (sept, *J(H,H)=6.7 Hz,
4H; CHMe,), 6.74 (t, JHH)=9.2 Hz, 2H; 5-H), 6.88 (d, *J(HH)=
11.5 Hz, 4H; 3-H, 7-H), 7.42 ppm (dd, *J(HH)=11.8, 9.2 Hz, 4H; 4-H,
7-H); *C NMR (101 MHz, CD,Cl,): =23.0 (s, CHMe), 26.2 (s, B-THF),
524 (s, CHMe,), 68.3 (s, a-THF), 121.6 (s, 3-C, 7-C), 125.2 (s, 5-C),
135.1 (s, 4-C, 6-C), 167.4 ppm (s, 1-C, 2-C); elemental analysis calcd
(96) for CygH3gN,BiFSb+(C,;H0), o7 (856.40 gmol '): C 36.86, H 4.54,
N 6.54; found: C 36.46, H 468, N 6.35. Fast decomposition of 3-
SbF, was observed in THF at ambient temperature, which was ac-
companied by the precipitation of a dark solid. According to
'H NMR spectroscopy, 23% of the free ligand were detected after
about 30 min. After 5 d in solution, the complex was fully decom-
posed and only the free ligand was detected.

Compound 4-BAr"

Na(ATIP7PMe)(thf), s(hex), s (100 mg, 259 umol) was added dropwise
to a solution of BiCl; (41 mg, 130 pmol) in THF (4 mL) and sodium
tetrakis[3,5-bis(trifluoromethyl)phenyllborate (115 mg, 130 pmol)
was added under stirring. After 20 min, the red suspension was fil-
tered, and all volatile compounds were removed under reduced
pressure. The crude product was washed with hexane (4x2 mL)
and dried in vacuo (190 mg, 113 umol (with n=0.5 equiv of THF),
87%); "HNMR (500 MHz, —40°C, CD,Cl,): 6=1.10 (d, *J(HH)=
6.0 Hz, 6H; CHMe), 1.33 (d, *J(H,H)=6.3 Hz, 6H; CHMe), 2.44 (s, 6H;
Me), 3.26-3.34 (brm, 2H; CHMe,), 5.33 (s, nx2H; CH,Cl,), 6.17 (d,
*J(HH)=10.9 Hz, 2H; 3-H), 6.47 (d, *J(HH) =11.9 Hz, 2H; 7-H), 6.50
(d, *JIH,H)=7.9 Hz, 2H; 6-H""), 6.72 (dd, *J(HH)=8.7, 9.7 Hz, 2H;
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5-H), 7.07 (dd, *J(HH)=9.4, 11.4 Hz, 2H; 4-H), 7.22 (dd, *JIHH)=6.7,
83 Hz, 2H; 5-H""), 733 (d, JHH)=79Hz, 2H; 3-H™"), 741
(brdd, *J(HH)=6.5, 8.2 Hz, 2H; 4-H™"), 7.48 (brdd, *J(H,H)=9.3,
11.2 Hz, Y(HH)=1.5Hz, 2H; 6-H), 7.55 (brs, 4H; 4-C,H,(CF,),), 7.72
(brs, 8H; 2,6-CH,(CF,),) ppm; *CNMR (126 MHz, —40°C, CD,Cl,):
d=13.6 (s, Me), 20.8 (s, Me'), 25.2 (s, Me?), 49.7 (s, CHMe,), 117.4 (s,
4-CHy(CF)), 117.9 (5, 3-C), 1243 (5, 3-C*°"), 124.4 (quart, JICF) =
273.0 Hz, CF,), 124.5 (s, 7-C), 125.5 (s, 5-C), 125.6 (s, 5-C*™), 128.5
(quart, 2KC,F)=50.0Hz, 3,5-C,H,(CF;), overlapping), 1286 (s, 6
C™™), 128.9 (5, 4-C*™™), 134.6 (s, 2,6-C,H,(CF,),), 135.1 (s, 4-C), 135.5
(s, 6-C), 137.0 (s, 2-C*™™), 141.0 (s, ipso-C™™™), 161.6 (quart, Sy =
50.0 Hz, 1-CH,(CF,),), 1635 (s, 1-C), 168.3 ppm (s, 2-C); "°F NMR
(470 MHz, —40°C, CD.CL): &=—62.55ppm; elemental analysis
caled (%) for CeHsoN,S,BF,,Bi-(CH.Cl,), 5 (1681.49 gmol '; obtained
by recrystallization from CH,Cl,/pentane): C 47.50, H 3.06, N 3.33;
found: C 47.44, H 3.03, N 3,18,
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XI Synthese und Struktur riickgratsubstituierter Aminotroponimine
1 Ph(O)S-ATI®r/iPr
1.1 Synthese des Liganden

Der Ligand N-Isopropyl-2-(isopropylamino)-5-(phenylsulfinyl)iminotroponimin
(Ph(0)S-ATI#®r/iPr (1-Ph(0)S)) wurde in Anlehnung an die Literatur in einer dreistufigen Synthese
dargestellt (Schema 8).1701 Ausgehend vom ebenfalls literaturbekannten H-ATI®r/iPr (1)[71 wurde
zuerst Uber eine elektrophile aromatische Substitution ein Brom-Substituent in 5-Position des
Cs-Rings eingefiihrt. Im zweiten Schritt wurde Br-ATI®/#r (1-Br) iliber eine nukleophile
aromatische Substitution zur Thioetherspezies PhS-ATIPr/iPr (1-PhS) umgesetzt, welche im
letzten Schritt mit meta-Chlorperbenzoesdure (mCPBA) zum gewiinschten Liganden 1-Ph(0)S

oxidiert wurde. Fiir alle Stufen wurden Ausbeuten entsprechend der Literaturausbeuten erhalten.

{Pr {Pr {Pr
=N Br, =N PhSH, K,CO5 =N
— > Br PhS
N CH,Cl, 0 °C NH DME, 70 °C N
ip P P
1 T 1.Br ' 1-phs
mCPBA
iPr CH,Cl, 0°C
N
Ph(0)S
NH
1-Ph(0)S

Schema 8: Dreistufige Synthese von Ph(0)S-ATI#t/#r (1-Ph(0)S).
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2 NOz-ATIPr/iPr
2.1 Synthese des Liganden

NO,—-ATI®r/iPr (1-NO2) wurde in Anlehnung an die Literatur ausgehend von H-ATI®r/iPr (1) durch
Umsetzung mit Nitroniumtetrafluoroborat als Nitrierungsreagenz synthetisiert (Schema9,
unten).[70] Entsprechend der Literatur konnte eine Ausbeute von 19% erhalten werden. Da eine
diinnschichtchromatographische Reaktionskontrolle zeigte, dass unter den in der Literatur
beschriebenen Bedingungen kein vollstindiger Reaktionsumsatz erreicht wird, wurden
verschiedene Reaktionsbedingungen getestet. Eine Verldngerung der Reaktionszeit sowie die
erneute Zugabe von 0.5 Aquivalenten NO:BF: nach 16 Stunden fithrten zu keiner
diinnschichtchromatographisch nachweisbaren Umsatzsteigerung und nach Aufarbeitung zu der
Literatur entsprechenden Ausbeuten. Um auszuschliefien, dass die Stabilitiat bzw. Reaktivitit des
Nitrierungsreagenzes unter den gewahlten Bedingungen den geringen Umsatz bedingt, wurde die
Reaktionstemperatur auf 0 °C bzw. -40 °C verringert, Acetonitril anstatt CH»Cl; als Losungsmittel
verwendet, sowie die Reaktionszeit verkiirzt. Allerdings konnte auch unter den verdnderten
Bedingungen keine Erhéhung des Umsatzes bzw. der Ausbeute erzielt werden. In Anlehnung an
die Synthese von 1-PhS wurde 1-Br mit Natriumnitrit in N,N-Dimethylsulfoxid (DMSO)
umgesetzt.[70a] Nach einer Reaktionszeit von sieben Tagen bei 100 °C konnte 1-NO: nach
Aufarbeitung und sdulenchromatographischer Reinigung in einer Ausbeute von 42% (34% tiber

zwei Stufen) erhalten werden.

{Pr {Pr {Pr
=N Br, =N NaNoO, =N
— > Br > O,N
NH CH,Cl;, 0 °C NH DMSO NH
I'P I’P 110°C,7d I'P
iPr iPr iPr
1 1-Br 1-NO,
| NO,BF, \

a) CH,Cl, Bedingungen
b) MeCN, Bedingungen

Schema 9: Zweistufige Synthese von NO2-ATIPr/iPr (1-NO2) (oben), einstufige Synthese von 1-NOz in a)
CH2Clz, RT, 16 h; b) Acetonitril, 0 °C—RT, 16 h oder —40 °C, 1 h—»RT, 30 min (unten).

Zur Verbesserung der Ausbeute wurden die Reaktionsbedingungen dieser Syntheseroute variiert
(Tabelle 1).In N,N-Dimethylformamid (DMF) konnte keine Umsetzung zum gewiinschten Produkt
beobachtet werden (Tabelle 1, I). Die Verwendung von nicht trockenem DMSO als Losungsmittel

fiihrte bei Reaktionen mit 1.05 und fiinf Aquivalenten NaNO; (Tabelle 1, II, III) zu Ausbeuten von
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15-16%. Fiir den dquimolaren Ansatz Il konnten 81% des Edukts re-isoliert werden, was auf die
geringere Bildung von unerwiinschten Nebenprodukten im Vergleich zu Ansatz III (Reisolation
von 25% 1-Br) hindeutet. Die Verwendung von trockenem DMSO sowie eine Reaktionsfiihrung
unter Schutzgas lieferte die bestmdgliche Ausbeute von 42% (Tabelle 1, V). Allerdings wurden fiir
die Synthese unter diesen Bedingungen schwankende Ausbeuten erhalten. Unter analogen
Reaktionsbedingungen wie in Ansatz V konnten in Folgesynthesen lediglich 5-13% 1-NO- isoliert
werden. Eine Verwendung von frisch destilliertem, trocknem DMSO und eine verkiirzte

Reaktionszeit von flinf Tagen lieferten 29% Ausbeute (Tabelle 1, Ansatz VI).

Tabelle 1: Reaktionsparameter fiir die Darstellung von 1-NOz. Wenn nicht anders beschreiben, wurden die

Reaktionen unter Argonatmosphare durchgefiihrt.

Ansatz Aq. Losungs- Reaktions- Ausbeute Re-isoliertes = Neben-
NaNO mittel bedingungen 1-NO: 1-Br produkte
1) Standardbed. 2 h 0 Nicht
[a] 0plal
I 110 DMF 2)115°C, 1d <5% > 95% isoliert
I 1.05 DMSO  110°C,6d 16% 81% Nicht
isoliert
1)110°C,3d 0 0 Nicht
1 500 DMSO 2) 110 °C, 4 d! 15% 25% isoliert
DMSO Nicht
° [b] 0 0
v 1.05 (trocken) 110°C, 74 26% % isoliert
DMSO o 0 0 Nicht
\ 1.05 (trocken) 110°C,7d <42% 221% isoliert
DMSO i
vi 105  (trocken, 110°C,5d 29% 36% Niche
destilliert)
VII 1.05 (tll?ol\(/:llfgn) 150°C,16d <5% <5% 2

[a] NMR-spektroskopisch identifiziert, nicht isoliert. [b] Die Reaktion wurde unter Raumluft durchgefiihrt.

Eine Erh6hung der Reaktionstemperatur auf 150 °C und eine Verldngerung der Reaktionszeit von
sieben auf 16 Tage fiihrten lediglich zur Bildung unerwiinschter Nebenprodukte (Tabelle 1, VII;
Schema 10). Das Nebenprodukt 3,4-Bis(isopropylamino)benzaldehyd (2) konnte durch saulen-
chromatographische Reinigung des Rohprodukts isoliert werden. Das nicht literaturbekannte
Benzaldehyd-Derivat 2 wurde mit Hilfe von NMR-Spektroskopie, Einkristallrontgen-

strukturanalyse sowie liber eine Elementaranalyse vollstandig charakterisiert.
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—N NaNoO, —N H NH

Br >  O,N +
I}IH DMSO I}IH NH
iPr 150°C,16d iPr )\

1-Br 1-NO, 2
<5% 5%

Schema 10: Bildung von 3,4-Bis(isopropylamino)benzaldehyd (2) als Nebenprodukt.

2 zeigt den zu erwartenden Satz von Resonanzen im 1H- und !3C-NMR Spektrum. Das Signal mit
der hochsten chemischen Verschiebung von 9.71 ppm liegt in einem fiir Aldehyd-Protonen
typischen Bereich.[’2l Auch das Signal der NH-Protonen der beiden Amin-Funktionalititen bei
4.32 ppm befindet sich im erwarteten Bereich.[72] Fiir die Bildung von 2 aus 1-Br wird eine
Umlagerung unter Ringverkleinerung vorgeschlagen (Schema 11). Dabei erfolgt zuerst ein
nukleophiler Angriff eines Hydroxidions in Nachbarschaft zum Brom-Substituenten.
Anschlieffend wird durch Umlagerung das Norcaradiene-Intermediat Ncd gebildet, welches
schlief’lich nach erneuter Umlagerung und Abspaltung eines Bromid lons als Abgangsgruppe das
ringkontrahierte Benzaldehydderivat 2 bildet. Umlagerungen gefolgt von Ringverkleinerungen
sind fiir Halotropon-, -tropolon- und -aminotroponderivate bereits bekannt und werden bei
Umsetzungen mit verschiedenen Nukleophilen in Konkurrenz zu Substitutionsreaktionen
beobachtet.[’3] Eine Umlagerung dieser Art ist fiir Aminotroponimine dagegen bisher nicht

beschrieben worden.

Pr HO iPr 1H<0) iPr 0 Y
L, = i, — [, | T
Br —> Br E—— Br —_—

I}IH I}IH I}IH —HBr

iPr iPr iPr )\

1-Br Ncd 2

Z
jun

Z
T

Schema 11: Postulierter Mechanismus zur Bildung von 3,4-Bis(isopropylamino)benzaldehyd (2) aus 1-Br.

Das Benzaldehydderivat 2 kristallisiert in der monoklinen Raumgruppe P2:/n mit Z=8
(Abbildung 1). Die asymmetrische Einheit enthalt zwei kristallographisch unabhéngige, chemisch
identische Formeleinheiten, von welchen nur eine Einheit diskutiert wird. Die Ca—N
Bindungslangen unterscheiden sich geringfiigig (1.36 A bzw. 1.39 &) und sind im Vergleich zu
durchschnittlichen Bindungslangen in Systemen mit einer planaren Cgrom—NH-C-Substruktur
(1.35 A)1741 leicht verlingert, was auf die direkte Nachbarschaft zweier NH-Funktionalititen am

Ce-Ring und die damit verbundene erhohte Sterik zurilickzufiihren ist. Die Alternanz der
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C-C Bindungslangen im Ce-Ring deutet auf eine verringerte Delokalisation der Doppel- und

Einfachbindungen hin. Die C13-01 Bindungslange (1.23 A) entspricht einer C-0 Doppelbindung.

01 e\a/@

C3
C13
_/QQ\&/%\B/NOZ\W
H13 C4 C2
c5 1» N1 . H1
C6

Q‘D\@

Abbildung 1: Struktur von 3,4-Bis(isopropylamino)benzaldehyd (2) im Festkorper. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome, aufder H13 und die beiden an
die Stickstoffatome N1 und N2 gebundenen Wasserstoffatome, wurden aus Griinden der Ubersichtlichkeit
nicht abgebildet. Ausgewihlte Bindungslangen (A) und -winkel (°): N1-C1, 1.363(2); N2-C2, 1.389(2);
C1-C2, 1.445(2); C2-C3, 1.380(2); C3-C4, 1.411(2); C4-C5, 1.393(2); C5-C6, 1.381(2); C1-C6, 1.402(2);
C4-C13,1.437(2); 01-C13,1.229(2); N1-C1-C2, 119.52(14).

Griinde fiir die schlechte Reproduzierbarkeit der Synthese von 1-NO: ausgehend von 1-Br
konnten nicht weiter eingegrenzt werden. Es wird angenommen, dass sowohl die Reinheit der
eingesetzten Bromo-Spezies als auch des verwendeten Losungsmittels sowie geringe
Schwankungen in den Reaktionsbedingungen und der Reaktionsdauer signifikanten Einfluss auf

den Umsatz haben.

2.2 Struktur des Liganden

NO2-ATIPr/iPr (1-NO2) kristallisiert aus n-Pentan in der orthorombischen Raumgruppe Pbca
(Z = 8, Abbildung 2). Die N1/2-C1/2 Bindungen sind mit 1.30 A bzw. 1.32 A nur geringfiigig
kiirzer als die analogen Bindungen des im Riickgrat unsubstituierten H-ATI®/iPr (1) (N1-C1,
1.31 A; N2-C2, 1.34 A)71al und liegen zwischen typischen N-C Bindungslingen charakteristischer
Imin- bzw. Amin-Einheiten (1.28 A bzw. 1.35A).741 Dies konnte auf eine gesteigerte
Delokalisation der m-Elektronen durch den Einfluss der elektronenziehenden Nitro-Gruppe
zuriickzufithren sein. Mit Bindungslidngen von 1.36 A bis 1.45 A liegen auch die C-C Bindungen im

C7-Riickgrat zwischen charakteristischen C-C Einfach- und Doppelbindungen. Allerdings ist mit
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Bindungslangenunterschieden von Amax(C-C)=0.09 A zweier benachbarter Bindungen eine
grofere Bindungslangenalternanz als in 1 (Amax(C-C) = 0.07 A)[71a] zu beobachten, was auf eine
geringere Delokalisation der m-Elektronen bedingt durch den -I- und den -M-Effekt der Nitro-
Gruppe hindeutet. Die N3-C5 Bindung liegt mit einer Linge von 1.45A im Bereich einer
N-C Einfachbindung. Die N3-0 Bindungslidngen sind im Rahmen der Fehlergrenzen identisch
(1.24 A) und im Vergleich zu Bindungslingen charakteristischer Nitro-Substituenten verlidngert
(1.22 A).741 Ahnlich wie in der Stammverbindung 1 ist der C;-Ring in 1-NOz nahezu planar
(JC1-2,N1-2]-[C1-7] =1.05°). Der Torsionswinkel der Nitro-Gruppe von 8.4(2)° zwischen
02-N3 und C5-C6, sowie der 01-N3-02 Bindungswinkel (121.5°) liegen in einem dhnlichen

Bereich wie analoge Winkel in para-substituierten Nitrobenzol-Derivaten.[7]

A

c3
01 c4
, C2
N3/ NZw o

' C5

\ N1
02 C6 M’I\'

c7

Abbildung 2: Struktur von NOz-ATI®/r (1-NO2) im Festkorper. Die Ellipsoide reprasentieren 50% der
Aufenthaltswahrscheinlichkeit. Wasserstoffatome, aufler das an das Stickstoffatom N2 gebundene
Wasserstoffatom, wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Ausgewihlte
Bindungslingen (A) und -winkel (°): N1-C1, 1.2960(19); N2-C2, 1.3229(19); 01-N3, 1.2429(17); 02-N3,
1.2402(17); N3-C5, 1.4502(19); C1-C7, 1.448(2); C1-C2, 1.507(2); C2-C3, 1.400(2); C3-C4, 1.385(2);
C4-C5, 1.371(2); C5-C6, 1.415(2); C6-C7, 1.357(2); 02-N3-01, 121.50(13).
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XII Synthese und Struktur riickgratsubstituierter Alkalimetall-ATI-

Komplexe
1  Alkalimetall-Ph(0)S-ATI®r/iPr-Komplexe

1.1 Synthese

In Anlehnung an bereits literaturbekannte Syntheserouten wurden die Alkalimetall-Komplexe
[Li(Ph(O)S-ATI®/iPr)] (3-Ph(0)S), [Na(Ph(0)S-ATI*/Pr)] (4-Ph(0)S) und [K(Ph(0)S-ATIPr/ir)]
(5-Ph(0)S) durch Umsetzung des Liganden Ph(0)S—-ATI#r/#Pr (1-Ph(0)S) mit der entsprechenden
Metallbase (Trimethylsilylmethyllithium oder Alkalimetall-Hexamethyldisilazid (MHMDS, M = Li,

Na, K) dargestellt und in guten Ausbeuten erhalten (Schema 12).(61.64]

{rr LiCH,SiM T
1 2 1 e3
=N oder MHMDS =N
Ph(0)S Ph(0)S M
NH THF N
iPr iPr
3-Ph(0)S M=Li 42%
1-Ph(0)S 4-Ph(0)S M=Na 74%

5-Ph(0)S M=K 70%

Schema 12: Synthese der Alkalimetall-Aminotroponiminat-Komplexe [Li(Ph(0)S-ATI®/#*r)] (3-Ph(0)S),
[Na(Ph(0)S-ATIPr/Pr)] (4-Ph(0)S) und [K(Ph(0)S-ATI/iPr)] (5-Ph(0)S). [a] Spuren von Et:0 (0.05 Aq.)
wurden 'H-NMR-spektroskopisch detektiert.

Die 'H- und 13C-NMR-spektroskopische Charakterisierung der Natrium- und Kalium-Komplexe
4-Ph(0)S und 5-Ph(0)S deutet auf eine scheinbare C,,-Symmetrie der Verbindungen in Losung
hin. Die Lithium-Verbindung 3-Ph(0)S dagegen zeigt zwei Dubletts fiir die CHs-Gruppen der
Isopropyl-Reste. Fiir die CH-Protonen der Isopropyl-Reste sowie die Protonen im Ligandriickgrat
erhalt man fiir 3-Ph(0)S, 4-Ph(0)S und 5-Ph(0)S Signale, die einer scheinbar C,,-symmetrischen
Verbindung entsprechen. Beriicksichtigt man, dass das Schwefelatom des Sulfinyl-Rests ein
Stereozentrum darstellt, konnte durch die Bildung eines Koordinationspolymers bzw. -oligomers
ein Diastereomerengemisch generiert werden. Aufgrund der unterschiedlichen physikalischen
und chemischen Eigenschaften konnten fiir die Diastereomere theoretisch zwei Satze von
Resonanzen mit unterschiedlicher chemischer Verschiebung detektiert werden. Da fiir 3-Ph(0)S
lediglich die CHz-Gruppen zwei Signale zeigen, ist die Aufspaltung vermutlich auf eine gehinderte

Rotation der Isopropyl-Reste um die C-N Bindung zuriickzufiihren.
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1.2 Struktur

Die Struktur von [Li(Ph(O)S-ATI®r/iPr)] (3-Ph(0)S) im Festkorper konnte durch Einkristall-
rontgenstrukturanalyse aufgeklart werden. Geeignete Einkristalle wurden durch langsame
Diffusion von n-Hexan in eine Losung von 3-Ph(0)S in Pyridin erhalten. [3-Ph(0)S-py]l«~
kristallisiert in der monoklinen Raumgruppe P21/n (Z = 4, Abbildung 3).

a)
Li1”
b)
" . - ‘
L. P e @ e @ ®
O. |9 : S/l : o b /. > 's/.

Abbildung 3: a) Ausschnitt der Struktur von [Li(Ph(0)S-ATI®/*r)(py)]~ ([3-Ph(0)S-py]«) im Festkoérper.
Die Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus
Griinden der Ubersichtlichkeit nicht abgebildet. Atome, die eine Formeleinheit iiberschreiten, sind als
weifde Ellipsoide dargestellt. b) Eindimensionales Koordinationspolymer von [3-Ph(0)S-py]x im
Festkorper. Kohlenstoffatome sind im Drahtmodell dargestellt. Ausgewahlte Bindungslingen (A)
und -winkel (°): N1-Li1, 2.025(11); Li1-N2, 2.029(10); Li1-01, 1.955(4); Li1-N3, 2.059(8); N1-C1,
1.256(9); N2-C2, 1.313(7); C1-C2, 1.527(4); C2-C3, 1.441(6); C3-C4, 1.376(4); C4-C5, 1.390(4); C5-C6,
1.391(4); C6-C7, 1.378(3); C1-C7, 1.425(4); N1-Li1-N2, 76.7(3); 01'-Li1-N1/2, 122.0(5)-131.1(4);
01‘-Li1-N3, 100.6(3); N1/2-Li1-N3, 110.8(5)-115.5(4).

In Ubereinstimmung mit dem im Riickgrat unsubstituierten Komplex [Li(ATIPt/r)(thf),]
(3-(thf)z)l7¢l ist das Lithiumatom verzerrt tetraedrisch koordiniert, wobei die Verzerrung auf den

kleinen Bisswinkel des ATI-Liganden (N1-Li1-N2, 76.7(3)°) zuriickzufiihren ist. Im Gegensatz zur
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Stammverbindung wird die vierte Koordinationsstelle nicht von einem neutralen Donormolekiil
abgesattigt, sondern durch das Sauerstoffatom des Sulfinyl-Rests einer benachbarten
Monomereinheit (Abbildung 3a). Dies fiihrt zur Ausbildung eines eindimensionalen
Koordinationspolymers im Festkdrper durch Translation in Richtung der kristallographischen
a-Achse (Abbildung 3b). Betrachtet man die Li1-N1/2 Bindungsldngen (2.03 A) sind diese im
Rahmen der Fehlergrenzen identisch mit jenen der analogen Bindungen in 3-(thf):
(1.99-2.00 A).76] Dies gilt auch fiir die Li-O Bindungsldngen in [3-Ph(0)S-py]~ (1.96 A) und
3-(thf): (1.96-1.97 A).76! Die Sulfinyl-Gruppe in [3-Ph(0)S-pyls und der thf-Ligand im
unsubstituierten Komplex weisen somit eine vergleichbare Donorstiarke auf. Der Komplex
[Li(Ph(O)C-ATI®/®r)(py)]e ([3-Ph(0)C-py]w) mit einem Benzoyl-Substituenten im Riickgrat,
welcher ein analoges Koordinationsverhalten im Festkorper zeigt, besitzt im Vergleich eine
geringfiigig  kiirzere Li-O-Bindung (1.91A)7] sowie verlingerte Li-N-Bindungen
(2.05-2.07 A),77) was auf einen stirkeren Donorcharakter der Benzoyl- im Vergleich zur Sulfinyl-
Gruppe hindeutet. Die N-C1/2 und C-C Bindungslangen im ATI-Geriist von [3-Ph(0)S-py]l«
liegen zwischen typischen N/C-C Einfach- und Doppelbindungen und sprechen fiir eine
Delokalisation der m-Elektronendichte iiber den C7-Ring sowie die beiden Stickstoffatome (N-C,
1.25-1.31 4, C-C, 1.38-1.44 A). Dies zeigt sich auch an der nahezu planaren Struktur des ATI-
Geriists, welche anhand des Winkels zwischen einer Ebene des C;-Rings sowie einer Ebene des
C2N;Li-Fiinfrings verifiziert wurde ([C1-7]-[C1-2,N1-2,Li], 7.73°). Dagegen ist die Verdrehung
aus der Ebene sowie die Lokalisation von m-Elektronen fiir [3-Ph(0)C-py]« deutlich gesteigert
([C1-7]-[C1-2,N1-2,Li], 19.6°% Amax(C-C) = 0.09 A), was den stirkeren -I- und -M-Effekt der
Benzoyl-Gruppe reflektiert.

Durch die Umsetzung des Natrium-Komplexes 4-Ph(0)S mit zwei Aquivalenten 12-Krone-4 in
THF und anschlieflender Losungsmitteldiffusion mit n-Pentan konnten Einkristalle zur
Einkristallrontgenstrukturanalyse gewonnen werden. Entgegen der erwarteten Ausbildung eines
monomeren Addukt-Komplexes durch Koordination des Kronenethers an das Natriumatom,
kommt es zu einer ligandinduzierten Disproportionierung und der Bildung des Natrium-Natriat-
Komplexes [Na(12-Krone-4);][Na(Ph(0)S-ATI®/ir),] (6-Ph(0)S) (trikline Raumgruppe, P1,
Z = 2, Abbildung 4). Ligandinduzierte Disproportionierungen dieser Art konnten bereits fiir die
im Riickgrat unsubstituierte Stammverbindung [Na(ATI*/ir)] sowie [K(ATI®/iPr)] und die
analogen Natrium und Kalium Verbindungen mit je einem Phenyl- und einem Isopropyl-Rest an
den Stickstoffatomen des ATI-Liganden beobachtet werden.[63]1 Der Komplex 6-Ph(0)S kann als
indirekter Strukturbeweis fiir die Existenz des neutralen Natrium-Komplexes 4-Ph(0)S gesehen

werden.
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/

Abbildung 4: Struktur von [Na(12-Krone-4)z][Na(Ph(0)S-ATI®r/Pr);] (6-Ph(0)S) im Festkorper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden
der Ubersichtlichkeit nicht abgebildet. Die Kohlenstoffatome der Isopropyl-Reste sowie die Phenyl-Gruppen
der Sulfinyl-Reste und die Ethyleneinheiten der Kronenethermolekiile wurden im Drahtmodell dargestellt.
Ausgewahlte Bindungslangen (&) und -winkel (°): Na1-N1, 2.408(3); Na1-N2, 2.356(3); Na1-N3, 2.380(3);
Nal-N4, 2.379(3); N1-C1, 1.301(4); N2-C2, 1.303(4); N3-C20, 1.300(4); N4-C21, 1.307(4); C1- C2,
1.515(4); C2-C3, 1.442(4); C3-C4, 1.373(4); C4-C5, 1.387(5); C6-C5, 1.388(5); C6-C7, 1.374(4); C1-C7,
1.450(4); N-Nal-N (chelatisierend), 66.64(9)-69.16(8); N-Nal-N (nicht -chelatisierend),
125.56(10)-141.66(10).

Analog zur im Riickgrat unsubstituierten Stammverbindung [Na(12-Krone-4);][Na(ATI®r/iPr),]
wird Na2 durch zwei Kronenether-Molekiile koordiniert und bildet das Komplex-Kation, welches
keine gerichtete Bindungswechselwirkung zum Komplex-Anion eingeht. Das Natriumatom Nal
im [Na(Ph(O)S-ATI®/iPr);]--Fragment ist aufgrund der k2N-Koordination zweier ATI-Liganden
verzerrt tetraedrisch koordiniert, wobei die Verzerrung durch den kleinen Bisswinkel des ATI-
Liganden bedingt ist (N-Nal-N, 66.6-69.2°). Die Nal-N Bindungsldngen zu den beiden ATI-
Liganden unterscheiden sich geringfiigig (Na1l-N1/2, 2.36-2.41 A; Na1-N3/4, 2.38 A), was

vermutlich auf sterische Effekte zurtickgefiihrt werden kann.

Lagerung einer Losung von Komplex 5-Ph(0)S in THF/n-Pentan (2:1) bei -30°C lieferte
Einkristalle, welche einkristallrontgenstrukturanalytisch untersucht werden konnten.
[5-Ph(0)S-(thf)s]» kristallisiert in der monoklinen Raumgruppe P2:/c (Z =4, Abbildung5).
Ahnlich wie im analogen Lithium-Komplex [3-Ph(0)S-py]« ist die Koordinationssphire des
Metall-Atoms durch die k2N-Koordination eines ATI-Liganden, eine k!0-Koordination des

Sauerstoffatoms des Sulfinyl-Restes einer benachbarten ATI-Einheit, sowie durch Koordination
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dreier thf-Liganden abgesattigt. Es ergibt sich somit ein p;-(M-k2N)-(M'-k!0)-Koordinations-
modus in welchem das Kaliumatom verzerrt oktaedrisch umgeben ist (Abbildung 5a). Die
Verzerrung ist hierbei wiederum auf den kleinen Bisswinkel des ATI-Liganden zuriickzufiihren
(N1-K1-N2,58.43° 0(1°/3)-K1-N1/2,101.7-165.1°; 02-K1-04, 169.12°). Die Wechselwirkung
des Metall-Atoms mit dem Sauerstoffatom einer benachbarten Formeleinheit fiihrt zur
Ausbildung eines eindimensionalen Koordinationspolymers im Festkorper, welches sich durch

Translation entlang der kristallographischen b-Achse ausbreitet (Abbildung 5b).

a)
b)
O¢ i
O. I /e N + S ’ /e ¢ / P
‘ ¢ ¢ ad * ? /e q
O [K N ‘ 3 ¢ 9 .
1 S ‘e | ' | [ y

Abbildung 5: a) Ausschnitt der Struktur von [K(Ph(O)S-ATI®/Pr)(thf)s]e ([5-Ph(0)S-(thf)s]o) im
Festkorper. Die Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome
wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Die Kohlenstoffatome der thf-Liganden wurden
Drahtmodell dargestellt. Atome, die eine Formeleinheit iiberschreiten, sind als weifse Ellipsoide dargestellt.
b) Eindimensionales Koordinationspolymer von [5-Ph(0)S-(thf)s]« im Festkorper, wobei
Kohlenstoffatome im Drahtmodell dargestellt sind. Ausgewahlte Bindungslingen (A) und -winkel (°):
K1-014,2.637(3); K1-02, 2.727(3); K1-03, 2.759(3); K1-04, 2.682(3); K1-N1, 2.807(3); K1-N2, 2.843(3);
N1-C1, 1.291(4); N2-C2, 1.295(4); C1-C2, 1.518(4); C2-C3, 1.456(4); C3-C4, 1.367(4); C4-C5, 1.399(4);
C5-C6,1.400(4); C6-C7,1.369(4); C1-C7, 1.456(4); N1-K1-N2, 58.43(8); O(1-4)-K1-0(1'-4), 83.10(8)-
93.21(7); 02-K1-04, 169.17(8); O(1°/3)-K1-N1/2, 101.72(8)-165.05(7); 0(2/4)-K1-N1/2,
90.12(7)-100.70(8).

Die K1-N Bindungsliangen (K1-N1, 2.807(3) A; K1-N2, 2.843(3) A) unterscheiden sich um 0.02 A
und auch die K1-0 Bindungslingen bewegen sich mit 2.64 A bis 2.76 & in unterschiedlichen
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Bereichen. In Ubereinstimmung mit dem groferen trans-Einfluss der Sulfinyl-Gruppe im
Vergleich zu einem thf-Liganden ist die K1-N1 Bindung kiirzer als die K1-N2 Bindung und
entsprechend die K1-03 Bindung zum thf-Liganden ldnger als die K1-01‘ Bindung zum Sulfinyl-
Rest (K1-01°, 2.637(3) A; K1-03, 2.759(3) A). Die im Riickgrat unsubstituierte Stammverbindung
[K(ATI®r/iPr)(thf)]e ([5-thf]w), welche ebenfalls als thf-Addukt kristallisiert, zeigt zusatzlich zur
Koordination eines thf-Liganden eine Metall-Aren-Wechselwirkung in Form einer Koordination
des Kaliumatoms an das Cy-Riickgrat einer benachbarten Monomereinheit.[631 In
[5-Ph(0)S-(thf)3]» wird keine Wechselwirkung dieser Art beobachtet, was durch die héhere
Donorstirke der Sulfinyl-Gruppe in Konkurrenz zur schwicheren Kation-m-Wechselwirkung
bedingt ist. Zudem sollte der elektronenziehende Effekt der Sulfinyl-Gruppe im Vergleich zum
unsbustituierten Komplex zu einer verringerten m-Elektronendichte im Cs-Riickgrat fithren. Die
Tendenz zur Ausbildung einer Kation-m-Wechselwirkung wird somit zusatzlich verringert. Im
Vergleich zum Lithium-Komplex [3-Ph(0)S-py]. zeigt [5-Ph(0)S-(thf):]» eine deutliche
Verdrehung der CsN:-Einheit aus der Ebene ([C1-7]-[C1-2,N1-2,M]: [3-Ph(0)S-py]«, 7.73°;
[5-Ph(0)S-(thf)s]», 33.3°). Diese liegt in einem dhnlichen Bereich wie die fiir den Benzoyl-
substituierten Komplex [5-Ph(0)C-py]e~ gefundene Abwinkelung ([C1-7]-[C1-2,N1-2,M]:
27.9-35.0°).I771 Der Benzoyl-Komplex [5-Ph(0)C-py]~ zeigt allerdings aufgrund der Koordination
des Kaliumatoms an die Sauerstoffatome zweier weiterer Monomereinheiten eine
maschendrahtartige zweidimensionale Polymerstruktur im Festkorper. Im Vergleich zu
literaturbekannten (Halb-)Metall-ATI-Komplexen, deren Winkel zwischen den Ebenen [C1-C7]
und [C1-2,N1-2,M] sich im Bereich von 0° bis 23° befinden, besitzt [5-Ph(0)S-(thf)s]» somit eine
deutlich groflere Verdrehung aus der Ebene.l65 781 Dies ist vermutlich auf den Einfluss des

Riickgartsubstituenten auf die elektronische Struktur des Liganden zuriickzufiihren.
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2  Alkalimetall-NO2-ATIPr/iPr-Komplexe

2.1 Synthese

Ausgehend von 1-NO; wurden, in Anlehnung an die in Kapitel XII, 1.1 beschriebenen und
literaturbekannten Syntheserouten, die Alkalimetall-Komplexe [Li(NO2-ATI®r/iPr)] (3-NO2),
[Na(NO2-ATI#r/ifr)] (4-NO2) und [K(NO,—-ATI®r/iPr)] (5-NOz) dargestellt (Abbildung 6). Dabei
erwiesen sich die Komplexe der hoheren Homologen Natrium und Kalium als schwer l6slich in
THF. Riickstinde von Pentan und Donorsolvenzien wie THF und Et;O konnten auch nach

mehreren Stunden Trocknungszeit im Vakuum nicht vollstdndig entfernt werden.

e LiCH,SiM rr
1 2 1 93
=N oder MHMDS 2N
0,N 02N ML)y
NH THF N
iPr iPr
3-NO, M =Li 72%!2l
1-NO, 4-NO, M=Na L=thf Et,0n=0.06 79%
5-NO, M=K 75%]a

Abbildung 6: Synthese der Alkalimetall-Aminotroponiminat-Komplexe [Li(NOz-ATI®/Pr)] (3-NOz),
[Na(NO2-ATIP/?r)] (4-NOz) und [K(NO2-ATIPr/iPr)] (5-NO2). [a] Spuren von Pentan (3-NO2=0.3 Aq,
5-NO2 = 0.2 Aq.) wurden 'H-NMR-spektroskopisch detektiert.

Die 'H- und 3C-NMR-spektroskopische Charakterisierung des Lithium-Komplexes 3-NO: zeigt
einen Satz an Signalen fiir die Protonen des Liganden, der mit einem C>,-symmetrischen Molekiil
in Losung in Einklang ist. Im 1H-NMR-Spektrum der Natrium- und Kalium-Komplexe wird direkt
nach dem Losen in Pyridin-ds ebenfalls eine Cz,-symmetrische Verbindung beobachtet. Nach
einigen Stunden in Losung wird ein weiter Signalsatz detektiert, der separate Signale fiir alle
Protonen zeigt und somit Ci-symmetrischen Verbindungen zugeordnet werden Kkann.
15N-NMR-spektroskopische Messungen einer Losung von 5-NO; in Pyridin-ds zeigen Signale bei
6=-53.9 ppm fiir die Stickstoffatome der C,,-symmetrischen Verbindung, sowie Signale bei
6 =-41.2 ppm und 6 = -32.6 ppm fiir die C;-symmetrische Verbindung. Die drei Signale liegen in
einem typischen Bereich fiir Imino-Gruppen,[79l was auf eine Verschiebung der m-Elektronen in
Richtung der Nitro-Gruppe schliefden lasst (Schema 13). Geht man davon aus, dass die
Verbindungen in Losung als solvatisierte, monomere Komplexe vorliegen, besitzt der ATI-Ligand
mehrerer mogliche Koordinationsstellen fiir Metall-Atome. Formal ware neben der Koordination
an die N,N-Bindungstasche auch eine Koordination an ein bzw. beide Sauerstoffatome der Nitro-
Gruppe denkbar. Somit ergeben sich fiir die ATI-Komplexe zwei mogliche Isomere, in welchen das
Metall-Atom entweder an die ATI-Bindungstasche (N-E,E) oder an den Riickgratsubstituenten

(O-E,E) koordiniert, wobei die beiden stickstoffgebundenen Isopropyl-Gruppen jeweils
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entgegengesetzt zueinander (E,E) orientiert sind (Schema 13, links und Mitte). Zusatzlich ist flr
einen Komplex mit einem iiber die NO,-Gruppe koordinierten Metall-Atom ein weiteres Isomer
moglich, in welchem die Isopropyl-Reste an den Stickstoffatomen eine E,Z-Konfiguration zeigen
(O-E,Z) (Schema 13, rechts). Letzteres wire im Einklang mit den im !'H-NMR-Spektrum

beobachteten Signalen fiir eine C1-symmetrische Verbindung.

\F N /0\+ =N /O\+ =N
/N_ /[M] [M]\ /N— [M]\ /N_ - J\
-0 ~N 0 ~N 0 N

N-E,E O-EE O-E,Z

Schema 13: Schematische Darstellung moglicher Isomere der Alkalimetall-ATI-Komplexe mit

Nitrofunktionalitat. [M] = Li, Na, K.

