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1 Einleitung

DieKomplexchemie als Konzept zur Erklärung desAufbaus vonMolekülenmit zentralemMe-
tallatom ist bereitsvorüber 120 Jahreneingeführtworden.[1]GrundlegendwardieUnterschei-
dung zwischen Oxidationsstufe des Metalls und dessen Koordinationszahl sowie der Aufbau
von Koordinationspolyedern. Anfangs wurden besonders einfache Kohlenstoff-, Stickstoff-
und Sauerstoff-basierte Liganden (z.B. CN–, NH3, H2O) sowie die Halogenide in Komplexen
untersucht. Koordinationsverbindungen, in denen eine Bindung zwischen einem Bor-Atom
oder -Ligand und einem Metallatom gebildet wird, sind hingegen erst seit Beginn der Sechzi-
gerjahre bekannt.[2]

Im Laufe der Zeit sind neue Liganden und Donorgruppen in Erscheinung getreten, die auf-
grund ihrer auffälligen Eigenschaften besonderes Interesse erweckt haben. Im Folgenden soll
auf einige dieser Liganden eingegangen, ihre Eigenschaften diskutiert und deren Bedeutung
erklärt werden.

1.1 Kohlenstoffbasierte Liganden

1.1.1 Kohlenstoffmonoxid

Einer der wohl bekanntesten einfachen Kohlenstoff-basierten Liganden ist das Kohlenstoff-
monoxid. Das unter Standardbedingungen als Gas vorliegende, stark toxische Molekül ist der
Menschheit schon seit Jahrtausenden bekannt, wurde aber erst Anfang des 19. Jahrhun-
derts gezielt synthetisiert und korrekt identifiziert.[3] Die erste Metall-Carbonyl-Verbindung,
[Pt(CO)2Cl2], wurde bereits 1868 durch SCHüTZENBERGER isoliert.[4] Doch erst die Synthese von
[Ni(CO)4] 1890 durch MOND als hochtoxische, farblose Flüssigkeit mit niedrigem Siedepunkt
von 43 °C führte dazu, dass die Besonderheiten von CO als Ligand erkannt und auch wenig
später industriell zur Darstellung von hochreinemNickel genutzt wurden.[5]

Als diatomarer Verbindung stehen dem Kohlenmonoxid-Molekül nur vierzehn Elektronen
bzw. zehn Valenzelektronen zur Verfügung, die in Form von mesomeren Grenzstrukturen
lokalisiert werden können (Abb. 1).

C O C O

Abbildung 1:Mögliche Grenzstrukturen des Kohlenstoffmonoxid-Moleküls.

Experimentellen Beobachtungenwird amehesten die Grenzstrukturformel gerecht, die durch
eine formale Dreifachbindung zwischen Sauerstoff und Kohlenstoff gekennzeichnet ist. Als
neutraler Ligand bindet das Kohlenstoffmonoxid-Molekül über das Kohlenstoff-Atom und
kann sowohl als σ-Donor als auch π-Akzeptor fungieren (Abb. 2). Die Koordination erfolgt
meist terminal, in mehrkernigen Verbindungen kann auch eine Kantenverknüpfung oder
Überkappung einer Dreiecksfläche erfolgen (µ-CO-κC oder µ3-CO-κC). Seltener erfolgt eine
Verbrückung über Kohlenstoff und Sauerstoff (µ-CO-1κC,2κO).
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1 Einleitung

COCO MM

π-Akzeptorσ-Donor

O C O C
Abbildung 2: Oben: schematischeDarstellungderDonor- undAkzeptor-Wechselwirkungen.Unten:HOMO (links)

und eines der zwei entarteten LUMOs (rechts) von Kohlenstoffmonoxid (G16, B97D/def2-TZVPP, Iso-
Wert 0.05).

Das highest occupied molecular orbital (HOMO) ist stark am Kohlenstoff-Atom lokalisiert und
kann von dort aus σ-donierendwirken. Dahingegen sind die lowest unoccupiedmolecular orbi-
tals (LUMO und LUMO+1) zwar auch stärker am Kohlenstoff-Atom lokalisiert, durch die Kno-
tenebeneentlangderC–O-Bindung jedoch inderpassendenSymmetrie, umπ-Elektronendich-
te akzeptieren zu können. Fälle, in denen CO als reiner σ-Donor auftritt, sind auch bekannt.[6]