Nach drei Tagen bei Raumtemperatur in Losung stellt sich fiir 4-NO- ein Gleichgewicht zwischen
den beiden beobachteten Spezies von 1.0:1.5 von C,,-symmetrischem (N-E,E oder O-E,E) zu
Ci-symmetrischem (0-E,Z) Isomer ein. Versuche, eine Isomerisierung in Losung durch Erhitzen
der Verbindung auf 60 °C bzw. 80 °C {iber vier bis sieben Tage thermisch zu induzieren, fithrte zu
keiner signifikanten Anderung des Isomerenverhiltnisses und nach mehreren Tagen bei 80 °C
lediglich zu zunehmender Zersetzung der Verbindung zu protoniertem Liganden 1-NO,. Die
H-NMR-spektroskopische Verfolgung der Umsetzung von 1-NO; mit KHMDS zum entprechendne
Kalium-Komplex zeigt nach vollstandigem Umsatz des Liganden ein Verhéltnis von 1.0:1.0 von
N-E,E/O-E,E- zu O-E,Z-Isomer. Nach drei Tagen bei Raumtemperatur in Losung verschiebt sich
dieses Verhiltnis auf 1.0:1.6. Zudem war ein kristalliner Feststoff ausgefallen, welcher
rontgendiffraktometrisch als Polymer [5-NO2-py]. mit einer E,E-Konfiguration identifiziert
werden konnte (siehe Kapitel XII 2.2). Das Heizen einer Probe auf 60 °C fiir zwei Tage fithrte zu
einem Verhaltnis von 1.0:2.0 von N-E,E/O-E,E- zu O-E,Z-Isomer. Eine VT-NMR-spektroskopische
Untersuchung von 5-NO; in Pyridin-ds mit einem Isomerenverhéltnis von 1.0:2.6 zu Beginn der
Messung zeigte iiber einen Temperaturbereich von -40 °C bis +40 °C keine Anderung dieses
Verhaltnisses. Im Bereich von +40 °C bis +70 °C kann eine Verschiebung des Verhiltnisses auf
1.0:2.0 beobachtet werden. Dabei konnen sowohl thermodynamische Effekte eine Rolle spielen
als auch eine Verbesserung der Loslichkeit des kristallinen Feststoffes, die mit einer Erh6hung des
Gehalts an E,E-Isomer einhergehen sollte. Um ausschliefden zu konnen, dass eine Bildung von
Monomer/Polymergemischen der Grund fiir die beobachteten Signalaufspaltungen ist, wurde fiir
5-NO: ein 'H-1H-DOSY-NMR-Spektrum aufgenommen. Die ermittelten Diffusionskoeffizienten

von 4.14-10-1° m2-s-1 fiir die Cz,-symmetrische und 4.34-10-19 m2-s-1 fiir die Ci-symmetrische
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Verbindung zeigen, dass es sich in Losung um Verbindungen mit sehr dhnlicher bis identischer

Molmasse handelt. Dies unterstiitzt die Annahme einer E,E-/E,Z-Isomerisierung.

Da sowohl der Natrium- als auch der Kalium-Komplex in polaren Losungsmitteln wie THF und
Pyridin schwer l6slich ist, wurde versucht, die Loslichkeitseigenschaften durch Komplexierung
mit neutralen Donorliganden in Form von Kronenethern zu verbessern. Dazu wurde 4-NO; mit
zwei Aquivalenten 12-Krone-4 bzw. einem Aquivalent 15-Krone-5 in THF umgesetzt. Dies fiihrte
nach einer Stunde zu einer vollstindigen Losung aller zuvor festen Bestandteile in THF. Somit
kann die Bildung der entsprechenden Kronenether-Komplexe [Na(12-Krone-4),][NO2-ATIPr/iPr]
(4-NO2-(12K4)2) und [Na(15-Krone-5)(NO,—-ATI#r/iPr)] (4-NO2-(15K5)) angenommen werden.
Analog wurde 5-NO; mit 18-Krone-6 umgesetzt und ebenfalls eine vollstindige Losung in THF
nach Bildung des Kronenether-Komplexes [K(18-Krone-6)(NO,-ATI®t/#r)] (5-NO2-(18K6))
beobachtet (Schema 14). Alle Kronenether-Komplexe zeigen, wie ihre Stammverbindungen, zwei
Signalsatze in den 'H- und !3C-NMR-Spektren, die E,E- und E,Z-Isomeren zugeordnet werden
konnen. Die chemische Verschiebung der 15SN-NMR-Signale von 4-NO.-(15K5), welche mit Hilfe
von 2D 1H-15N-HMBC-NMR-Spektroskopie zugeordnet werden konnten, deutet wiederum auf das
Vorhandensein von zwei Imino-Gruppen hin (EE-Isomer: 6=-63.2ppm, E,Z-Isomer:
6=-51.0 ppm, -42.3 ppm). Auflerdem konnten die Signale der Nitro-Gruppe bei §=-25.6
(E,E-Isomer) bzw. -31.6 ppm (E,Z-Isomer) detektiert werden.

iPr iPr iPr
| 1-2 eq. B | |
@N\ Kronenether /0\+ =N -0, _N
O,N [M] ——— > (Krone)M N— . bzw. N— .
P P
l\ll/ THF \O/ \N/l r ) 0/ \N/I r
iPr [Na(12-Krone-4),]*
4-NO, M=Na 4-NO,-(15K5) M=Na 85%/ 4-NO,-(12K4), 90%al
5-NO, M=K 5-NO,-(18K6) M=K  g3o;lal

Schema 14: Synthese der Kronenether-Komplexe Komplexe [Na(12-Krone-4)2][NO2-ATI®r/iPr]
(4-NO2-(12K4)2), [Na(15-Krone-5)(NO2-ATIPr/Pr)] (4-NOz-(15K5)) und [K(18-Krone-6)(NO2-ATIPr/iPr)]
(5-NO2-(18K6)). [a] Spuren von Lésungsmittel (4-NOz-(12K4)z = 0.05 Aq. THF, 4-NO2-(15K5) = 0.2 Aq.
Pentan, 5-NO2-(18K6) = 0.2 Aq. THF) wurden 'H-NMR-spektroskopisch detektiert.

Aus sterischen Griinden wiirde man fiir 4-NO2-(15K5) eine Koordination der [Na(15-Krone-5)]*-
Einheit iiber die Nitro-Gruppe erwarten. Fiir O-E,E- bzw. 0-E,Z-Isomere sollten aufgrund der
rdumlichen Nahe Kreuzsignale zwischen den Protonen der Ethyleneinheiten des Kronenethers
und den Protonen an C4- und C6-Position des ATI-Ruickgrats im *H-1H-NOESY-NMR-Spektrum zu
beobachten sein. Zusatzlich zu den erwarteten Signalen werden fiir 4-NO2-(15K5) allerdings

auch Kreuzsignale des Kronenethers zu den CHs-Gruppen der Isopropyl-Reste im
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1H-1H-NOESY-NMR-Spektrum detektiert. Dies ldsst auf eine Migration des kronenether-
komplexierten Metall-Atoms von der Nitro-Gruppe in Richtung der N,N-Bindungstasche
schliefien. Es wird eine halbsandwichartige Koordination der [Na(15-Krone-5)]*-Einheit an das
ATI-Riickgrat vorgeschlagen (Schema 15 und Kapitel XII 2.3). Diese Migration kann auf der

Zeitskala des NMR-Experiments nicht aufgelost werden.
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Schema 15: Mogliche halbsandwichartige Struktur von 4-NO2-(15K5) in Pyridin-ds.
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2.2 Struktur

Die  Struktur der  Alkalimetall-Komplexe  [Li(NO2-ATI®/#r)(py)le  ([3-NO2-py]w),
[Na(NO2-ATIP/Pr)(py)]e  ([4-NO2-pylw) und [K(NOz-ATI®/Pr)(py)l ([5-NO2-pylw) im
Festkorper konnte mit Hilfe von Einkristallrontgenstrukturanalyse aufgeklart werden. Alle

Verbindungen wurden aus Pyridin/n-Pentan Losungsmittel-Systemen kristallisiert.

[3-NO:z-py]« kristallisiert in der monoklinen Raumgruppe P2:/c mit Z=4 (Abbildung 7). Das
Lithiumatom ist aufgrund der Koordination eines ATI-Liganden iiber die N,N-Bindungstasche,
eines Pyridin-Molekiils sowie die Koordination an die beiden Sauerstoffatome der Nitro-Gruppe
einer benachbarten Molekiileinheit verzerrt trigonal bipyramidal koordiniert (t = 0.63, mit N1
und O1‘in axialen Positionen, Abbildung 7a). Die Verzerrung ist dabei auf den kleinen Bisswinkel
des ATI-Liganden (N1-Li1-N2, 78.9°) und der Nitro-Gruppe (01‘-Li1-02°, 62.1°), sowie die
Verdrehung des C;N:Li-Flinfrings zum NOLi-Vierring, welcher durch die Koordination an die
Nitro-Gruppe aufgespannt wird, zuriickzufiihren ([C:NLi]-[NOLi] = 45.8°). Die Koordination an
den Riickgartsubstituenten fiihrt, wie bereits flir die Sulfinyl-substituierte Verbindung
[3-Ph(0)S-py]» beobachtet (siehe Abbildung3), zur Ausbildung eines eindimensionalen
Koordinationspolymers im Festkorper, welches sich entlang einer 2;1-Schraubenachse in Richtung
der kristallographischen b-Achse ausbreitet (Abbildung7b). Es ergibt sich somit ein
Uz2-(M-k2N)-(M‘-x20)-Koordinationsmodus. Die Li1-N Bindungsldngen sowohl zum ATI-Liganden
(2.07-2.10 A) als auch zum Pyridin-Liganden (2.12 A) sind im Vergleich zu [3-Ph(0)S-py]e
(Li-N = 2.03-2.06 A) linger, was auf die erhohte Koordinationszahl des Lithiumatoms
zuriickgefihrt werden kann ([3-Ph(0)S-pyle KZ=4, [3-NO:-pyle KZ=5). Die
N1/2-C1/2 Bindungslangen sind im Rahmen der Fehlergrenzen identisch (1.29 A) und liegen im
Bereich von C—N Doppelbindungen von an Aromaten gebundenen Imino-Gruppen.[74l Die N3—C5
Bindung ist mit 1.37 A deutlich kiirzer als im unmetallierten Liganden 1-NO; (1.45 A) und kiirzer
als typische N-C-Bindungslangen von nitro-substituierten Aromaten.[’4l Betrachtet man die
C-C Bindungsldngen im ATI-Riickgrat, liegen diese zwischen typischen Bindungslidngen fiir
C-C Einfach- und Doppelbindungen. Es kann allerdings eine hohere Bindungslangenalternanz als
in 1-NO; mit einer maximalen Differenz von Amx(C-C)=0.11A zweier benachbarter
C-C Bindungen festgestellt werden (1-NOz: Amax(C-C) = 0.09 A). Die bereits aufgrund der NMR-
spektroskopischen Daten vermutete Verschiebung der m-Elektronendichte in Richtung der

elektronenziehenden Nitro-Gruppe kann auch im Festkorper bestatigt werden.
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Abbildung 7: a) Ausschnitt der Struktur von [Li(NO2-ATI®/*r)(py)]~ ([3-NO2-py]lw) im Festkérper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome sowie zwei in der
Elementarzelle enthaltene Pyridin-Molekiile wurden aus Griinden der Ubersichtlichkeit nicht abgebildet.
Atome, die eine Formeleinheit liberschreiten, sind als weifde Ellipsoide dargestellt. b) Eindimensionales
Koordinationspolymer von [3-NOz-pylo im Festkdrper, wobei Kohlenstoffatome im Drahtmodell
dargestellt sind. Ausgewihlte Bindungslangen (A) und -winkel (°): Li1-N1, 2.067(3); Li1-N2, 2.103(3);
Li1-01%, 2.104(3); Li1-02, 2.113(3); Li1-N4, 2.123(3); C1-N1, 1.2889(18); C2-N2, 1.2908(18); 01-N3,
1.2783(16); 02-N3, 1.2797(16); N3-C5, 1.3669(19); C1-C7, 1.457(2); C1-C2, 1.519(2); C2-C3, 1.460(2);
C3-C4, 1.349(2); C4-C5, 1.430(2); C5-C6, 1.425(2); C6-C7, 1.351(2); N1-Li1-N2, 78.92(10); 01-N3-02,
116.57(12); 01'-Li1-02‘ 62.12(8); N1-Li1-N4, 99.72(11); N2-Li1-N4, 106.70(12); N(1-2,
4)-Li1-0(1-2)', 94.18(10)-163.36(14).

Ahnlich wie in den sulfinyl-substituierten Komplexen zeigt das ATI-Riickgrat eine deutliche
Verdrehung aus der Ebene. Mit einem Winkel von 23.3° zwischen der Ebene des C;-Rings und der
des C:N:Li-Fiinfrings ist die Abwinkelung noch deutlich hoher als fiir die Sulfinyl- und
Benzoyl-Spezies ([C1-7]-[C1-2,N1-2,M]: [3-Ph(0)S-py]«, 7.73° [3-Ph(0)C-py]», 19.6°), was
auf eine Abnahme der Aromatizitit aufgrund des zunehmenden -I- und -M-Effekts der Nitro-
Gruppe hindeutet. Die Nitro-Gruppe zeigt einen Torsionswinkel von 1.6(2)° zwischen C6-C5 und
N3-01 und ist damit weniger verdreht als im unmetallierten Liganden. Dies ist im Einklang mit

einem erhohten N-C Mehrfachbindungsanteil in [3-NO2-py]« im Vergleich zu 1-NO».
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[4-NO:-py]« kristallisiert in der monoklinen Raumgruppe P2;/c mit Z=8 (Abbildung 8). Die
asymmetrische Einheit enthdlt zwei kristallographisch unabhingige, chemisch identische
Formeleinheiten, von welchen nur eine Einheit diskutiert wird. Analog zum Lithium-Komplex
[3-NO2-py]« wird ein pz-(M-k2N)-(M*-k20)-Koordinationsmodus beobachtet, in welchem sich das
eindimensionale Koordinationspolymer entlang einer 2i-Schraubenachse in Richtung der

kristallographischen b-Achse ausbreitet.
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Abbildung 8: a) Ausschnitt der Struktur von [Na(NOz-ATI?"/Pr)(py)]w ([4-NOz-py]w) im Festkorper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Die asymmetrische Einheit enthdlt zwei
kristallographisch unabhéngige, chemisch identische Formeleinheiten, von welchen nur eine Einheit
diskutiert wird. Wasserstoffatome wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Atome, die
eine Formeleinheit {iberschreiten, sind als weifde Ellipsoide dargestellt. b) Eindimensionales
Koordinationspolymer von [4-NOz-py]e im Festkorper, wobei Kohlenstoffatome im Drahtmodell
dargestellt sind. Ausgewihlte Bindungslingen (A) und -winkel (°): Nal-N1, 2.4408(15); Nal-N2,
2.3777(16); Nal-N4, 2.4252(18); Na1-01', 2.4355(15); Na-02‘, 2.3386(14); N1-C1, 1.293(2); N2-C2,
1.286(2); N3-01, 1.2731(19); N3-02, 1.2757(19); N3-C5, 1.378(2); C1-C2, 1.525(2); C2-C3, 1.455(2);
C3-C4, 1.349(2); C4-C5, 1.417(2); C5-C6, 1.415(3); C6-C7, 1.357(2); C1-C7, 1.452(2); N1-Nal-N2,
67.75(5); 01'-Nal-02Y 54.40(5); O(1-2)-Na-N(1-2,4), 95.58(5)-159.39(6); N(1-2)-Nal-N4,
100.18(6)-106.82(6).
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Das Natriumatom ist verzerrt quadratisch pyramidal koordiniert (t = 0.46 mit 01 in der apikalen
Position?), wobei die Verzerrung wiederum durch die Bisswinkel des ATI-Liganden (N1-Na1-N2,
67.75(5)°) und der Nitrofunktionalitiat (01‘-Na1-02‘, 54.40(5)°) sowie die Verdrehung der durch
die Koordination aufgespannten Vier- bzw. Fiinfringe ([C2N2Na]-[NO:Na] =45.9°) zueinander
bedingt ist. Auch die fiir [3-NOz-py]« bereits diskutierten Bindungsparameter, welche fiir eine
Verschiebung der m-Elektronendichte in Richtung der Nitrofunktionalitat sprechen, deuten eine
analoge Struktur fiir die Natrium-Verbindung [4-NO2-py]. an (N-C, 1.29 A; N3-C5, 1.38 A;
Amax(C-C), 0.11 A). Der Einfluss des Metall-Atoms auf die Verdrehung des ATI-Geriist aus der
Ebene zeigt sich an einem leicht vergrofierten Winkel zwischen dem C7-Ring und dem C;N;Na-
Flnfring von 27.5° ([3-NO2-py]~: 23.3°). Im Vergleich zum benzoyl-substituierten Natrium-
Komplex [4-Ph(0)C-pyle ([C1-7]-[C1-2,N1-2,Na], 23.9°) wird der steigende Einfluss des
induktiven und mesomeren Effekts der Nitro-Gruppe in [4-NO2-py]« auf die Verdrehung des ATI-
Geriists deutlich. Die Nitro-Gruppe zeigt auferdem eine dhnlich geringe Verdrehung wie im

Lithium-Komplex (6(02-N3-C5-C4) = 2.2(2)°).

[5-NOz-py]. kristallisiert in der triklinen Raumgruppe P1 mit Z=2 (Abbildung9). Das
Kaliumatom ist, wie seine niedrigeren Homologen in [3-NO2-py]e» und [4-NO2-py]«, fiinffach
koordiniert. Die verzerrt quadratisch pyramidale Koordinationsgeometrie (t = 0.30 mit N1 in der
apikalen Position)? wird dabei durch Koordination des Metall-Atoms an die N,N-Bindungstasche
eines ATI-Liganden, an ein Pyridin-Molekiil sowie an je ein Sauerstoffatom der Nitro-Gruppe von
zwei verschiedenen benachbarten Monomereinheiten erhalten (Abbildung9a). Zwei
Monomereinheiten bilden eine dimere Struktur aus, welche uber eine Koordination des
jeweiligen Zentralmetalls an ein Sauerstoffatom der Nitro-Gruppe des jeweils entgegengesetzt
orientierten Monomers verkniipft ist (Abbildung 9b). Durch die Koordination des zweiten
Sauerstoffatoms der Nitro-Gruppe an das Kaliumatom eines benachbarten Dimers wird ein
eindimensionales Koordinationspolymer gebildet, dass sich durch Translation in Richtung der
kristallographischen c-Achse ausbreitet. Man erhalt zwei entgegengesetzt verlaufende Strange
von Polymerketten, die durch die K-O Bindungen, die zur Bildung der dimeren Untereinheiten
fiihrt, verkniipft sind (Abbildung 9c). Ein Ligand nimmt somit eine verbriickende Position
zwischen drei Kaliumatomen ein, weshalb von einem p3-(M-k2N)-(M-k10)-(M“-k10)-

Koordinationsmodus gesprochen werden kann.

@ Bestimmung des Atoms in der apikalen Position: Aufsummierung aller Winkel des koordinierenden Atoms eines
Liganden zu den koordinierenden Atomen aller anderen Liganden. Das Atom, fir welches sich die kleinste
Winkelsumme ergibt, nimmt die apikale Position ein.
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Abbildung 9: a) Ausschnitt der Struktur von [K(NO2-ATIP/Pr)(py)]e ([5-NOz-py]w) im Festkorper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden
der Ubersichtlichkeit nicht abgebildet. Atome, die eine Formeleinheit iiberschreiten, sind als weifde
Ellipsoide dargestellt. b) Dimere Untereinheit des Koordinationspolymers von [5-NOz-py]«. Atome, die
eine Dimereinheit iiberschreiten, sind als weifse Ellipsoide dargestellt. Ein Pyridin-Molekiil sowie die
Isopropyl-Reste an den Stickstoffatomen sind im Drahtmodell dargestellt. c¢) Eindimensionales
Koordinationspolymer von [5-NO:z-py]e im Festkdrper, wobei Kohlenstoffatome im Drahtmodell
dargestellt sind. Ausgewihlte Bindungslangen (A) und -winkel (°): K1-N1, 2.9323(14); K1-N2, 2.8325(14);
K1-N4, 2.8495(16); K1-01““, 2.6694(13); K1-02,2.6781(15); N1-C1, 1.283(2); N2-C2, 1.291(2); N3-C5,
1.375(2); N3-01, 1.2721(18); N3-02, 1.2807(19); C1-C2, 1.509(2); C2-C3, 1.460(2); C3-C4, 1.355(2);
C4-C5, 1.421(2); C5-C6, 1.431(2); C6-C7, 1.346(2); C1-C7, 1.474(2); N2-K1-N1, 58.42(4); 01““~-K1-02',
110.98(4); O(1“-29-K1-N(1-2,4), 82.92(4)-141.40(4); N(1-2)-K1-N4, 105.14(4)-159.20(4).
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Aufgrund des dreifach verbriickenden Charakters des ATI-Liganden zeigt die Nitro-Gruppe im
Vergleich zu den Komplexen der niedrigeren Homologen einen geringfligig grofieren
Torsionswinkel von 4.8(2)° zwischen C6-C5 und N3-01. Bindungsparameter wie die
N-C Bindungsliangen (N1/2-C1/2, 1.28-1.29 A, N3-C5, 1.38 A) und die maximale Differenz von
C-C Bindungsliangen im ATI-Riickgrat (Amax(C-C) = 0.12 A) lassen wiederum auf die Verschiebung
der m-Elektronen in Richtung der Nitro-Gruppe schliefien. Die damit verbundene verringerte
Aromatizitat zeigt sich in der Verdrehung des ATI-Geriists von 39.3°. Die Verdrehung des ATI-
Gertlists riickgrat-substituierter Kalium-Komplexe steigt in der die Reihe [5-Ph(0)S-(thf)3]«~ <
[5-Ph(0)C-pyle < [5-NO2-pyle ([C1-7]-[C1-2,N1-2,M]: [5-Ph(0)S-(thf)3]o, 33.3%
[5-Ph(0)C-py]w, 27.9-35.0°).1771 Dies kann auf die Zunahme des -1- und -M-Effekts in dieser Reihe
zurlickgefiihrt werden. Im Vergleich mit literaturbekannten Komplexen besitzt [5-NO2-py]« die
grofite fiir (Halb-)Metall-ATI-Komplexe beobachtete Verdrehung des ATI-Gertists.[65 781 Die
Einfiihrung eines (elektronenziehenden) Substituenten im ATI-Riickgrat kann somit neben dem
Substitutionsmuster an den Stickstoffatomen sowie dem (Halb-)Metall in der ATI-Bindungstasche

als weiterer Faktor fiir die Beeinflussung der Flexibilitit des ATI-Gerlists genutzt werden.
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Auch die Festkorperstrukturen der Kronenether-Verbindungen 4-NO2-(15K5), 4-NO:-(12K4):
und 5-NO2-(18K6) konnten durch Einkristallrontgenstrukturanalyse von Einkristallen, welche
aus Pyridin/n-Pentan (4-NO:-(15K5), 4-NO:-(12K4):) oder THF/n-Pentan (5-NO:-(18K6))
Losungsmittel-Systemen gewonnen wurden, aufgeklart werden. Verwendet man die fiir das
entsprechende Alkalimetall-Kation passenden Kronenether, beobachtet man die erwartete
Adduktbildung (4-NO2-(15K5): monoklin, P21/c, Z = 4, Abbildung 10; 5-NO2-(18K6): monoklin,
C2/c, Z = 8, Abbildung 11).
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Abbildung 10: a) Struktur von [Na(NO2-ATI®r/Pr)(15-Krone-5)] (4-NO2-(15K5)) im Festkorper in der
Draufsicht. b) Struktur von 4-NO2-(15K5) entlang der C1-C2 Bindung liegend. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. Die Ethyleneinheiten des Kronenethers sind im Drahtmodell dargestellt.
Ausgewahlte Bindungsliangen (A) und -winkel (°): Na1-01, 2.5704(12); Na1-02, 2.3953(12); Na1-0(3-6),
2.4106(13)-2.5634(12); N1-C1, 1.2860(18); N2-C2, 1.2874(18); N3-C5, 1.3779(18); N3-02, 1.2838(15);
C1-C2, 1.505(2); C2-C3, 1.4626(19); C3-C4, 1.3502(19); C4-C5, 1.435(2); C5-C6, 1.425(2); C6-C7,
1.354(2); C1-C7, 1.4681(19); 02-Nal-01, 52.11(4); 0(1-2)-Nal-0(3-7), 79.58(4)-153.79(4);
0(3-7)-Nal-0(3-7), 66.46(4)-134.50(4).
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4-NO:-(15K5) und 5-NO2-(18K6) zeigen somit im Festkorper monomere Strukturen, wobei das
Metall-Atom durch das Kronenether-Molekiill sowie die beiden Sauerstoffatome der
Nitrofunktionalitit des Liganden koordiniert wird. Dies fiihrt zu stark verzerrten
Koordinationsgeometrien mit Koordinationszahlen von KZ =7 (4-NO2-(15K5)) und KZ=8
(5-NO2-(18K6)) fiir das Alkalimetall.

a)

Abbildung 11: a) Struktur von [K(NOz-ATI?/iPr)(18-Krone-6)] (5-NO2-(18K6)) im Festkorper in der
Draufsicht. b) Struktur von 5-NO2-(18K6) entlang der C1-C2 Bindung liegend. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. Die Ethyleneinheiten des Kronenethers sind im Drahtmodell dargestellt.
Ausgewahlte Bindungslangen (A) und -winkel (°): K1-01, 2.7255(9); K1-02, 2.8371(10); K1-0(3-8),
2.8111(9)-2.9682(9); N1-C1, 1.2820(18); N2-C2, 1.2782(18); N3-C5, 1.3710(16); N3-01, 1.2840(14);
N3-02,1.2787(13); C1-C2,1.5056(19); C2-C3,1.4712(19); C3-C4, 1.3410(18); C4-C5,1.4419(17); C5-C6,
1.4234(18); C6-C7, 1.356(2); C1-C7, 1.462(2); 01-K1-02, 46.49(3); 0O(1-8)-K1-0(1-8),
57.24(3)-154.44(3).

Die Koordination des Metalls iiber die Nitro-Gruppe im Festkorper lasst annehmen, dass auch in
Losung Strukturen dieser Koordinationsform vorliegen konnen. Aufierdem zeigen die

Isopropyl-Substituenten in beiden Strukturen eine flir ATI-Komplexe untypische

118



XII SYNTHESE UND STRUKTUR RUCKGRATSUBSTITUIERTER ALKALIMETALL-ATI-KOMPLEXE

E,Z-Konfiguration, was die bereits aufgrund der NMR-spektroskopischen Daten vermutete
E,E-/E,Z-Isomerie bestitigt. Analog zu den kronenetherfreien Stammverbindungen deuten die
Bindungsparameter des Ligandgertists fiir beide Verbindungen eine in Richtung der Nitro-Gruppe
verschobene m-Elektronendichte an (Tabelle 2). Dabei kann eine zunehmende Lokalisierung der

m-Elektronen dhnlich wie in Schema 13 (0-E,Z) dargestellt angenommen werden.

Tabelle 2: Bindungsparameter der Kronenether-Komplexe 4-NO2-(12K4)2, 4-NO2-(15K5) und
5-NO2-(18K6).

Bindungsparameter [A]bzw. [°] 4-NO:-(12K4): 4-NO;-(15K5) 5-N02-(18K6)

N1-C1 1.279(3) 1.2860(18) 1.2820(18)
N2-C2 1.284(3) 1.2874(18) 1.2782(18)
N3-C5 1.395(3) 1.3779(18) 1.3710(16)
Amax(C-C) 0.12 0.12 0.13
[C1-C7]-[C1-2,N1-2] 41.7 40.2 436

0 (C4/6-C5-N3-01/2) 0.6(3) 7.7(2) 0.0(2)

Die Komplexierung von 4-NO mit zwei Aquivalenten 12-Krone-4 fiihrt zur Bildung eines freien
Ligand-Anions, das keine gerichtete Bindungswechselwirkung zum [Na(12-Krone-4);]-Kation
eingeht (4-NO2-(12K4)2: monoklin, P2i/c, Z=4, Abbildung12). Eine ligandinduzierte
Disproportionierung wie sie fiir die vorher diskutierte Bildung von 6-Ph(0)S beobachtet wird
(siehe Abbildung 4), findet nicht statt, was durch die steigende Tendenz zur Koordination an die
NO2-Gruppe im Gegensatz zur N,N-Bindungstasche bedingt ist. Trotz fehlender Koordination des
Metall-Atoms an den Liganden zeigt 4-NO:-(12K4). eine Verdrehung von 41.7° fir das
ATI-Gerlist, was auf den anionischen Charakter des Liganden sowie die Verschiebung der -
Elektronendichte in Richtung der Nitro-Gruppe zurtckzufithren ist. Diese Verschiebung
bestatigen auch die Langen der N-C bzw. C-C Bindungen (Tabelle 2). 4-NO,-(12K4); ist somit
der erste kristallographisch charakterisierte ATI-Komplex, in welchem Komplexanion

und -Kation vollstdndig voneinander separiert vorliegen.
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Abbildung 12: a) Struktur von [Na(12-Krone-4)2][(NO2-ATIr/Pr)] (4-NO2-(12K4)z) im Festkorper in der

Draufsicht. b) Struktur von 4-NO2-(12K4)z mit Blickrichtung entlang der C1-C2 Bindung liegend. Die

Ellipsoide reprdsentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome und das
[Na(12-Krone-4)z]*-Fragment in b) wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Die
Ethyleneinheiten des Kronenethers sind im Drahtmodell dargestellt. Ausgewahlte Bindungslingen (A)
und -winkel (?): N1-C1, 1.279(3); N2-C2, 1.284(3); N3-C5, 1.395(3); N3-01, 1.264(3); N3-02, 1.267(3);
C1-C2, 1.507(4); C2-C3, 1.465(4); C3-C4, 1.354(4); C4-C5, 1.428(4); C5-C6, 1.428(4); C6-C7, 1.354(4);
C1-C7,1.470(4).
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2.3 DFT-Rechnungen

Zur Verifizierung der E,E-/E,Z-Isomerisierung der Alkalimetall-Aminotroponiminat-Komplexe
mit Nitrofunktionalitdt in Losung wurden von Dr. Crispin Lichtenberg DFT-Rechnungen im
polarisierbaren Kontinuumsmodell (Losungsmittelmodell Pyridin) durchgefiihrt." Dabei wurden
die Energien fiir Modellverbindungen mit je zwei zusatzlichen Pyridin-Liganden 3-NOz-(py)2,
4-NOz-(py)2 und 5-NO2-(py): berechnet. Fiir die Lithium-Verbindung 3-NO:-(py)2, welche in
Losung nur einen Signalsatz fiir eine C2,-symmetrische Verbindung im 'H-NMR-Spektrum zeigt,
erhalt man das E,E-Isomer, bei welchem das Lithiumatom in der N,N-Bindungstasche sitzt, als
energetisch giinstigeres Isomer (N-E,E—O-E,E: AH = 10.8 kcal-mol-1, AG = 8.2 kcal'-mol-1). Es kann
somit von einem N-E,E-Koordinationsmodus in Losung ausgegangen werden. Analog erhilt man
fir die Natrium-Verbindung 4-NO:-(py): das N-E,E-Isomer mit niedrigster Energie
(Abbildung 13). Eine Koordination tliber die Nitro-Gruppe sowie eine E,E-Konfiguration der
Isopropyl-Reste, welche ebenfalls Signale einer C.-symmetrischen Verbindung im NMR-
Spektrum bedingen wiirde, ist mit Energieunterschieden von AH =7.7 kcal'mol-1 bzw.
AG = 4.4 kcal'mol-! energetisch nur wenig ungiinstiger, ein O-E,E-Koordinationsmodus ist also
durchaus denkbar. Eine mogliche Migration des Metall-Atoms von der N,N- nur
0,0-Bindungstasche konnte allerdings NMR-spektroskopisch nicht aufgel6st werden. Die Bildung
des E,Z-Isomers in Losung ist schliefRlich ausgehend von einer N-E,E-Konfiguration nur schwach
endergon (AG=1.4kcal'mol-l) bzw. von einer O-EE-Konfiguration schwach exergon
(AG = -3.0 kcal'mol-1). Da in Losung die Einstellung eines Gleichgewichts zwischen E,E- und E,Z-
[somer beobachtet wird, sollte die Energiebarriere zwischen den C,-symmetrischen und
Ci-symmetrischen Isomeren bei Raumtemperatur iiberwindbar sein. Ahnliche Ergebnisse sind
auch fiir die Kalium-Verbindung zu erwarten. Wie in der Festkorperstruktur von [5-NOz-py]«
gefunden (Abbildung 9), zeigen auch die Rechnungen, dass die Bildung von dimeren Strukturen

exotherm und exergon (AH = -35.0 kcal'-mol-?, AG = -20.3 kcal'mol-1) ist.

b Das Funktional B3LYP mit Grimme-Dispersionskorrektur (GD3) und die Basissitze 6-31G(d,p)
[H,Li,C,N, 0] und 6-311G(d,p) [Na, K] wurden genutzt. Frequenzanalysen zeigten null imaginire
Frequenzen fiir Grundzustinde und eine imaginire Frequenz fiir Ubergangszustinde.

121



XII SYNTHESE UND STRUKTUR RUCKGRATSUBSTITUIERTER ALKALIMETALL-ATI-KOMPLEXE

A iPr,
_O —N
yr'd \+Q
Na_ _N=
(py)2 0 <N
iPr
ot 0-EE
k- 0
©
£
= 0-EZ
o
._E -3.0
U}—

N-EE iPr

5 —4.4 ;o\+ —N
iPr (py)oNal N= = ~iPr
_ \ 0 N
O+ =N+
/N:Q /Na(pY)Z
-0 N

\

iPr

Abbildung 13: Schematische Darstellung der relativen Gibbs-Energien der berechneten Isomere von
[Na(NOz-ATIPr/iPr)(py)e2].

Die Natrium-Kronenether-Komplexe wurden ebenfalls mit Hilfe von DFT-Rechnungen
untersucht. Fiir beide zeigt sich, dass deren Bildung aus der Stammverbindung durch
Komplexierung mit dem entsprechenden Kronenether energetisch stark begiinstigt ist
(Schema 16). Dabei liegt das 0-E,Z-Isomer fiir 4-NO2-(15K5) energetisch am tiefsten, was im
Einklang mit der Festkorperstruktur ist (Abbildung 10). In Losung dagegen werden im NMR-
Spektrum wiederum das C,,-symmetrische und Ci-symmetrische Isomer detektiert, was mit
einem sehr geringen Energieunterschied der beiden Isomere von AG = 1.09 kcal'mol-! einhergeht.
Die Beobachtung von Kreuzsignalen zwischen den Protonen des Kronenethers und denen der
Isopropyl-Substituenten an den Stickstoffatomen im 'H-tH-NOESY-NMR-Spektrum kann durch
eine Migration der [Na(15-Krone-5]*-Einheit von der Nitro-Gruppe auf das ATI-Riickgrat erklart
werden. Die dabei gebildete halbsandwichartige Verbindung liegt um AG = 3.67 kcal-mol-! héher

in der Energie, als das O-E,Z-Isomer (siehe Schema 15).

AH (AG)
[kcal-mol™]

4-NO,-(py); + 2 (12-Krone-4) —— E,Z-4-NO,-(12K4), + 2 (Py) -27.8(-24.5)

4-NO,-(py); + (15-Krone-5) ——> 0-E,Z-4-NO,-(15K5) + 2 (Py) -11.2(-18.7)

Schema 16: Thermodynamische Daten fiir die Bildung der Kronenether-Komplexe E,Z-4-NO2-(12K4)z und
0-E,Z-4-NO2-(15KS5).
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Die energetischen Lagen der Isomere von 4-NO;-(12K4); stehen ebenfalls im Einklang mit der im
Festkorper gefundenen E,Z-Konfiguration. E,Z-4-NO.-(12K4): liegt um AG = -3.69 kcal-mol-!
niedriger als das Cz,-symmetrische E,E-Isomer. Die E/Z-Isomerisierung der C-N-Doppelbindung
kann sowohl iber einen Inversionsmechanismus, einen Rotationsmechanismus als auch iber
eine Vielzahl von Mechanismen, die zwischen den beiden Extremen liegen, ablaufen.[80] Welcher
Pfad beschritten wird, hdngt dabei z. B. vom Losungsmittel und von der Art der Substituenten an
der C-N Doppelbindung ab. Rechnungen konnten zeigen, dass Isomerisierungen eher iiber einen
Inversionsmechanismus ablaufen, wenn die Doppelbindung Substituenten mit positiven
Hammett Parametern (o,) tragt.[8%l Fir Verbindung 4-NO:-(12K4). wurde ein linearer
Ubergangszustand fiir eine Konfigurationsinderung von E,Z zu E,E mit einer Energiebarriere von
AG* = 26.6 kcal'mol-! berechnet (Abbildung 14). Dies deutet an, dass die elekronenziehenden
Eigenschaften des Nitro-Substituenten den Isomerisierungsmechanismus mafigeblich
beeinflussen, da dem stickstoffgebundenen Isopropyl-Substituenten aufgrund seiner
elektronenschiebenden Eigenschaften ein leicht negativer Hammett Parameter zugeschrieben

wird.[81]

Abbildung 14: Berechneter linearer Ubergangszustand der E,Z-Isomerisierung von 4-NO2-(12K4): in
Losung (a = 169.5°, 3 =122.0°).
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XIII Elektrochemie riickgratsubstituierter Liganden und Alkalimetall-

Komplexe
1 Ph(O)S-ATIPr/iPr

Um Aussagen iiber die elektrochemischen Eigenschaften zu treffen, wurde sowohl der neutrale
ATI-Ligand 1-Ph(0)S als auch die Alkalimetall-Komplexe 3-Ph(0)S, 4-Ph(0)S und 5-Ph(0)S
cyclovoltammetrisch untersucht. Alle Messungen wurden in THF (0.1 M [(nBu)sN][PFe] in THF)
bei Raumtemperatur durchgefiihrt und die erhaltenen Redoxpotentiale gegen
Ferrocen/Ferrocenium referenziert. Im Bereich von 0.42 V bis 0.46 V kann fiir alle Verbindungen
die fiir ATI-Verbindungen typische irreversible Oxidation des Liganden gefunden werden
(Tabelle 3, Eintrage I, 11, IV, VI).391 Fiir die Alkalimetall-Komplexe zeigen sich zudem irreversible
Oxidationen bei -0.26 V (3-Ph(0)S), -0.55V (4-Ph(0)S) bzw. -0.77V (5-Ph(0)S), welche
moglicherweise einer Oxidation der Sulfinyl-Gruppe zuzuordnen sind (Tabelle 3, Eintrage III, V,

VII).

Tabelle 3: Aus cyclovoltammetrischen Messungen in THF (0.1 M [(nBu)sN][PFs] in THF) bei
Raumtemperatur ermittelte Redoxeigenschaften der sulfinyl-substituierten Verbindungen 1-Ph(0O])S,

3-Ph(0)S, 4-Ph(0)S und 5-Ph(0)S unter oxidativen Bedingungen.

Eintrag Vbd. Epaoder Epa/Epc [V] Klassifizierunglel Reversibilitatlb]

| 1-Ph(0)S 0.46 E irrev

I1 3-Ph(0)S 0.45 E irrev

[11 3-Ph(0)S -0.26 E irrev

IV 4-Ph(0)S 0.42 E irrev

\Y% 4-Ph(0)S -0.55/-1.96 ECEC pr

VI 5-Ph(0)S 0.45 E irrev

VII 5-Ph(0)S -0.77 E irrev

[a] E = Elektronentransfer, C = chemische Reaktion, [b] irrev = irreversibel, pr = partiell reversibel.

Fiir 3-Ph(0)S kann durch das Starten der Messung bei -0.68V und anschliefiendem
Potentialvorschub in oxidative Richtung (Abbildung 15, links, gestrichelte Linie) gezeigt werden,
dass die irreversible Oxidation bei —0.26 V durch weitere Oxidationsereignisse iiberlagert wird,
die in Folge einer Reduktion bei sehr niedrigen Potentialen (<3 V) auftreten (Abbildung 15, links,

durchgezogene Linie).
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U v, [Fe(Caly))/[Fe(Cafls) ) V] U vs [Fe(CoH)/[Fe(CoH),] V]

Abbildung 15: Cyclovoltammogramm von [Li(Ph(0)S-ATI®/r)] (3-Ph(0)S) in THF (0.1 M [(nBu)4N][PFs]
in THF) bei Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-! iiber das gesamte
Potentialfenster (links, gestrichelte Linie: Oxidation separat abgefahren) und fiir einen Ausschnitt von

-2.67 bis —2.18 V mit Vorschubgeschwindigkeiten von 50 bis 1500 mV-s-! (rechts).

In Folge der Oxidation von 4-Ph(0)S bei -0.55V ist eine Reduktionswelle bei -1.96 V zu
beobachten, die keinem definierten Ereignis zugeordnet werden konnte (Abbildung 16, rechts).
Fir den Liganden 1-Ph(0)S wird unter elektrochemischen Bedingungen kein Redoxereignis

gefunden, welches einer Oxidation der Sulfinyl-Gruppe zugeordnet werden konnte

(Abbildung 17).

Tsua

-3.00 -2.00 -1.00 0.00 1.00 -2.50 -2.00 -1.50 -1.00 -0.50 0.00
U vs. [Fe(CsHs),]/[Fe(CsHs)o]" [V] U vs. [Fe(CsH5),]/[Fe(CsHs)z]" [V]

Abbildung 16: Cyclovoltammogramm von [Na(Ph(0)S-ATI#/#r)] (4-Ph(0)S) in THF (0.1 M [(nBu)sN][PFs]
in THF) bei Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-! iiber das gesamte
Potentialfenster (links) und fiir einen Ausschnitt von -2.21 bis -0.26 V (rechts, gestrichelte Linie: Reduktion

separat abgefahren).
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Unter reduktiven Bedingungen zeigt 1-Ph(0)S eine reversible Reduktion bei -2.38V
(Abbildung 17, Tabelle 4, Eintrag I).

L5

-3.00 -2.00 -1.00 0.00 1.00
U vs. [Fe(C5Hs),]/[Fe(CsHs),]™ [V]

Abbildung 17: Cyclovoltammogramm von Ph(0)S-ATI#/#r (1-Ph(0)S) in THF (0.1 M [(nBu)4N][PFs] in

THF) bei Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-1.

Die Alkalimetall-Komplexe zeigen irreversible (4-Ph(0)S, Abbildung 16, links), quasireversible
(3-Ph(0)S, Abbildung 15) bzw. reversible (5-Ph(0)S, Abbildung 18) Reduktionsereignisse bei
dhnlichen stark negativen Potentialen (Tabelle 4, Eintrag 11-1V). Die Quasireversibilitit der
Reduktion von 3-Ph(0)S bei -2.38V kann anhand von Messungen mit unterschiedlichen
Vorschubgeschwindigkeiten gezeigt werden (Abbildung 15, rechts). Aufierdem wird fiir
3-Ph(0)S ein weiteres Reduktionsereignis bei sehr niedrigen Potentialen (<3 V) detektiert.
Aufgrund der Nahe zum Rand des Potentailfensters konnte dieses Ereignis nicht klassifiziert
werden. Wie bereits erwdhnt zeigt sich, dass in Folge dieser Reduktion zusatzliche
Oxidationsereignisse im Bereich der irreversiblen Oxidation bei -0.26 V auftreten (Abbildung 15,

links).

Tabelle 4: Aus cyclovoltammetrischen Messungen in THF (0.1 M [(nBu)sN][PFs] in THF) bei
Raumtemperatur ermittelte Redoxeigenschaften der sulfinyl-substituierten Verbindungen 1-Ph(O)S,

3-Ph(0)S, 4-Ph(0)S und 5-Ph(0)S unter reduktiven Bedingungen.

Eintrag Vbd. E1/2 oder Eyc/Epa oder E,c [V]lal  Klassifizierung®l  Reversibilitatlc]
I 1-Ph(0)S -2.38 EE rev
11 3-Ph(0)S -2.38 E qr
[1 4-Ph(0)S -2.44 E irrev
I\ 5-Ph(0)S -2.37 EE rev

[a] E1/2 fiir Eintrag I und 1V, Ey/Ep, fur Eintrag Il, [b] E = Elektronentransfer, C = chemische Reaktion, [c]
rev = reversibel, irrev = irreversibel, qr = quasireversibel.
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I sua

-3.00 -2.00 -1.00 0.00 1.00
U'vs. [Fe(CsHs)o]/[Fe(CsHs)o]" [V]

Abbildung 18: Cyclovoltammogramm von [K(Ph(0)S-ATI®/r)] (5-Ph(0)S) in THF (0.1 M [(nBu)sN][PFs]

in THF) bei Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-1.

In Ubereinstimmung mit bekannten Alkalimetall-ATI-Komplexen ohne Riickgratsubstituent wird
angenommen, dass es sich bei den Reduktionsereignissen der sulfinylsubstituierten Komplexe um
ligandzentrierte Redox-Ereignisse handelt.3% 661 Die fiir den Lithium-Komplex 3-Ph(0)S
auftretenden Reduktions-Ereignisse konnen nicht alle eindeutig klassifinziert werden, weshalb
eine Separation von Reduktions- und zugehoriger Oxidationswellen, wie sie fiir literaturbekannte
Komplexe gefunden wurde, nicht ausgeschlossen werden kann.[39 Fiir die sulfinyl-substituierten
Natrium- und Kalium-Komplexe 4-Ph(0)S und 5-Ph(0)S wird keine Separation von Redox-

Ereignissen beobachtet
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2 NOz-ATIPr/iPr

Die nitro-substituierten Verbindungen 1-NO2, 3-NO, 4-NO; und 5-NO; wurden ebenfalls mit
Hilfe von Cyclovoltammerie auf ihre Redoxeigenschaften hin untersucht. Alle Messungen wurden
in THF (0.1 M [(nBu)4N][PF¢] in THF) bei Raumtemperatur durchfiihrt und die erhaltenen
Potential gegen Ferrocen/Ferrocenium referenziert. Die Lithium-Verbindung 3-NO: zeigt dabei
als einzige Verbindung bei +0.14V ein Ereignis, das einer irreversiblen Ligandoxidation
zugeordnet werden konnte (Tabelle 5, Eintrag I, Abbildung 19). Es wird davon ausgegangen, dass
analoge Oxidationsereignisse fiir alle anderen Verbindungen aufderhalb des in THF zugangigen
Potentialfensters liegen. Die Komplexe 4-NOz und 5-NO; zeigen irreversible Oxidationsereignisse
bei negativen Potentialen, die keinen definierten Ereignissen zugeordnet werden konnten

(Tabelle 5, Abbildung 21 und Abbildung 22).

Tabelle 5: Aus cyclovoltammetrischen Messungen in THF (0.1 M [(nBu)sN][PFs] in THF) bei
Raumtemperatur ermittelte Redoxeigenschaften der nitro-substituierten Verbindungen 3-NOz, 4-NO2z und

5-NO: unter oxidativen Bedingungen.

Eintrag Vbd. Epa [V] Klassifizierunglal Reversibilitatlb]
I 3-NO: +0.14 E irrev
I1 4-NO: -0.27 E irrev
I1 5-NO: -0.33 E irrev

[a] E = Elektronentransfer; [b] irrev = irreversibel.

Tou

-3.00 -2.00 -1.00 0.00 -3.00 -2.50 -2.00 -1.50 -1.00 -0.50
U vs. [Fe(CsHs),]/[Fe(CsHs)]" [V] U'vs. [Fe(CsHs)a]/[Fe(CsHs)o]" [V]

Abbildung 19: Cyclovoltammogramm von [Li(NO2-ATI#r/#r)] (3-NOz) in THF (0.1 M [(nBu)4N][PFs] in THF)
bei Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-! iiber das gesamte
Potentialfenster (links) und fiir zwei Ausschnitte separat gemessen (rechts, von -2.84 bis -0.65 V: graue
Linie; und -2.55 bis -0.65 V (bei -1.31 V gestartet und in oxidative Richtung gemessen): gestrichelte und

schwarze Linie).
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Unter reduktiven Bedingungen sind fiir 1-NO2 zwei irreversible Redoxereignisse zu beobachten
(Tabelle 6, Eintrage Il und III). Aufierdem zeigt sich eine Reduktionswelle bei -1.93 V, welche ab
einer Vorschubgeschwindigkeit von 250 mV-s-1 partiell reversibel ist, wobei die zugehorigen
Oxidationswellen zu einem Potential von -1.72 V und -1.24 V verschoben sind (Abbildung 20,
rechts; Tabelle 6, Eintrag I). Es kann somit vermutet werden, dass es zu einer chemischen
Transformation zwischen Reduktion und anschlieflender Oxidation kommt, die iiber den

Elektronentransfer hinausgeht.

T 10pa

— 1500 mV-s!

— 1000 mV-s!
750 mV-st
250 mV-s!
50 mV-st

-3.50 -2.50 -1.50 -0.50 050  -2.10 160 -1.10
U vs. [Fe(CsHs),]/[Fe(CsHs)o]" [V] U'vs. [Fe(CsHs)o]/[Fe(CsHs)o]" [V]

Abbildung 20: Cyclovoltammogramm von NO2-ATI#r/#r (1-NOz) in THF (0.1 M [(nBu)4N][PFs] in THF) bei
Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-! iiber das gesamte Potentialfenster
(links) und fiir einen Ausschnitt von -2.06 bis -0.97 V mit Vorschubgeschwindigkeiten von 50 bis
1500 mV-s-1 (rechts).

3-NO; zeigt drei irreversible Reduktionswellen im Bereich von —1.71 bis -2.46 V (Abbildung 19;
Tabelle 6, Eintrage IV-VI). Auflerdem zeigt sich eine Reduktionswelle bei stark negativen
Potentialen mit einer um 1.52V zu positiveren Potentialen verschobenen zugehorigen
Oxidationswelle. Die Zugehorigkeit konnte dabei durch das erstmalige Auftreten der

Oxidationswelle nach zuvor erfolgter Reduktion verifiziert werden (Abbildung 19, rechts).
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Tabelle 6: Aus cyclovoltammetrischen Messungen

in THF (0.1M [(nBu):N][PFs] in THF) bei

Raumtemperatur ermittelte Redoxeigenschaften der nitro-substituierten Verbindungen 1-NOz, 3-NOz,

4-NO2z und 5-NOz unter reduktiven Bedingungen.

Eintrag Vbd. Epc oder Eyc/Epa [V] Klassifizierungll Reversibilitatb]
[ 1-NO: -1.93/-1.72 und -1.24 ECEC pr
II 1-NO: -2.49 E irrevl
I 1-NO: -2.98 E irrevl
1\ 3-NO: -1.71 E irrev
\Y 3-NO: -2.32 E irrev
VI 3-NO: -2.46 E irrev
VII 3-NO: -2.76/-1.24 ECEC pr
VIII 4-NO: -1.77/-1.05 ECEC pr
IX 4-NO: -2.00/-1.78 ECEC pr
X 4-NO: -2.49 E irrev
XI 4-NO; -3.05 E irrev
XII 5-NO: -1.81/-1.69 ECEC pr
XIII 5-NO: -2.96/-2.45 ECEC pr

[a] E = Elektronentransfer, C = chemische Reaktion, [b] irrev =irreversibel, pr = partiell reversibel, [c]
anhand eins Vergleichs der Spitzenstréme von zu positiveren Potentialen verschobenen Oxidationswellen
kann nicht ausgeschlossen werden, dass ein partiell reversibles Ereignis mit separierten Redox-Wellen

vorliegt.

Die Natrium-Verbindung 4-NO: zeigt zwei irreversible Reduktionswellen bei stark negativen

Potentialen (Abbildung 21, links; Tabelle 6, Eintrage X, XI). Auflerdem konnen zwei partiell

reversible Ereignisse mit zugehorigen Oxidationswellen, die vom jeweiligen Reduktionsereignis

separiert sind, gefunden werden (Abbildung 21, rechts; Tabelle 6, Eintrage VIII, IX). Durch Starten

einer Messung bei -1.46 V und anschlief;endem Potentialvorschub in oxidative Richtung kann die

Abhangigkeit der Oxidationswelle bei -1.05V von der zuvor erfolgten Reduktion bei -1.77 V,

sowie die Irreversibilitiat der Oxidation bei -0.27 V gezeigt werden (Abbildung 21, rechts).
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Tiowm Tou A\
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U vs. [Fe(CsHs),]/[Fe(CsHs)o]" [V] U vs. [Fe(CsHs),]/[Fe(CsHs)o]" [V]

Abbildung 21: Cyclovoltammogramm von [Na(NOz-ATI®r/#r)] (4-NOz) in THF (0.1 M [(nBu)sN][PFe] in
THF) bei Raumtemperatur und einer Vorschubgeschwindigkeit von 250 mV-s-1 i{iber das gesamte
Potentialfenster (links) und fiir einen Ausschnitt gemessen (rechts, von -2.46 bis +0.13 V: schwarze Linie;

und -1.46 bis +0.13 V (bei -1.46 V gestartet und in oxidative Richtung gemessen): gestrichelte Linie.

Die Kalium-Verbindung 5-NO: besitzt zwei Redoxereignisse fiir die eine Separation der
Reduktions- und der zugehdrigen Oxidationswelle beobachtet wird (Tabelle 6, Eintrage XII, XIII).
Das Ereignis bei sehr niedrigen Potentialen (EintragXIII) ist bei geringen Vorschub-
geschwindigkeiten (50 mV-s-1) irreversibel, geht allerdings mit zunehmender Vorschub-
geschwindigkeit in ein partiell reversibles Ereignis tiber (Abbildung 22b, links). Die Reduktion bei
-1.81/-1.69 V stellt ein partiell reversibles Ereignis dar (Abbildung 22b, rechts).

a)
* :[20 pA
b)
— 1000 mV-st
— 750 mV-s!
250 mV-st
50 mV-s—t
-3.50 -2.50 -1.50 -0.50 0.50

U vs. [Fe(CsHs),]/[Fe(CsHs)o]™ [V]

Abbildung 22: Cyclovoltammogramm von [K(NO2-ATI®#t/r)] (5-NOz) in THF (0.1 M [(nBu)sN][PF¢] in THF)
bei Raumtemperatur a) bei einer Vorschubgeschwindigkeit von 250 mV-s-1 iiber das gesamte
Potentialfenster b) fiir einen Ausschnitt von -3.30 bis -2.20 V bei Vorschubgeschwindigkeiten von 50 bis
1000 mV-s-! gemessen (links) und fiir einen Ausschnitt von -2.00 V bis +0.20V bei einer

Vorschubgeschwindigkeit von 250 mV-s-! gemessen (rechts).

Aufgrund der erhaltenen elektrochemischen Daten scheinen alle Komplexe potentiell
reduzierbar, wobei vermutlich keine stabilen Radikale gebildet werden, sondern nach

Ubertragung eines Elektrons eine chemische Transformation stattfindet.
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XIV Chemische Redoxstudien

1 Reduktionsexperimente der Alkalimetall-Ph(0)S-ATIPr/iPr-Komplexe
1.1 Lithium- und Natrium-Ph(Q)S-ATIr/iPr

[Li(Ph(0)S-ATI®r/iPr)] (3-Ph(0)S) und [Na(Ph(0)S-ATI®/iPr)] (4-Ph(0)S) wurden aufgrund der
erhaltenen Daten aus elektrochemischen Untersuchungen mit starken Reduktionsmitteln wie
elementarem Lithium bzw. KCg oder elementarem Natrium umgesetzt. Die Experimente wurden
in THF-dg bzw. Pyridin-ds durchgefiihrt und mittels 'H-NMR-Spektroskopie verfolgt. In THF
konnte 1H-NMR-spektroskopisch kein Umsatz der Edukte beobachtet werden. In Pyridin lief3 eine
Farbianderung der Reaktionslésung von gelb zu dunkelbraun fiir die Umsetzung von 3-Ph(0)S mit
Lithium oder KCs eine Reaktion vermuten. tH-NMR-spektroskopisch wurde kein Umsatz des
Edukts beobachtet werden. Es kann davon ausgegangen werden, dass eine Reduktion des
Losungsmittels flir die beobachtete Farbanderung verantwortlich ist. Die Generierung zeitweise
stabiler radikalischer Spezies wurde aufgrund gleichbleibender Signalintensititen ohne
signifikante Signalverbreiterungen und Anderungen der chemischen Verschiebung iiber den
gesamten Reaktionszeitraum ausgeschlossen. Auch verlangerte Reaktionszeiten und Behandlung
mit Ultraschall, um eine eventuelle Passivierung der Alkalimetalle zu verhindern, fithrten nicht zu

einer Reaktion.
1.2 Kalium-Ph(O)S—-ATIPr/iPr

[K(Ph(0)S-ATI#/iPr)] (5-Ph(0)S) wurde mit elementarem Kalium in THF-dg umgesetzt und die
Reaktion !'H-NMR-spektroskopisch verfolgt. Nach sechs Tagen ist ein vollstindiger
Reaktionsumsatz zu beobachten und man detektiert Signale, die auf die Bildung einer
diamagnetischen Spezies 5-red hindeuten. Im Hinblick auf die in der Literatur fiir im Riickgrat
unsubstituierte Lithium- und Natrium-ATI-Komplexe beobachtete reduktive Dimerisierung
konnte fiir 5-Ph(0)S ein dhnliches Verhalten angenommen werden.[3% 661 Im 1H-NMR-Spektrum
konnten allerdings keine Signale fiir Protonen an neu gebildeten sp3-hybridisierten
Kohlenstoffatomen, wie sie fiir eine iiber das Cs-Riickgrat dimerisierte Verbindung zu erwarten
waren, gefunden werden. Mit Hilfe von 2D-NMR-spektroskopischen Methoden konnte eine
Signalzuordnung vorgenommen werden. Die Protonen des Riickgrats zeigen vier separate Signale,
wobei eines ein Singulett ist. Da ein solches Aufspaltungsmuster nur auftritt, wenn der
Riickgratsubstituent an C4- oder C6-Position des Cs-Rings sitzt, wird eine Wanderung des
Sulfinyl-Rests an diese Position angenommen. Zusatzlich zu den vier Signalen fir das ATI-
Riickgrat detektiert man sieben weitere Signale in einem Bereich, der typisch fiir die chemische

Verschiebung von aromatischen Protonen ist. Da fiir die Phenyl-Gruppe des Sulfinyl-Rests
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allerdings nur drei Signale erwartet werden, wird eine einfache Wanderung des Rests

ausgeschlossen.

Eine Reduktion in Anwesenheit von 18-Krone-6 fiihrte zur Bildung einer analogen vermutlich
kronenetherkomplexierten Spezies. Allerdings konnte in THF-ds nach einem Tag die Bildung eines
Niederschlags beobachtet werden. 1H-NMR-spektroskopisch konnte in Lésung nur noch eine
Spezies, die lediglich die charakteristischen Signale einer Phenyl-Gruppe zeigt, detektiert werden.
Durch Kristallisation aus einem THF/n-Pentan Losungsmittel-System konnte diese Spezies als
18-Krone-6-Addukt von Kaliumthiophenolat identifiziert werden. Der in THF-dg ausgefalle
Feststoff wurde in Pyridin-ds NMR-spektroskopisch untersucht (Abbildung 23). Fiir die Protonen
der Isopropyl-Reste detektiert man zwei Dubletts fiir die CH3-Gruppen sowie zwei Septetts fiir die
CH-Gruppen. Die beiden Dubletts bei § =6.03 und 6.33 ppm werden dem 7-H und dem 5-H
zugeordnet. Das Singulett bei § = 6.57 ppm reprasentiert das 3-H und ein Dublett vom Dublett von
6 =6.73-6.79 ppm das 6-H.
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Abbildung 23: TH-NMR-Spektrum von 5-red in Pyridin-ds. * Restsignale von 18-Krone-6-Kaliumthio-
phenolat, # Restsignale von THF-ds.

Die restlichen vier Signale sollten somit zu dem an C4-Position gebundenen Rest gehoéren.
Aufgrund der Anzahl und den jeweiligen Intensitdten der Signale kann es sich dabei nicht um

einen einzelnen Phenylsulfinyl-Rest handeln. Auf Grundlage des gefundenen Kaliumthiolats kann
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allerdings eine Generierung von Phenylsulfanyl-Einheiten wihrend der Reduktion angenommen
werden. Es wird deshalb vermutet, dass 5-red mindestens eine solche phenyltragende Einheit
enthilt. Da andernfalls keine sinnvollen Integralverhdltnisse fiir einen Phenyl-Rest gefunden
werden, wird eine symmetrische Struktur vorgeschlagen, welche zwei ATI-Einheiten enthalt und
iiber die C4-Position verkniipft ist (Schema 17). Eine Briicke, die eine Phenylsulfanyl-Einheit
enthalt, wire dann mit einer stochiometrischen Reaktionsbilanz sowie den NMR-
spektroskopischen Daten im Einklang. Allerdings konnen zwei zusitzliche Signale im
aromatischen Bereich (ein Dublett bei 6 = 7.53 und ein iiberlagertes Signal bei 6.84-6.88 ppm),
welche vermutlich weitere Bestandteile der Briicke repridsentieren, nur unzufriedenstellend
zugeordnet werden. Eine zu den NMR-Daten passende Moglichkeit ware die in Schema 17
gezeigte Struktur der Briicke, wobei diese nicht mit einer ausgeglichenen Atombilanz in Einklang

stehen wiirde.

Schema 17: Strukturvorschlag fiir Verbindung 5-red.

DFT-Rechnungen von Dr. Crispin Lichtenberg fiir das im Ruckgrat unsubstituierte Fragment
[K2(ATIPr/iPr)(thf)4]* konnten zeigen, dass die Spindichte des ungepaarten Elektrons im Vergleich
zu den restlichen Kohlenstoffatomen im C7-Riickgrat an C4- und C6-Position am grofdten ist (0.36
bzw. 0.37;c Abbildung 24).[821 Da wahrend der Reduktion von 5-Ph(0)S vermutlich ein dhnliches
Fragment auftritt, wird angenommen, dass eine Radikalrekombination zur Bildung von 5-red
gefiihrt hat. Warum keine Dimerisierung zweier ATI-Radikalfragmente stattgefunden hat, konnte

nicht abschliefend geklart werden.

¢ Das Funktional UB3LYP mit Grimme-Dispersionskorrektur (GD3) und die Basissatze 6-31G(d,p) [H, C, N,
O] und 6-311G(d,p) [K] sowie das Losungsmittelmodell THF wurden genutzt. Frequenzanalysen zeigten
null imaginire Frequenzen fiir Grundzustinde und eine imaginire Frequenz fiir Ubergangszustinde.
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Abbildung 24: Berechnete Struktur von [Kz2(ATIP/#r)(thf)4]". Die Kohlenstoffatome der vier thf-Liganden
sind nicht dargestellt.
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2 Reduktionsexperimente der Alkalimetall-NOz-ATIPr/Pr-Komplexe

Die Alkalimetall-Komplexe [Li(NO,-ATI®r/iPr)] (3-NO2), [Na(NO-ATIPr/iPr)] (4-NO2) und
[K(NO2-ATI®/iPr)] (5-NO2) wurden aufgrund der aus cyclovoltammetrischen Messung erhaltenen
Daten mit starken Reduktionsmitteln in Form der entsprechenden elementaren Alkalimetalle als
Metallsand, als Metall auf Salzverbindungen (Na/NaCl, K/KI), als Metallspiegel oder als
Metallnaphthalid (Lithium- bzw. Natrium-Naphthalid in THF) umgesetzt. Alle Experimente
wurden in THF durchgefiihrt. Nach Reaktionszeiten von einer Stunde bis sechs Tagen wurde das
Reduktionsmittel durch Filtration entfernt. Es wurde versucht, durch Uberschichten mit n-Pentan,
Reaktionsprodukte aus der Losung auszukristallisieren. Um die Loslichkeit von 4-NO;z und 5-NO;
in THF zu erhohen und somit eine vollstindige Reduktion zu ermdéglichen, wurden neutrale
Donoren in Form von TMEDA (N,N,N’N‘Tetramethylethylendiamin) und PMDTA (N,N,N,N“,N“-
Pentamethyldiethylentriamin) sowie die Kronenether 15-Krone-5 und 18-Krone-6 zugegeben. In
allen Versuchen konnten jedoch keine radikalischen oder dimeren Reduktionsprodukte isoliert
werden. Die Zugabe der Kronenether fiihrte lediglich zur Bildung der entsprechenden
Kronenether-Komplexe 4-NO2-(15K5) und 5-NO:-(18K6), welche mit Hilfe von

NMR-Spektroskopie bzw. Einkristallrontgenstrukturanalyse identifiziert werden konnten.
3 Oxidationsexperimente der Alkalimetall-NOz—-ATI*r/Pr-Komplexe

Sowohl das Auftreten der irreversiblen Oxidationswelle im Cyclovoltammogramm von 4-NO3, als
auch das freie ATI-Anion in der Struktur von 4-NO;-(12K4),, veranlasste zu einer Untersuchung
des Verhaltens der Natrium-Verbindungen 4-NO2, 4-NOz-(12K4); und 4-NO.-(15K5) unter
oxidativen Bedingungen. Hierfiir wurden das starke Oxidationsmittel
Nitrosylhexafluorantimonat(V), aber auch das mafdig starke Oxidationsmittel
Silbertetrafluoroborat sowie milde Oxidationsmittel wie Ferroceniumchlorid ([Fe(Cp):]Cl),
Tropylium-BArf  ([C7H7][BArf], BArf=B(3,5-(CF3)2-CsH3)s)) und  Tritylchlorid bzw.
Trityltetrafluoroborat (PhzCCl/[Ph3C][BF.4]) verwendet (Tabelle 7). Fir alle Umsetzungen mit
NOSbFs konnte 'H-NMR-spektroskopisch lediglich der neutrale Ligand 1-NO: als
Reaktionsprodukt identifiziert werden (Tabelle 7, Eintrédge [-V). Durch Rontgenstrukturanalyse
von Einkristallen, welche aus einem Reaktionsansatz in Pyridin-ds gewonnen wurden, konnte
auflerdem die Bildung von [Na(12-Krone-4),][SbFs] unter diesen Bedingungen nachgewiesen
werden (Tabelle 7, Eintrag II). Eine Verringerung der Reaktionstemperatur von Raumtemperatur
auf bis zu -45° C sowie die Zugabe von Abfangreagenzien wie SiMegs oder SnznBug fiihrte nicht
zur Isolierung moglicher Radikalspezies oder anderer Oxidationsprodukte (Tabelle 7, Eintrage I,
IV, V). Durch die Verwendung milderer Oxidationsmittel konnte ebenfalls keine Isolierung von
Radikalspezies ermdéglicht werden. 'H-NMR-spektroskopische Verfolgung der Reaktion von
4-NO; mit AgBF, zeigte die Entstehung einer neuen, ATI-haltigen Spezies an, welche durch
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Kristallisation und rontgendiffraktometrische Untersuchung der erhaltenen Kristalle als
[Ag(NO,-ATI®r/iPr)(py)] (6-NO2-py) identifiziert werden konnte (Tabelle 7, Eintrag VI, siehe
Kapitel XV). Umsetzungen mit Ferroceniumchlorid sowie der Einsatz von TEMPO
(2,2,6,6-Tetramethylpiperidinyloxyl) und Diphenylditellurid als Abfangreagenzien zeigten den
Neutralliganden als einziges identifizierbares Produkt (Tabelle 7, Eintrdge VII, VIII). Fiir die
Oxidation von 4-N0Q2-(12K4), mit Tropylium-BArf konnte tH-NMR-spektroskopisch zunachst die
Bildung verschiedener Spezies beobachtet werden, wobei 1-NO- als Hauptprodukt identifiziert
werden konnte. Nach 12 Stunden in Losung konnte ausschliefdlich 1-NOz im tH-NMR-Spektrum
detektiert werden, was auf eine geringe Stabilitdt der intermediar gebildeten Spezies hindeutet

(Tabelle 7, Eintrag IX).

Tabelle 7: Ubersicht der Oxidationsexperimente.

Oxidations- Reaktions-  Abfang-

Eintrag Reagenz mittel bedingungen reagenz Produkt

I 4-NO, NOSbF; py-ds Si;Mes 1-NO;

I 4-NO»-(12K4),  NOSbFs py-ds - [Na(121-_1?-%5[5b}?6]
Il 4-NO-(12K4);  NOSbF; CeDs i 1-NO;

IV 4-NO-(12K4),  NOSbFs  MeCN, -45°C SnynBug :

V. 4-NO-(15K5)  NOSbFs  MeCN,-21°C  Si;Mes 1-NO;

VI 4-NO, AgBF, py-ds i 6-NO;

VI 4-NO,-(12K4);  [FeCpCl  MeCN-ds  PhsTe; 1-NO;
VI 4-NO,-(12K4);  [FeCp:]Cl THF TEMPO i

X  4-NO,-(15K5) [C/H/][BAr¥]  THF-ds i 1-NO;

X 4-NO,-(12K4); [PhsC][BF4] py-ds 4_N02_};:32f(+121( "
XI  4-NO-(12K4);  PhsCCl THF 1-NO; +

4-NO;-Ph;C-(12K4),
BArF = B(3,5-(CF3)2-CeH3)4), py = Pyridin, TEMPO = 2,2,6,6-Tetramethylpiperidinyloxyl

Die NMR-spektroskopische Verfolgung der Umsetzung von 4-NO2-(12K4), mit Trityl-BF. in
Pyridin-ds zeigte im 1H-NMR-Spektrum Signale fiir 1-NO2 sowie Signale einer weiteren, ATI-
haltigen Spezies (Tabelle 7, Eintrag X). Aufgrund des Signalmusters kann auf eine im Riickgrat
unsymmetrisch substituierte Verbindung geschlossen werden. Eine analoge Reaktion von
4-NO2-(12K4)2 mit Tritylchlorid in THF und anschlieffende Kristallisation mit n-Pentan lieferte
Einkristalle zur Rontgenstrukturanalyse (Tabelle 7, Eintrag XI, Abbildung 25). Damit konnte die
gebildete Spezies als [Na(12-Krone-4);][(3-Ph3C-5-NO,-ATI#t/Pr)] (4-NO2-Ph3C-(12K4),)
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identifiziert werden. Das Tritylsalz fungiert somit nicht als Oxidationsmittel, sondern reagiert als
Carbo-Kation in einer elektrophilen aromatischen Substitution mit dem ATI-Komplex

(Schema 18).

B [Na(12-Krone-4),]* 1
iPr
| 0.5 [PhsC][BF,]/
) =N Ph,CCl
0,N - _ipr + 0.5 4-NO,-(12K4),
N
[Na(12-Krone-4),]" [BF,/Cl]”

4-NO,-(12K4),

—[Na(12-K-4),]BF,/
[Na(12-K-4),]Cl

[Na(12-Krone-4),]*

iPr iPr

/ |

—N A\

0.5 "O,N ~ _iPr + 0.5 OyN
N I}IH
CPh, iPr
4-NO,-Ph;C-(12K4), 1-NO,

Schema 18: Elektrophile aromatische Substitution von 4-NO2z-(12K4)z unter Bildung von
4-NO2-Ph3C-(12K4)z und 1-NO2.

Die Einfithrung einer Triphenylmethyl-Gruppe in das ATI-Riickgrat konnte von der Gruppe um
Jordan bei der Umsetzung von Gruppe 13 Metall-ATI-Komplexen [M(ATI®/Pr)R;] mit einem
Tritylsalz beobachtet werden (M = Al-In, R = Alkyl).[¢5 831 Dabei wird eine elektrophile Addition
des Carbo-Kations an die C5-Position unter Bildung eines neutralen Diimin-Ligandgeriists
beobachtet (Schema 19). Eine Temperaturerhéhung (auf —30 bis —40 °C fiir M = Al bzw. auf 80 °C
fiir M = Ga, In) flhrt allerdings zur Eliminierung von RCPh3 (bzw. HCPh3z und einem Olefin, wenn

R B-H-Atome besitzt) und der Bildung eines im Riickgrat unsubstituierten kationischen ATI-

Komplexes.
iPr iPr ' T '
=N R [PhsCI[B(C4Fs)s] =N (R =N
M Ph,C M M—R
N/ “r N7 “r| — RCPhjoder . N
] ] HCPhj3 + Olefin I
iPr iPr iPr
[B(C6Fs)al [B(CeFs)al

Schema 19: Kooperatives Verhalten des ATI-Liganden in Gruppe 13 Metall-Komplexen. M = Al-In, R = Me,
Et, Pr, iBu, Cyclohexyl, Benzyl.[83]
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Im Gegensatz zu dem in der Literatur beobachteten, kooperativen Verhalten des ATI-Liganden,
wird bei der Umsetzung von 4-NOz-(12K4); mit dem Trityl-Salz ein im Riickgrat
triphenylmehtyl-substituierter Komplex erhalten. 0.5 Aquivalente des eingesetzten Kronenether-
Komplexes fungieren im Reaktionsverlauf als Base, die zur Abstraktion des Protons am
intermedidr gebildeten, nicht detektierten o-Komplex notig ist. Dies fiihrt zur Bildung des
triphenylmethylierten Kronenetherkomplexes 4-NO2-Ph3C-(12K4), sowie des protonierten
Ligand 1-NO: (Tabelle 7, Eintrag IX; Schema 18). Prinzipiell wire auch ein radikalischer
Reaktionspfad denkbar, in welchem zuerst ein Elektron vom ATI-Liganden auf das Tritylsalz

iibertragen wird und anschliefRend durch Radikalrekombination der o-Komplex generiert wird.

4-NO;-Ph3C-(12K4); kristallisiert in der monoklinen Raumgruppe P21/n (Z = 4, Abbildung 25).
Analog zur Struktur des Edukts 4-NO:-(12K4): liegt der substituierte ATI-Ligand als freies
Komplex-Anion vor, das keine gerichtete Bindungswechselwirkung zum Komplex-Kation eingeht.
Das Natriumatom ist durch zwei Kronenethermolekiile verzerrt antiprismatisch koordiniert. Die
N1/2-C1/2 Bindungslingen liegen mit 1.27-1.29 A im gleichen Bereich wie die des Edukts, die
N3-C5 Bindung ist mit 1.38 A im Vergleich leicht verkiirzt (4-NO2z-(12K4)2: N3-C5, 1.40 A). Auch
die maximale Bindungslangendifferenz zweier benachbarter C-C Bindungen ist geringfiligig hher
(Amax(C-C): 0.15 A, 4-NO2-(12K4)2: Amax(C-C): 0.12 A) und die Abwinkelung aus der Ebene mit
45.0° starker (4-NO2-(12K4),: [C1-C7]-[C1-2,N1-2], 41.7°) als in der Ausgangsverbindung. Die
Verschiebung der m-Elektronendichte in Richtung der Nitro-Gruppe wird somit durch den
+[-Effekt des Triphenylmethyl-Substituenten begiinstigt. Aufierdem kann angenommen werden,
dass die starke Verdrehung des ATI-Gerlsts zusatzlich durch die rdumliche Ndhe des sterisch

anspruchsvollen Trityl-Substituenten zur Isopropyl-Gruppe bedingt ist.
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Abbildung 25: a) Struktur von [Na(12-Krone-4):][(3-Ph3C-5-NO2-ATI®/Pr)] (4-NO2-PhsC-(12K4)2) im
Festkorper in der Draufsicht. b) Struktur von 4-NO2-PhsC-(12K4)2 mit Blickrichtung entlang der C1-C2-
Bindung liegend. Die Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome
und [Na(12-Krone-4)z]* in b) wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Die
Ethyleneinheiten des Kronenethers, die Kohlenstoffatome der Isopropyl-Reste und der Triphenylmethyl-
Einheit sind im Drahtmodell dargestellt. Ausgewahlte Bindungslangen (A) und -winkel (°): N1-C1, 1.290(3);
N2-C2, 1.273(3); N3-C5, 1.375(3); N3-01, 1.280(2); N3-02, 1.279(2); C1-C2, 1.520(3); C2-C3, 1.493(3);
C3-C4, 1.341(3); C4-C5, 1.446(3); C5-C6, 1.422(3); C6-C7, 1.353(3); C1-C7, 1.454(3).

Die gezielte Oxidation der Natrium-ATI-Komplexe zu isolierbaren Radikalspezies oder
Dimerisierungsprodukten war unter den gewahlten Bedingungen sowie unter Verwendung der
genannten Oxidationsmittel nicht moglich. Dabei konnte die mangelnde Stabilitat radikalischer
Spezies ein limitierender Faktor sein. Aufderdem scheinen alternative Reaktionspfade wie eine

Salzeliminierung sowie eine elektrophile aromatische Substitution bevorzugt abzulaufen.
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XV Synthese und Struktur monometallischer Silber- und

heterobimetallischer Alkalimetall-Argentat-ATI-Komplexe
1 [Ag(NO2—-ATIPr/iPr)]
1.1 Synthese

Da die Umsetzung des Natrium-Komplexes 4-NO; mit Silbertetrafluoroborat nicht zu einer
Oxidation sondern iiber eine Salzeliminierung zur Bildung des ersten Silber-ATI-Komplexes
[Ag(NO2-ATIPr/iPr)] (6-NO2) fiihrte, wurde diese Route genutzt, um den Silber-Komplex gezielt

herzustellen (Schema 20).

{Pr {Pr
OZNCEN\Na(L) P ozNCEN\ (L)
1}]/ TH_F@;};rFidin ITI/
iPr 4 iPr
4-NO, 6-NO,-py

Schema 20: Synthese von [Ag(NO2—-ATI®t/Pr)(L)] (6-NOz-(L)) in THF/Pyridin. L = Et20, THF, Pyridin.

Dabei wurde ein Aquivalent Pyridin zu einer THF-Reaktionslésung zugegeben, oder Pyridin als
Losungsmittel verwendet, um eine ausreichende Loslichkeit des Edukts, sowie eine ausreichende
Stabilitit des Silber-Komplexes zu gewahrleisten. Trotz quantitativer Umsetzung zum
gewiinschten Komplex konnte dieser nicht analysenrein erhalten werden, da auch mehrmaliges
Umkristallisieren nicht ausreichte, um wahrend der Reaktion gebildetes NaBF. zu entfernen.
6-NO;-py zeigt im tH-NMR-Spektrum einen Signalsatz von Protonen, der einer C,,~symmetrischen
Verbindung zugeordnet werden kann, welche tiber mehrere Tage in Losung stabil ist. Eine
Isomerisierung, wie sie fiir 4-NO: gefunden wird, kann nicht beobachtet werden. Eine
Koordination iiber die Nitro-Gruppe kann mit Hilfe NMR-spektroskopischer Methoden nicht
aufgelost und deshalb nicht ausgeschlossen werden. Im Hinblick auf den weichen Charakter des

Silberatoms scheint allerdings eine Koordination tiber die Stickstoffatome plausibel.[84
1.2 Struktur

Die Struktur von [Ag(NO:-ATI®/iPr)] im Festkoper konnte durch Einkristallrontgen-
strukturanalyse aufgeklart werden. Hierfiir wurden Kristalle durch Grenzphasendiffusion von
n-Pentan in eine Losung von 6-NO: in Pyridin gewonnen. 6-NO2-py kristallisiert in der triklinen

Raumgruppe P1 mit Z = 2 (Abbildung 26).
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Abbildung 26: Struktur von [Ag(NO2-ATI®/Pr)(py)] (6-NOz-py) im Festkorper. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. Die Kohlenstoffatome des Pyridin-Liganden sind im Drahtmodell
dargestellt. Ausgewihlte Bindungslingen (A) und -winkel (°): Agl-N1, 2.273(3); Agl-N2, 2.249(3);
Ag1-N4,2.165(3); N1-C1, 1.294(5); N2-C2,1.303(5); N3-C5,1.425(5); N3-01, 1.241(5); N3-02, 1.257(5);
C1-C2, 1.536(5); C2-C3, 1.445(5); C3-C4, 1.356(6); C4-C5, 1.399(6); C5-C6, 1.410(6); C6-C7, 1.360(6);
C1-C7,1.451(6); N1-Ag1-N2,71.99(2); N(1/2)-Agl1-N4, 140.13(12)-145.71(13).

6-NO:-py zeigt den fiir ATI-Komplexe am haufigsten gefundenen k2N-Koodrdinationsmodus. Das
Silberatom ist durch Koordination an die ATI-Bindungstasche sowie durch die Koordination eines
Pyridin-Molekiils verzerrt trigonal-planar koordiniert. Die Verzerrung ist durch den Bisswinkel
der ATI-Bindungstasche bedingt (N1-Agl1-N2, 72°). Die Ag-N Bindungslingen liegen mit
2.17-2.27 A in einem ahnlichen Bereich wie analoge Bindungen in strukturell verwandten
Pyridylpyrrolid-85] und 2,2'-Bipyridin-Silber-Komplexen(8¢l sowie Silber-§-diketaminaten,[87] in
welchen das Silberatom dreifach koordiniert vorliegt. Im Vergleich zu den Alkalimetall-
Komplexen deuten die Bindungsparameter des Liganden auf eine geringere Verschiebung der
m-Elektronendichte in Richtung der Nitro-Gruppe hin. Die N3-C5 Bindung hat mit einer Lange von
1.43 A eher Einfachbindungscharakter (Alkalimetall-ATI-Komplexe: N3-C5, 1.37-1.40 A) und
auch die maximale Bindungsldngendifferenz zweier benachbarter C-C-Bindungen ist fiir
6-NO-py ein wenig geringer (Amax(C-C), 0.10 A) als in den Alkali-Metall-Derivaten (Amax(C-C),
0.11-0.13 A). Die gesteigerte Delokalisierung der m-Elektronen spiegelt sich auch in der weniger
ausgepragten Abwinkelung der [C1-2,N1-2,Ag]-Ebene gegeniiber der [C1-7]-Ebene wider
(17.1°). Literaturbeispiele fiir Silber enthaltende ATI-Komplexe sind selten und beschranken sich
auf Germanium- und Zinn-Komplexe [M(ATIR/R)X][Ag(HB(3,5-(CF3Pz)3] (M = Ge, Sn; X =Cl, [, N3,
03SCF3; R = Me, nPr; HB(3,5-(CF3Pz)3; = Hydrotris(3,5-bis(trifluoromethyl)pyrazolyl)borat), 782 88l
sowie thio- und selenogermanonkoordinierte Silber-Komplexe [(Ph-EGe(ATI®u/Bu)(Agl)]2 (E =S,

Se; Schema 21).189 Der ATI-Ligand koordiniert in all diesen Beispielen nicht an das Silberatom,
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sondern es kommt zur Ausbildung von Ge/Sn-Silber-Bindungen, bzw. Adduktbildung mit

Ge=E—Agl Einheiten.

lli ItBu tIfBu
I
/M\ /Ge\ ~ //Ge\
N X N Ph \I/ E N
| | |
R tBu tBu
i
M = Ge, Sn F3C B CF CF E = S' Se
- /NN
X - Cl I, 03SCF3 N ) <N N\N’
R = Me, nPr L= I |
NN N/ i/
F5C CF3 CF,

Schema 21: Literaturbekannte Silber enthaltende ATI-Komplexe.

6-NO; ist somit der erste Vertreter eines Silber-ATI-Komplexes, in dem das Silberatom als
Zentralmetall durch die N,N-Bindungstasche koordiniert wird. Die Ausbildung einer polymeren
Struktur durch Koordination des Metall-Atoms an die Nitro-Gruppe einer benachbarten
Monomereinheit, wie sie bei den Alkalimetall-Komplexen gefunden wurde, wird nicht beobachtet.
Der strukturell verwandte, nitro-substituierte 3-Diketiminat-Komplex [Ag(NO,-C(CHN(Dipp)):]
(Dipp = Diisopropylphenyl) dagegen bildet im Festkorper eine lineare, Uber Ag-0O-
Wechselwirkungen verkniipfte, polymere Struktur aus (Abbildung 27).1876] DFT-Rechnungen zur
Bildung von Lewis-Sdure-Base-Addukten von AgCl und ungesattigten Aldehyden und Iminen
konnten zeigen, dass eine Koordination des Silberatoms an das Stickstoffatom giinstiger ist als an
das Sauerstoffatom.[0 Ahnlich dazu koénnte bei der Kristallisation von 6-NO-py die Koordination

von Pyridin als Stickstoffdonor in Konkurrenz zur Nitro-Gruppe bevorzugt sein.

/] /
- N g ® =
' . _'\ ¥ % re @
oV & .‘ // ’ ol o ..! l\/ .
. - / . y,
N / T / /b

Abbildung 27: Literaturbekanntes, lineares Koordinationspolymer von [Ag(NO2-C(CHN(Dipp))2]
(Dipp = Diisopropylphenyl) im Festkoérper, welches als Vergleich zur Monomer-Struktur von 6-NOz-py

dient.[87b]
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2 [Na(Krone)][Ag(NO2—-ATIPr/iPr),]

2.1 Synthese

Analog zur zuvor beschriebenen Synthese des ersten Silber-ATI-Komplexes wurden je zwei
Aquivalente der Natrium-Kronenether-Komplexe 4-NOz-(12K4)2 und 4-NO2-(15K5) mit AgBF,
umgesetzt. Es konnte die Bildung von heterobimetallischen Natrium-Argentat-Komplexen

beobachtet werden (Schema 22).

{'Pr
_ iPr
/O"/ + /N'// /N
2 4-NO,-(15K5) —  (15-K-5)Na¥ ,NQ g NO,
0 N” N Z
iPr |
iPr
BF,
7-NO,-(15-K-5) 2
THF z

— Na(12-K-4),BF,/

{Pr -
Na(15-K-5)BF, =N
2 4-NO,-(12K4), L > 0,N
N
iPr,
2

[Na(12-Krone-4),]™*
7-NO,-(12-K-4),!

Schema 22: Synthese der Komplexe [Na(15-Krone-5)Ag(NO2-ATIPr/iPr);] (7-NO2-(15K5)) und
[Na(12-Krone-4)2][NO2-Ag(ATI®Pr/Pr);] (7-NO2-(12K4)z), [a] Rohausbeute, die isolierte Verbindung enthalt
eine nicht quantifizierte Menge [Na(15-Krone-5)][BF4]; [b] die isolierte Verbindung enthilt 0.9mol%
[Na(12-Krone-4)2][BF4].

Um die wahrend der Reaktion entstandenen Natrium-Kronenether-Boratsalze zu entfernen,
wurden auch die Kronenether-Verbindungen mehrfach umkristallisiert. Die Verbindungen
konnten jedoch nicht analysenrein erhalten werden. Quantifizierung mittels 19F-NMR-
Spektroskopie unter Verwendung von K[BF(CN)z] als internem Standard zeigte, dass die isolierte
Charge von 7-NO2-(12K4):; 0.9mol% [Na(12-Krone-4);][BFs] enthdlt. Eine H- und
13C-NMR-spektroskopische Charakterisierung der isolierten Chargen fiir die Argentat-Komplexe
zeigte in Analogie zum monometallischen Silber-Komplex 6-NO: fiir beide Verbindungen je einen
Satz an Resonanzen sowohl im 'H- als auch im 13C-NMR-Spektrum. Es konnten keine Signale
detektiert werden, die auf eine E,Z-Isomerisierung hindeuten. Die Bildung von Natrium-Natriat-
Komplexen wird fiir die im Riickgrat unsubstituierten Komplexe [Na(ATIR/R)(L)] (R =iPr, Ph,
L =thf) bereits bei Zugabe von 12-Krone-4 zum monometallischen Alkalimetall-Komplex
beobachtet.l63] Aufgrund der verdnderten elektronischen Struktur des Liganden durch die
Verschiebung der m-Elektronendichte in Richtung der Nitro-Gruppe, sowie ihre Funktion als

zusatzliche Koordinationsstelle, wird fiir den nitro-substituierten Natriumkomplex 4-NO: die
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Bildung einkerniger monometallischer Kronenether-Komplexe beobachtet (siehe Kapitel XII, 2).
Die Zugabe des Silbersalzes initiiert schliefilich eine Koordination zweier ATI-Liganden tiber die

N,N-Bindungstasche an das weiche Silberatom.
2.2 Struktur

Durch Kristallisation aus THF/n-Pentan Losungsmittel-Systemen konnten fiir die Komplexe
7-NO2-(15K5) und 7-NO2-(12K4), die Strukturen im Festkorper mit Hilfe von
Einkristallrontgenstrukturanalyse bestimmt werden. 7-NO2-(15K5) kristallisiert in der triklinen
Raumgruppe P1 mit Z =2 (Abbildung 28) und 7-NO2-(12K4); in der monoklinen Raumgruppe
P21/n mit Z = 4 (Abbildung 29).

Abbildung 28: Struktur von [Na(15-Krone-5)Ag(NOz-ATIPr/Pr);] (7-NO2-(15K5)) im Festkorper. Die
Ellipsoide reprédsentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome und ein in der
Elementarzelle enthaltenes Pyridin-Molekiil wurden aus Griinden der Ubersichtlichkeit nicht abgebildet.
Die Kohlenstoffatome der Ethyleneinheiten des Kronenether-Molekiils sind im Drahtmodell dargestellt.
Ausgewahlte Bindungslangen (A) und -winkel (°): Ag1-N1, 2.284(3); Ag1-N2, 2.297(2); Ag1-N3,2.211(3);
Agl1-N4, 2.437(3); Nal-01, 2.477(3); Nal-02, 2.399(3); Nal-(05-09), 2.341(6)-2.526(5); N1-C1,
1.295(3); N2-C2, 1.297(4); N3-C14, 1.303(4); N4-C15, 1.303(4); N5-C5, 1.387(4); N6-C18, 1.400(4);
C1-C2, 1.521(4); C2-C3, 1.449(4); C3-C4, 1.361(4); C4-C5, 1.414(4); C5-C6, 1.427(4); C6-C7, 1.357(4);
C1-C7,1.456(4); C14-C15,1.518(5); C15-C16, 1.458(4); C16-C17,1.365(4); C17-C18,1.407(5); C18-C19,
1.412(5); C19-C20, 1.364(4); C20-C14, 1.450(4); N1-Agl-N2, 71.80(9); N3-Agl-N4, 72.69(10);
N(1/2)-Agl1-(N3/4),111.81(10)-147.22(10).

Die Silberatome liegen durch Koordination zweier ATI-Liganden iiber die N,N-Bindungstasche in
beiden Komplexen vierfach koordiniert vor und sind aufgrund des kleinen Bisswinkels das ATI-
Liganden (7-NO:-(15KS5): N1/3-Agl-N2/4, 71.80(9)-72.69(10); 7-NO:-(12K4):
N1/3-Ag1-N2/4, 71.31(9)-71.58(8)) verzerrt tetraedrisch umgeben. Im Unterschied zu
7-NO2-(12K4),, in dem keine gerichtete Bindungswechselwirkung zwischen dem Komplex-

Kation und -Anion vorliegt, koordiniert in 7-NO2-(15K5) die [Na(15-Krone-5)]*-Einheit an die
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Nitro-Gruppe eines Liganden. Die Ag-N Bindungslingen liegen mit 2.21 bis 2.44 A in einem
dhnlichen Bereich wie die analogen Bindungen in Silber-Komplexen mit Stickstoff-Donorliganden

und einer Koordinationszahl von vier fiir die Silberatome.[91]

Tabelle 8: Bindungsparameter der Kronenether-Komplexe 7-NO2z-(15K5) und 7-NOz-(12K4)-.

Bindungsparameter [A]bzw. [°] 7-NO;-(15K5) 7-NO;-(12K4).

N1-C1/ N2-C2
N3-C14/ N4-C15
N5-C5/ N6-C18
Amax(C-C)

[C1-C7]-[C1-2,N1-2,Agl]
[C14-C20]-[C14-15N3-4,Ag1]

0 (C4-C5,N5-01/2)
0 (C17-C18, N6-03)

1.295(3)/ 1.297(4)
1.303(4)/ 1.303(4)
1.387(4)/ 1.400(4)
0.10
26.3
31.5
0.2(4)
7.0(5)

1.299(4)/ 1.296(4)
1.292(4)/ 1.303(4)
1.407(4)/ 1.403(4)
0.09
24.0
26.2
5.4(4)
7.0(4)

Im Vergleich zum monometallischen einkernigen Komplex 6-NO2-py (Ag-NAT,, 2.25-2.27 A) sind
die Ag-N Bindungen leicht verldangert, was auf die héhere Koordinationszahl des Silberatoms
sowie die negative Ladung der [Ag(NO:-ATIPr/iPr),]--Einheit in den heterobimetallischen
Komplexen zuriickgefiihrt werden kann. Dabei zeigt sich in 7-NO»-(15K5) ein deutlicher
Unterschied der Ag-N Bindungsldngen der jeweiligen Liganden zueinander. Fiir den an der Nitro-
Gruppe durch die [Na(15-Krone-5)]*-Einheit koordinierten ATI-Liganden sind die
Bindungslingen im Rahmen der Fehlergrenzen identisch (Ag-N, 2.30 A). Fiir den ATI-Liganden
mit der freien Nitro-Gruppe unterscheiden sich die Bindungslingen dagegen deutlich (Ag-N,
2.21-2.44 R). Dies wirkt sich allerdings nicht auf die N-C Bindungslangen aus. Betrachtet man die
N3/4-C14/15 Bindungslangen, sind diese identisch, sowohl zueinander als auch im Vergleich zu
denN1/2-C1/2 Bindungslangen des [Na(15-Krone-5)(NO,-ATIPr/Pr)]-Fragments (Tabelle 8). Die
N5/6-C5/18 Bindungslangen des ATI-Riickgrats zur Nitro-Gruppe sind im Rahmen der
Fehlergrenzen ebenfalls fiir beide Fragmente identisch und besitzen partiellen
Doppelbindungscharakter. Diese Befunde deuten auf eine analoge elektronische Struktur beider
Liganden hin. Die Unterschiede in den Ag-N Bindungsldngen scheinen somit auf sterische Effekte
zurlickzufiihren zu sein. Die Verdrehung des ATI-Gerlists, welche anhand des Winkels zwischen
der Ebene des ATI-Riickgrats ([C1-C7]) zur Ebene [C1-C2,N1-N2,Ag] quantifiziert wird, ist
vermutlich aufgrund von Packungseffekten fiir den Liganden ohne zusatzliche Koordination liber

die Nitro-Gruppe grofier, als fiir den Liganden mit zusatzlicher Koordination (Tabelle 8).
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Abbildung 29: Struktur von [Na(12-Krone-4)2][Ag(NO2-ATI®r/Pr);] (7-NO2-(12K4)2) im Festkorper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden
der Ubersichtlichkeit nicht abgebildet. Die Kohlenstoffatome der Ethyleneinheiten der Kronenether-
Molekiile sind im Drahtmodell dargestellt. Ausgewihlte Bindungslingen (A) und -winkel (°): Agl-N1,
2.261(3); Agl-N2, 2.344(2); Agl-N3, 2.304(2); Agl-N4, 2.299(3); N1-C1, 1.299(4); N2-C2, 1.296(4);
N3-C14, 1.292(4); N4-C15, 1.303(4); N5-C5, 1.407(4); N6-C18, 1.403(4); C1-C2, 1.526(4); C2-C3,
1.446(4); C3-C4, 1.360(4); C4-C5, 1.404(4); C5-C6,1.411(4); C6-C7,1.358(4); C1-C7, 1.454(4); C14-C15,
1.513(4); C15-C16, 1.444(4); C16-C17, 1.366(4); C17-C18, 1.408(4); C18-C19, 1.409(4); C19-C20,
1.360(4); C20-C14, 1.451(4); N1-Agl-N2, 71.58(8); N3-Agl-N4, 71.31(9); N(1/2)-Agl-(N3/4),
125.13(8)-137.86(9).

In 7-NO2-(12K4); unterscheiden sich die Agl-N1/2 Bindungslangen deutlich (2.26-2.34 A),
wohingegen die Agl-N3/4 Bindungslingen des anderen ATI-Liganden im Rahmen der
Fehlergrenzen identisch sind (2.30 A). Da hier keine Koordination iiber die Nitro-Gruppe
stattfindet, unterstiitzt dies die Vermutung, dass die Ag-N Bindungsldngen durch sterische
Faktoren beeinflusst werden. Bindungsparameter wie die N-C Bindungsliangen, die maximale
Bindungslangendifferenz zweier benachbarter C-C Bindungen sowie die Winkel fir die
Verdrehung aus der Ebene beider ATI-Liganden unterscheiden sich fiir 7-NO.-(15K5) und
7-NO2-(12K4): nicht, beziehungsweise nur gering (Tabelle 8). Die Torsionswinkel der Nitro-
Gruppen liegen in beiden Argentat-Komplexen in einem dhnlichen Bereich wie die fiir die
Vorlauferkomplexe (0.0-7.7°, Tabelle 8). Aufgrund ihres mdglichen Einsatzes in
Kreuzkupplungsreaktionen fanden Organoargentate Aufmerksamkeit in der Literatur.[%2l
Aufierdem konnte kiirzlich gezeigt werden, dass sich das Lithium-bis(amido)argentat-Derivat
[(TMP).Ag(CN)Liz] (TMP = 2,2,6,6-Tetramethylpiperidido) als Base fiir die direkte
ortho-Argentierung von (Hetero)-Arenen eignen.l?] In der Literatur beschriebene Natrium-
Argentat-Verbindungen sind beispielsweise Cyanoargentate,[®4l Nitroargentatel®! sowie
Amidoargentate.l%] Die Komplexe 7-NO2-(12K4); und 7-NO2-(15K35) sind die ersten strukturell

charakterisierten Natrium-Argentat-ATI-Komplexe.
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XVI Elektrophile aromatische Substitution an Natrium-ATI-

Komplexen

1  Synthese von PhsC-substituierten ATI-Komplexen

Funktionalisierungen der C5-Position im ATI-Riickgrat sind iiber eine elektrophile aromatische
Substitution am protonierten Liganden moglich und fiihrten zu einer Vielzahl von
Aminotroponiminen.[70. 971 Durch weitere Umsetzung des C5-Brom-substituierten Liganden in
einer nukleophilen aromatischen Substitution konnte die Bibliothek der riickgartsubstituierten
ATI-Liganden zusitzlich erweitert werden.[”0 Die Ubertragung eines sterisch anspruchsvollen
Triphenylmethyl-Rests durch Umsetzung des 5-Nitro-ATI-Komplexes 4-NO2z-(12K4); mit PhzCCl
beschreibt die erste direkte elektrophile aromatische Substitution an einem ATI-Komplex (siehe
Kapitel XIV, 3). Um eine Allgemeingiiltigkeit dieses Reaktionsverhaltens fiir ATI-Komplexe zu
tiberpriifen und so einen Zugang zu weiteren funktionalisierten Verbindungen zu ermoglichen,
wurde dieser Reaktionspfad weiter untersucht. Da zur Abstraktion eines Protons aus dem
intermedidr gebildeten o-Komplex eine Base notig ist, wurden in den gezielten
Syntheseversuchen triphenylmethyl-substituierter Natrium-ATI-Komplexe die Natrium-Basen
NaH oder NaHMDS eingesetzt. NMR-spektroskopische Verfolgung der Umsetzung der bereits in
C5-Postition substituierten Komplexe [Na(12-Krone-4),][(NO2-ATI#r/Pr)] (4-NO2-(12K4)2) und
[Na(Ph(O)C-ATIr/iPr)] (4-Ph(0)C) mit Ph3CCl zeigte nach drei Tagen einen vollstindigen Umsatz

zu substituierten Produkten an (Schema 23).

iPr iPr
N 1. NaH/NaHMDS _N
R_Q >[M] 2. PhyCCl R >[M]
N THF-dg/THF N
iPr —NaCl, H,/HHMDS CPh, IPT
[M] = Na, Na(12-Krone-4), [M] = Na(12-Krone-4), R =NO, 4-NO,-Ph3C-(12K4), 18%al
R=NO, Ph(0)C [M] = Na, R = Ph(0)C 4-Ph(0)C-Ph;C n.b.

Schema 23: Synthese der riickgratsubstituierten Komplexe [Na(12-Krone-4)2][(3-Ph3C-5-NO2-ATI®Fr/iFr)]
(4-NO2-Ph3C-(12K4)2) und [Na(3-Ph3C-5-Ph(0)C-ATI®/Pr)] (4-Ph(0)C-PhsC). [a] Isolierte Ausbeute. 1H-
NMR-spektroskopische Reaktionskontrolle zeigte fiir Umsetzungen im NMR-Maf3stab quantitativen Umsatz

an.

Die 'H-NMR-Spektren von 4-Ph(0)C-Ph3C und 4-NO:-Ph3C-(12K4); zeigen die erwarteten
Resonanzen. Der Aufbruch der C-Symmetrie wird durch die Detektion von zwei
(4-NO2-Ph3C-(12K4)2) bzw. vier Signalen (4-Ph(0)C-Ph3C) fiir die CHs- sowie von je zwei

Signalen fiir die CH-Protonen der Isopropyl-Reste und von drei Signalen fiir die CH-Protonen des
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ATI-Riickgrats deutlich. Aus dem Versuchsansatz zur Synthese von 4-Ph(0)C-PhzC im
NMR-Mafistab konnten zudem Einkristalle zur Rontgenstrukturanalyse gewonnen werden,
welche die Bildung der gewiinschten Verbindung ebenfalls bestitigen (siehe Kapitel XVI, 2).
Versuche, die Riickgratsubstitutionen in grofierem Mafdstab in THF zu wiederholen, fiihrten fiir
die Ph(0)C-Spezies lediglich zur Reisolation des Edukts 4-Ph(0)C. Es wird angenommen, dass
hier eine zu kurze Reaktionszeit zu einem unvollstindigen Umsatz gefiihrt hat. Da fiir die
Zielverbindung aufierdem eine bessere Loslichkeit in weniger stark polaren Losungsmitteln
erwartet wird als flir das Edukt, konnte diese beim Waschen des Rohprodukts mit Toluol und Et,0
entfernt worden sein. 1H-NMR-spektroskopische Untersuchungen der Waschlésung waren jedoch
aufgrund der geringen Menge des untersuchten Materials nicht aussagekraftig.
4-NO:-Ph3C-(12K4): konnte in geringen Ausbeuten von 18% synthetisiert werden. Auch hier
konnte die partielle Loslichkeit der Zielverbindung in zum Waschen verwendetem Et;0 zu

Ausbeuteverlusten gefiihrt haben.

Um Aussagen dariiber treffen zu konnen, ob eine elektrophile aromatische Substitution mit
Tritylchlorid durch die bereits verdnderte Elektronik des ATI-Liganden in Form der
Riickgratsubstituenten in C5-Position ermoéglicht wird, wurde auch der im Riickgrat
unsubstituierte Natrium-Komplex [Na(ATI®r/#r)] untersucht. Dafiir wurde der Neutralligand 1
insitu zum entsprechenden Natrium-Komplex umgesetzt und ein bzw. drei Aquivalente

Tritylchlorid zugegeben (Schema 24).

iPr iPr
| 1.x NaHMDS |

=N 2.y PhsCCl =N
R! _Na(thf),
NH THF N

| —y NaCl, x HHMDS L
iPr R2 iPr

1 x=2;y=1;R'=Ph3C;R?=H 4-Ph3C p=14 73%
x = 4;y = 3; R}, R? = Ph,C 4-(PhzC),n=2.8 30%

Schema 24: Synthese der Komplexe [Na(Ph3C-ATI®t/r)] (4-Ph3C) und [Na(3,5-bis(PhsC)-ATIPr/iPr)]
(4-(PhsC)z2).

Der Komplex [Na(Ph3C-ATI#t/Pr)] (4-Ph3C) wurde in guten Ausbeuten isoliert. Die NMR-
spektroskopische Charakterisierung steht mit der Bildung eines in C5-Position substituierten
Komplexes in Einklang. Die Umsetzung mit drei Aquivalenten fiihrte allerdings nicht zur dreifach
substituierten Spezies. Stattdessen wird der Komplex [Na(3,5-bis(Ph3C)-ATI®/#r)] (4-(PhsC)2)
erhalten. Durch die Anzahl sowie das Signalmuster der ATI-Riickgratprotonen im 'H-NMR-
Spektrum kann die zweifache Substitution bestitigt werden. Auch die Detektion von je zwei
Signalen fiir die CH3- und CH-Protonen der Isopropyl-Reste deutet an, dass es sich nicht um eine

Cz~-symmetrische Verbindung handelt. Die Resonanzen fiir die Phenyl-Protonen eines Trityl-
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Substituenten zeigen eine starke Verbreiterung bei Raumtemperatur, was vermutlich auf eine
gehinderte Rotation der Phenyl-Gruppen zuriickzufiihren ist. Der unvollstdndige Umsatz kann auf
die nicht ausreichend lange Reaktionszeit von zwei Stunden zuriickgefiihrt werden. Es kann
angenommen werden, dass durch eine Optimierung der Reaktionsbedingungen fiir alle
untersuchten Umsetzungen mit Tritylchlorid die Zielverbindungen in addquater Ausbeute und
Reinheit zugdnglich gemacht werden konnen. Die elektrophile aromatische Substitution von
Natrium-ATI-Komplexen bzw. die Darstellung der riickgartsubstituierten Komplexe in einer
Eintopfsynthese ausgehend vom im Riickgrat unsubstituierten Neutralliganden stellt somit einen

einfachen Weg zu funktionalisierten Komplexen ohne aufwéndige Reinigungsschritte dar.
2 Struktur von Ph3C-substituierten ATI-Komplexen

Durch Diffusion von n-Pentan in eine Losung von [Na(3-Ph3C-5-Ph(0)C-ATIPr/iPr)]
(4-Ph(0)C-Ph3C) in THF-ds konnten Einkristalle zur Rontgenstrukturanalyse erhalten werden.
[Na(3-Ph3C-5-Ph(0)C-ATI®r/iPr)(thf),],  ([4-Ph(O0)C-Ph3C-(thf):]:) kristallisiert in der
monoklinen Raumgruppe P21/n als Koordinationsdimer (Z = 2, Abbildung 30).
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Abbildung 30: a)  Ausschnitt der  Struktur  von [Na(3-Ph3C-5-Ph(0)C-ATI®r/®r)(thf)z2]2
([4-Ph(0O)C-Ph3C-(thf)z2]z) im  Festkorper. Die  Ellipsoide  repriasentieren  50%  der
Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der Ubersichtlichkeit nicht
abgebildet. Die Ethyleneinheiten der thf-Liganden sowie die Kohlenstoffatome des Trityl-Substituenten
sind im Drahtmodell dargestellt. Atome, die eine Formeleinheit iiberschreiten, sind als weifde Ellipsoide
dargestellt. b) Dimere Einheit von [4-Ph(0)C-PhsC-(thf)z]:. Kohlenstoffatome sind im Drahtmodell
dargestellt. Ausgewihlte Bindungslangen (A) und -winkel (°): Nal-N1, 2.535(3); Nal-N2, 2.432(2);
Nal-01', 2.227(2); Na1-02, 2.295(2); Nal-03, 2.480(3); N1-C1, 1.300(3); N2-C2, 1.276(3); C1-C2,
1.505(4); C2-C3, 1.493(3); C3-C4, 1.351(3); C4-C5, 1.452(3); C5-C6, 1.421(3); C6-C7, 1.363(3); C1-C7,
1.438(3); N2-Nal-N1, 71.71(8); 01'-Nal-0(2/3), 84.72(8)-115.63(8); 0O(1'-3)-Nal-N(1/2),
89.39(8)-164.63(8).
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Das Natriumatom ist aufgrund der Koordination des ATI-Liganden iiber die N,N-Bindungstasche
und der Koordination zweier thf-Liganden sowie des Benzoyl-Sauerstoffatoms einer
benachbarten monomeren Einheit verzerrt trigonal bipyramidal umgeben (t = 0.67, mit 03 und
N1 in axialen Positionen). Die Verzerrung ist dabei auf den kleinen Bisswinkel des ATI-Liganden
(N2-Na1-N1, 71.71(8)°) zuriickzufiihren. Die Na-N Bindungsldngen unterscheiden sich mit einer
Differenz von 0.11 A deutlich, was auf eine Abwinkelung (quantifiziert durch den Winkel
zwischen den Ebenen [C3-C7] und [C1-3,C7]) des ATI-Geriists entlang der C3/C7-Achse von
36.4° zuriickzufiihren ist. Eine solche Faltung ist fiir ATI-Liganden seltener als die fiir die Nitro-
substituierten Verbindungen beschriebene Verdrehung und konnte fiir den Komplex
[Rh(CsMes)(H-ATI®r/iPr)]+, in welchem der ATI-Ligand in seiner protonierten Form vorliegt,
beobachtet werden.[8! In 4-Ph(0)C-PhsC ist vermutlich der sterische Anspruch des Trityl-
Substituenten fiir diese Geometriednderung verantwortlich. Eine leichte Auswirkung der
Verdrehung wird auch auf die N-C Bindungslangen (1.28-1.30 A) beobachtet. Sowohl die N-C
(1.28-1.30 A) also auch die C—C Bindungslangen (1.35-1.51 A) liegen in einem sehr dhnlichen
Bereich wie die analoger Bindungen in der Stammverbindung [4-Ph(0)C-py]« (N—C, 1.30 A; C—C,
1.36-1.52 A)I77] und deuten auf eine stirkere Lokalisierung der m-Elektronendichte als im
unsubstituierten Komplex [Na(ATI®/Pr)(thf)] hin. Dies ist auf den elektronenziehenden
Charakter der Benzoyl-Gruppe zuriickzufiihren. Die Na-0O Bindungslange zum Benzoyl-
Sauerstoffatom einer benachbarten Monomereinheit ist mit 2.23 A kiirzer als die zu den neutralen
thf-Donor-Liganden (2.30-2.48 A) und im Rahmen der Fehlergrenzen identisch zur Linge der
analogen Bindung in [4-Ph(0)C-py]~. Im Unterschied zu [4-Ph(0)C-py]« fiihrt die Koordination
an die Benzoyl-Gruppe nicht zur Ausbildung eines Koordinationspolymers sondern eines

Koordinationsdimers (Abbildung 30b).
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4-Ph3C-(thf); kristallisiert aus einem THF/n-Pentan Gemisch bei -30°C in der triklinen
Raumgruppe P1 (Z = 8, Abbildung 31).

Abbildung 31: Struktur von [Na(PhszC-ATI®r/®r)(thf)z] (4-PhsC-(thf)2) im Festkorper. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der

Ubersichtlichkeit nicht abgebildet. Die Ethyleneinheiten der thf-Liganden sind im Drahtmodell dargestellt.

Allerdings ist die Qualitdt der erhaltenen Daten nicht ausreichend, um Bindungslangen
und -winkel zu diskutieren. Die Struktur dient deshalb als Konnektivitatsbeweis. Im Unterschied
zur unsubstituierten Stammverbindung [Na(ATI#r/#r)(thf)] wird keine Kation-n-Wechselwirkung
mit dem ATI-Riickgrat beobachtet, sondern eine monomere Struktur in der die
Koordinationssphire des Natriumatoms durch Koordination zweier thf-Liganden abgesattigt
ist.63] Grund hierfiir kdnnte der sterische Anspruch des Trityl-Substituenten sein, der das

Riickgrat abschirmt.

4-(Phs3C)2-(thf) kristallisiert ebenfalls aus einem THF/n-Pentan Losungsmittel-System in der
monoklinen Raumgruppe P2:1/n (Z =4, Abbildung 32). Das Natriumatom ist aufgrund der
k2N-Koodrination des ATI-Liganden sowie der Koordination zweier thf-Liganden verzerrt
tetraedrisch koordiniert, wobei die Verzerrung auf den Bisswinkel des ATI-Liganden
(N1-Na1-N2, 75.4°) zuriickzufiihren ist. Die Na-N Bindungslidngen sind identisch (2.38 A) und
nur geringfiigig linger als in der unsubstituierten Stammverbindung (2.36 A).631 Die
Na-0 Bindungslangen (2.29-2.32 A) liegen in einem ahnlichen Bereich wie die der analogen
Bindung in [Na(ATI®/#r)(thf)]. Im Gegensatz zur Stammverbindung wird in 4-(PhsC)2-(thf):
keine Kation-mt-Wechselwirkung beobachtet, was auf den hohen sterischen Anspruch den beiden

Trityl-Substituenten zuriickzufiihren ist.
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Abbildung 32: Struktur von [Na(3,5-bis(Ph3C)-ATI®r/*r)(thf)z] (4-(Ph3C)z-(thf)z) im Festkdrper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome sowie ein in der
Elementarzelle enthaltenes THF-Molekiil wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Die
Kohlenstoffatome der thf-Liganden, der Trityl-sowie der Isopropyl-Substituenten sind im Drahtmodell
dargestellt. Ausgewihlte Bindungslangen (A) und -winkel (°): Na1-N1, 2.3780(16); Na1-N2, 2.3806(16);
Nal-01, 2.285(13); Na1-02, 2.3188(15); N1-C1, 1.324(2); N2-C2, 1.283(2); C1-C2, 1.504(2); C2-C3,
1.491(2); C3-C4, 1.363(2); C4-C5, 1.430(2); C5-C6, 1.390(2); C6-C7, 1.405(2); C1-C7, 1.414(2);
N1-Nal-N2,75.41(5); N(1/2)-Na1-0(1/2),98.01(5)-146.9(9), 01-Nal1-02, 96.5(4).
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XVIISynthese und Struktur von Bismut-Aminotroponiminaten

1  Homo- und heteroleptische [Bi(ATI®r/iPr),Cl3.n] Komplexe
1.1 Synthese

Die heteroleptischen Bismut-Komplexe [Bi(ATI#t/#r),Cl] (8) und [Bi(ATI®t/#r)Cl;] (9) wurden in
Anlehnung an die Literatur iiber eine Salzeliminierung dargestellt.l621 Hierfiir wurde der Ligand 1
in einer Eintopfsynthese mit NaHMDS und der entsprechenden Anzahl an Aquivalenten BiCls in

THF umgesetzt (Schema 25).

iPr iPr
| 1.n NaHMDS |
=N 2. BiCl, =N _
n THF Bi(Cl)3.4
NH — HHMDS N
iPr —n NacCl iPr,
n
1 8n=2
9n=1

Schema 25: Synthese der heteroleptischen Bismut-Komplexe [Bi(ATI?r/#r),Cl] (8) und [Bi(ATI®*/Pr)Clz] (9).

Direkt nach Zugabe einer Losung von BiClz zum in situ synthetisierten Natrium-Komplex konnte
die Bildung einer grofien Menge orangen Niederschlags beobachtet werden. Aus diesem Grund
wurde auf eine Filtration zur Entfernung von Natriumchlorid verzichtet, da vermutet wurde, dass
der gewiinschte Komplex in THF ebenfalls schwer 16slich ist. Aufgrund der mafiigen Loslichkeit
der heteroleptischen Bismut-Komplexe in Pyridin waren weder Versuche einer fraktionierenden
Kristallisation noch Waschen des Feststoffes mit Pyridin erfolgreich, um NaCl aus dem
Rohprodukt vollstdndig zu entfernen und die Komplexe in ausreichender Menge und Reinheit fiir
eine vollstandige Charakterisierung zu erhalten. Zudem konnten fiir die Monochloro-Spezies 8
auflerdem H-NMR-spektroskopisch 8% der Dichloro-Spezies 9 sowie 16% des Liganden 1 im
Rohprodukt nachgewiesen werden. Die Bismut-Komplexe zeigen somit ein dhnliches Verhalten
wie die ersten literaturbeschriebenen heteroleptischen Bismut-ATI-Komplexe, in welchen ein
Isopropyl-Substituent am Liganden gegen einen Ferrocenyl-Substituenten ausgetauscht ist.
[Bi(ATIFe/Pr)Cl;] konnte in guten Ausbeuten isoliert werden. Die Bildung von [Bi(ATIF/Pr),Cl]
konnte NMR-spektroskopisch gezeigt werden, Isolationsversuche fiihrten jedoch zu Gemischen
der Mono- und Dichloro-Spezies sowie protoniertem Liganden.[62] Dies deutet auf eine
zunehmende Instabilitdt von Bismut-ATI-Komplexen mit zunehmender Anzahl koordinierender
ATI-Liganden hin. Diese Vermutung bestitigen Beobachtungen bei der Synthese des
homoleptischen [Bi(ATI®/#r)3] (10) durch Umsetzung von [Na(ATI#t/#r)] und BiCl; in einer 3:1

Stochiometrie in deuterierten Losungsmitteln wie CsDs, THF-ds oder CDs3CN. Hier kann die
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quantitative Bildung von 10 'H-NMR-spektroskopisch verfolgt werden, allerdings zeigt sich
bereits nach zehn Minuten eine Zersetzung in den protonierten Liganden 1 sowie elementares
Bismut in Form eines schwarzen Niederschlags. Sowohl die Verwendung silanisierter Glasgerate
und verschiedener Losungsmittel (THF, Pyridin, Acetonitril) als auch die Verringerung der
Reaktionstemperatur von Raumtemperatur auf —78 °C fiihrten zu keiner signifikanten Erhéhung
der Stabilitdt der in situ generierten Bismut-Verbindung. Aufgrund der Tendenz von Bismut(III)-
Diarylamiden [Bi(NAr;)s] (Ar = Ph, C¢H4CH3, C¢H4OCH3, CeH4Br, CcH4CsHs) zur homolytischen
Bindungsspaltung wurde versucht,[99 eventuell gebildete Radikalspezies bei der Synthese von 10
mit Hilfe von nBueSn; abzufangen.[100] Es konnten jedoch keine Hinweise auf die Bildung von
Kopplungsprodukten gefunden werden. Somit war eine Isolierung von Komplex 10 in einer
ausreichenden Menge und Reinheit fiir eine vollstdndige Charakterisierung nicht méoglich.
Dagegen sind die literaturbekannten homoleptischen Bismut-Komplexe der Liganden H-ATIFe/iPr
sowie H-ATIPh/iPr in guten Ausbeuten synthetisierbar.l62 69 Der Austausch des Fc- bzw.
Ph-Substituenten durch iPr scheint somit eine zunehmende Destabilisierung zu bewirken, was auf

den +I-Effekt des Substituenten zuriickzufiihren sein konnte.
1.2 Struktur

Durch Lésungsmitteldiffusion von n-Pentan in einen Reaktionsansatz in THF konnten geringe
Mengen einkristallinen Materials von 10 zur Einkristallrontgenstrukturanalyse erhalten werden.
[Bi(ATIPr/iPr)3] (10) kristallisiert in der monoklinen Raumgruppe P21/c mit Z = 4 (Abbildung 33).
10 ist das dritte, strukturell charakterisierte Beispiel eines homoleptischen Bi(ATI); Komplexes
und das erste Beispiel mit einem symmetrischen Substitutionsmuster an den Stickstoffatomen
des ATI-Liganden.[62 691 Ebenso wie bei den literaturbekannten Vertretern ist das Bismutatom
stark verzerrt oktaedrisch umgeben, wobei die Verzerrung durch den Bisswinkel des ATI-
Liganden (N-Bi-N(chelatisierend), 64.96(15)-65.64(14)°) und ein moglicherweise
stereochemisch aktives bismut-zentriertes freies Elektronenpaar bedingt ist.2l Die Bi-N
Bindungslingen innerhalb eines ATI-Liganden unterscheiden sich deutlich (0.15-0.23 &). Die
kiirzeren Bi-N Bindungen reprédsentieren dabei Bindungen mit kovalentem Charakter
(2.36-2.38 &), den lingeren Bindungen wird ein dativer Charakter zugeschrieben
(2.52-2.62 A).0011 Diese Alternanz zeigt sich allerdings nicht in den N-C Bindungsliangen, welche
im Rahmen der Fehlergrenzen identisch sind und in einem Bereich zwischen Bindungslangen
typischer N-C-Einfach- bzw. Doppelbindungen liegen.[’4] Dies deutet auf eine Delokalisierung der

m-Elektronen im ATI-Liganden hin.
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Abbildung 33: Struktur von [Bi(ATI/Pr)3] (10) im Festkorper. Die Ellipsoide reprasentieren 50% der
Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der Ubersichtlichkeit nicht
abgebildet. Ausgewahlte Bindungsliangen (A) und -winkel (°): Bil-N1 2.357(4); Bi1-N2, 2.512(4); Bi1-N3,
2.386(4); Bil-N4, 2.624(4); Bi1-N5, 2.376(4); Bil-N6, 2.537(4); C1-N1, 1.352(6); N2-C2, 1.315(6);
N3-C14, 1.323(7); N4-C15, 1.310(6); N5-C27, 1.329(6); N6-C28, 1.311(7); C1-C2, 1.491(7); C2-C3,
1.424(7); C3-C4, 1.366(7); C4-C5, 1.378(7); C5-C6, 1.372(8); C6-C7, 1.389(7); C7-C1, 1.413(7); N-Bi-N
(chelatisierend), 64.96(15)-65.64(14); N-Bi-N (nicht chelatisierend), 81.99(14)-159.15(15).

Durch Losungsmitteldiffusion von n-Pentan in THF-Losungen der heteroleptischen Bismut-
Komplexe konnten ebenfalls geringe Mengen kristallinen Materials zur Einkristallrontgen-
strukturanalyse gewonnen werden. [Bi(ATI®/ir);Cl]e (8e) kristallisiert in der monoklinen
Raumgruppe P21/n mit Z = 4 und [Bi(ATI?/*r)Cl;]« (9«) in der triklinen Raumgruppe P1 mitZ = 1
(Abbildung 34 und Abbildung 35). Aufgrund der Ausbildung von intermolekularen Bi---Cl
Wechselwirkung sind die Bismutatome in beiden Verbindungen verzerrt oktaedrisch koordiniert,
wobei die Verzerrung auf den ATI-Bisswinkel (8w: 67.2-69.1°; 9«: 73.6°) zurlickzufiihren ist. In
8. wechselwirkt das Bismutatom mit dem Chlor-Substituenten einer weiteren monomeren
Einheit, was zur Ausbildung eines eindimensionalen Koordinationspolymers entlang einer
21-Schraubenachse in Richtung der kristallographischen b-Achse fiihrt (Abbildung 34b). Die
intermolekularen Bi:--Cl Abstidnde sind dabei nur marginal ldnger als die intramolekularen
Bindungen und liegen 22% unterhalb der Summe der van-der-Waals Radien (3.82 A0z,
Tabelle 9). In 9, dagegen geht das Bismutatom intermolekulare Wechselwirkungen mit je einem
Chlor-Substituenten zweier weiterer Monomereinheiten ein. Dies flihrt ebenfalls zur Ausbildung
eines eindimensionalen Koordinationspolymers entlang der kristallographischen a-Achse
(Abbildung 35b). Durch die Bi:--Cl Wechselwirkungen bilden sich zwei Bi,Cl,-Vierringe, die um
69.1° zueinander verkippt sind. Die intramolekularen Bi-Cl Bindungen sind in 9 kiirzer als in

der Monochloro-Spezies 8«, was auf den Austausch eines ATI-Liganden gegen einen Chlor-
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Substituenten zuriickzufithren ist (Tabelle 9). Im Vergleich zur einzigen literaturbekannten
Bismut-ATI-Chlorospezies [Bi(ATIF¢/iPr)Cl;] sind die intramolekularen Bi-Cl Bindungen leicht
verlangert (2.70-2.76 A), da die Koordinationszahl in 9« grofer ist und auferdem beide
Chloratome eine verbriickende Funktion besitzen ([Bi(ATIF¢/#r)Cl;]: KZ =5, Bi-Cl(terminal),
2.64-2.67 A, Bi-Cl(verbriickend), 2.71-2.74 A).l62] Eine zu 9« analoge Polymerstruktur zeigt
dagegen das strukturell verwandte Bismut-amidinat [Bi(¢tBuC(NiPr);)Cl;].[193] Sowohl inter-
(3.17-3.21 A) als intramolekulare Bi-Cl Bindungslangen (2.69-2.74 A) sind deshalb in einem

ahnlichen Bereich.[103]

Tabelle 9: Bindungsparameter der heteroleptischen Bismut-Komplexe [Bi(ATI®"/r);Cl]e (80) und
[Bi(ATIPr/iPr)Cl2]eo (9co).

Bindungsparameter [A] 8« 9%
Bi-N 2.276(2)-2.422(2) 2.184(2)-2.203(2)
N1-C1/ N2-C2 1.320(3)-1.336(3) 1.343(4)-1.344(4)
N3-C14/ N4-C15 1.321(3)-1.335(3) -
Bi-Cl 2.9433(9) 2.7008(8)-2.7630(8)
Bi---Cl 2.9879(9) 3.2234(8)-3.436(1)

Die Bi-N Bindungsldngen sind fiir beide Verbindungen aufgrund der elektronegativen Chlor-
Substituenten und der intermolekularen Bi---Cl Wechselwirkungen kiirzer als im homoleptischen
Komplex 10. In 8« sind die Bi-N Bindungen, die Chlor-Substituenten in trans-Position besitzen,
kiirzer (2.28-2.31A) als die mit einem Stickstoffatom in trans-Position (2.36-2.42 A). Im
Vergleich dazu sind die Bi-N Bindungsldngen in 9, im Rahmen der Fehlergrenzen identisch und

aufgrund des Einflusses der zwei gebundenen Chlor-Substituenten kiirzer als in 8« (Tabelle 9).
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a)

b)

Abbildung 34: a) Ausschnitt der Struktur von [Bi(ATI?/?r);Cl]l» (8«) im Festkdorper. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. Atome, die eine Formeleinheit iiberschreiten, sind als weife Ellipsoide
dargestellt. b) Eindimensionales Koordinationspolymer von 8« im Festkorper, wobei Kohlenstoffatome im
Drahtmodell dargestellt sind. Ausgewihlte Bindungslangen (A) und -winkel (°): Bi1-N1, 2.422(2); Bi1-N2,
2.308(2); Bi-N3, 2.364(2); Bi1-N4, 2.276(2); Bi1l-CI1, 2.9433(9); Bil---Cl1, 2.9879(9); N1-C1, 1.320(3);
N2-C2,1.336(3); N3-C14, 1.321(3); N4-C15,1.335(3); C1-C2, 1.495(4); C2-C3,1.421(4); C3-C4, 1.387(4);
C4-C5, 1.368(4); C5-C6, 1.378(4); C6-C7, 1.376(4); C7-C1, 1.424(4); N-Bil-N (chelatisierend),
67.21(7)-69.14(7); N-Bil-N (nicht chelatisierend), 81.64(8)-159.06(7); N(1-4)-Bi1-CI(1/19,
80.67(6)-159.19(6); Cl11-Bi1-Cl1, 118.986(16).

Wie aufgrund der Tendenz des ATI-Liganden zur Delokalisation von m-Elektronen iiber das Cs-
Riickgrat sowie die beiden Stickstoffatome zu erwarten, sind die C-N Bindungslangen eines ATI-
Liganden sowohl in 8 als auch in 90 im Rahmen der Fehlergrenzen identisch und liegen in einem
Bereich zwischen typischen C-N Einfach- und Doppelbindungen (Tabelle 9). Eine Aren-Aren

Wechselwirkung, wie sie in [Bi(ATIF</Pr)Cl;] beobachtet wird, tritt nicht auf.[62]
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Abbildung 35: a) Ausschnitt der Struktur von [Bi(ATI®"/Pr)Clz]o (90) im Festkorper. Die Ellipsoide
reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. Atome, die eine Formeleinheit iiberschreiten, sind als weifRe Ellipsoide
dargestellt. b) Eindimensionales Koordinationspolymer von 9« im Festkorper, wobei Kohlenstoffatome im
Drahtmodell dargestellt sind. Ausgewahlte Bindungslingen (A) und -winkel (°): Bil-Cl1, 2.7630(8);
Bil---Cl1“, 3.2234(8); Bi-Cl2, 2.7008(8); Bi---CI2‘, 3.436(1); Bi1-N1, 2.184(2); Bi1-N2, 2.203(2); N1-C1,
1.344(4); N2-C2, 1.343(4); C1-C2, 1.472(4); C2-C3, 1.421(5); C3-C4, 1.381(5); C4-C5, 1.378(6); C5-C6,
1.379(6); C6-C7, 1.378(5); C7-C1 1.416(4); Cl(1-2)-Bi1-Cl(1-2), 71.97(2)-170.06(2);
N(1/2)-Bi1-Cl(1-2’), 82.22(7)-164.29(8); N1-Bi1-N2, 73.58(10).
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2 Heteroleptische [Bi(Ph(0)S-ATI®r/iPr),X3_,] Komplexe
2.1 Synthese

Die Synthese heteroleptischer Bismut-Ph(0)S-ATI-Komplexe wurde in Anlehnung an die
Literatur aus den Natrium- und Kalium-ATI-Komplexen durch Salzeliminierungen mit BiClz bzw.
Bil; durchgefiihrt (Schema 26).1621 Eine L6sung des ATI-Komplexes wurde unter Riihren zu einer
Losung des Bismut-Salzes getropft. Durch Filtration wurde anschlieflend das entstandene
Alkalimetallsalz abgetrennt. Die Bismut-Verbindungen [Bi(Ph(0)S-ATI®/ir),Cl] (8-Ph(0)S),
[Bi(Ph(0)S-ATI®r/iPr)Cl;] (9-Ph(0)S) und [Bi(Ph(0)S-ATI®/#r)[;] (11-Ph(0)S) konnten nach
Waschen mit n-Pentan und Trocknen im Vakuum als rote (8-Ph(0)S), orange (9-Ph(0)S) bzw.

violette (11-Ph(0)S) Feststoffe in moderaten Ausbeuten erhalten werden.

iPr iPr
Ill |
. 7N BiX, = _
n Ph(0)S N/M —Tar S(O)Ph Bi(X)3.,
I —n NaX/KX l}]
iPr iPr,
n
M =Na, K 8-Ph(0)S X=Cln=2 59%

9-Ph(0)S X=Cln=1 54%/
11-Ph(0)S X=1 n=1 62%"!

Schema 26: Synthese der heteroleptischen Bismut-Komplexe [Bi(Ph(O)S-ATI®#/#r),Cl] (8-Ph(0)S),
[Bi(Ph(0)S-ATIPr/Pr)Cl2] (9-Ph(0)S) und [Bi(Ph(0)S-ATIP/P)[;] (11-Ph(0)S), [a] 1.00 Ag. Pyridin bzw.
[b] 0.45 Aq THF wurden 'H-NMR-spektroskopisch detektiert.

Alle Versuche, die Monoiodo-Verbindung [Bi(Ph(0)S—-ATI®/iPr),I] auf analoge Weise darzustellen,
fithrten zur Isolierung von Gemischen der gewiinschten Verbindung und [Bi(Ph(0)S—-ATI®r/iPr)],]
(11-Ph(0)S) (16-23%) sowie des protonierten Liganden 1-Ph(0)S (17-31%). Alle isolierten
Verbindungen zeigen die erwarteten Signale im 'H- und 13C-NMR-Spektrum, wobei fiir 9-Ph(0)S
und 11-Ph(0)S im 'H-NMR-Spektrum je zwei Dubletts flir die CH3-Gruppen der Isopropyl-Reste
detektiert werden. Dies konnte, ebenso wie fiir den Lithium-Komplex 3-Ph(0)S, auf das
Vorhandensein eines Stereozentrums am Schwefelatom oder wahrscheinlicher auf eine

eingeschrankte Rotation der Isopropyl-Reste zuriickgefiihrt werden.
2.2 Struktur

Durch Lésungsmitteldiffusion von n-Pentan oder n-Hexan in Pyridin-Lésungen von 9-Ph(0)S und

11-Ph(0)S konnten Kristalle zur Einkristallrontgenstrukturanalyse erhalten werden.
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[9-Ph(0)S] kristallisiert in der orthorombischen Raumgruppe Pbca (Z = 4, Abbildung 36). Die
Qualitdt der erhaltenen Daten ist nicht ausreichend, um Bindungslingen und -winkel zu
diskutieren, die Struktur dient deshalb als Konnektivitatsbeweis. Aufgrund der Koordination
eines ATI-Liganden, zweier Chlor-Substituenten und eines Pyridin-Molekiils an das Bismutatom
sowie der Ausbildung einer intermolekularen Bi---Cl Wechselwirkung ist das Bismutatom
oktaedrisch koordiniert. Die intermolekulare Wechselwirkung fiihrt zur Ausbildung eines
linearen Koordinationspolymers entlang einer 2;-Schraubenachse in Richtung der
kristallographischen b-Achse, wie es auch fiir die im Rickgrat unsubstituierte Monochloro-
Verbindung 8«, die ebenfalls eine intermolekulare Bi:--Cl Wechselwirkung besitzt, beobachtet

wird (vgl. Abbildung 34).
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Abbildung 36: a) Ausschnitt der Struktur von [Bi(Ph(0)S-ATI*/Pr)Clz2]ew ([9-Ph(0)S]«) im Festkorper. Die
Ellipsoide reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden
der Ubersichtlichkeit nicht abgebildet. Atome, die eine Formeleinheit iiberschreiten, sind als weifse
Ellipsoide dargestellt. b) Eindimensionales Koordinationspolymer von [9-Ph(0)S]« im Festkoper, wobei

Kohlenstoffatome im Drahtmodell dargestellt sind.
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[11-Ph(0)S]« kristallisiert in der orthorombischen Raumgruppe Pnna (Z=8, Abbildung 37).
Analog wie in der zuvor beschriebenen Struktur der Dichloro-Verbindung [9-Ph(0)S]« ist das
Bismutatom verzerrt oktaedrisch koordiniert, wobei die Verzerrung durch den kleinen ATI-

Bisswinkel bedingt ist (N1-Bi1-N2, 71.6°).
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Abbildung 37: a) Ausschnitt der Struktur von [Bi(Ph(0)S-ATI*/#r)I;] ([11-Ph(0)S]«) im Festkorper. Die
Ellipsoide reprédsentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome und ein in der
Elementarzelle enthaltenes Pyridin-Molekiil wurden aus Griinden der Ubersichtlichkeit nicht abgebildet.
Atome, die eine Formeleinheit liberschreiten, sind als weifde Ellipsoide dargestellt. b) Eindimensionales
Koordinationspolymer von [11-Ph(0)S]o im Festkorper, wobei Kohlenstoffatome im Drahtmodell
dargestellt sind. Ausgewihlte Bindungslingen (A) und -winkel (°): Bil-I1, 3.0642(7); Bi-12, 3.0472(7);
Bi---01, 2.652(3); Bi1l-N1, 2.277(4); Bil-N2, 2.260(3); Bil-N3, 2.950(4); N1-C1, 1.328(6); N2-C2,
1.339(5); C1-C2, 1.476(6); C2-C3, 1.427(6); C3-C4, 1.383(6); C4-C5, 1.375(6); C5-C6, 1.398(6); C6-C7,
1.377(6); C7-C1 1.434(6); 1(1/2)-Bi1-N(1-3), 87.36(8)-93.93(9); 1(1/2)-Bi1-01‘, 87.28(7)-93.53(7);
[1-Bi1-12,175.448(10); N(1-3)-Bi1-01‘, 79.34(11)-169.34(11); N1-Bi1-N2, 71.60(13).

Allerdings besteht in [11-Ph(0)S]» keine intermolekulare Bismut-Halogen Wechselwirkung,

sondern das Bismutatom koordiniert liber das Sauerstoffatom an den Sulfinyl-Rest einer
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benachbarten Monomereinheit, was auch hier zur Ausbildung eines linearen
Koordinationspolymers entlang einer 2:-Schraubenachse in Richtung der kristallographischen
a-Achse fiithrt (Abbildung 37b). Die Bi-O Wechselwirkung ist dabei gegeniiber einer Bi-I
Wechselwirkung bevorzugt, was auf den gréferen lonenradius des Iodatoms (2.20 A)[104 im
Vergleich zum Sauerstoffatom (1.35 A),[104 sowie die stirkere Donorfahigkeit der Sulfinyl-Einheit,
zuriickgefithrt werden kann. Die Bi1-01‘ Bindungslange liegt mit 2.65 A 26% unterhalb der
Summe der van der Waals Radien (3.59 A)[202] und ist nur geringfiigig linger als die Bi-O
Bindungen in DMSO-solvatisierten Bismut-Phenantrolin- bzw. -Bipyridin-Halogeniden
(2.46-2.59 A).1105] Auch die Langen der Bi-I Bindungen (3.05-3.06 A) liegen in einen dhnlichen
Bereich wie die der analogen Bindungen des strukturell verwandten B-Dialdiminato-Bismut-
Komplex [Bilz((N(2,6-iPr2-CeH3)CH)2C(CsHs))2] (Bi-I, 2.82-3.24 A).154 Die Bi-NAT Bindungs-
langen sind im Rahmen der Fehlergrenzen identisch (2.26-2.28 A) und kiirzer als die Bi1-N3
Bindungslinge (2.95A) zu dem als neutraler Donor-Ligand fungierenden Pyridin-Molekiil.
Bedingt durch den Austausch von Chlor-Substituenten zu lod-Substituenten sowie das Einbringen
der elektronenziehenden Sulfinyl-Gruppe sind Bi-NAT! Bindungsldngen in [11-Ph(0)S]. im

Vergleich zur im Riickgrat unsubstituierten Dichloro-Verbindung 9. um 0.08-0.10 A linger.
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3 Heteroleptische [Bi(NO2-ATI®r/iPr),Cl3-n] Komplexe
3.1 Synthese

In Anlehnung an die zuvor beschriebenen und literaturbekannten Synthesen wurde der Komplex
[Bi(NO2-ATI®/iPr)Cl;] (9-NO2) in einer Salzeliminierung ausgehend vom Natrium-ATI-Komplex in
THF dargestellt (Schema 27). Sowohl das 'H- als auch das 13C-NMR-Spektrum zeigte die
erwarteten Resonanzen einer Ci-symmetrischen Verbindung. Versuche, den Monochloro-
Komplex [Bi(NO2-ATI®t/iPr),Cl] (8-NO2z) in analoger Weise herzustellen, fiihrten lediglich zur
Isolierung kleiner Mengen einkristallinen  Materials, welches mit Hilfe von
Einkristallrontgenstrukturanalyse als Dichloro-Spezies 9-NO: identifiziert werden konnte
(Abbildung 38). Eine !'H-NMR-spektroskopische Verfolgung der Umsetzung des Natrium-
Komplexes mit einem halben Aquivalent BiCl; in Pyridin-ds zeigte zuerst die Bildung der Dichloro-
Spezies 9-NO; an. Nach zwolf Stunden in Losung konnte die Bildung einer weiteren ATI-haltigen
Spezies beobachtet werden, die jedoch nicht weiter charakterisiert bzw. isoliert werden konnte.
Ein Grund fiir die unvollstindige Salzeliminierung konnte die schlechte Loslichkeit des Natrium-

Komplexes in THF und Pyridin und die damit verbundene verdnderte Stéchiometrie sein.

iPr iPr
Ill I
7N BiCl =N _
O,N N/Na(py) —Tar O,N BiCl,
I — NaCl I}I
iPr iPr,
4-NO,(py) 9-NO, 39%

Schema 27: Synthese von [Bi(NO2—-ATI®#t/Pr)Cl;] (9-NOz2) in THF.

3.2 Struktur

9-NO; kristallisiert aus einer THF/n-Pentan Mischung in der triklinen Raumgruppe P1 mit Z = 2
(Abbildung 38). Die asymmetrische Einheit enthilt je zwei mono- und zwei dinukleare,
kristallographisch unabhangige aber chemisch identische Formeleinheiten, von welchen jeweils
nur eine diskutiert wird. In der mononuklearen Einheit ist das Bismutatom aufgrund der
Koordination des Liganden iiber die N,N-Bindungstasche sowie zweier Chlor-Substituenten
bisphenoidal koordiniert (Abbildung 38a). Die zusitzliche Wechselwirkung des Bismutatoms mit
dem Chlor-Substituenten einer benachbarten Formeleinheit in der dinuklearen Einheit fiihrt zu
einer verzerrt quadratisch-pyramidalen Koordinationsgeometrie des Bismutatoms (t = 0.14 mit

N4 in der apikalen Position; Abbildung 38b).
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Abbildung 38: a) Mononukleare Einheit von [Bi(NO2-ATI®r/iPr)Clz] (9-NOz) im Festkorper. Die Ellipsoide

reprasentieren 50% der Aufenthaltswahrscheinlichkeit. Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. b) Mono- und dinukleare Einheit von 9-NOz mit Aren-Aren
Wechselwirkungen im Festkérper. Ausgewihlte Bindungslingen (A) und -winkel (°): Bi1-Cl1, 2.705(3);
Bi-Cl2, 2.648(3); Bil-N1, 2.201(8); Bi1l-N2, 2.210(9); N1-C1, 1.326(13); N2-C2, 1.330(14); N3-C5,
1.462(14); C1-C2, 1.502(14); C2-C3, 1.437(14); C3-C4, 1.365(14); C4-C5, 1.401(14); C5-C6, 1.357(15);
C6-C7, 1.395(15); C7-C1 1.424(14); Bi2-Cl4, 2.648(3); Bi2-Cl3, 2.752(3); Bi2---Cl3‘, 3.077(3); Bi2-N4,
2.238(8); Bi2-N5, 2.235(9); N4-C14, 1.331(13); N5-C15, 1.326(12); Cl1-Bi1-Cl2, 165.91(8);
N(1-2)-Bi1-Cl(1-2), 81.9(2)-91.1(2); N1-Bi1-N2, 72.9(3); C13-Bi2-Cl4, 171.73(8); N(3/4)-Bi2-Cl(3/4),
83.1(2)-91.7(2); N3-Bi2-N4, 72.8(3); N(3/4)-Bi2-Cl3‘, 107.9(2)-163.2(2); CI(3/4)-Bi2-CI3’,
80.18(8)-105.04(8);. C5-[C14-C20], 3.5691(12); C5-Centroid(C14-C20), 3.571; C17-[C1-C7],
3.4924(13); C17-Centroid(C1-C7), 3.687.

Die intramolekularen Bi-Cl Bindungsliangen liegen fiir beide Einheiten in einem &ahnlichen
Bereich, wobei die Bindung zu dem Chlor-Substituenten, welcher in der dinuklearen Einheit
verbriickend wirkt, mit 2.75A deutlich linger ist, als die zu den terminal gebundenen
Chloratomen (Bil/2-Cl1/2/4, 2.65-2.71 A). Der intermolekulare Bi---Cl3‘ Abstand (3.10 A) in
9-NO; liegt unterhalb der Summen der van der Waals Radien (3.82 A)[1021 und ist kiirzer als die
entsprechenden Abstinde der im Riickgrat unsubstituierten Dichloro-Spezies 9s (3.22-3.44 A),
was auf die Wechselwirkung mit zwei weiteren Formeleinheiten in 9« (anstatt mit einer Einheit

in 9-NO2) zuriickzufiihren ist. Die Bi-N Bindungslidngen sind im Vergleich zu 9« aufgrund des
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elektronenziehenden Charakters der Nitro-Gruppe am Liganden langer und unterscheiden sich
fir die mono- und dinukleare Einheit (2.20-2.21A bzw. 2.24 A) bedingt durch die
unterschiedliche Umgebung der Bismutatome. Dies wirkt sich jedoch nicht auf die N-C
Bindungslangen aus, die im Rahmen der Fehlergrenzen fiir beide Einheiten identisch sind
(1.33 A). Zusitzlich zur intermolekularen Bi---Cl Wechselwirkung werden auRerdem Aren-Aren
Wechselwirkungen zwischen dem Ligandriickgrat der mono- und dinuklearen Einheit beobachtet
(Abbildung 38b). 9-NO: ist damit das zweite Beispiel eines Bismut-ATI-Halogenid-Komplexes, der
eine solche Wechselwirkung eingeht.[62] In [Bi(ATIF¢/#Pr)Cl;] fithren diese Wechselwirkungen zur
Ausbildung eines anorganisch/organischen Koordinationspolymers im Festkorper. Dies wird
aufgrund der Wechselwirkung einer mononuklearen mit einer dinuklearen Einheit in 9-NO2 nicht
beobachtet. Die C5/C17-Centroid-Abstinde (3.57-3.67 A) liegen in einem dhnlichen Bereich wie
die fiir [Bi(ATIF</Pr)Cl,] gefundenen CAT-Centroid Abstiande (3.37-3.76 A)(621 und sind maximal
um 0.47 A langer als der Abstand der Benzol-Ebenen in einem antiparallel verschobenen Nitro-
Benzol Dimer (3.2 A).[106] Die Verschiebung der m-Elektronendichte im ATI-Liganden in Richtung
der Nitro-Gruppe ist in der Bismut-Verbindung, dhnlich wie im Silber-Komplex 6-NO:-py,
weniger stark ausgeprdgt als in den Alkalimetall-Komplexen. Dies bestitigen die N-C
Bindungslingen sowie die maximale Bindungslingendifferenz zweier benachbarter C-C
Bindungen im ATI-Liganden (Amax(C-C) = 0.08 A). Auch die Verdrehung des ATI-Riickgrats ist im
Vergleich zu den Alkalimetall-Komplexen gering, was auf eine gesteigerte Aromatizitit hindeutet

([C1-C7]-[C1-2,N1-2,Bi1], 7.54°, [C14-C20]-[C14-15]N4-5,Bi2], 15.41°).
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XVIII Zusammenfassung und Ausblick/Summary and outlook

Ein Teil der Ergebnisse in dieser Zusammenfassung wurde bereits in den Veroffentlichungen

[62]-[69] publiziert.

Die Untersuchung der Koordinationschemie von Alkalimetall-Komplexen mit dem
Aminotroponiminat(ATI)-Liganden H-ATIPh/iPr hat gezeigt, dass diese iliber den haufig
auftretenden «ZN-Koordinationsmodus (Schema 32, A) hinausreicht.[6ll Aufierdem konnte
anhand elektrochemischer und chemischer Redoxstudien am Liganden H-ATIPh/iPr sowie an
dessen Natrium- und Rhodium-Komplex die Redox-Aktivitit des ATI-Liganden aufgezeigt
werden.[39 Diese Befunde motivierten zu einer erweiterten Untersuchung der Koordinations- und
Redox-Eigenschaften von Metall-Komplexen dieser Ligandklasse. Im Rahmen dieser Arbeit lag
der Fokus nicht nur auf der Untersuchung des Einflusses des Substitutionsmusters (Substituenten
an den Stickstoffatomen sowie im C7-Riickgrat) des Liganden mit unterschiedlichen sterischen
und elektronischen Parametern, sondern auch auf der Untersuchung des Einflusses des Metall-
Atoms. Zudem wurden redox-aktive ATI-Liganden auf ein Bismut-Metallzentrum iibertragen und

die Redox-Eigenschaften der Komplexe untersucht.

Ligandsynthese. Es wurde eine Reihe an literaturbekannten (H-ATI®r/Pr (1), H-ATIPh/iPr (12),
H-ATIPh/Ph - (13))7. 1071 und neuen (ATFe (14), H-ATIF¢/Pr (15), H-ATIPhSMe/iPr  (16))
Aminotropon(AT)- und Aminotroponimin(ATI)-Liganden mit unterschiedlichen Substituenten an
den Stickstoffatomen und literaturbekannte ATI-Liganden mit Substituenten in C5-Position am
Cs-Ring  (Ph(O)S-ATI®t/ier  (1-Ph(0)S), NOz-ATI#/Pr  (1-NO2))70  synthetisiert. Eine
Standardroute fiir im Rickgrat unsubstituierte ATIs stellt die zweistufige Synthese ausgehend von

Tosyloxytropon dar (Schema 28, oben).

R
0 1) OEt3BF, I
C;[ 2) exc. H,NR' @iN
I}IH I}IH
R R’
0 AT ATI
n H,NR
B ——
ohne " ]
(I) Hilfsbase [‘{ fPr
Ts ~—N ~—N
Metallbase (M]
OH > 0

R =iPr, Fc; R' = iPr

M =Li, Na, K SAI
Schema 28: Syntheseroute zur Darstellung von Aminotroponiminen (ATIs) (oben). Fiir R = iPr und n =10
sowie R = Fc und n =1 und ohne Verwendung einer zusatzlichen Hilfsbase wird das Salicylaldimin (SAI)-

Derivat als Nebenprodukt isoliert. Metallierung des Salicylaldimin-Derivats (unten). Ts = SO2-p-(CsH4Me).
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Bei der Synthese von Isopropylaminotropon und Ferrocenylaminotropon konnten unter
Standardbedingungen die Salicylaldimin(SAI)-Derivate SAI®r und SAIFc als Nebenprodukte in
geringen Ausbeuten von 3-4% isoliert werden. Durch Anpassung der Reaktionsbedingungen
konnte die Ringkontraktion, welche zur Bildung der SAls fiihrte, signifikant erhéht, bevorzugt
adressiert und bis hin zum Hauptreaktionspfad ausgebaut werden. Die Umsetzung von SAIPr mit
der entsprechenden Metallbase fithrte zu den Alkalimetall-SAI-Komplexen. Der Natrium-Komplex
Na-SAIPr zeigte im Festkorper eine fiir Natrium SAI-Komplexe seltene, doppelte Heterocuban-
Struktur und ist das erste Beispiel, in welchem eine solche Struktur ohne zusatzliche Donor-
Substituenten in der Ligandperipherie ausbildet wurde (Abbildung 39a). Die Struktur des Kalium-
Komplexes konnte in Form der 18-Krone-6 komplexierten Spezies K(18K6)-SAIPr aufgeklart
werden (Abbildung 39b). Zudem konnte gezeigt werden, dass die Komplexierung mit dem
Kronenether in Losung eine reversible E/Z-Isomerisierung der Aldimin C-N Doppelbindung
induziert. Stochiometrische Umsetzungen zweier Alkalimetallkomplexe bzw. die Umsetzung der
Lithium- und Natrium-Komplexe in einem Verhdltnis von 1:1, 1:3 und 3:1 fiihrte zu
gemischtmetallischen SAI-Komplexen. Der Komplex [LizNa(SAI)s(thf);] (LisNa-SAI®r-(thf),)
konnte als erster s-Block Metall-SAI-Komplex dieser Art strukturell charakterisiert werden
(Abbildung 39c). Anhand NMR-spektroskopischer, massenspektrometrischer und einkristall-
rontgenstrukturanalytischer Untersuchungen sowie durch DFT-Rechnungen zeigte sich, dass die
Komplexe bei Raumtemperatur in Losung in Gleichgewichten unterschiedlich stark aggregierter,

schnell ineinander umwandelbarer Spezies vorliegen.
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Abbildung 39: Strukturen im Festkérper von Na-SAIPr, K(18K6)-SAI’r und LisNa-SAI*r-(thf)z. Die
Kohlenstoffatome der SAI-Einheiten in a) und c), sowie die Kohlenstoffatome des Kronenethers in b) und

der THF-Molekiile in c) sind im Drahtmodell dargestellt.

Die literaturbekannte Synthese der im Riickgrat substituierten Liganden verlduft entweder in
einer einstufigen Synthese ausgehend vom unsubstituierten ATI iiber eine elektrophile

aromatische Substitution fiir 1-NO2, oder dreistufig tiber 1-Br mit anschlief3ender nukelophiler
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aromatischer Substitution und Oxidation zu 1-Ph(0)S.I701 1-NO; konnte iiber die Literaturroute
(und in Einklang mit der Literatur) nur in geringen Ausbeuten von 19% dargestellt werden. Eine
Veranderung der Reaktionsbedingungen durch Verwendung verschiedener Losungsmittel,
Reaktionstemperaturen und -zeiten fiihrte zu keiner Steigerung der Ausbeute. Eine Darstellung
von 1-NO: iiber 1-Br in Anlehnung an die Synthese von 1-Ph(0)S wurde untersucht und stellt fiir
zukiinftige Synthesen dieser Art einen interessanten Ausgangspunkt dar. Die Produktverteilung
variierte allerdings stark mit unterschiedlichen Reaktionsbedingungen (Schema 29). Der Einfluss
veranderter Reaktionsbedingungen zeigte sich auch in der Isolierung des ringkontrahierten
Nebenprodukts 2 als einzige isolierbare Spezies aus einem Reaktionsansatz mit erhohter

Reaktionstemperatur und verlangerter Reaktionszeit (Schema 29).
zl'Pr {Pr {Pr 0 Y
=N NaNo, _N _N ’ NH
Br > O,N + Br +
l\|IH DMSO I}IH IT]H NH

iPr iPr iPr )\

1-Br 1-NO, 1-Br 2
110°C, 7 d: <42%2] >21% nicht gefunden
150°C16d: <5% <5% 5%

Schema 29: Synthese von 1-NOz ausgehend von 1-Br unter verschiedenen Reaktionsbedingungen. [a] fiir

verschiedene Reaktionsansitze wird eine schwankende Ausbeute erhalten.

Synthese der Alkalimetall-Komplexe. Ausgehend von den neutralen ATI (und AT) Liganden
wurden die Alkalimetall-Komplexe durch Umsetzung mit der entsprechenden Metallbase
dargestellt (Schema 30). Wird n-Butyllithium als Lithiierungsreagenz verwendet, erhidlt man den
gewiinschten Komplex [Li(ATIPh/Ph)(Et,0),] (Li-13) sowie ein Nebenprodukt, das durch Addition
von n-Butyllithium am Cs-Ring entsteht. Im Additionsprodukt ist der n-Butyl-Rest an C1-Postiton

gebunden und das Lithiumatom liegt in der N,N-Bindungstasche vor.

Die NMR-spektroskopische Charakterisierung aller im Riickgrat unsubstituierten Komplexe steht
im Einklang mit den erwarteten Resonanzen fiir an den Stickstoffatomen symmetrisch (R! = R?)

bzw. unsymmetrisch (R! # R2) substituierten ATI-Komplexen.
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3 X Metallbase 3 X\
R THE R /M(L)n
NH N

R? R?

X =0, NR%; R! = iPr, Ph;

R? (fiir X = 0) = iPr, Fc (Ferrocenyl);

R? (fiir X = NRY) = iPr, Fc, Ph, PhSMe;

R3 = H, Ph(0)S, NO,; L = Neutralligand; M = Li, Na, K

Schema 30: Synthese der Alkalimetall-ATI und AT-Komplexe.

Die Natrium- und Kalium-Komplexe 4-NO; und 5-NO; mit Nitro-Funktionalitdt in C5-Position
zeigten in ihren NMR-Spektren eine fiir ATI-Komplexe bisher unbeschriebene
E,E/E,Z-1somerisierung. Aufgrund der elektronenziehenden Eigenschaften der Nitro-Gruppe
kann von einer Verschiebung der m-Elektronendichte in Richtung des Riickgratsubstituenten
ausgegangen werden. Auflerdem kann die Nitro-Gruppe als zusatzliche Koordinationsstelle fiir
ein Metall-Atom fungieren. Damit ergeben sich drei mdgliche Isomere fiir die Komplexe
(Schema 31). NMR-spektroskopische Untersuchungen sowie DFT-Rechnungen unterstiitzten die

Annahme einer Isomerisierung dieser Art in Losung.

_ O\+ /N\ . /O\Jr N /O\Jr N
N= S 17 N= N L
-0 ~N 0 ~N 0 N

N-EE O-EE 0-E,Z

Schema 31: Schematische Darstellung moglicher Isomere der Alkalimetall-ATI-Komplexe mit

Nitrofunktionalitat. [M] = Li, Na, K.

Koordinationschemie der Alkalimetall-Komplexe. Die strukturelle Charakterisierung der ATI-
Komplexe zeigte eine Vielzahl moglicher Koordinationsmodi auf. Neben einem Komplex mit dem
fir ATI-Komplexe bisher dominierenden «2N-Kooridnationsmodus (Schema 32; A, fir
[Na(ATIPh/Ph)(Et;0)2] (Na-13)), wurden weitere Beispiele fiir Komplexe gefunden, in welchen eine
Wechselwirkung des Metall-Atoms mit dem C7-Riickgrat einer benachbarten Einheit auftritt, die
in der Literatur erstmals fiir den Natrium-Komplex [Na(ATIPvPr)(thf)]. ([Na-12-thf]) diskutiert
wurde (Schema 32, B, fiir [Na(ATI#r/#r)(thf)] ([4-thf]o) und [K(ATIPr/iPr)(thf)] ([5-thf]«)). DFT-
Rechnungen konnten zeigen, dass die Tendenz zur Ausbildung von Kation-n-Wechselwirkungen
mit zunehmendem elektronenziehenden Charakter der Substituenten am Stickstoffatom

aufgrund der damit einhergehenden Absenkung des HOMOs der Komplexe abnimmt. Auch die
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energetische Lage der LUMOs sinkt mit steigender Gruppenelektronegativitit der Substituenten
an den Stickstoffatomen, was das Potential fiir M—ATI Riickbindungen erhoht. Aufgrund der
Ausbildung von Metall-Aren Wechselwirkungen konnten zwei weitere Koordinationsmodi
gefunden werden (Schema 32, C fiir [K(ATIPh/Ph)]o, und D fiir [Li(ATIPh/Ph)]s). Alle Komplexe, die
die Koordinationsmodi B-D zeigten, bildeten aufgrund der verbriickenden Eigenschaften der

Liganden Koordinationspolymere im Festkérper aus.

R (MJ R [M{ R R
/N\ N /N\ N /N/‘[M] /N\
[M] C[ M / @[ ]
@il}l/ \__~ I\II/[ ] \_~ Ni M N~
R R R M y
A B C M1 |

Schema 32: Koordinationsmodi von Alkalimetall-ATI-Komplexen ohne Riickgratsubstituent.

Wie es aufgrund des elektronenziehenden Charakters der Riickgratsubstituenten zu erwarten
war, zeigten die Sulfinyl- und Nitro-substituierten Komplexe keine Metall-Aren Wechselwirkung
mit dem Cr-Riickgrat. Stattdessen fungierten die Riickgratsubstituenten als Donoren, die die
Koordinationssphéire des Metall-Atoms benachbarter Molekiileinheiten absattigten (Schema 33).
Der verbriickende Charakter der Liganden fiihrte ebenfalls zur Ausbildung von

Koordinationspolymeren im Festkorper.
[M]

M1 |
oS SM T N= < ™M M N= M

E F G

Z-x
Z-x

-2 Z-%

-2
m-Z

Schema 33: Koordinationsmodi von Alkalimetall-ATI-Komplexen mit Riickgratsubstituent.

Eine Verschiebung der m-Elektronen in Richtung der Nitro-Gruppe konnte fiir die Alkalimetall-
Komplexe [Li(NO2-ATI®/#r)(py)] ([3-NO2-pylw), [Na(NOz-ATI#/#r)(py)] ([4-NO2-py]w) und
[K(NO2-ATI#t/iPr)(py)] ([5-NO2-py]«) anhand von C-N Bindungen mit Doppelbindungscharakter
sowie starker lokalisierten C-C Doppelbindungen im Vergleich zu im Riickgrat unsubstituierten
Stammverbindungen bestatigt werden. Die verringerte Delokalisation der m-Elektronen spiegelte
sich auch in einer Verdrehung des Riickgrates aus der Ebene wider. Verdrehungswinkel von bis

zu 39° liberstiegen die Winkel fiir literaturbekannte (Halb-)Metall-ATI-Komplexe deutlich.[78]
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Der Einfluss neutraler Donorliganden auf die Koordinationschemie der Alkalimetall-Komplexe
und damit die Bestidndigkeit von ausgebildeten Kation-m-Wechselwirkungen wurde durch
Umsetzung ausgewahlter Komplexe mit PMDTA und Kronenethern untersucht. Fiir
[Na(ATIPh/iPr)(thf)] ([Na-12-thf],) wurde durch den dreizdhnigen Stickstoffdonor-Liganden
PMDTA, wie erwartet, ein Aufbruch der Polymerstruktur und die Bildung eines Monomeren
Komplexes induziert. Die Umsetzung von [4-thf]s und [Na-12-thf], mit Kronenethern fiihrte
dagegen zu einer ligandinduzierten Disproportionierung unter Ausbildung der Natrium-Natriat-
Komplexe [Na(12-Krone-4);][Na(ATI#t/iFr),] (4-(12K4)2) und [Na(12-Krone-4);][Na(ATIPn/iFr),]
(Na(12K4):-12) (Abbildung 40a). Die stochiometrische Reaktion eines Natrium- und eines
Kalium-Komplexes fiihrte zu den ersten gemischtmetallischen Kalium-Natriat-Komplexen, in
welchen das weichere Kalium-Kation eine Wechselwirkung mit dem C;-Riickgrat zweier
[Na(ATI)2]--Einheiten eingeht, was die Ausbildung einer polymeren Struktur im Festkdrper zur

Folge hat (Abbildung 40Db).

a) L) 50
‘ i N \
S s
I
Qk/@—qo‘.\ﬁ \i/K Q/o
¢ N \
(Ve -
b)

Abbildung 40: a) Struktur von [Na(12-Krone-4):][Na(ATIP"/#r);] (Na(12K4)2-12) im Festkdrper.
b) Auschnitt der Struktur von [KNa(ATI®/#r);(thf)2] im Festkorper. Die Kohlenstoffatome des
Kronenethers in a) und die Kohlenstoffatome der THF-Molekiile in b) sowie die Kohlenstoffatome der

sticktoffgebundenen Substituenten in a) und b) sind im Drahtmodell dargestellt.

Der Zusammenhang zwischen Struktur und Reaktivitit wurde fiir die Natrium- und
gemischtmetallischen =~ Komplexe  anhand  ihrer  Aktivitit als  Initiatoren der
Ring6ffnungspolymerisation von e-Caprolacton untersucht. Es konnte gezeigt werden, dass die
Komplexe mit [Na(ATI);]--Einheit aktivere Initiatoren sind, als Komplexe mit einer neutralen
[Na(ATI)]-Einheit. Es wurde allerdings eine geringe Molekulargewichtskontrolle in THF
beobachtet. Der in Toluol losliche Komplex [Na(ATIPh/iPr)(thf)] vereinte eine gute

172



XVIII ZUSAMMENFASSUNG UND AUSBLICK/SUMMARY AND OUTLOOK

Katalysatoraktivitit mit hervorragender Molekulargewichtskontrolle fiir Polymerisationen in
Toluol. In Kombination sind diese Eigenschaften jenen literaturbekannter Alkalimetall-Initiatoren

fiir die Polymerisation von e-Caprolacton iiberlegen.

Fir [Na(Ph(0)S-ATI®/Pr)] (4-Ph(0)S) fiihrte die Umsetzung mit 12-Krone-4 in Analogie zu der
im  Ruckgrat  unsubstituierten = Stammverbindung zum  Natrium-Natriat-Komplex
[Na(12-Krone-4);][Na(Ph(0)S-ATI#t/ir),] (6-Ph(0)S). Der Nitro-substituierte Komplex 4-NO:
dagegen zeigte die Bildung eines Adduktkomplexes [Na(NO2-ATI®r/Pr)(15-Krone-5)]
(4-NO2-(15K5)) fiir eine Umsetzung mit 15-Krone-5 bzw. die Bildung eines ATI-Anions, das keine
gerichtete Bindungswechselwirkung zum [Na(12-Krone-4),]-Kation eingeht fiir die Umsetzung
mit zwei Aquivalenten 12-Krone-4 (Abbildung 41). 4-NO2-(12K4); ist damit die erste strukturell
charakterisierte ATI-Verbindung mit einem freien Ligandanion. Die Umsetzung von
[K(NO2-ATI®r/iPr)] (5-NO2) mit 18-Krone-6 lieferte den zu 4-NO»-(15K5) analogen Kalium-
Komplex [K(NOz-ATIPr/iPr)(18-Krone-6)] (5-NO2-(18K6)). Die Verdrehung des ATI-Gertits ist fiir
die Kronenether-Komplexe noch deutlicher ausgepragt, als fiir die unkomplexierten

Stammverbindungen.

a) b) e

Abbildung 41: Strukturen im Festkorper von a) [Na(NOz-ATI®/#r)(15-Krone-5)] (4-NO2-(15K5)) und
b) [Na(12-Krone-4)2][Na(NO2-ATIPr/Pr)] (4-NO2-(12K4)2). Die Kohlenstoffatome der Kornenether sind im
Drahtmodell dargestellt.

Fir 4-NO:-(15K5), 4-NOz-(12K4); und 5-NO:-(18K6) kann in Losung, ebenso wie fiir die
Stammverbindungen, eine E,E/E,Z-Isomerisierung beobachtet werden, jedoch konnten im
Festkoper ausschliefllich die E,Z-Isomere gefunden werden. DFT-Rechnungen bestétigten diese
als energetisch glinstigste [Isomere der Kronenether-Komplexe. Fiir 4-NO2-(12K4): konnte durch

DFT-Rechnungen ein linearer Ubergangszustand mit einer Energiebarriere von

AG* = 26.6 kcal'mol-! von E,Z- zu E,E-Konfiguration bestimmt werden.
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Die Flexibilitdt, Koordinationschemie und Reaktivitit von ATI-Komplexen kann somit durch die
folgenden Parameter signifikant beeinflusst werden: i) Wahl der Substituenten an den
Stickstoffatomen und am C-Riickgrat des Liganden, ii) Wahl des Zentral-Atoms in der N,N-
Bindungstasche oder am Riickgratsubstituenten, und iii) durch die Komplexierung mit neutralen
Donor-Liganden. Durch Kenntnis der einflussnehmenden Faktoren sollte es in der Zukunft
moglich sein, Komplexe mit den gewiinschten Eigenschaften fiir Anwendungen in der

Koordinationschemie, Redox-Chemie und der Katalyse zu synthetisieren.

Redox-Verhalten der Alkalimetall-Komplexe. Elektrochemische Untersuchungen der ATI-
Liganden und Alkalimetall-ATI-Komplexe mittels Cyclovoltammetrie bestatigten deren Redox-
Aktivitat. Unter oxidativen Bedingungen fanden sich fiir im Riickgrat unsubstituierte und
substituierte Verbindungen Redoxereignisse, welche einer irreversiblen Oxidation des Liganden
zugeschrieben wurden. Das Einbringen des redox-aktiven Ferrocenyl-Substituenten fiihrte
erstmal zu ATI-Verbindungen mit reversiblen, ligandzentrierten Redox-Ereignissen unter
oxidativen Bedingungen. Komplexe mit Sulfinyl-Substituent im Riickgrat zeigten auflerdem
irreversible Oxidationsereignisse, die moglicherweise einer Oxidation der Sulfinyl-Gruppe
entsprechen. Im Allgemeinen wird fiir die Oxidationspotentiale eine Verschiebung zu positiveren
Potentialen mit zunehmendem elektronenziehenden Charakter der Liganden an den
Stickstoffatomen und dem ATI-Riickgrat beobachtet. Unter reduktiven Bedingungen konnte fiir
die im Riickgrat unsubstituierten Komplexe [Li(ATI®/#r)] (3) und [Li(ATIPh/iPr)] (Li-12) im
Vergleich zum literaturbekannten Komplex [Na(ATIPh/Pr)(thf)] ([Na-12-thf]o) sowohl ein
Einfluss der Substituenten an den Stickstoffatomen als auch des Zentralmetalls auf die Redox-
Potentiale von ligandzentrierten Reduktionsereignissen festgestellt werden. Beide Lithium-
Komplexe zeigten unter elektrochemischen Bedingungen ein dhnliches Verhalten wie der
literaturbekannte Komplex [Na-12-thf].. Eine Separation von Reduktions- und zugehdriger
Oxidationswelle deutete auf eine reduktiv induzierte Dimerisierung hin.[3% Die im Riickgrat
substituierten Komplexe weisen Redox-Ereignisse auf, die weniger eindeutig auf reduktive
Dimerisierungen hinwiesen, da sowohl irreversible Reduktionswellen als auch eine Vielzahl von
Ereignissen, fiir die die Zusammengehorigkeit von Redox-Wellen nicht immer eindeutig bestimmt

werden konnte, gefunden wurden.

Auf Grundlage der Daten aus elektrochemischen Untersuchungen wurden chemische Redox-
Studien an den ATI-Komplexen durchgefiihrt. Die Reduktion von 3 und Li-12 mit starken
Reduktionsmitteln in Form der entsprechenden Alkalimetalle fiithrte, wie in der Literatur fir
[Na-12-thf]» beschrieben, zur chemoselektiven, chemisch reversiblen Bildung von Dimeren
(Schema 34).391 Die Regioselektivitit der Dimerisierung wurde mafdgeblich durch die Art des

Zentral-Atoms sowie das Substitutionsmuster an den Stickstoffatomen des Liganden und die
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damit zusammenhdngende Spindichteverteilung in Radikalintermediaten beeinflusst. Zudem
schienen Aggregationsprozesse der Radikalspezies in Losung eine Rolle zu spielen. Die
Diastereoselektivitat stand im Zusammenhang mit den gewdhlten Reaktionsbedingungen. Fiir das

Dimerisierungsprodukt von 3 lagen das rac- und meso-Isomer in einem Gleichgewicht vor.

[Li]< _R
R L. N
| \N H
N 2 Li iPr’

2 - /[LI] _IiPr
N 2 AgBF, H N
iPr N [L]

R™ “[Li]
R
N
S[L]
2 [L]
I\II/ R = iPr, Ph
iPr [Li] = Li(L),
Radikalintermediat L = thf, dme

Schema 34: Reversible, reduktive Dimerisierung von [Li(ATI®/#r)] (3) und [Li(ATIPM/#r)] (Li-12).

dme = Dimethoxyethan.

Bei Reduktionsversuchen der Nitro-substituierten sowie der Lithium- und Natrium-sulfinyl-
substituierten Komplexe mit starken Reduktionsmitteln konnten keine Reduktionsprodukte,
sondern lediglich unverbrauchtes Edukt isoliert werden. Die Umsetzung von
[K(Ph(0)S-ATIr/ir)] (5-Ph(0)S) mit elementarem Kalium fiihrte zum Reduktionsprodukt 5-red,
fiir welches mit Hilfe NMR-spektroskopischer Daten ein Strukturvorschlag gemacht werden
konnte. Eine abschliefRende Klarung der Struktur von 5-red mit Hilfe von

Einkristallrontgenstrukturanalyse ist noch ausstehend.

Um eine Stabilisierung ligandzentrierter Radikale und damit eine Isolierung von radikalischen
ATI-Spezies zu ermdoglichen, kénnten die Substituenten an den Stickstoffatomen der bereits
untersuchten riickgartsubstituierten ATI-Komplexe bzw. der Riickgratsubstituent selbst variiert
werden. Eine Kombination aus mesomeren und induktiven Effekten, die zu einer Verringerung
der Elektronendichte im ATI-Riickgrat fiihrt, scheint fiir die Wahl der Liganden sinnvoll.
Beispielsweise konnten Phenyl- anstatt Isopropyl-Substituenten an den Stickstoffatomen und

Substituenten mit elektronenziehenden CF3-Gruppen am ATI-Riickgrat verwendet werden.

Das Auftreten eines unter elektrochemischen Bedingungen irreversiblen Oxidationsereignisses
fiir den Natrium-Komplex 4-NO2, sowie die einzigartige Struktur der Kronenetherverbindung

[Na(12-Krone-4);][Na(NO,-ATI®r/iPr)] (4-NO2-(12K4),), veranlasste zu einer Untersuchung des
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Verhaltens der Nitro-Komplexe unter oxidativen Bedingungen. Unter Verwendung der
Oxidationsmittel NOSbF¢ Ferroceniumchlorid und Tropylium-BArFf (BArf = B(3,5-(CF3)2-C¢H3)4))
konnten allerdings keine Produkte einer Einelektronenoxidation isoliert werden. Die Umsetzung
von 4-NO2, 4-NO;-(12K4); und 4-NO.-(15K5) mit dem Oxidationsmittel Silbertetrafluoroborat
lieferte die ersten monometallischen Silber- sowie gemischtmetallischen Natrium-Argentat-ATI-
Komplexe (Abbildung 42). Schwierigkeiten bei der Entfernung von wahrend der Salzeliminierung

gebildeten Boratsalzen erschwerte allerdings eine vollstandige Charakterisierung der Komplexe.

Durch die Darstellung des Silber-Komplexes 6-NO. iiber eine alternative Syntheseroute,
beispielsweise ausgehend vom Kalium-Komplex durch Umsetzung mit AgCl oder AgNO3, kdnnte
die Bildung schwer zu entfernender Borat-Salze vermieden werden, was die selektive Synthese
der Silber-Verbindung, sowie deren vollstindige Charakterisierung ermdoglichen wiirde.
Ausgehend davon waren die Argentat-Komplexe durch Umsetzung von 6-NO; mit den
entsprechenden Alkalimetall-Kronenether-Komplexen zuginglich. Auflerdem kdnnte 6-NO2 zur
Synthese Nitro-substituierter Bismut-ATI-Spezies in Salzeliminierungen genutzt werden. Die ATI-
Argentate konnten zum Beispiel auf ihre Eignung als Argentierungsreagenzien, fir
funktionalisierte Aromaten hin untersucht werden. Ahnlich zu Organocupraten konnten die
funktionalisierten Organoargentate, die nicht iiber die klassischen Syntheserouten ihrer
Kupferanaloga, wie Oxidation, Hydrometallierung oder Halogen-Metall-Austausch dargestellt

werden konnen, in der organischen Synthese eingesetzt werden.
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° % o

o Ag
o

Abbildung 42:  Strukturen im  Festkorper von a) [Ag(NO2-ATI?/P)(py)] (6-NO2z-py),
b) [Na(15-Krone-5)Ag(NO2-ATIP/Pr);] (7-NO2-(15K5)) und c) [Na(12-Krone-4)2][Ag(NOz-ATIPr/iPr),]
(7-NO2-(12K4)2). Die Kohlenstoffatome des Pyridin-Molekiils in a) und die Kohlenstoffatome der

Kronenether-Molekiile in b) und c) sind im Drahtmodell dargestellt.

Oxidationsversuche von 4-NO2-(12K4), mit Ph3CCl fiihrten ebenfalls nicht zu oxidierten Spezies,
sondern Zu dem triphenylmethyl-substituierten Komplex
[Na(12-Krone-4)2(3-Ph3C-5-NO,-ATI#r/iPr)]  (4-NO2-Ph3C-(12K4):). Wahrend elektrophile
aromatische Substitutionen an ATI-Liganden bereits literaturbekannt sind,[83l wurde diese Art der
Reaktion an ATI-Komplexen hier erstmals beobachtet. Das neuartige Reaktionsverhalten konnte
auf weitere, im Riickgrat substituierte und unsubstituierte Natrium-ATI-Komplexe iibertragen
werden. Die Komplexe 4-NO2-Ph3C-(12K4), sowie [Na(3-PhzC-5-Ph(0)C-ATIPr/iPr)]
(4-Ph(0)C-Ph3C) konnten unter den gewahlten Reaktionsbedingungen nur in geringen
Ausbeuten isoliert werden. Die Synthese der einfach und zweifach Ph;C-substituierten Komplexe
[Na(Ph3C-ATIPt/Pr)] (4-PhzC) und [Na(3,5-bis(PhzC)-ATIPr/iPr)] (4-(Ph3C)2) lieferte unter
dhnlichen Reaktionsbedingungen gute Ausbeuten (Abbildung 43).
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Abbildung 43: Struktur im Festkorper von a) [Na(PhsC-ATIP?/®r)(thf);] (4-PhsC-(thf)z) und
b) [Na(3,5 bis(PhsC)-ATIPr/iPr)(thf)2] (4-(PhsC)2-(thf)z). Die Kohlenstoffatome der PhsC-Substituenten in
b) und die Kohlenstoffatome der THF-Molekiile in a) und b) sind im Drahtmodell dargestellt.

Eine selektive Darstellung von 4-NO2-PhsC-(12K4); und 4-Ph(0)C-PhsC sollte durch eine
Optimierung der Reaktionsbedingungen der Synthese moglich sein. Die Oxidationsversuche mit
den gewdhlten Oxidationsmitteln zeigen auf, dass, je nach Reagenz, bevorzugt Salzeliminierungen
bzw. elektrophile aromatische Substitutionen stattfinden. Die elektrophile aromatische
Substitution bietet Zugang zu Komplexen mit sterisch stark abgeschirmtem Riickgrat. Durch
Verwendung unterschiedlicher Elektrophile konnte die Synthese weiterer riickgratsubstituierter
ATI-Komplexe, die nicht iiber konventionelle Syntheserouten dargestellt werden kénnen, zum
Beispiel weitere alkyl- oder arylmethyl-funktionalisierte ATI-Komplexe, moglich sein. Der
sterische Einfluss der Triphenylmethyl-Reste sowie ein verandertes Kristallisationsverhalten der
Ph3C-substituierten Komplexe im Vergleich zu den Stammverbindungen kénnte dazu beitragen,
reduktiv generierte Radikalspezies zu stabilisieren und somit eine Isolierung dieser zu

ermoglichen.

Synthese der Bismut-Komplexe. Ausgehend von den Alkalimetall-ATI-Komplexen wurden
Bismut-ATI-Komplexe in  Salzeliminierungsreaktionen dargestellt (Schema 35). Die
homoleptischen Komplexe [Bi(ATIF¢/iPr)3] (Bi-15) und [Bi(ATIPh/Pr);3] (Bi-12) konnten in guten
Ausbeuten isoliert werden. [Bi(ATI®/iPr);] (10) dagegen konnte aufgrund seiner geringen
Stabilitdt in Losung nur in sehr geringen Mengen erhalten werden, die keine vollstindige
Charakterisierung zuliefien. Heteroleptische Bismut-Chloro-Komplexe des im Riickgrat
unsubstituierten Liganden H-ATI®r/iPr (1) konnten aufgrund ihrer schlechten Loslichkeit in
gangigen organischen Losungsmitteln nicht in analysenreiner Form isoliert werden. Aufierdem
wurde bei der Synthese von [Bi(ATIP/Pr),Cl] (8), [Bi(ATIF#r),Cl] (BiCl-15),
[Bi(Ph(0)S—-ATI®r/ir),I] (11-Ph(0)S) und [Bi(NO,-ATI®/iPr),Cl] (8-NO2) die Entstehung
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signifikanter Mengen der jeweiligen Dihalogenid-Spezies und des protonierten Liganden
beobachtet. Aufgrund der Stabilitit von Bismut-Komplexen mit dem Liganden H-ATIPh/Pr im
Vergleich zu den zuvor beschriebenen Beobachtungen, kann vermutet werden, dass ein hoherer
sterischer Anspruch der stickstoff-gebundenen Substituenten (iPr bzw. Fc im Gegensatz zu Ph)
sowie die elektronenziehenden Eigenschaften des NO;- bzw. S(O)Ph-Substituenten die Stabilitat
der Bismut-Komplexe beeinflussen. Die Bildung der heteroleptischen Komplexe ([Bi(ATI).X] vs.

[Bi(ATI)X:]; X = Halogen) scheint zudem i{iberwiegend thermodynamisch kontrolliert zu sein.

R! R!
Ill [
o2 =N . BiX, , =N
n —_— R i
L Ry P
R2 R2
n

R! = iPr; R? = iPr, Ph, Fc; R® = H, Ph(0)S, NO,
[M] = Na(L),, K(L),; L = Neutralligand

Schema 35: Synthese von homo- und heteroleptischen Bismut-ATI-Komplexen.

Die selektiv synthetisierbaren heteroleptischen Bismut-ATI-Komplexe [Bi(ATIFe/iPr)Cl;]
(BiClz-15), [Bi(Ph(O)S-ATI®/#r),Cl]  (8-Ph(0)S), [Bi(Ph(0)S-ATI®/#r)Clz] (9-Ph(0)S),
[Bi(S(O)Ph-ATI®r/iPr)[;] (11-Ph(0)S) und [Bi(NO2-ATI®r/Pr)Cl;] (9-NO2) kénnten zukiinftig als

Vorlaufer fiir niedervalente Bismut-Spezies dienen.

Koordinationschemie der Bismut-Komplexe. [Bi(ATIF¢/r);] (Bi-15) zeigte im Festkorper eine
mer-Konfiguration, fiir [Bi(ATIPh/iPr);] (Bi-12) konnte dagegen das fac-Isomer gefunden werden.
Die strukturell charakterisierten Bismut-Chloro-Spezies zeigten intermolekulare Bismut-Chlor-
Wechselwirkungen, die eine Lewis-Aciditit der Verbindungen andeuten und zu
Koordinationspolymeren fiihrten. In [Bi(ATIF¢/PPr)Cl;]e ([BiCl2-15]) und [Bi(NOz-ATIPr/iPr)(Cl,]
(9-NO2) wurden zudem erstmals m-n-Wechselwirkungen des ATI-Riickgrats zweier benachbarter
Molekiil-Einheiten beobachtet (Abbildung 44). Die ditopen Eigenschaften des ATI-Liganden,
welche zuerst in Form von Metall-Aren Wechselwirkungen beobachtet wurden, konnten damit

um Aren-Aren-Wechselwirkungen erweitert werden.
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Abbildung 44: Struktur im Festkorper von [Bi(NOz2—-ATIPr/iPr)Clz] (9-NO2z) mit intermolekularen Bi:--Cl und

Aren-Aren Wechselwirkungen.

In Anlehnung an die Synthese von neutralen Bismut-ATI-Komplexen konnten auch kationische
Verbindungen in Salzeliminierungen dargestellt werden. Komplexe mit Triflat-Gegenion
kristallisierten als Kontaktionenpaare, Verbindungen mit [SbFs¢]- als Gegenion als
solvensseparierte lonenpaare und unter Verwendung des schwach koordinierenden
[BArF]~-Gegenions erhielt man freie Bi-ATI-Kationen mit schwachen Bi:--Fluor Wechselwirkungen
zum Gegenion (Abbildung45). VT-NMR-spektroskopische Untersuchungen sowie eine
Linienformanalyse liefen annehmen, dass die sterische Umgebung in neutralen und den
entsprechenden kationischen Komplexen mit dem Liganden H-ATIPWiPr dhnlich ist, was auf
orbitalbasierte Bismut-Ligand Wechselwirkung hindeutet. Mit Hilfe der Gutmann-Beckett
Methode konnte gezeigt werden, dass die Lewisaciditit der kationischen Komplexe mit

Akzeptornummern von 21-29 gering ist.

) by € ) =
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Abbildung 45:  Strukturen im Festkorper der Bismut-Kationen a) [Bi(ATIPYPr);(thf)][OTf]
b) [Bi(ATIFMPr);(thf)][SbFs] und c) [Bi(ATIFwiPr);][Barf], OTf = O3SCFs; BArf = B(3,5-(CF3)2-CeHs)4. Die
Kohlenstoffatome der THF-Molekiile in a) und b), die Kohlenstoffatome des BarF-Gegenions in c) sowie die

Kohlenstoffatome aller stickstoffgebunden Isopropyl- und Phenyl-Reste sind im Drahtmodell dargestellt.
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Redox-Verhalten der Bismut-Komplexe. Die Redox-Eigenschaften ausgewahlter Bismut-ATI-
Komplex wurde mit Hilfe cyclovoltammetrischer Messungen untersucht. Der homoleptische
Bismut-Komplex Bi-15 zeigte unter oxidativen Bedingungen drei reversible, ferrocenyl-basierte
und damit ligandzentrierte Redox-Ereignisse. Die Separierung der Redox-Wellen lief} auf eine
elektronische Kommunikation der drei Ferrocenyl-Reste schliefden. Diese Annahme konnte durch
DFT-Rechnung unterstiitzt werden. Unter reduktiven Bedingungen zeigten die homoleptischen
Komplexe Bi-15 und Bi-12 ligandzentrierte Ereignisse, die dhnliches, wie das fiir den Natrium-
Komplex [Na-12-thf]., gefundene, Verhalten der Komplexe vermuten lassen. Fiir die Bismut-
Kationen dagegen konnten partiell reversible bzw. quasireversible Redox-Ereignisse gefunden
werden. DFT-Rechnungen an einer reduzierten [Bi(ATI):]*-Radikalspezies zeigten die
Lokalisierung eines signifikanten Anteils an Spindichte auf dem Bismutatom. Es konnte somit von
einem Bismut-zentrierten Radikal gesprochen werden. Anhand des Vergleichs neutraler und
kationischer Bismut-ATI-Komplexe konnte gezeigt werden, dass die Redox-Eigenschaften durch

die Ladung der Komplexe kontrollierbar sind.

Die Generierung isolierbarer Bismut-ATI-Radikalspezies war bisher nicht maoglich, sollte aber
durch die Wahl geeigneter Substituenten am ATI-Liganden sowie die Ladung der Komplexe
realisierbar sein. Dabei sollten, dhnlich wie bei den Alkalimetall-Komplexen, Substituenten mit

elektronenziehenden Eigenschaften und hohem sterischen Anspruch vorteilhaft sein.
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Summary and outlook

Some of the results in this summary have already been published in references [62]-[69].

The structural investigation of alkali metal complexes of the aminotroponimine (ATI) ligand
H-ATIPPr revealed that its coordination chemistry reaches beyond the commonly observed k2N
coordination mode.[61l Electrochemical and chemical redox studies of the H-ATIPh/#r ligand and
its sodium and rhodium complexes demonstrated the redox activity of the ATI system.[391 These
findings motivated an extended exploration of the coordination and redox properties of this
ligand class and their metal complexes. In the context of this work, the focus was not only on the
investigation of the influence of the substitution pattern at the nitrogen atoms and at the C;
backbone of the ligand with different steric and electronic parameters, but also on studying the
influence of the metal centre. In addition, bismuth ATI complexes were synthesised and their

redox properties were analysed.

Ligand synthesis. A series of literature-known (H-ATI®viPr (1), H-ATIPh/iPr (12),
H-ATIPh/Ph (13))171 1071 and new (ATFc (14), H-ATIF</iPr (15), H-ATIPhSMe/iPr (16)) aminotropone
(AT) and aminotroponimine (ATI) ligands with different substituents at the nitrogen atoms and
literature-known ATI ligands with substituents at the C5 position at the C7 ring (Ph(0)S-ATI#r/ifr
(1-Ph(0)S), NO-ATI®r/iPr (1-NO2))[791 were synthesised. The standard procedure is a two-step
synthetic route, starting with tosyloxytropone (Scheme 28, top).

R
o L OEtBF, |

C;E 2) exc. H,NR' @iN
NH NH
R R

0 AT ATI
n H,NR
—_—
without *
0 R iPr

i auxiliary base | |
Ts —N _N\

metal base

R =iPr, Fc; R' = iPr
M = Li, Na, K SAI

Scheme 28: Synthetic route to aminotroponimines (ATIs) (top). For R=iPrandn=10orR=Fcandn=1
and without adding an additional auxiliary base, the salicylaldimine (SAI) derivative was isolated as a by-

product. Metalation of the SAI derivative (bottom). Ts = SO2-p-(C¢HsMe).

In the synthesis of isopropyl aminotropone and ferrocenyl aminotropone under standard
conditions, the salicylaldimine (SAI) derivatives SAIPr and SAIFc were isolated as by-products in
low yields of 3-4%. Modification of the reaction conditions resulted in a significant increase of

ring contraction, which led to the formation of the SAI ligands. This reaction pathway was
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explicitly addressed and turned into the main pathway. The reaction of the SAIr ligand with the
corresponding metal base yielded the alkali metal complexes. The sodium complex Na-SAIPr
showed a double heterocubane structure in the solid state and represents the first example in
which this structural motif was realised in complexes without further donor substituents in the
ligand periphery (Figure 39a). The structure in the solid state of the potassium complex was
elucidated as the 18-crown-6 adduct K(18K6)-SAI*r (Figure 39b). It has been shown, that in
solution the complexation with the neutral donor 18-crown-6 induces a reversible E/Z
isomerisation of the aldimine C-N double bond. Stoichiometric reaction of two alkali metal
complexes or the reaction of the lithium and sodium complexes in a ratio 1:1, 1:3 and 3:1 led to
the mixed metal SAI complexes. Complex [LizsNa(SAI)4(thf),] (LisNa-SAIPr-(thf),;) was the first
structurally characterised s-block metal SAI complex of this type (Figure 39c). It was shown by
NMR spectroscopy, mass spectrometry, single-crystal X-ray diffraction analysis as well as DFT
calculations that these complexes exist in an equilibrium of species with different degrees of

aggregation.

a) 7 D) — 0

Figure 39: Molecular structures of Na-SAIPr, K(18K6)-SAI‘Pr and LisNa-SAI‘Pr-(thf): in the solid state. The
carbon atoms of the SAI units in a) and c), as well as the carbon atoms of the crown ether in b) and of the

THF molecules in c) are shown in the wire frame model.

The literature-known synthesis of the backbone substituted ATI ligands proceeds either in a one-
step reaction starting with the unsubstituted ligand via an electrophilic aromatic substitution for
1-NO: or in a three-step synthesis with 1-Br as an isolated intermediate, followed by a
nucleophilic aromatic substitution and oxidation yielding 1-Ph(0)S.[71 In accordance with the
literature, 1-NO2 could only be isolated in yields of 19% using the literature-known synthetic
route. Variation of the reaction conditions in terms of the choice of solvent, the reaction
temperature and time did not increase the yield. However, the synthesis of 1-NO; via ligand 1-Br
following the synthesis of 1-Ph(0)S was investigated and represents an interesting starting point

for future syntheses. However, the observed product distribution was strongly varying with
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different reaction conditions, which was further emphasised by the isolation of the ring
contracted by-product 2, which was the only isolable species from a reaction with increased

temperature and prolonged reaction time (Scheme 29).
{Pr {'Pr {Pr 0 Y
=N NaNO, _N _N ’ NH
Br > O,N + Br +
NH DMSO NH NH NH

| |
iPr iPr iPr )\

1-Br 1-NO, 1-Br 2
110 °C, 7 d: <42% 221% not found
150°C164d: <5% <5% 5%

Scheme 29: Synthesis of 1-NO2z starting with 1-Br under different conditions. [a] Varying yields were

received for different reaction approaches.

Synthesis of the alkali metal complexes. The neutral ATI (and AT) ligands were reacted with
alkali metal bases to synthesise the corresponding alkali metal complexes (Scheme 30). The use
of n-butyllithium as lithiating agentled to the desired complex [Li(ATIPh/Ph)(Et;0),] (Li-13) as well
as a by-product resulting from an addition of n-butyllithium to the C; backbone. In the addition
product, the n-butyl group is located at the C1 position of the ligand and the lithium atom located
in the N,N binding pocket.

The NMR spectroscopic characterisation of the complexes without substituents in the backbone
was in accordance with the expected resonances for complexes with a symmetric (R! = R?) or an

unsymmetric (R! # R?) substitution pattern at the nitrogen atoms of the ligand.

3 X metal base 3 X\
R THF > R /M (L)y
NH N

R? R?

X = 0, NR%; R! = iPr, Ph;

R? (for X = 0) = iPr, Fc (ferrocenyl);

R? (for X = NR') = iPr, Fc, Ph, PhSMe;

R3 = H, Ph(0)S, NO,; L = neutral ligand; M = Li, Na, K

Scheme 30: Synthesis of the alkali metal ATI and AT complexes.

In their NMR spectra, the sodium and potassium complexes 4-NO2 and 5-NO2 with the nitro group
in the C5 position revealed an E,E/E,Z isomerisation, which is a new phenomenon in ATI
chemistry. Due to the electron withdrawing effect of the nitro group, a shift of the m-electron

density towards the backbone substituent is suggested. Furthermore, the nitro group can act as a
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binding site for metal atoms. As a consequence there are three different isomers possible for the
complexes (Scheme 31). NMR spectroscopic investigations as well as DFT calculations give

evidence of this type of isomerisation to be relevant in solution.
) O\+ /N\ + /0\+ =N /O\+ =N
/N— /[M] [M]\ ,N_ [M]\ /N_ S J\
-0 ~N 0 ~N 0 N

N-EE O-EE O-E,Z

Scheme 31: Schematic representation of possible isomers of the alkali metal ATI complexes with a nitro

group. [M] = Li, Na, K.

Coordination chemistry of alkali metal complexes. The structural characterisation of the alkali
metal complexes revealed a variety of possible coordination modes. Besides one complex with the
so far predominantly observed k2N coordination mode (Scheme 32, A, for [Na(ATIPh/Ph)(Et,0);]
(Na-13)), further examples of complexes were found in which an interaction of the metal atom
with the C; backbone of a neighbouring monomer unit occurs, which was first discussed in the
literature for the sodium complex [Na(ATIFvPr)(thf)]. ([Na-12-thf]e) (Scheme 32, B, for
[Na(ATIPr/iPr)(thf)] ([4-thf]o) and [K(ATI®r/Pr)(thf)] ([5-thf]e)). DFT calculations showed, that
the tendency towards the formation of cation m-interactions decreases with increasing electron
withdrawing character of the substituents at nitrogen due to a concomitant lowering of the HOMO
of the complex. A decrease of the LUMO level with increasing group electronegativity of the
substituents at nitrogen rises the potential for M—ATI backbonding. Due to metal-arene
interactions, two additional structural motifs were observed (Scheme 32, C for [K(ATIPh/Ph)], and
D for [Li(ATIPh/Ph)]s). The bridging properties of the ligands in coordination modes B-D led to the

formation of coordination polymers in the solid state.

R (MJ R [M{ R R
/N\ O /N\ N /N/‘[M] /N\
mo O xrom 7 Crom
©:l}l/ \/ l\ul/ e Nov M’ N
R R R (M p
A B C M
D

Scheme 32: Coordination modes of alkali metal complexes without substituents in the backbone.

As expected due to the electron withdrawing nature of the backbone substituents, the complexes
with sulfinyl and nitro substituents did not show any metal arene interactions with the C;

backbone. Instead, these groups acted as donors saturating the coordination sphere of the metal
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atom of adjacent units (Scheme 33). The bridging character of the ligands again led to the

formation of coordination polymers in the solid state.

M M

R R | R
\ N N + N
) ~ > S o Z >[M]
N/ N/ M']—q \N/
R R R
E F G

Scheme 33: Coordination modes of alkali metal ATI complexes with substituents in the ligand backbone.

The more pronounced double bond character of C-N bonds as well as more localised C-C double
bonds in the complexes [Li(NO-ATIP/iPr)(py)] ([3-NO2-pylw), [Na(NO,-ATI®r/Pr)(py)]
([4-NOz-pylw) and [K(NO2-ATIPr/Pr)(py)] ([5-NO2-pyle) as compared to the unsubstituted
parent compounds corroborates a shift of m-electron density towards the nitro group. The
reduced delocalisation of m-electron density was also reflected in an out of plane twisting of the
ATI backbone. Twist angles of up to 39° significantly exceeded the angles for literature known

(semi-)metal complexes.[78l

The influence of neutral donor ligands on the coordination chemistry of alkali metal complexes
and thus on the stability of cation-m-interactions was investigated in reactions of selected
complexes with PMDTA and crown ethers. As expected, a break-up of the polymeric structure and
the formation of a monomeric complex was induced for [Na(ATIPh/iPr)(thf)] ([Na-12-thf]o) when
reacted with the tridentate donor ligand PMDTA. In contrast, the reaction of [4-thf]. and
[Na-12-thf]. with crown ethers led to a ligand induced disproportionation and the formation of
the sodium sodiate complexes [Na(12-crown-4);][Na(ATIP?/Pr),] (4-(12K4).) and
[Na(12-crown-4)2][Na(ATIPh/iPr),] (Na(12K4)2-12) (Figure 40a). The stoichiometric reaction of a
sodium and a potassium complex led to the first mixed metal potassium sodiate ATI complexes,
where the softer potassium cation interacts with the C; backbone of two neighbouring [Na(ATI):]-

units, resulting in a polymeric structure in the solid state (Figure 40b).
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a) ® &0

Figure 40: a) Molecular structure of [Na(12-crown-4)2][Na(ATIPh/Pr);] (Na(12K4)2-12) in the solid state.
b) Cutout of the solid-state structure of [KNa(ATI®?*/Pr);(thf)2]«. The carbon atoms of the crown ether in a)
and the carbon atoms of the THF molecules in b) as well as the carbon atoms of nitrogen-bound substituents

in a) and b) are shown as wire frame.

The relationship between structure and reactivity was analysed for the sodium and the mixed
metal complexes on the basis of their activity as initiators in the ring opening polymerisation of
g-caprolactone. The complexes with a [Na(ATI);]- moiety are more active initiators than
complexes with a neutral [Na(ATI)] moiety. However, a poor molecular weight control was
observed in THF. The toluene soluble complex [Na(ATIPh/#r)(thf)] combined a good catalytic
activity with an excellent molecular weight control for polymerisations in this solvent. In
combination, these results are superior to those of literature established alkali metal initiators for

the polymerisation of e-caprolactone.

In analogy to the unsubstituted parent compounds, the reaction of [Na(Ph(O)S-ATI®r/iPr)]
(4-Ph(0)S) with 12-crown-4 resulted in the formation of the sodium sodiate complex
[Na(12-crown-4);][Na(Ph(O)S-ATI®r/iPr);] (6-Ph(0)S). The complex 4-NO; with a nitro
substituent, on the other hand, led to the formation of the adduct
[Na(NO2-ATI#r/iPr)(15-crown-5)] (4-NO2-(15K5)), when reacted with 15-crown-5. For the
reaction with two equivalents of 12-crown-4 the formation of an ATI anion, which does not
undergo any directional bonding interactions with the [Na(12-crown-4);] cation was observed
(Figure 41). 4-NO2-(12K4): is thus the first structurally characterised ATI compound with a free
ligand anion. The reaction of [K(NO,-ATI®r/iPr)] (5-NO2) with 18-crow-6 yielded the potassium
complex [K(NO,—-ATIPr/iPr)(18-crown-6)] (5-NO2-(18K6)) analogous to 4-NO2-(15K5). The twist
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of the ATI sceleton is even more pronounced for the crown ether complexes than for the parent

compounds without crown ethers.

a) b) // : ‘/

Figure 41: Molecular structures of a) [Na(NOz-ATI®r/Pr)(15-crown-5)] (4-NO2-(15K5)) and
b) [Na(12-crown-4)2][Na(NO2-ATI*r/iPr)] (4-NO2-(12K4)2z) in the solid state. The carbon atoms of the

crown ethers are shown as wire frame.

For 4-NOz-(15K5), 4-NO2-(12K4); and 5-NO2-(18K6) an E,E/E,Z isomerisation was observed in
solution, as for their parent compounds, but only the E,Z isomers were found in the solid state.
DFT calculations confirmed these as the energetically most favourable isomers of the crown ether

complexes. For 4-NOz-(12K4): a linear transition state with an energy barrier of

AG* = 26.6 kcal'mol-! from the E,Z to the E,E configuration was determined by DFT calculations.

The flexibility, coordination chemistry, and reactivity of ATI complexes and thus can be
significantly influenced by the following parameters: i) choice of the substituents at the nitrogen
atoms and at the C7 backbone of the ligand, ii) choice of the central atom in the N,N binding pocket
or at the backbone substituent, and iii) by the complexation with neutral donor ligands. In the
future, these insights will help to enable the synthesis of ATI complexes with desired properties

for applications in coordination chemistry, redox chemistry and catalysis.

Redox behaviour of the alkali metal complexes. Electrochemical investigations of ATI ligands
and their complexes were conducted using cyclic voltammetry. Under oxidative conditions, redox
events were found for compounds with and without substituents in the ligand backbone, which
were attributed to an irreversible ligand oxidation. The introduction of the redox-active
ferrocenyl substituent at the nitrogen atom led for the first time to ATI compounds with
reversible, ligand-centred redox events under oxidative conditions. Complexes with sulfinyl

substituent in the backbone showed irreversible oxidation events possibly corresponding to an
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oxidation of the sulfinyl group. In general, a shift towards more positive potentials was observed
for the oxidation potentials with increasing electron-withdrawing character of the substituents at
the nitrogen atoms and the ATI backbone. Under reductive conditions, an influence of both the
substituents at the nitrogen atoms and the central metal on the redox potentials of ligand-centred
reduction events was observed for the complexes [Li(ATI®/Pr)] (3) and [Li(ATIPh/iPr)] (Li-12)
compared to the literature known complex [Na(ATIPh/Pr)(thf)] ([Na-12-thf]«). The separation of
the reduction wave and the associated oxidation wave indicated a reductively induced
dimerization.3%9 Complexes with substituents at the ligand backbone show redox events that were
less clearly indicative of reductive dimerization, as both irreversible reduction waves and a

varying number of ill-defined redox events were observed.

Complementary to electrochemical investigations, chemical redox studies were carried out. The
reduction of 3 and Li-12 with strong reducing agents in the form of the corresponding alkali
metals led to the chemoselective and, chemically reversible formation of dimers, as it was
described in the literature for [Na-12-thf]e (Scheme 34).391 The regioselectivity of the
dimerization was significantly influenced by the nature of the central atom as well as the
substitution pattern at the nitrogen atoms of the ligand and the associated spin density in radical
intermediates. In addition, aggregation processes of the radical species seemed to play a crucial
role in solution. The diastereoselectivity was related to the chosen reaction conditions. For the

dimerization product of 3, the rac and meso isomers engaged in an equilibrium.

[Li]<. R
R g N
\
| /N H
N\ . 2 Li iPr
2 - /[LI] _iPr
N 2 AgBF, H N .
iPr N [L]
R™ [Li]
R
N
2 S [Li]
Li
I}I/[ ] R = iPr, Ph
iPr [Li] = Li(L),
radical intermediate L = thf, dme

Scheme 34: Reversible, reductive dimerization of [Li(ATI?/?r)] (3) and [Li(ATIPv®r)] (Li-12).

dme = dimethoxyethane.

In reduction experiments of complexes with nitro substituent as well as of the lithium and sodium
complexes with a sulfinyl substituent, no reduction products, but only starting material was

isolated. The reaction of [K(Ph(O)S—-ATI®/iPr)] (5-Ph(0)S) with elemental potassium led to the
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reduced species 5-red, for which a structure was proposed based on NMR spectroscopic data. A

final structural proof of 5-red by means of single-crystal X-ray analysis is still pending.

To enable a stabilisation of ligand centred radicals and thus an isolation of radical ATI species, the
substituents at the nitrogen atoms of the already investigated backbone-substituted ATI
complexes or backbone substituents themselves could be varied. A combination of mesomeric and
inductive effects leading to a reduction of the electron density in the ATI backbone seems to be
plausible for the choice of appropriate ligands. For example phenyl- instead of isopropyl-
substituents at nitrogen and substituents with electron-withdrawing CFs-groups in the ligand

backbone could be applied.

The occurrence of an electrochemically irreversible oxidation event for the sodium complex
4-NO;, as well as the unique structure of the crown ether compound
[Na(12-Krone-4)2][Na(NO,-ATI®r/Pr)] (4-NO2-(12K4):), prompted an investigation of the
behaviour of the nitro complexes under oxidative conditions. However, using the oxidants
NOSbFg, ferrocenium chloride, and tropylium-BArF (BArf = B(3,5-(CF3)2-C¢Hz)4)), no products of
one-electron-oxidation could be isolated. The reaction of 4-NO2, 4-NO:-(12K4). and
4-NO:-(15K5) with silver tetrafluoroborate gave the first monometallic silver as well as the first
mixed metal sodium argentate ATI complexes (Figure 42). However, difficulties in the removal of
borate salts formed during the salt elimination hampered a complete characterisation of the

complexes.

The preparation of the silver complex 6-NO; via an alternative synthetic route, for example by
reacting the potassium complex with AgCl or AgNO3;, should avoid the formation of borate salts
that are difficult to remove and may allow a selective synthesis as well as complete
characterisation of the complex. Based on this, the argentate complexes would be accessible by
reaction of 6-NO; with the corresponding alkali metal crown ether complexes. In addition, 6-NO>
could be used to synthesise nitro-substituted bismuth ATI complexes in salt elimination reactions.
The ATI argentates could be investigated in view of their suitability as argentation reagents for
functionalised aromatics. As their organocopper congeners, the resulting functionalised
organoargentates, which are not accessible via common synthetic routs applied for copper
derivatives like oxidation, hydrometallation, or halogen-metal exchange, can be used in organic

synthesis.
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Figure 42: Molecular structures of a) [Ag(NO2-ATIP/Pr)(py)] (6-NOz-py),
b) [Na(15-crown-5)Ag(NO2-ATIPr/iPr);] (7-NO2-(15K5)) and c) [Na(12-crown-4)2][Ag(NO2—-ATIPFr/iPr),]
(7-NO2-(12K4)z2) in the solid state. The carbon atoms of the pyridine molecules in a) and the carbon atoms

of the crown ether molecules in b) and c) are shown as wire frame.

Oxidation experiments of 4-NOz-(12K4). with Ph3CCl did not lead to oxidised species, but
resulted in the triphenylmethyl substituted complex [Na(12-crown-4);(3-PhzC-5-NO,-ATIPr/iPr]]
(4-NO2-Ph3C-(12K4)2). While electrophilic aromatic substitution reactions have been reported
for ATI ligands,83] this type of reaction has now for the first time been observed for ATI complexes.
This reaction behaviour was transferred to further backbone substituted and unsubstituted
sodium ATI complexes. Complex 4-NO.-Ph3C-(12K4), and [Na(3-Ph3C-5-Ph(0)C-ATI®Pr/iPr)]
(4-Ph(0)C-Ph3C) could only be isolated in low yields under the chosen reaction conditions. The
single and double Ph3C-substituted complexes [Na(Ph3C-ATIP/iPr)] (4-Ph3zC) and
[Na(3,5-bis(Ph3C)-ATI#r/iPr)] (4-(PhsC)2) could be obtained in good yields under similar reaction
conditions (Figure 43).
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Figure 43:  Molecular  structures of a)  [Na(PhsC-ATIPv/Pr)(thf);] (4-PhsC-(thf)2) and
b) [Na(3,5 bis(PhsC)-ATIPr/iPr)(thf)z] (4-(PhsC)z-(thf)z) in the solid state. The carbon atoms of the PhsC

substituents in b) and the carbon atoms of the THF molecules in a) and b) are shown as wire frame.

A selective preparation of 4-NO2-Ph3C-(12K4); and 4-Ph(0)C-Ph3zC might be possible by
optimising the reaction conditions. The oxidation experiments with the selected oxidising agents
show that, depending on the oxidising reagent, salt eliminations or electrophilic aromatic
substitutions take place preferably. Electrophilic aromatic substitution provides access to
complexes with sterically strongly shielded backbones. By using different electrophiles, the
synthesis of further backbone-substituted ATI complexes, for example further alkyl- or
arylmethyl-substituted complexes, which cannot be prepared via conventional synthetic routes,
might be possible. The steric influence of the triphenylmethyl substituents as well as an altered
crystallisation behaviour of the Phs;C substituted complexes compared to the parent compounds

could help to stabilise reductively generated radical species and thus enable their isolation.

Synthesis of the bismuth complexes. Using alkali metal ATI complexes as starting materials,
bismuth ATI complexes were prepared in salt elimination reactions (Scheme 35). The homoleptic
complexes [Bi(ATIFe/iPr);] (Bi-15) and [Bi(ATIPh/iPr)3] (Bi-12) were accessible in good yields. In
contrast, [Bi(ATI®r/iPr)3] (10) due to its low stability in solution was only obtained in very small
amounts, which did not allow for a complete characterisation. Heteroleptic bismuth-chloro
complexes with the ligand H-ATI#1/iPr (1) without backbone substituents could not be isolated in
analytically pure form due to their poor solubility in common organic solvents. In addition, the
synthesis of [Bi(ATI®/iPr),Cl] (8), [Bi(ATIFe/iPr),Cl] (BiCl-15), [Bi(Ph(O)S—ATIPr/iPr),[]
(11-Ph(0)S) and [Bi(NO,-ATI®t/iPr),Cl] (8-NO2) gave rise to significant amounts of the respective
dihalogenide species and the protonated ligand. The high stability of complexes with the ligand
H-ATIP/iPrin comparison to the above mentioned results suggests that the steric demand (iPr/Fc

versus Ph) of the nitrogen-bound substituents as well as the electron withdrawing character of
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the NO2- and the S(O)Ph-groups highly influences the stability of the bismuth complexes. The
formation of heteroleptic bismuth complexes ([Bi(ATI)2X] vs. [Bi(ATI)Xz; X = halide) seems to be

mostly thermodynamically controlled.

R! 1
! )
5 N BiX; , =N
n R N/[M] w’ R Bi(X)3.n
\ N
R? R

n
R! = iPr; R = iPr, Ph, Fc; R® = H, Ph(0)S, NO,
[M] = Na(L),, K(L),; L = neutral ligand

Scheme 35: Synthetic route to homo- and heteroleptic bismuth ATI complexes.

The selectively synthesised heteroleptic bismuth ATI complexes [Bi(ATIF</r)Cl;] (BiClz-15),
[Bi(Ph(O)S—-ATIPr/iPr),(ClI] (8-Ph(0)S), [Bi(Ph(0)S-ATI®r/iPr)Cl;] (9-Ph(0)S),
[Bi(S(O)Ph-ATI#r/iPr)[;] (11-Ph(0)S) and [Bi(NO:-ATIP/iPr)Cl;] (9-NO2) could serve as

precursors for low-valent bismuth species in the future.

Coordination chemistry of the bismuth complexes. [Bi(ATIF¢/*r);] (Bi-15) showed a mer
configuration in the solid state, whereas for [Bi(ATIPh/ir);] (Bi-12) a fac isomer was found. The
structurally characterised bismuth-chloro species showed intermolecular bismuth-chloro
interactions, suggesting a Lewis acidity of the complexes and leading to coordination polymers.
For [Bi(ATIF¢/iPr)Cl;]e ([BiCl2-15]«) and [Bi(NO2-ATIP/iPr)Cl;] (9-NO2) m-t interactions of the ATI
backbone of two neighbouring units were observed (Figure 44). The ditopic nature of ATI ligands,
which were observed in the form of metal-arene interactions first, could thus be extended to

include arene-arene interactions.
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Figure 44: Solid-state structure of [Bi(NO2-ATIP?/Pr)Clz] (9-NOz) with intermolecular Bi---Cl and

arene-arene interactions.
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Following the synthesis of neutral bismuth ATI complexes, it was possible to prepare cationic
compounds in salt elimination reactions. Complexes with triflate as a counteranion crystallised as
contact ion pairs, compounds with [SbFs]™ as counteranion crystallised as solvent-separated ion
pairs and using the weakly coordinating [BArF]- counteranion free bismuth ATI cations with weak
Bi---Fluorine interactions to the counterion were obtained (Figure 45). VT NMR spectroscopic
studies and line shape analysis suggested a similar steric environment in the neutral and
corresponding cationic complexes with the H-ATIFviPr ligand, indicating orbital-based bismuth
ligand interactions. It was shown by using the Gutmann-Beckett method that the Lewis acidity of

the cationic complexes with acceptor numbers of 21-29 is rather low.

c) *®

Figure 45:  Molecular  structures of the bismuth cations a)  [Bi(ATIPY®Pr),(thf)][OTf]
b) [Bi(ATIFM#r);(thf)][SbFe] and c) [Bi(ATIPh/#r);][Barf] in the solid state, OTf = 03SCF3;
BArF = B(3,5-(CF3)2-C¢H3)4. The carbon atoms of the THF molecules in a) and b), the carbon atoms of the
BArF counterion in c) as well as the carbon atoms of the nitrogen-bound isopropyl and phenyl substituents

are shown as wire frame.

Redox behaviour of bismuth complexes. The redox properties of selected bismuth ATI
complexes were investigated using cyclic voltammetry measurements. The homoleptic bismuth
complex Bi-15 showed three reversible, ferrocenyl based and thus ligand centred redox events
under oxidative conditions. The separation of redox waves suggested an electronic
communication between the three ferrocenyl substituents. This assumption was supported by
DFT calculations. Under reductive conditions, the homoleptic complexes Bi-15 and Bi-12 showed
ligand-centred redox events, suggesting a behaviour similar to that of the sodium complex
[Na-12-thf]w. In contrast, partially reversible or quasireversible redox events were found for the
bismuth cations. DFT calculations on a reduced [Bi(ATI):]* radical species showed a localisation
of significant parts of spin density on the bismuth atom. By comparing neutral and cationic
bismuth ATI complexes, it has been shown that the redox properties can be controlled by the

charge of the complexes.
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The generation of isolable bismuth ATI radical species has not been successful so far, but should
be realisable through the choice of suitable substituents on the ATI ligand as well as through the
charge of the complexes. Similar to the alkali metal complexes, substituents with electron

withdrawing properties and high steric demand should be advantageous.
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XIX Experimentalteil

1  Allgemeines

Alle oxidations- und hydrolyseempfindlichen Umsetzungen wurden mit Hilfe von
Schlenktechniken oder in Gloveboxen der Marke MBraun oder GSG unter Argonatmosphaire

durchgefiihrt. Losungsmittel wurden nach den gingigen Labortechniken getrocknet und entgast.

Die NMR-Spektren wurden an 400 oder 500 MHz NMR-Spektrometern der Marke Bruker
aufgenommen. Die *H- und 3C-Verschiebungen wurden relativ zu SiMe4 angegeben und die 'H-
und 13C-Verschiebungen des Losungsmittels als zweiter Standard genutzt. 7Li-Verschiebungen
und 23Na-Verschiebungen wurden relativ zu 1M LiCl in D0 bzw. 1M NaCl in D0 und
19F-Verschiebungen wurden relativ zu CFCl; angegeben. 1N-NMR-Verschiebungen wurden relativ
zu CH3NO2 (90% in CDCl3) angegeben und mit Hilfe von 2D 1H-15N-NMR-Korrelationsspektren
bestimmt. Wenn nicht anders angegeben, wurden alle NMR-Spektren bei 23 °C aufgenommen. Fiir
das quantitative, protonen-gekoppelte 1F-NMR wurde eine spektrale Breite von 212.54 ppm, ein
Offset O1P von -200 ppm, eine Aquisitionszeit von 1.98 s, 8 Scans und eine Delay-Zeit von 60 s
sowie 90° Puls genutzt. Fiir die Quantifizierung wurde folgende Formel genutzt

M([Na(12-Krone-4),][BF,]) I([Na(12-Krone-4), |[BF,])
M(K[BF(CN)3]) I(K[BF(CN)3])

m([Na(12-Krone-4), BE,]) =

N(K[BF(CN)s])
N([Na(12-Krone-4), |[BE,])

m(K[BF (CN)s3])

m = Masse der Einwaage, M = molare Masse, [ = Wert des Integrals, N = Anzahl der Protonen, die

das Signal reprasentiert.

Kristalle, die fiir eine Einkristallrontgenstrukturanalyse geeignet waren, wurden in
perfluoriertem Polyether6l aufgenommen und auf einer Nylon-Schleife auf das Goniometer
iiberfithrt. Die Einkristallrontgenstrukturanalysen wurden an einem Bruker X8-APEX II
Diffraktometer oder einem Bruker D8 Quest Diffraktometer mit
Mehrschichtspiegelmonochromatoren unter der Verwendung von MoKa-Strahlung oder an
einem Rigaku Oxford Diffraction XtaLAB Synergy Diffraktrometer mit einem Semiconduktor HPA-
Detektor (HyPix-6000) und Mehrschichtspiegelmonochromatoren unter der Verwendung von
CuKa-Strahlung durchgefiihrt. Die Strukturen wurden mittels direkter Methoden geldst, mit dem
SHELX-Softwarepaket verfeinert und mit Fourier-Expansion erweitert (G. Sheldrick, Universitat
Gottingen, 1997). Alle Nichtwasserstoffatome wurden anisotrop verfeinert, und die
Wasserstoffatome wurden auf idealisierten Positionen in die Strukturfaktorberechnung

einbezogen.
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Die Aufnahme der Cyclovoltammogramme wurde mit einem Gamry Instruments Reference 600
Potentiostat unter Argonatmospdhre durchgefiihrt und ein Standard-Messaufbau einer Drei-
Elektroden-Zelle mit einer Platin-Arbeitselektrode, einem Platindraht als Gegenelektrode und
einem Silberdraht als Referenzelektrode verwendet. Alle Messungen wurden in THF/0.1 M
[N(nBu)4][PFs] bei 23°C durchgefiihrt. Die erhaltenen Redoxpotentiale wurden auf das

Redoxpaar Ferrocen/Ferrocenium referenziert.

Die DFT-Rechnungen wurden von Dr. Crispin Lichtenberg mit dem Programm Gaussian 09 bzw.
Gaussian 16 und dem 6-31G(d,p) (H, Li, C, N, O)[208] bzw. 6-311G(d,p) (Na, K)[1991 Basissatz sowie
dem B3LYP Funktional durchgefiihrt.['10] Pyridin und THF Loésungsmittelmodelle wurden
angewandt. Die D3-Version von Grimmes Dispersionsmodell mit der urspriinglichen D3
Damfpungsfunktion wurde angewandt.l'1l Frequenzanalysen zeigten null imaginare Frequenzen
fir Grundzustinde und eine imaginire Frequenz fiir Ubergangszustinde. Thermodynamische

Parameter wurden bei einer Temperatur von 298.15 K und einem Druck von 1.00 atm berechnet.

Die Elementaranalysen (C, H, N) erfolgten an einem Vario Micro Cube der Firma Elementar

Analysesysteme GmbH.

Die Zuordnung der 1H- und 13C-Signale in den NMR-Spektren wurde nach folgendem Schema

vorgenommen.

Schema 36: Zur Signalzuordnung verwendete Nummerierung.

Nomenklatur der ATI-Liganden. X-ATIR/R" mit X = Substituent an C5-Position im ATI-Riickgrat,
R/R’ = Substituenten an den Stickstoffatomen des Liganden. In Komplexverbindungen wird X = H

weggelassen und alle ATI-Liganden liegen in ihrer monoanionischen Form vor.
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2 Synthese riickgratsubstituierter Aminotroponimine

Die literaturbekannten Liganden H-ATI®r/iPr (1), Br—ATI®r/iPr (1-Br), PhS-ATI®r/iPr (1-PhS) und
Ph(O)S-ATI®r/ier (1-Ph(0)S) wurden analog zu den Literaturvorschriften synthetisiert.
Ausbeuten und die 'H-NMR-spektroskopische Charakterisierung waren im Einklang mit der

Literatur.[70-71]

NO;-ATI®r/iPr (1-NO2)

Bis auf die Aufarbeitung wurden alle Schritte unter Argonatmosphare durchgefiihrt.

Zu einer Losung von Br—ATI®r/iPr (1-Br) (1.00 g, 3.53 mmol) in trockenem DMSO (20 mL) wurde
eine Losung von Natriumnitrit (256 mg, 3.71 mmol) in trockenem DMSO (20 mL) gegeben. Die
Mischung wurde bei 110 °C fiir 7 Tage geriihrt. Die Losung wurde mit einer Mischung aus
destilliertem Wasser (150 mL) und MTBE (150 mL) extrahiert. Die wéassrige Phase wurde mit
MTBE (3 x 100 mL) extrahiert. Die vereinten organischen Phasen wurden mit gesattigter
Natriumchloridlosung (40 mL) gewaschen und iiber Magnesiumsulfat getrocknet. Das
Losungsmittel wurde unter vermindertem Druck entfernt. Das Rohprodukt wurde
sdulenchromatographisch gereinigt (stationadre Phase: Siliciumdioxid, Laufmittel: n-Hexan/MTBE
10:1, 5 Vol% NEt3). Ausbeute: 365 mg (1.46 mmol, 42%) eines roten, kristallinen Feststoffs.
1H-NMR (400 MHz, CDCl3): 6=1.28 (d, 12H, 3/uu=6.3 Hz, CHMe;), 3.91-4.00 (sept, 2H,
3Jun = 6.2 Hz, CHMey), 6.23 (d, 2H, 3/un = 12.0 Hz, 3-H, 7-H), 8.05 (d, 2H, 3/un = 11.3 Hz, 4-H, 6-H)
ppm.

Fiir eine Synthese unter diesen Bedingungen wurde in Folgesynthesen eine schwankende

Ausbeute (5-13%) erhalten.

3,4-Bis(isoprpopylamino)benzaldehyd (2)

Zu einer Losung von Br—ATIP®v/iPr (1-Br) (293 g, 10.4 mmol) in DMSO (40 mL) wurde
Natriumnitrit (750 mg, 10.9 mmol) gegeben. Die Mischung wurde bei 150 °C fiir 16 Tage geriihrt.
Die Aufarbeitung wurde analog zur Aufarbeitung bei der Synthese von 1-NOz durchgefiihrt.
Wahrend der sdulenchromatograpischen Reinigung (stationdre Phase: Siliciumdioxid, Laufmittel:
n-Hexan/MTBE 10:1, 5 Vol% NEt3) wurde 3,4-Bis(isoprpopylamino)benzaldehyd als braunlicher
kristalliner Feststoff isoliert. Ausbeute: 108 mg, 490 pmol (5%).

1H-NMR (400 MHz, CDCl3): 6 = 1.23 (d, 6H, 3Juu = 6.2 Hz, 3-NCHMe;), 1.29 (d, 6H, 3/un = 6.2 Hz,
4-NCHMe;), 3.56-3.58 (sept, 1H, 3Jun = 6.2 Hz, 3-NCHMe;), 3.70-3.75 (sept, 1H, 3/un = 6.3 Hz,
4-NCHMe), 4.32 (br. s, 2H, NH), 6.65 (d, 1H, 3/un = 8.2 Hz, 5-H), 7.28 (s, 1H, 2-H), 7.36 (d, 1H,
3Jun = 7.9 Hz, 6-H), 9.71 (s, 1H, COH) ppm.13C-NMR (101 MHz, Pyridin-ds): § = 22.97 (s, 4-NCHMe),
23.07 (s, 3-NCHMe), 44.16 (s, NCHMe3), 45.42 (s, NCHMe), 109.26 (s, 5-C), 114.51 (s, 2-C), 126.66
(s, 3-C), 127.73 (s, 6-C), 133.97 (s, 1-C), 145.04 (s, 4-C), 190.99 (s, COH) ppm.
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Elementaranalyse: Ber. (%) fiir Ci13HzoN20 (220.32 g/mol): C:70.87, H:9.15, N:12.72, gef.
C:70.71,H: 9.19, N: 12.73.

3 Synthese riickgratsubstituierter Alkalimetall-Aminotroponiminat-Komplexe

[Li(Ph(0)S-ATI®/iPr)] (3-Ph(0)S)

Trimethylsilyl(methyllithium) (LiCH.SiMes, 31.0 mg, 330 pmol) wurde zu einer Ldsung aus
Ph(0)S-ATI®r/iPr (1-Ph(0)S) (102 mg, 311 pmol) in THF gegeben. Nach 5 Minuten Reaktionszeit
wurde das Losungsmittel im Vakuum entfernt. Der erhaltene gelbe Feststoff wurde mit Pentan
und Et;0 (je 4 x 2 mL) gewaschen. Kristalle wurden durch die Diffusion von Pentan (1 mL) in eine
Losung von 3-Ph(0)S (9.0 mg) in Pyridin (2 mL) erhalten. Ausbeute: 44 mg, 130 umol (mit
n =0.05 Aq. Et;0), 42% eines gelben Pulvers.

1H-NMR (500 MHz, Pyridin-ds): 6 = 0.92 (d, 6H, 3/uu = 6.3 Hz, CHMe;), 0.95 (d, 6H, 3Juu = 6.2 Hz,
CHMez), 1.14 (t, n x 6H, Et20), 3.34-3.38 (q, n x 4H, Et;0), 3.81-3.88 (sept, 2H, 3Juu = 6.2 Hz,
CHMe), 6.26 (d, 2H, 3Jun = 11.9 Hz, 3-H, 7-H), 7.32-7.35 (m, 3H, p-Ph, 4-H, 6-H), 7.44-7.46 (m, 2H,
m-Ph), 8.00-8.03 (m, 2H, 0-Ph) ppm. 13C-NMR (126 MHz, Pyridin-ds): 6 = 15.97 (s, Et20), 24.03 (s,
CHMe), 24.17 (s, CHMe;), 49.74 (s, CHMe), 66.24 (s, Et;0), 106.16 (s, 3-C, 7-C), 120.79 (s, 5-C),
125.67 (s, 0-Ph), 129.43 (s, m-Ph), 129.84 (s, p-Ph), 132.15 (s, 4-C, 6-C), 150.21 (s, Uiberlagert
durch Signale von Pyridin-ds, ipso-Ph), 164.07 (s, 1-C, 2-C) ppm. 7Li-NMR (194 MHz, Pyridin-ds):
6=3.24 ppm.

Elementaranalyse: Ber. (%) fiir C19H23LiN20S-(CsHsN) (413.51 g/mol): C 69.71, H 6.83, N 10.16,
S7.75; gef. C69.59,H7.17, N 10.45, S 7.40.

Der Anteil an neutralen Donorliganden (Et.0, THF, Pyridin) muss fiir jede Charge separat

bestimmt werden.

[Na(Ph(0)S-ATI®r/iPr)] (4-Ph(0)S)

Zu einer Losung von Ph(O)S-ATI®r/iPr (1-Ph(0)S) (150 mg, 457 pmol) in THF (3 mL) wurde
NaHMDS (84 mg, 457 pmol) gegeben. Nach 10 min wurde das Losungsmittel im Vakuum entfernt
und der beige Feststoff mit Toluol und Pentan (jeweils 2 x 3 mL) sowie mit Et;0 (3 x 3 mL)
gewaschen. Das Produkt wurde im Vakuum getrocknet. Ausbeute: 118 mg, 337 pumol, 74% eines
beigen Feststoffes.

H-NMR (400 MHz, THF-ds): 6=1.08 (d, 12H, 3/un=6.2 Hz, CHMe;), 3.64-3.73 (sept, 2H,
3Jun = 6.2 Hz, CHMey), 5.61 (d, 2H, 3/un = 11.9 Hz, 3-H, 7-H), 6.52 (d, 2H, 3/un = 11.8 Hz, 4-H, 6-H),
7.26-7.29 (m, 1H, p-Ph), 7.33-7.37 (m, 2H, m-Ph), 7.52-7.53 (m, 2H, o-Ph) ppm. 13C-NMR
(101 MHz, THF-dg): 6 = 24.04 (s, CHMe;), 24.23 (s, CHMe;), 50.00 (s, CHMe2), 103.97 (s, 3-C, 7-C),
114.20 (s, 5-C), 125.74 (s, 0-Ph), 128.83 (s, m-Ph), 129.25 (s, p-Ph), 131.80 (s, 4-C, 6-C), 148.89 (s,
ipso-Ph), 163.04 (s, 1-C, 2-C) ppm.
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Elementaranalyse: Ber. (%) fiir C19H23N2NaOS (350.46 g/mol): C 65.12, H 6.62, N 7.99, S 9.15; gef.
C 65.06,H 6.68, N 8.03, S 8.83.

[Na(12-Krone-4),][Na(Ph(0)S-ATIPr/ir),] (6-Ph(0)S)

12-Krone-4 (14 mg, 80 umol) wurde zu einer Losung von 4-Ph(0)S (28 mg, 80 umol) in DME
(1 mL) gegeben und mit Pentan (1 mL) libersichtet. Der ausgefallene kristalline Feststoff wurde
durch Filtration isoliert und im Vakuum getrocknet. Ausbeute: 23 mg, 22 mmol (mit n = 0.08 Aq.
DME), 28%.

1H-NMR (400 MHz, Pyridin-ds): 6 = 1.18 (d, 24H, 3Juu = 6.1 Hz, CHMe), 3.28 (s, n x 6H, DME-CH3),
3.51 (s, n x 4H, DME-CH;) 3.61 (s, 32H, Kronenether-CH:), 3.82-3.91 (sept, 2H, 3/un = 6.2 Hz,
CHMe), 6.00 (d, 2H, 3/un = 11.9 Hz, 3-H, 7-H), 7.16 (d, 2H, 3/un = 11.7 Hz, 4-H, 6-H), 7.28-7.32 (dd,
4H, 3Jun = 7.2 Hz, 3Jun = 7.6 Hz, p-Ph), 7.38-7.42 (dd, 4H, 3/un = 7.5 Hz, 3Jus = 7.8 Hz, m-Ph), 7.97 (d,
2H, 3Jun = 6.9 Hz, o-Ph) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 24.61 (s, CHMe;), 24.72 (s,
CHMe;), 50.28 (s, CHMe), 59.06 (s, DME-CH3), 68.04 (s, Kronenether-CH), 72.50 (s, DME-CH>),
104.66 (s, 3-C, 7-C), 116.68 (s, 5-C), 125.98 (s, 0-Ph), 129.23 (s, m-Ph), 129.51 (s, p-Ph), 132.25 (s,
4-C, 6-C), 150.44 (s, ipso-Ph ), 163.30 (s, 1-C, 2-C) ppm.

Elementaranalyse: Ber. (%) fiir Cs4H78Na;N4010S2 (1053.34 g/mol): C, 61.58; H, 7.46; N, 5.32; S,
6.09; gef.: C, 61.64; H, 7.55; N, 5.37; S, 6.07.

[K(Ph(O)S-ATI#/iPr)] (5-Ph(0)S)

Zu einer Losung von Ph(0)S-ATI#/i#r (1-Ph(0)S) (200 mg, 609 umol) in THF (3 mL) wurde
Kaliumhexamethyldisilazid (KHMDS, 134 mg, 672 pmol) gegeben. Nach 5 min wurde das
Losungsmittel im Vakuum entfernt und der gelbe Feststoff jeweils mit Toluol (3 x 2 mL) sowie mit
Pentan (4 x 4 mL) gewaschen. Das Produkt wurde im Vakuum getrocknet. Ausbeute: 161 mg,
428 umol (mit 0.1 Ag. Toluol) 70% eines gelben Feststoffes.

1'H-NMR (400 MHz, THF-dg): 6 = 1.08 (d, 12H, 3/un = 5.9 Hz, CHMe), 2.30 (s, n x 3H, Tol), 3.63-3.69
(sept, 2H, 3Jun = 6.1 Hz, CHMe:), 5.38 (d, 2H, 3/un = 11.8 Hz, 3-H, 7-H), 6.42 (d, 2H, 3/un = 11.5 Hz,
4-H, 6-H), 7.21-7.25 (m, 1H, p-Ph), 7.29-7.33 (t, 2H, 3/uu = 7.4 Hz, m-Ph), 7.51-7.52 (d, 2H,
3Jun = 7.3 Hz, 0-Ph) ppm. 13C-NMR (101 MHz, THF-ds): 6 = 23.71 (s, CHMe;), 24.12 (s, CHMez),
50.73 (s, CHMe2), 102.51 (s, 3-C, 7-C), 112.25 (s, 5-C), 125.85 (s, 0-Ph), 128.55 (s, m-Ph), 128.72
(s, p-Ph), 131.69 (s, 4-C, 6-C), 150.12 (s, ipso-Ph), 163.15 (s, 1-C, 2-C) ppm.

Elementaranalyse: Ber. (%) fiir C19H23KN20S-(C4H100)0.33 (396.30 g/mol): C 61.58, H 6.69, N 7.06,
S$8.08; gef. C61.71, H6.82,N 7.17, S 7.90.

Der Anteil an neutralen Donorliganden muss fiir jede Charge separat bestimmt werden.
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Reduktionsprodukt 5-red

Zu einer Losung von 5-Ph(0)S (50 mg, 136 umol) in THF (2 mL) wurde elementares Kalium
(17 mg, 435 pmol) gegeben und die Suspension 3 d bei Raumtemperatur rithren gelassen. Die
Suspension wurde filtriert, 18-Krone-6 (36 mg, 136 pmol) zugegeben und die Losung mit
n-Pentan (2 mL) iiberschichtet und bei -30 °C gelagert. Der ausgefallene Feststoff wurde durch
Filtration isoliert und im Vakuum getrocknet. Der Feststoff wurde in THF-ds gelost und iiber Nacht
bei Raumtemperatur stehen gelassen. Der ausgefallene Feststoff wurde durch Filtration isoliert
und in Pyridin-ds gelost.

1H-NMR (400 MHz, Pyridin-ds) 6 = 1.27 (d, 12H, 3/un = 5.8 Hz, CHMe), 1.37 (d, 12H, 3/un = 5.7 Hz,
CHMe), 3.48 (s, n x 24H, Kronenether-CHz), 4.03-4.09 (m, 2H, CHMe), 4.09-4.15 (m, 2H, CHMe),
6.03 (d, 2H, 3/uu = 11.6 Hz, 7-H), 6.33 (d, 2H, 3/un = 9.1 Hz, 5-H), 6.57 (s, 2H, 3-H), 6.73-6.79 (dd,
2H, , 3Jun = 11.0 Hz, 3Juu = 9.4 Hz, 6-H), 6.84-6.88 (m, 2H, p-Pha:ice, p-Ph), 6.97-7.00 (dd, 2H,
3Jun = 7.6 Hz, 3Jun = 6.6 Hz, m-Ph), 7.52 (d, 2H, 3Jun = 6.9 Hz, m-Phgricke), 8.32 (d, 2H, 3Jun = 7.9 Hz,
o-Ph) ppm. 3C-NMR (101 MHz, Pyridin-ds) 6 = 24.82-25.62 (m, THF-dg), 25.16 (s, CHMe), 50.06
(s, CHMe), 50.17 (s, CHMe), 67.01-67.91 (m, THF-ds), 70.82 (s, Kronenether-CH;), 102.76 (s, 7-C),
108.59 (s, 5-C), 109.12 (s, 3-C), 117.29 (s, p-Pharicke, p-Ph), 125.23 (s, m-Ph), 129.10 (s, m-Phsgricke),
130.75 (s, 6-C), 137.59 (s, o-Ph), 150.85 (s, 4-C), 151.84 (s, o-Phgricke), 159.24 (s, ipso-Ph,
ipso-Phgricke), 162.16 (s, 2-C), 162.40 (s, 1-C) ppm.

[Li(NO2-ATI#/iPr)] (3-NO2)

Zu einer Losung von NO2-ATI#t/iPr (1-NO2) (200 mg, 802 umol) in THF (6 mL) wurde LiCH,SiMe3
(77.1 mg, 818 pmol) gegeben. Das Losungsmittel wurde unter vermindertem Druck entfernt und
der Feststoff wurde mit Diethylether (1 x 3 mL) und Pentan (3 x 3 mL) gewaschen. Kristalle
wurden durch die Diffusion von Pentan (1 mL) in eine Losung von 3-NO2z (9.0 mg) in Pyridin
(2 mL) erhalten. Ausbeute: 145 mg, 528 pmol (mit n = 0.27 Aq. Pentan), 66% eines orangenen
kristallinen Feststoffs.

1H-NMR (400 MHz, Pyridin-ds): 6 = 0.95 (d, 12H, 3/us = 5.9 Hz, CHMe;), 3.88-3.94 (sept, 2H,
3Jun = 6.2 Hz, CHMey), 6.22 (d, 2H, 3/un=12.6 Hz, 3-H, 7-H), 8.50 (d, 2H, 3/un=12.6 Hz, 4-H,
6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 23.90 (s, Me), 50.29 (s, CHMez), 106.12 (s, 3-C, 7-C),
129.52 (s, 4-C, 6-C), 130.71 (s, 5-C), 164.30 (s, 1-C, 2-C) ppm. 7Li-NMR (156 MHz, Pyridin-ds): 6 =
2.99 (s) ppm.

Elementaranalyse: Ber. (%) fiir C13H1gLiN302:CsHsN (334.20 g/mol): C: 64.66, H: 6.93, N: 16.76,
gef.: C: 64.46, H: 6.99, N: 16.93.

[Na(NO2-ATIPr/iPr)] (4-NO2)
Zu einer Losung von NOz-ATIPr/iPr (1-NO2) (93 mg, 373 umol) in THF (2 mL) wurde NaHMDS

(69 mg, 373 umol) gegeben. Das Losungsmittel wurde unter vermindertem Druck entfernt und
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der Feststoff wurde mit Toluol, Diethylether und Pentan (je 3 x 3 mL) gewaschen. Kristalle
wurden iiber die Diffusion von Pentan (1 mL) in eine Losung von 4-NO; (10.0 mg) in Pyridin
(2 mL) erhalten. Ausbeute: 83 mg, 296 pumol, (mitje 0.06 Aq. THF und Et,0), 79% eines orangenen
kristallinen Feststoffs.

Nach 3 d in Losung werden zwei Signalsatze fiir das E,E-Isomer und das E,Z-Isomer im Verhéltnis
1.0:1.5 im tH-NMR-Spektrum detektiert.

E,E-Isomer: 1H-NMR (400 MHz, Pyridin-ds): 6 =1.15 (d, 12H, 3/uu = 6.3 Hz, CHMe;), 3.92-3.95
(sept, 2H, 3Jun = 6.2 Hz, CHMe3), 6.08 (d, 2H, 3/us = 12.6 Hz, 3-H, 7-H), 8.34 (d, 2H, 3Jun = 12.7 Hz,
4-H, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 24.16 (s, Me), 51.16 (s, CHMez), 109.14 (s, 3-C,
7-C), 124.19 (s, 5-C), 128.53 (s, 4-C, 6-C), 163.68 (s, 1-C, 2-C) ppm.

E,Z-Isomer: 1H-NMR (400 MHz, Pyridin-ds): § = 1.22 (d, 6H, 3/un = 6.2 Hz, 1-NCHMe;), 1.37 (d, 6H,
3Jun = 6.2 Hz, 2-NCHMez), 4.01-4.04 (sept, 1H, 3/un = 6.1 Hz, 1-NCHMe3), 4.53-4.56 (sept, 1H,
3Jun = 6.4 Hz, 2-NCHMe>), 6.11 (d, 1H, 3/us = 13.3 Hz, 7-H), 6.51 (d, 1H, 3/uus = 12.7 Hz, 3-H), 8.22 (m,
2H, 4-C, 6-C) ppm. 13C-NMR (101 MHz, Pyridin-ds): § = 24.30 (s, 1-NCHMe:), 25.10 (s, 2-NCHMez),
51.27 (s, 1-NCHMez), 51.68 (s, 2-NCHMe?), 111.64 (s, 7-C), 122.51 (s, 3-C), 124.43 (s, 5-C), 126.43
(s, 4-C/6-C), 128.76 (s, 4-C/6-C), 160.78 (s, 1-C), 162.92 (s, 2-C) ppm.

Elementaranalyse: Ber. (%) fiir C13H1sNaN302-(CsHsN) (350.17 g/mol): C: 61.70, H: 6.62, N: 15.99,
gef.: C: 61.57, H: 6.45, N: 15.65.

[K(NO2-ATI#r/iPr)] (5-NO2)

Zu einer Losung von NOz-ATIPr/iPr (1-NOz)(100 mg, 401 umol) in THF (2 mL) wurde KHMDS
(84.0 mg, 421 pmol) und THF (2 mL) gegeben. Das Lésungsmittel wurde unter vermindertem
Druck entfernt, und der Feststoff wurde mit Diethylether (2 x 2 mL) und Pentan (3 x 2 mL)
gewaschen. Kristalle wurden tliber die Diffusion von Pentan (2 mL) in eine Losung von 5-NO; in
Pyridin (4 mL) erhalten. Ausbeute: 91 mg (301 pmol, mit 0.21 Aq. Pentan, 75%) eines braun-
orangenen, kristallinen Feststoffs.

Es konnten zwei Signalsidtze fiir das E,E-Isomer und das E,Z-Isomer im 'H-NMR-Spektrum
detektiert werden. Nach 3 d stellte sich ein festes Verhaltnis von 1.0:1.6 ein.

E,E-Isomer: 'H-NMR (400 MHz, Pyridin-ds): 6 = 1.16 (d, 12H, 3/un = 6.1 Hz, CHMe;), 3.91-4.00
(sept, 2H, 3/uu = 6.1 Hz, CHMey), 6.01 (d, 2H, 3/uu = 12.7 Hz, 3-H, 7-H, liberlagert durch 7-H von
E,Z-1somer), 8.34 (d, 1H, 3/un = 12.6 Hz, 4-H, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 24.26
(s, CHMez), 51.34 (s, CHMez), 109.16 (s, 3-C, 7-C), 126.35 (s, 5-C), 128.40 (s, 4-C, 6-C), 163.76 (s,
1--C, 2-C) ppm. 15N-1H-HMBC-NMR (50 MHz, 500 MHz, Pyridin-ds): § = -53.9 (s, 1-N, 2-N) ppm.
E,Z-Isomer: 1H-NMR (400 MHz, Pyridin-ds): § = 1.24 (d, 6H, 3/un = 6.1 Hz, 1-NCHMe;), 1.39 (d, 6H,
3Jun = 6.2 Hz, 2-NCHMe;), 4.00-4.07 (sept, 1H, 3/un = 6.2 Hz, 1-NCHMey), 4.56-4.62 (sept, 1H,
3un = 6.1 Hz, 2-NCHMe3), 6.02 (d, 1H, 3/un=13.1 Hz, 7-H, uberlagert durch 3-H, 7-H von
E,E-Isomer), 6.46 (d, 1H, 3/uu =13.0 Hz, 3-H), 8.25 (d, 2H, 3/uu = 12.4 Hz, 4-H), 8.26 (d, 1H,
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3Jun = 13.4 Hz, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 24.37 (s, 1-NCHMe;), 25.14 (s,
2-NCHMe;), 51.18 (s, 1-NCHMe>), 51.57 (s, 2-NCHMe>), 110.40 (s, 7-C), 121.52 (s, 3-C), 125.90 (s,
5-C), 126.59 (s, 4-C), 128.93 (s, 6-C), 160.82 (s, 1-C), 163.01 (s, 2-C) ppm. 5N-1H-HMBC-NMR
(50 MHz, 500 MHz, Pyridin-ds): 6 = -41.2 (s, 2-N), -32.6 (s, 1-N) ppm.

Elementaranalyse: Ber. (%) fiir C13H1s8KN302:CsHsN (366.15 g/mol): C: 58.99, H: 6.33, N: 15.29,
gef.: C: 58.95, H: 6.45, N: 15.52.

[Na(12-Krone-4),][(NO2-ATI®r/iPr)] (4-NO2-(12K4)2)

Zu einer Suspension von [Na(NO,-ATI#r2)] (4-NOz) (100 mg, 369 umol) in THF (3 mL) wurde
(12-Krone-4) (129 mg, 738 umol) gegeben. Das Losungsmittel wurde im Vakuum entfernt, und
der Feststoff wurde mit Pentan (3 x 2 mL) gewaschen und im Vakuum getrocknet. Ausbeute:
209 mg, 333 umol (mit 0.05 Aq. THF), 90% eines gelben Feststoffs.

Es konnten zwei Signalsatze fiir das E,E-Isomer und das E,Z-Isomer im Verhéltnis 1.0:1.3 im
1H-NMR-Spektrum detektiert werden.

E,E-Isomer: tH-NMR (400 MHz, Pyridin-ds): 6 = 1.22 (d, 12H, 3/uu = 6.2 Hz, CHMe;), 3.61 (s, 32H,
Kronenether-CHz), 3.94-4.00 (br. sept, 2H, CHMe), 6.06 (d, 2H, 3Jun = 12.7 Hz, 3-H,7-H), 8.41 (d,
2H, 3Jun = 12.6 Hz, 4-H, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 22.95 (s, CHMez), 51.12 (s,
CHMe,), 68.30 (Kronenether-CHz), 107.67 (s, 3-C, 7-C), 125.75 (s, 5-C), 128.79 (s, 4-C, 6-C), 163.65
(s, 1-C, 2-C) ppm.

E,Z-Isomer: 'H-NMR (400 MHz, Pyridin-ds): § = 1.24 (d, 6H, 3/un = 6.2 Hz, 1-NCHMe;), 1.38 (d, 6H,
3Jun = 6.2 Hz, 2-NCHMe;), 3.61 (s, 32H, Kronenether-CH;), 4.01-4.10 (sept, 1H, 3/uu = 6.2 Hz,
1-NCHMez), 4.56-4.65 (sept, 1H, 3Jun = 6.2 Hz, 2-NCHMe>), 6.04 (d, 1H, 3/uu = 12.7 Hz, 7-H), 6.47
(d, 1H, 3/un = 12.9 Hz, 3-H), 8.32 (ddd, 1H, 3/un = 12.9 Hz, 4uu = 2.0, 4-H), 8.34 (dd, 1H, 3Juu = 12.8
Hz, 4un= 1.9, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 =24.40 (s, 1-NCHMe;), 25.15 (s,
2-NCHMe;), 51.15 (s, 1-NCHMe;), 51.46 (s, 2-NCHMey), 68.30 (Kronenether-CHz), 109.37 (s, 7-C),
120.69 (s, 3-C), 125.75 (s, 5-C), 126.85 (s, 4-C), 129.19 (s, 6-C), 160.88 (s, 1-C), 163.07 (s, 1-C) ppm.
23Na-NMR (106 MHz, Pyridin-ds): § = 1.7 (br. s, Na) ppm.

Elementaranalyse: Ber. (%) fiir C29Hs0N3NaO1o (623.72 g/mol): C: 55.85, H: 8.08, N: 6.74, gef.
C:56.00, H: 8.25, N: 6.85.

[Na(15-Krone-5)(NO,—ATIP/iPr)] (4-NO2-(15K5))

Zu einer Suspension von [Na(NOz-ATI®/iPr])] (4-NO2) (25.0 mg, 87.0 umol) in THF (3 mL) wurde
(15-Krone-5) (19.2mg, 87.2 umol) gegeben. Die orangene Ldosung wurde mit Pentan
tiberschichtet und fiir 6 d stehen gelassen. Der ausgefallene Feststoff wurde durch Filtration

isoliert, mit Diethylether (1 x2mL) und Pentan (3 x2mL) gewaschen und im Vakuum
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getrocknet. Ausbeute: 37.6 mg, 74.3 umol (mit 0.20 Aqg. Pentan), 85% eines gelben, kristallinen
Feststoffs.

Es werden zwei Signalsatze fiir das E,E-Isomer und das E,Z-Isomer im Verhdiltnis 1.0:1.9 im
1H-NMR-Spektrum detektiert.

E,E-Isomer: 1TH-NMR (400 MHz, Pyridin-ds): 6 = 1.20 (d, 12H, 3/uu = 6.6 Hz, CHMez), 3.59 (s, 20H,
Kronenether-CH>), 3.93-3.99 (sept, 2H, 3Jun = 5.9 Hz, CHMe>), 6.10 (d, 2H, 3/un = 12.6 Hz, 3-H, 7-H),
8.29 (d, 2H, 3/un = 12.8 Hz, 4-H, 6-H) ppm. 13C-NMR (125 MHz, Pyridin-ds): § = 24.33 (s, Me), 51.26
(s, CHMe2), 69.78 (Kronenether-CHz), 109.59 (s, 3-C, 7-C), 126.11 (s, 5-C), 128.25 (s, 4-C, 6-C),
163.43 (s, 1-C, 2-C) ppm. 15N-1H-HMBC-NMR (50.7 MHz, Pyridin-ds): 6 = -63.2 (liberlagert durch
Pyridin-ds, 1-N, 2-N), -25.6 (s, NO2) ppm.

E,Z-Isomer: 1H-NMR (400 MHz, Pyridin-ds): § = 1.22 (d, 6H, 3/un = 6.33 Hz, 1-NCHMe;), 1.37 (d, 6H,
3Jun = 6.21 Hz, 2-NCHMe), 3.59 (s, 20H, Kronenether-CH;), 3.99-4.05 (sept, 1H, 3/un = 6.19 Hz,
1-NCHMey), 4.52-4.58 (sept, 1H, 3/us = 6.18 Hz, 2-NCHMe), 6.06 (d, 1H, 3/us = 12.8 Hz, 7-H), 6.48
(d, 1H, 3/un=12.7 Hz, 3-H), 8.19 (dd, 1H, 3/us =5.03 Hz, %/un=1.88, 6-H), 8.23 (dd, 1H,
3Jun = 5.03 Hz, Yuu = 1.88, 4-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): § = 24.35 (s, 1-NCHMe;),
25.1 (s, 2-NCHMez), 51.20 (s, 1-NCHMe;), 51.58 (s, 2-NCHMe), 69.78 (Kronenether-CH;), 110.58
(s, 7-C), 121.61 (s, 3-C), 125.40 (s, 5-C), 126.62 (s, 4-C), 128.93 (s, 6-C), 160.81 (s, 1-C), 162.97 (s,
2-C) ppm. 15N-1H-HMBC-NMR (50.7 MHz, Pyridin--ds): 6 = -51.0 (s, 2-N), -42.3 (s, 1-N), -31.6
(s, NOz) ppm. 22Na-NMR (106 MHz, Pyridin-ds): 6 = 0.94 (br. s) ppm.

Elementaranalyse: Ber. (%) fiir C23H3sN3NaO7 (491.56 g/mol): C: 56.20, H: 7.79, N: 8.55, gef.:
C:56.21, H: 7.82, N: 8.64.

[K(18-Krone-6)(NO,-ATIPr/iPr)] (5-NO2-(18K6))

Zu einer Losung von NO,-ATIPr/Pr (1-NOz) (108 mg, 432 pmol) in THF (3 mL) wurden KHMDS
(86 mg, 432 pmol) und 18-Krone-6 (114 mg, 432 umol) gegeben. Das Losungsmittel wurde im
Vakuum entfernt. Der gelbe Feststoff wurde mit Pentan (4 x 15 mL) gewaschen und im Vakuum
getrocknet. Ausbeute: 202 mg, 349 umol (mit n = 0.19 Aq. THF), 83% eines gelben Feststoffs.

Es konnten zwei Signalsitze fiir das E,E-Isomer und das E,Z-Isomer im Verhaltnis 1.0:1.5 im
1H-NMR-Spektrum detektiert werden.

E,E-Isomer: 'H-NMR (400 MHz, Pyridin-ds): 6 = 1.22 (d, 12H, 3/un = 6.2 Hz, CHMe>), 1.61-1.64 (m,
n x 4H, B-THF), 3.47 (s, 24H, Kronenether-CH:), 3.65-3.67 (m, n x 4H, a-THF), 3.98-4.12 (br. sept,
2H, 3Juu = 6.2 Hz, CHMe;, liberlagert durch CHMe; von E,Z-Isomer), 6.04 (br. d, 2H, 3Jun = 12.7 Hz,
3-H, 7-H), 8.37-8.44 (m, 2H, 4-H, 6-H, iiberlagert durch 4-H und 6-H von E,Z-Isomer) ppm. 13C-NMR
(101 MHz, Pyridin-ds): 6 = 24.49 (s, CHMe;), 26.27 (s, B-THF), 50.98 (s, CHMe), 68.30 (s, a-THF),
70.78 (Kronenether-CHz), 108.14 (s, 3-C, 7-C), 126.00 (s, 5-C), 127.22 (s, 4-C, 6-C), 163.44 (s, 1-C,
2-C) ppm.
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E,Z-1somer: 1H-NMR (400 MHz, Pyridin-ds): § = 1.26 (d, 6H, 3/us = 6.2 Hz, 1-NCHMe), 1.39 (d, 6H,
3Jun = 6.2 Hz, 2-NCHMe;), 1.61-1.64 (m, n x 4H, B-THF), 3.47 (s, 24H, Kronenether-CH;), 3.65-3.67
(m, n x 4H, a-THF), 3.98-4.12 (br. sept, 2H, 3/uu = 6.2 Hz, 1-NCHMe,, iiberlagert durch CH von
E,E-Isomer), 4.61-4.71 (sept, 1H, 3/un = 6.2 Hz, 2-NCHMe>), 5.97 (d, 1H, 3/un = 12.5 Hz, 7-H), 6.45
(d, 1H, 3/un = 12.6 Hz, 3-H), 8.37-8.44 (m, 2H, 4-H, 6-H, iiberlagert durch 4-H und 6-H von
E,E-Isomer) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 24.60 (s, 1-NCHMe;), 25.20 (s, 2-NCHMe;),
26.27 (s, B-THF), 51.30 (s, 1-NCHMez), 51.33 (s, 2-NCHMe:), 68.30 (s, a-THF), 70.78
(Kronenether-CHz), 107.30 (s, 7-C), 119.06 (s, 3-C), 125.83 (s, 5-C), 128.33 (s, 4-C/6-C), 129.55 (s,
4-C/6-C), 160.97 (s, 1-C), 163.19 (s, 2-C) ppm.

Elementaranalyse: Ber. (%) fiir C2sH4:KN30g (551.72 g/mol): C:54.43, H:7.67, N:7.62, gef.
C:54.84,H: 7.76, N: 7.85.

4 Synthese monometallischer Silber- und heterobimetallischer Alkalimetall-

Argentat-ATI-Komplexe

[Ag(NO,-ATI®/iPr)] (6-NO2)

Zu einer Suspension von [Na(NO2-ATIPr/iPr)(thf)oos(Et20)0.06] (10 mg, 36 umol) in Pyridin (1 mL)
wurde AgBF. (7 mg, 36 umol) gegeben. Die rote Suspension wurde fiir 1 h bei Raumtemperatur
stehen gelassen und dann mit Et;0 (1 mL) iberschichtet. Nach zwei Tagen wurden die
ausgefallenen, roten Kristalle durch Filtration isoliert und im Vakuum getrocknet. Ausbeute: 1 mg.
Der isolierte Feststoff enthilt eine nicht quantifizierte Menge NaBF4. Die NMR-spektroskopisch
untersuchte Charge enthielt n = 0.36 Aq. Et;0.

1H-NMR (400 MHz, Pyridin-ds): 6 = 1.12-1.16 (t, n x 3H, Etz0), 1.25 (d, 12H, 3/uu = 6.2 Hz, CHMe,),
3.34-3.39 (q, n x 4H, Et20), 3.91-4.00 (sept, 4H, 3Jun = 6.2 Hz, CHMe2), 6.03 (d, 2H, 3Jun = 12.9 Hz,
3-H, 7-H), 8.38 (d, 2H, 3/us = 12.8 Hz, 4-H, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): § = 15.96 (s,
Et20), 24.96 (s, CHMe;), 51.02 (s, CHMe), 66.23 (s, Et20), 106.66 (s, 3-C, 7-C), 128.86 (s, 5-C),
129.78 (s, 4-C, 6-C), 162.23 (s, 1-C, 2-C) ppm.

[Na(12-Krone-4);][Ag(NO2-ATIPr/iPr);] (7-NO2-(12K4)2)

Zu einer Losung von 4-NO2-(12K4), (10 mg, 15 pmol) in THF (1 mL) wurde AgBF; (1.6 mg,
8.0 umol) gegeben. Die rote Losung wurden nach 2 h bei Raumtemperatur mit Hexan (2 mL)
iiberschichtet. Nach 1d wurde die ausgefallenen, roten Kristalle durch Filtration isoliert. Das
Filtrat wurde weiter mit Hexan (2 mL) tiberschichtet und nach 4 d die ausgefallen roten Kristalle
durch Filtration isoliert. Beide Chargen an Kristallen wurden vereinigt und aus THF/Et,0 (1:2)
umkristallisiert. Ausbeute: 4.2 mg. Die isolierte Verbindung wurde in Pyridin-ds (0.5 mL) gel6st
und mit K[BF(CN)3] (1.3 mg, 8.57 umol) versetzt. Mit Hilfe eines quantitativen 1°F-NMR
Spektrums wurde der Gehalt an [Na(12-Krone-4),][BF4] auf 0.9mol% bestimmt.
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1H-NMR (400 MHz, Pyridin-ds): § = 0.81 (t, Pentan), 1.26 (d, 24H, 3/uu = 6.2 Hz, CHMe_, Signale von
Pentan werden iiberlagert), 3.60 (s, 32H, Kronenether-CH;), 3.91-4.00 (sept, 4H, 3/uu = 6.2 Hz,
CHMey), 6.02 (d, 4H, 3/un = 12.8 Hz, 3-H, 7-H), 8.42 (d, 4H, 3/un = 12.8 Hz, 4-H, 6-H) ppm. 13C-NMR
(101 MHz, Pyridin-ds): 6 = 14.61 (s, Pentan), 22.96 (s, Pentan), 24.99 (s, CHMe;), 51.00 (s, CHMe3),
67.77 (s, Kronenether-CHz), 106.15 (s, 3-C, 7-C), 129.76 (s, 5-C, iiberlagert durch 4-C, 6-C), 129.76
(s, 4-C, 6-C), 162.19 (s, 1-C, 2-C) ppm.

Elementanalyse: Ber. (%) fiir C42HesAgNsNaO12 (979.89 g/mol): C: 51.48, H: 7.00, N: 8.58, gef.:
C:51.89, H: 7.02, N: 8.74.

[Na(15-Krone-5)Ag(NO,-ATI®r/iPr),] (7-NO2-(15K5))

Zu einer Suspension aus [Na(NO,-ATI#r/#r)] (4-NO2) (10 mg, 37 umol) in Pyridin-ds (0.5 mL)
wurden AgBF. (7.2 mg, 37 pmol) und [Na(15-Krone-5)(NO,-ATI®r/iPr)] (4-NO2-(15K5)) (18 mg,
37 umol) gegeben. Die Losung wurde mit Et,0 (0.5 mL) {iberschichtet. Nach drei Tagen wurden
rote Kristalle durch Filtration isoliert und im Vakuum getrocknet. Ausbeute: 15 mg, 16.2 pmol
(mit 1 Aq. Pyridin)d, 87%.

'H-NMR (400 MHz, Pyridin-ds): 6=1.26 (d, 24H, 3/un=6.1 Hz, CHMe;), 3.59 (s, 20H,
Kronenether-CH;), 3.91-4.00 (sept, 4H, 3Jun = 6.2 Hz, CHMe>), 6.02 (d, 4H, 3/un = 12.5 Hz, 3-H, 7-H),
8.41 (d, 4H, 3/un = 12.8 Hz, 4-H, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 25.00 (s, CHMe,),
51.02 (s, CHMey), 69.35 (s, Kronenether-CH3), 106.18 (s, 3-C, 7-C), 129.05 (s, 5-C), 129.75 (s, 4-C,
6-C), 162.18 (s, 1-C, 2-C) ppm.

Elementanalyse: Ber. (%) fiir C3sHs6AgN¢NaQo:CsHsN (926.84 g/mol): C: 53.13, H: 6.63, N: 10.58,
gef.: C: 53.33, H: 6.73, N: 10.75.

5  Synthese PhsC-substituierter ATI-Komplexe

[Na(12-Krone-4);][(3-Ph3C-5-NO,-ATI#r/iPr)] (4-NO2-Ph3C-(12K4)>)

Zu einer Losung von [Na(12-Krone-4);][(NO2-ATI®r/iPr)] (4-NO2-(12K4)2) (20 mg, 32 pmol) in
THF (1 mL) wurde Ph3CCl (9mg, 32pumol) und NaH (1mg, 32 pumol) gegeben. Die
Reaktionslosung wurde 48 h bei Raumtemperatur geriihrt, filtriert und das Losungsmittel im
Vakuum entfernt. Der orangene Feststoff wurde mit Et,0 (3 x 5 mL) gewaschen und im Vakuum
getrocknet. Ausbeute: 5 mg, 6 umol (mit n = 0.38 Aq. Et,0 und m = 0.2 Aq. Pentan), 18%.

1H-NMR (400 MHz, THF-dg): 6 =0.62 (d, 6H, 3Jux = 5.6 Hz, 2-NCHMe;), 0.88 (t, m x 6H, Pentan),
1.10 (t, n x 6H, Etz0), 1.12 (d, 6H, 3/ux = 6.1 Hz, 1-NCHMe;), 1.32 (m, Pentan), 3.35-3.40 (q, n x 4H,
Et;0), 3.58 (s, 32H, Kronenether-CHz), 3.59-3.68 (m, 1H, 2-NCHMe;, liberlagert durch Signal des
Kronenether), 3.85-3.94 (sept, 1H, 3Jun = 6.2 Hz, 1-NCHMe>), 5.81 (d, 1H, 3Jun = 12.2 Hz, 7-H),

d Kristallstruktur- und elementaranalytische Daten deuten an, dass 1 Aq. Pyridin enthalten ist. 19F-NMR-
spektroskopisch konnten Spuren von [Na(15-Korne-5)][BF4] nachgewiesen werden.
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6.94-6.98 (m, 3H, p-Ph), 7.03-7.06 (m, 6H, m-Ph), 7.22 (d, 1H, 4uu = 1.6 Hz, 4-H), 7.41-7.43 (m, 6H,
0-Ph), 7.61 (dd, 1H, 3/un = 12.1 Hz, 4/uu = 1.5 Hz, 6-H) ppm. 13C-NMR (101 MHz, THF-dg): 6 = 14.16
(s, Pentan), 15.48 (s, Et20), 23.00 (s, Pentan), 23.37 (s, 2-NCHMe;), 24.08 (s, 1-NCHMe:), 34.87 (s,
Pentan), 50.95 (s, 1-NCHMe), 51.14 (s, 2-NCHMe;), 66.13 (s, Et;0), 70.33 (s, Kronenether-CH),
107.79 (s, 7-C), 124.20 (s, 5-C), 125.07 (s, p-Ph), 127.06 (s, m-Ph), 128.92 (s, 6-C), 130.81 (s, 4-C),
132.46 (s, 0-Ph), 134.59 (s, 3-C), 136.28 (s, CPha3), 149.64 (s, ipso-Ph), 160.38 (s, 1-C), 163.62 (s,
2-C) ppm.

Elementanalyse: Ber. (%) fiir Cs4sHesN3NaO1o (866.04 g/mol): C: 66.57, H: 7.45, N:4.85, gef.
C: 66.33, H: 7.64, N: 4.86.

[Na(3,5-bis(Ph3C)-ATIPr/iPr)] (4-(PhsC)2)

Zu einer Losung von H-ATI®r/iPr (1) (30 mg, 147 pmol) in THF (1 mL) wurde PhzCCl (123 mg,
441 pmol) und NaHMDS (108 mg, 784 umol) gegeben. Die Reaktionslosung wurde 2 h bei
Raumtemperatur geriihrt, filtriert und das Losungsmittel langsam unter Atmosphérendruck auf
ein Drittel verringert. Das kristalline Produkt wurde durch Filtration isoliert und im Vakuum
getrocknet. Ausbeute: 40 mg, 44 pmol (mit n = 2.75 Aq. THF), 30%.

1H-NMR (400 MHz, Ce¢Ds): 6 = 0.06 (d, 3H, 3Juu = 6.0 Hz, CHMe), 0.87 (d, 3H, 3/un = 6.1 Hz, CHMe),
1.00 (d, 3H, 3/un = 6.1 Hz, CHMe), 1.12 (d, 3H, 3/un = 6.3 Hz, CHMe), 1.35-1.39 (m, n x 4H, B-THF),
3.45-3.48 (m, n x 4H, a-THF), 3.57-3.64 (sept, 1H, 3/un = 6.1 Hz, CHMe>), 4.16-4.26 (sept, 1H,
3Jun = 6.2 Hz, CHMez), 5.39 (d, 1H, 3/un = 10.5 Hz, 7-H), 6.38 (s, 1H, 4-H), 6.88 (dd, 1H, 3/un = 9.8 Hz,
3Jun = 0.8 Hz, 6-H), 6.96-7.02 (m, 6H, p-Ph/m-Ph), 7.02-7.06 (m, 6H, m-Ph/p-Ph), 7.10-7.14 (m,
6H, m-Ph/p-Ph), 7.58-7.60 (m, 6H, o-Ph) ppm.

In THF-ds werden zwei Isomere im Verhéltnis 1.0:0.8 detektiert. Alle Signale, die zu den Phenyl-
Ringen der CPhz Substituenten gehoren, konnten nicht eindeutig einem der beiden Isomere
zugeordnet werden und wurden deshalb fiir beide Isomere aufgelistet.

Isomer 1: tH-NMR (500 MHz, THF-ds, -40 °C): 6 = 0.03 (d, 3H,3/un = 6.0 Hz, 2-NCHMe), 0.37 (d, 3H,
3un = 6.1 Hz, 1-NCHMe), 0.87 (d, 3H, 3/un = 6.8 Hz, 2-NCHMe), 0.99 (d, 3H, 3Jun = 6.2 Hz, 1-NCHMe),
1.77-1.80 (m, n x 4H, B-THF), 3.21-3.27 (m, 1H, 1-NCHMe;, iiberlagert durch 1-NCHMe; von
Isomer 2), 3.60-3.63 (m, n x 4H, a-THF), 3.95-4.00 (sept, 1H, 3/us = 6.0 Hz, 2-NCHMe>), 4.85 (d, 1H,
3Jun = 9.9 Hz, 7-H), 5.85 (s, 1H, 4-H), 6.12 (d, 1H, 3/un = 9.8 Hz, 6-H), 6.47 (d, 2H, 3Jun = 7.7 Hz, 0-Ph),
6.79 (m, 2H, m-Ph), 6.87-90 (m, 1H, p-Ph), 6.96-7.17 (m, 23H, m-Ph/p-Ph/o0-Ph, iiberlagert durch
Ph-Signale von Isomer 2), 7.67 (br. D, 2H, o-Ph) ppm. 13C-NMR (125 MHz, THF-ds; -40 °C):
6=21.53 (s, 2-NCHMe), 23.39 (s, 1-NCHMe), 25.21 (s, 1-NCHMe, iiberlagert durch Signal von
THF-ds), 25.72 (s, 2-NCHMe), 26.19 (s, B-THF),49.17 (s, 1-NCHMe), 50.31 (s, 2-NCHMe), 68.03
(s, a-THF), 66.25 (s, Cq), 67.25 (s, Cq, liberlagert durch Signal von THF-ds), 92.08 (s, 7-C), 114.65
(s, 3-C), 117.81 (s, 5-C), 125.10 (s, Ph), 125.46 (s, p-Ph), 125.90 (s, Ph), 126.01 (s, Ph), 126.08 (s,
Ph), 126.41 (s, Ph), 126.55 (s, Ph), 126.80 (s, m-Ph), 126.80 (s, Ph), 127.17 (s, Ph), 127.47 (s, Ph),
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127.87 (s, Ph), 131.52 (s, 0-Ph, Ph), 131.77 (s, Ph), 132.04 (s, Ph), 132.58 (s, Ph), 133.85 (s, 0-Ph),
135.65 (s, 6-C), 137.46 (s, 4-C), 146.97 (s, Cq), 147.17 (s, Cq), 148.63 (s, Cq), 150.74 (s, Cq), 152.31
(s, ipso-Ph), 159.90 (s, 1-C), 175.51 (s, 2-C) ppm.

Isomer 2: 1H-NMR (500 MHz, THF-ds, —40 °C): 6 = 0.80 (d, 3H, 3/un = 6.1 Hz, 1-NCHMe), 0.90 (d, 3H,
3Jun = 5.1 Hz, 1-NCHMe), 0.92 (d, 3H,3/uu = 6.3 Hz, 2-NCHMe), 1.07 (d, 3H,3/un = 6.1 Hz, 2-NCHMe),
1.77-1.80 (m, n x 4H, B-THF), 3.25-3.31 (m, 1H, 1-NCHMe;,, iiberlagert durch 1-NCHMe; von
Isomer 1), 3.60-3.63 (m, n x 4H, a-THF), 3.82-3.87 (sept, 1H, 3/un = 6.1 Hz, 2-NCHMe3), 5.09 (d, 1H,
3lwn=7.7 Hz, 7-H), 5.65 (s, 1H, 4-H), 6.41 (d, 1H, 3/un=7.5Hz, 6-H), 6.96-7.17 (m, 23H,
m-Ph/p-Ph/o-Ph, liberlagert durch Ph-Signale von Isomer 1) ppm. 13C-NMR (125 MHz, THF-ds,
-40°C): 6=20.47 (s, 1-NCHMe), 22.46 (s, 1-NCHMe), 22.68 (s, 2-NCHMe), 24.38 (s, 2-NCHMe),
26.19 (s, B-THF), 44.03 (s, 1-NCHMey), 52.54 (s, 2-NCHMe), 68.03 (s, a-THF), 65.90 (s, Cq), 65.93
(s, Cq), 94.20 (s, 7-C), 125.10 (s, Ph), 125.90 (s, Ph), 126.01 (s, Ph), 126.08 (s, Ph), 126.41 (s, Ph),
126.55 (s, Ph), 126.80 (s, Ph), 127.17 (s, Ph), 127.47 (s, Ph), 127.87 (s, Ph), 128.90 (s, 6-C), 131.52
(s, Ph), 131.77 (s, Ph), 132.04 (s, Ph), 132.58 (s, Ph), 133.85 (s, 3-C), 136.69 (s, 4-C), 137.49 (s,
5-C), 139.06 (s, Cq), 146.97 (s, Cq), 147.17 (s, Cq), 148.63 (s, Cq), 150.74 (s, Cq), 162.33 (s, 2-C) ppm.
Elementanalyse: Ber. (%) fiir Cs1H47N2Na-(C4Hg0)2 (855.15 g/mol): C: 82.87, H: 7.43, N: 3.28, gef.:
C:82.53,H: 7.57, N: 3.19.

[Na(Ph3C-ATI®*t/iPr)] (4-Ph3C)

Zu einer Losung von H-ATI®/iPr (1) (30 mg, 147 umol) in THF (1 mL) wurde Ph3CCl (41 mg,
147 pmol) und NaHMDS (54 mg, 294 pmol) gegeben. Die Reaktionslosung wurde 2 h bei
Raumtemperatur geriihrt, filtriert und das Losungsmittel im Vakuum entfernt. Das Rohprodukt
wurde aus THF/n-Pentan (1:2, 4 mL) bei -30 °C umkristallisiert. Ausbeute: 61 mg, 107 umol (mit
n = 2 Aq. THF), 73%.

1H-NMR (400 MHz, THF-ds): 6 = 1.08 (d, 12H, 3/un = 6.2 Hz, CHMe;), 1.72-1.79 (m, n x 4H, B-THF),
3.60-3.64 (m, n x 4H, a-THF), 3.64-3.71 (sept, 2H, 3Juu = 6.2 Hz, CHMe2), 5.69 (d, 2H, 3Jun = 12.2 Hz,
3-H, 7-H), 6.33 (d, 2H, 3Jus = 12.2 Hz, 4-H, 6-H), 7.01-7.05 (m, 3H, p-Ph), 7.11-7.15 (m, 6H, m-Ph),
7.27-7.29 (m, 6H, 0-Ph) ppm. 13C-NMR (101 MHz, THF-ds): § = 24.49 (s, CHMe;), 26.19 (s, -THF),
48.64 (s, CHMe2), 68.02 (s, a-THF), 104.40 (s, 3-C, 7-C), 123.01 (s, 5-C), 125.38 (s, p-Ph), 127.37 (s,
m-Ph), 132.02 (s, 0-Ph), 135.66 (s, 4-C, 6-C), 149.85 (s, ipso-Ph), 161.99 (s, 1-C, 2-C) ppm.
Elementanalyse: Ber. (%) fiir C32H33N2>Na-(C4Hg0)2 (612.83 g/mol): C: 78.40, H: 8.06, N: 4.57, gef.:
C:78.42,H:7.97,N: 4.71.
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6  Synthese von Bismut-ATI-Komplexen

[Bi(ATI®r/iPr),Cl] (8)

H-ATI®/ir (1) (200 mg, 979 pmol) wurde in THF (2 mL) gelést und mit NaHMDS (179 mg,
979 umol) versetzt. Zur orangen Losung wurde eine Losung von BiCl; (155 mg, 490 pumol) in THF
(1 mL) getropft. Die rote Suspension wurde filtriert und das Losungsmittel des Filtrats im Vakuum
entfernt. Der orange Feststoff wurde mit Pentan (3 x 3 mL) gewaschen und im Vakuum
getrocknet.

Ausbeute: 116 mg (die isolierte Verbindung enthalt 6% [Bi(ATI®/#r)Cl;] (9) und 16% H-ATIPr/iPr
(1) sowie n = 0.2 Aq. THF)

1H-NMR (400 MHz, Pyridin-ds): 6 = 1.52 (d, 24H, 3/un = 6.7 Hz, CHMe;), 1.82-1.85 (m, n x 4 H, a-
THF), 3.65-3.68 (m, n x4 H, B-THF), 4.89-4.99 (sept, 4H, 3/uu = 6.7 Hz, CHpp;), 6.47 (dd, 2H,
3Jun = 9.8 Hz, 3Jun = 8.3 Hz, 5-H), 6.73 (d, 4H, 3/un = 11.5 Hz, 3-H, 7-H), 7.28 (dd, 4H, 3Jun = 11.7 Hz,
3Jun = 9.1 Hz, 4-H, 6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): 6 = 22.87 (s, CHMe;), 52.84 (s,
CHMe), 118.30 (s, 3-C, 7-C), 120.15 (s, 5-C), 134.20 (s, 4-C, 6-C), 167.33 (s, 1-C, 2-C) ppm.

[Bi(ATIPr/iPr)Cl;] (9)

H-ATI®r/Pr (1) (200 mg, 979 umol) wurde in THF (2 mL) gelost und mit NaHMDS (179 mg,
979 pumol) versetzt. Zur orangen Lésung wurde eine Losung von BiCl; (309 mg, 979 pmol) in THF
(1 mL) getropft. Das Losungsmittel wurde im Vakuum entfernt. Der orange Feststoff wurde mit
Pentan (3 x 3 mL) gewaschen und im Vakuum getrocknet. Ausbeute: 392 mg (die isolierte
Verbindung enthilt 12% H-ATI®/Pr (1) + 1 Aq. NaCl)

1H-NMR (400 MHz, Pyridin-ds): 6 = 1.82 (d, 12H, 3/us = 6.4 Hz, CHMe>), 1.82 (m, n x 4 H, a-THF,
iiberlagert durch Signale von CHMe;), 5.42-5.51 (sept, 4H, 3/uu = 6.4 Hz, CHMe,), 3.79-3.82 (m,
n x4 H, B-THF), 6.64 (dd, 1H, 3/us = 10.3 Hz, 3/us = 8.1 Hz, 5-H), 6.83-6.88 (d, 2H, 3/un = 11.5 Hz,
3-H, 7-H), 7.52 (dd, 2H, 3/un = 11.4 Hz, 3/un = 9.5 Hz, 4-H, 6-H) ppm.

[Bi(Ph(0)S-ATI®r/iPr),Cl] (8-Ph(0)S)

Zu einer Losung von BiClz (13.3 mg, 0.042 mmol) in THF (2 mL) wurde langsam eine Lésung von
[Na(Ph(0)S-ATI®/0] (4-Ph(0)S) (29.6 mg, 0.084 mmol) in THF (1 mL) getropft. Nach einer
Reaktionszeit von 5 Minuten wurde der ausgefallene Feststoff abfiltriert und das Filtrat wurde
mit n-Hexan (0.5 mL) iiberschichtet. Nach 4 Tagen wurde das Produkt durch Filtration isoliert
und nach Trocknung im Vakuum als roter Feststoff erhalten. Ausbeute: 23 mg, 0.026 mmol, 59%
eines roten Feststoffs.

1H-NMR (500 MHz, Pyridin-ds): § = 1.41 (br. s, 24H, CHMe:), 4.86-4.90 (br. sept, 4H, CHMe>), 6.69
(d, 4H, 3/un =119 Hz, 3-H, 7-H), 7.35-7.39 (m, 2H, p-Ph), 7.44-7.47 (m, 4H, m-Ph), 7.75 (d,
3Jun = 12.2 Hz, 2H, 4-H, 6-H), 7.91-7.93 (m, 4H, o0-Ph) ppm. 13C-NMR (125 MHz, Pyridin-ds):
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6=22.68 (s, CHMe;), 22.81 (s, CHMez), 53.41 (s, CHMe), 116.77 (s, 3-C, 7-C), 125.20 (s, o-Ph),
130.07 (s, m-Ph), 131.20 (s, p-Ph), 131.28 (s, 4-C, 6-C), 133.79 (s, 5-C), 148.37 (s, ipso-Ph), 167.42
(s, 1-C, 2-C) ppm.

Elementaranalyse: Ber. (%) fiir CzsHasBiCIN4O2S; (899.36 g/mol): C 50.75, H5.16, N 6.23, S 7.13;
gef.: C50.38, H5.19, N 6.09, S 7.04.

[Bi(Ph(0O)S-ATI®r/iPr)Clz] (9-Ph(0)S)

Zu einer Losung von BiClz (27 mg, 85.6 umol) in THF (2 mL) wurde langsam eine Losung von
[Na(Ph(0)S-ATI#®r/i#r)] (4-Ph(0)S) (30 mg, 85.6 umol) in THF (1 mL) getropft. Nach 5 Minuten
wurde die rote Suspension filtriert und das Losungsmittel im Vakuum entfernt. Durch Diffusion
von Et;0 (3 mL) in eine Losung des Rohprodukts in Pyridin (3 mL) wurden Kristalle erhalten.
Ausbeute: 32 mg, 46.6 umol (mit 1 Aq. Pyridin), 54% oranger Nadeln.

1H-NMR (400 MHz, Pyridine-ds): 6 = 1.61-1.64 (m, n x 4H, 3-THF) 1.76-1.79 (iiberlagertes d, 12H,
CHMe), 3.65-3.68 (m, n x 4H, o-THF), 5.36-5.42 (sept, 2H, 3/uu = 6.5 Hz, CHMe>), 6.85 (d, 2H,
3Jun = 12.0 Hz, 3-H, 7-H), 7.43-7.46 (m, 1H, p-Ph), 7.50-7.58 (m, 2H, m-Ph), 7.92-7.97 (m, 4H, 4-H,
6-H, 0-Ph) ppm. 13C-NMR (101 MHz, Pyridine-ds): 6 = 23.92 (s, CHMe;), 23.98 (s, CHMe:), 26.26 (s,
B-THF), 53.34 (s, CHMe), 68.29 (s, a-THF), 120.78 (s, 3-C, 7-C), 125.30 (s, 0-Ph), 130.34 (s, m-Ph),
131.73 (s, p-Ph), 131.90 (s, 4-C, 6-C), 139.15 (s, 5-C), 148.03 (s, ipso-Ph), 171.58 (s, 1-C, 2-C) ppm.
Elementaranalyse: Ber. (%) fiir C19H23BiCl:N20S-CsHsN (684.43 g/mol): C 41.99, H4.11, N 6.12,
S 4.67; gef.: C41.88, H 4.19, N 5.85, S 4.48.

Der Anteil an neutralen Donorliganden (THF, Pyridin) muss fiir jede Charge separat bestimmt

werden.

[Bi(Ph(O)S—-ATI®Pr/iPr),]]

Eine Losung von [K(Ph(0)S-ATI#/r)] (5-Ph(0)S) (30 mg, 81.8 umol) in THF (2 mL) wurde unter
Riithren zu einer Losung von Bilz (24.1 mg, 40.9 umol) in THF (2 mL) getropft. Die Suspension
wurde filtriert und mit Pentan (6 mL) versetzt. Der ausgefallene Feststoff wurde durch Filtration
isoliert und im Vakuum getrocknet. Das Rohprodukt wurde mit Et,0 (2 x 2 mL) gewaschen und
im Vakuum getrocknet. Ausbeute: n.b. (die isolierte Verbindung enthilt 23%
[Bi(Ph(0)S-ATI#®r/iPr)[;] (11-Ph(0)S) und 31% Ph(0)S-ATI®/iPr (1-Ph(0)S)

1H-NMR (400 MHz, Pyridin-ds): 6=1.41-1.43 (br. m, 24H, CHMe;), 4.80-4.83 (sept, 4H,
3un = 6.7 Hz, CHMe), 6.75 (d, 4H, 3/un = 12.1 Hz, 3-H, 7-H), 7.33-7.38 (m, 2H, p-Ph), 7.43-7.46 (m,
4H, m-Ph), 7.77 (d, 4H, 3/uu = 12.0 Hz, 4-H, 6-H), 7.91 (d, 4H, 3Jun = 12.1 Hz, 0-Ph) ppm.

[Bi(Ph(0)S-ATIr/iPr)[;] (11-Ph(0)S)
Eine Losung von [K(Ph(0)S-ATI®/#r)] (5-Ph(0)S) (20 mg, 54.6 pmol) in THF (2 mL) wurde unter
Rithren zu einer Losung von Bils (32.3 mg, 54.6 umol) in THF (2 mL) getropft. Die dunkelrote
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Suspension wurde filtriert und das Losungsmittel im Vakuum entfernt. Das Rohprodukt wurde
mit Et;0 und Pentan (je 2 x 2 mL) gewaschen und im Vakuum getrocknet. Ausbeute: 28 mg,
34 umol (mit n = 0.45 Aq. THF), 62% eines dunkelvioletten Feststoffes.

!H-NMR (500 MHz, Pyridin-ds): § =1.61-1.64 (m, n x 4H, 3-THF), 1.71 (d, 6H, 3Juu = 5.4 Hz,
CHMez), 1.73, (d, 6H, 3Juu = 5.4 Hz, CHMe:), 3.65-3.68 (m, n x 4H, a-THF), 5.12-5.18 (sept, 2H
3Jun = 6.5 Hz, CHMe3), 6.95 (d, 2H, 3/un = 12.3 Hz, 3-H, 7-H), 7.41-7.48 (m, 1H, p-Ph), 7.50-7.51 (m,
2H, m-Ph), 7.92-7.95 (m, 4H, 4-H, 6-H, 0-Ph) ppm. 3C-NMR (126 MHz, Pyridine-ds): 6 = 24.03 (s,
CHMez), 24.05 (s, CHMe;), 26.26 (s, B-THF), 54.27 (s, CHMey), 68.29 (s, a-THF), 122.19 (s, 3-C, 7-C),
125.30 (s, 0-Ph), 130.35 (s, m-Ph), 131.80 (s, p-Ph), 131.98 (s, 4-C, 6-C), 139.55 (s, 5-C), 147.64 (s,
ipso-Ph), 172.21 (s, 1-C, 2-C) ppm.

Elementaranalyse: Ber. (%) fiir C19H23BiloN20S CsHsN (869.36 g/mol): C 33.16, H 3.25, N 4.83,
S 3.69; gef.: C33.36, H3.39, N 4.77, S 3.64.

Der Anteil an neutralen Donorliganden in der isolierten Verbindung muss fiir jede Charge

bestimmt werden.

[Bi(NO2-ATIPr/iPr)Cl;] (9-NO2)

Zu einer Suspension von [Na(NO,-ATIPr/iPr)(py)] (4-NO2-py) (25.0 mg, 92.2 pmol) in THF (1 mL)
wurde eine Loésung von BiClz (29.1 mg, 92.2 umol) in THF (1 mL) langsam zugetropft. Der Feststoff
wurde abfiltriert, und die Lésung wurde mit n-Pentan liberschichtet und fiir 4 d stehen gelassen.
Das Produkt wurde durch Filtration isoliert, mit Et;0 (3 x 3 mL) gewaschen und im Vakuum
getrocknet.

Ausbeute: 18.8 mg, 35.7 umol, 39% eines dunkelroten, kristallinen Feststoffs.

1H-NMR (400 MHz, Pyridin-ds): 6 =1.80 (d, 12H, 3/un = 6.5 Hz, CHMe:), 5.44-5.52 (sept, 2H,
3/un = 6.1 Hz, CHMe), 6.72 (d, 2H, 3/un=12.3 Hz, 3-H, 7-H), 8.51 (d, 2H, 3/un=12.2 Hz, 4-H,
6-H) ppm. 13C-NMR (101 MHz, Pyridin-ds): § = 23.78 (s, CHMez), 53.96 (s, CHMe:), 117.50 (s, 3-C,
7-C), 130.55 (s, 4-C, 6-C), 141.13 (s, 5-C), 172.10 (s, 1-C, 2-C) ppm.

Elementaranalyse: Ber. (%) flr Ci13H1sBiCl2N302 (528.19 g/mol): C: 29.56, H: 3.44, N: 7.96, gef.
C: 29.69, H: 3.62, N: 7.83.
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XX VERBINDUNGSVERZEICHNIS

XX Verbindungsverzeichnis

1
1-Br

1-PhS

1-Ph(0)S

1-NO;

2

3

3-(thf),

[4-thf]«
4-(12K4),

4-Ph;C
4-Ph;C-(thf),
4-(PhsC);
4-(Ph3C)-(thf),
[5-thf]e

3-Ph(0)S
[3-Ph(0)S-py]-
4-Ph(0)S
5-Ph(0)S
[5-Ph(0)S-(thf)3]«
6-Ph(0)S

5-red
[3-Ph(0)C-py]«
4-Ph(0)C
[4-Ph(0)C-py]w
4-Ph(0)C-Ph;C
[4-Ph(0)C-Ph;C-(thf);],
[5-Ph(0)C-py]w
3-NO;
[3-NOz-py]w
4-NO;
[4-NO2-py]e
4-NO2-(12K4),
4-NO2-Ph;C-(12K4);
4-NO-(15K5)

H-ATIPr/iPr

Br—ATIPr/iPr

PhS—ATIPr/iPr

Ph(O)S—-ATIr/iPr

NO;—-ATIPr/iPr
3,4-Bis(isopropylamino)benzaldehyd
[Li(ATIPr/iPr)]

[Li(ATIPr/iPr)(thf),]

[Na(ATIPr/iPr)(thf)]e
[Na(12-Krone-4),][Na(ATI®r/iPr),]
[Na(Ph3C-ATI#Fr/iPr)]
[Na(Ph3C-ATIPr/iPr)(thf),]
[Na(3,5-bis(PhzC)-ATIPr/iPr)]
[Na(3,5-bis(Ph3C)-ATI®Pr/Pr)(thf)]
[K(ATIPr/iPr)(thf) ]

[Li(Ph(0)S-ATIPr/iPr)]
[Li(Ph(0)S-ATI#/iP) (py)]e
[Na(Ph(O)S-ATIPr/iPr)]
[K(Ph(O)S-ATIPr/iPr)]
[K(Ph(O)S-ATIPr/iPr)(thf)s]e
[Na(12-Krone-4);][Na(Ph(0)S-ATIFr/iPr),]
reduzierte Spezies von [K(Ph(O)S—-ATIPr/iPr)]
[Li(Ph(O)C-ATI®/iPr)(py)]e
[Na(Ph(O)C-ATIiPr/iPr)]
[Na(Ph(O)C-ATI® /) (py)]e
[Na(3-Ph3C-5-Ph(0)C-ATI®r/iPr)]
[Na(3-PhsC-5-Ph(0)C-ATI®r/r)(thf)2].
[K(Ph(O)C-ATI®/i*r)(py)]ew
[Li(NO2-ATI®r/iPr)]

[Li(NO2-ATI®/iPr) (py)]e
[Na(NO2-ATI:Pr/iPr)]

[Na(NO2-ATI®/iPr) (py)]eo
[Na(12-Krone-4)2][(NO2—-ATIiPr/iPr)]
[Na(12-Krone-4);(3-Ph3C-5-NO,—ATIPr/iPr)]
[Na(15-Krone-5)(NO2-ATI#Pr/iPr)]
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5-NO;
[5-NO:-pyl«
5-NO.-(18K6)
6-NO;
6-NO2-py
7-NO2-(12K4);
7-NO.-(15K5)
8

8

9

9%

10

8-Ph(0)S
9-Ph(0)S
[9-Ph(0)S]«
11-Ph(0)S
[11-Ph(0)S]«
8-NO;

9-NO,

12

Li-12
[Na-12-thf].
Na(12K4):-12
Bi-12

13
Li-13-(Et;0):
Na-13-(Et;0);
14

15

Bi-15

BiCl-15
BiCl,-15
[BiCl;-15]
16

Na-SAIr
K(18K6)-SAlr

LizNa-SAI®r-(thf),

[K(NOz-ATIPr/iPr)]
[K(NO2-ATI®r/iPr) (py)] e
[K(18-Krone-6)(NO2-ATIPr/iPr)]
[Ag(NOz-ATIPr/iPr)]
[Ag(NO2-ATI®r/ir) (py)]
[Na(12-Krone-4),][Ag(NO,—ATIPr/iPr),]
[Na(15-Krone-5)Ag(NO2-ATIiPr/iPr),]
[Bi(ATIPr/iPr),Cl]
[Bi(ATI®r/Pr),Cl] e
[Bi(ATIPr/iPr)Cly]
[Bi(ATIPr/iPr),Cl] e

[Bi(ATIPr/iPr),]
[Bi(Ph(0O)S-ATI®r/iPr),Cl]
[Bi(Ph(O)S—-ATI®r/iPr)Cl,]
[Bi(Ph(O)S—-ATI®x/iPr)Cl;] e
[Bi(Ph(O)S—-ATIPr/iPr)[,]
[Bi(Ph(O)S—ATI®r/iPr)[5] e
[Bi(NO2-ATIPr/iPr),Cl]
[Bi(NO2-ATI®r/iPr)Cly]

H-ATIPh/iPr

[Li(ATIPh/Pr)]
[Na(ATIPHiPr)(thf)]e
[Na(12-Krone-4);][Na(ATIPh/iPr),]
[Bi(ATIPh/iPr)5]

H-ATIPh/Ph

[Li(ATIPh/Ph) (Et;0)]
[Na(ATIP/Ph)(Etz0);]

ATFe

H-ATIFe/iPr

[Bi(ATIFc/iPr);]

[Bi(ATIFe/iPr),Cl]

[Bi(ATIFe/iPr)Cl,]
[Bi(ATIF/iPr)Cl3] o

H-ATIPhsMe/iPr

[Na(SAI#r)]
[K(18-Krone-6)(SAIl#r)]
[LisNa(SAI)4(thf)2]
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XXII ANHANG

XXITAnhang

1 Zusatzinformationen
1.1 Kapitel III

Zusatzinformationen zu Kapitel III konnen unter https://doi.org/10.1002/ejic.201800465

eingesehen werden.

1.2 Kapitel IV

Zusatzinformationen zu Kapitel IV konnen unter https://doi.org/10.1039/C8DT01019F

eingesehen werden.
1.3 Kapitel V

Zusatzinformationen zu Kapitel V konnen unter https://doi.org/10.1002/cctc.201800580

eingesehen werden.
1.4 Kapitel VI

Zusatzinformationen Zu Kapitel VI kénnen unter

https://doi.org/10.1021/acs.organomet.8b00208 eingesehen werden.
1.5 Kapitel VII

Zusatzinformationen zu Kapitel VII kénnen unter https://doi.org/10.1002/chem.201901962

eingesehen werden.
1.6 Zusatzinformationen Kapitel VIII

Zusatzinformationen zu Kapitel VIII konnen unter https://doi.org/10.1515/ncrs-2020-0124

eingesehen werden.
1.7 Zusatzinformationen Kapitel IX

Zusatzinformationen Zu Kapitel IX konnen unter

https://doi.org/10.1021/acs.inorgchem.0c02920 eingesehen werden.
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1.8 Zusatzinformationen Kapitel X

Zusatzinformationen zu Kapitel X konnen unter https://doi.org/10.1002/chem.202005186

eingesehen werden.
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