Obwohl es sich bei demHOMO-1 undHOMO-2 um besetzte Orbitale in π-Symmetrie handelt,
fungieren diese aufgrund der zu tiefen energetischen Lage praktisch nicht donierend.
Besonders von den Übergangsmetallen der mittleren Gruppen sind neutrale binäre Carb-
onylverbindungen bekannt,[7] im Periodensystem anfangend mit [V(CO)6] und endend mit
[Ni(CO)4]. Die sehr frühen und die sehr späten Übergangsmetalle zeigen eine wesentlich ge-
ringere Stabilität und sind entweder, wie im Fall der Gruppe 4, nur als substituierte Derivate
[M(CO)7–nLn] (M = Ti, Zr, Hf) isolierbar oder in Form von geladenen Komplexen bekannt.[8] So
können inkationischenVerbindungen sehr früheoder späteÜbergangsmetallcarbonylebeob-
achtet werden,[9–11] wohingegen die anionischen Verbindungen[12] z.B. als COLLMAN’s Reagenz
(Na2[Fe(CO)4]) in der organischen Synthese Anwendung finden.[13]

Bei Kohlenmonoxid handelt es sich um einen bemerkenswerten Liganden. Dies zeigt die Viel-
zahl an bekannten Verbindungen, die einen oder mehrere CO-Liganden tragen, deutlich.
Zwar ist das Kohlenmonoxid-Molekül nicht hoch reaktiv, trotzdem kann es aber teilweise
schon durch eine einfache Reaktion von reinem Kohlenmonoxid und elementarem Über-
gangsmetall zur Koordination unter Ausbildung stabiler Bindungen gebracht werden. Der
Grund hierfür liegt in dem für die Koordination an viele Übergangsmetalle energetisch güns-
tigen Lage von HOMO und LUMO. Diese führt zu einer Synergie aus σ-Donierung, die die
Elektronendichte am Metallzentrum erhöht, was wiederum die π-Rückbindung vom Me-
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1.1 Kohlenstoff-basierte Liganden

tall zum Kohlenmonoxid begünstigt. Aufgrund ihres relativen Elektronenreichtums können
vor allem Übergangsmetalle niedriger Oxidationsstufen starke π-Rückbindungen ausbilden.
Diese besondere Kombination aus starken σ-Donor- und π-Akzeptor-Eigenschaften hebt Koh-
lenmonoxid von anderen Liganden ab.[14]

Nicht koordiniertes Kohlenmonoxid kann aus vielen Gleichgewichtsreaktionen einfach ent-
fernt werden, um die Reaktion in die gewünschte Richtung zu lenken. Im Gegensatz zu an-
deren labilen Liganden ist kein komplizierter Aufreinigungsschritt notwendig, da es unter
Standardbedingungen als Gas vorliegt. Metallcarbonyle stellen deshalb ideale Präkursorver-
bindungen dar.
Während Kohlenmonoxid als nicht beteiligter Ligand (engl. spectator ligand) durchaus auch in
katalytischenAnwendungen zu finden ist, fehlt jedoch dieMöglichkeit durch Substitutionmit
funktionellen Gruppen einen fest koordinierten, mehrzähnigen Liganden zu erzeugen. Dies
würde das genaue Einstellen von sterischen und elektronischen Eigenschaften ermöglichen,
was sich besonders für die Anwendung in Katalysatoren als sehr vorteilhaft erwiesen hat.
Eine Veränderung des Donor-Charakters von koordiniertem Kohlenmonoxid ist nur begrenzt
möglich. Die bekanntesten Reaktionen von CO-Liganden verändern diese drastisch oder füh-
ren direkt zur Abspaltung vom Zentralatom. Neben der HIEBER’schen Basenreaktion, bei der
ein nukleophiler Angriff durch OH– auf ein CO zu dessen Eliminierung als CO2 führt, ist bei
Einsatz von Lithium-Alkylverbindungen die Bildung von FISCHER-Carbenen zu beobachten,
die als reaktive Liganden zu Folgechemie neigen.

1.1.2 Nheterocyclische Carbene

Die nach Ernst Otto FISCHER benannten FISCHER-Carbene sind die ersten in Übergangsme-
tallkomplexen isolierten Carbene.[15] Es handelt sich Kohlenstoff(+II)-Verbindungen, die ei-
nem Übergangsmetall ein Elektronenpaar dativ zur Verfügung stellen. Im Allgemeinen sind
FISCHER-Carbene sehr reaktive Verbindungen, die deshalb zunächst noch als nicht in freier
Form isolierbar galten. Nach den ersten Untersuchungen durch WANZLICK zeigte sich je-
doch bald, dass die als N-heterocyclisch bezeichneten Carbene (NHCs) eine Ausnahme bil-
den.[16] Wie der Name verrät, handelt es sich ummeist fünfgliedrige zyklische Verbindungen,
in denen ein Kohlenstoffatom in der formalen Oxidationsstufe +II durch zwei benachbarte
Stickstoff-Atome stabilisiert wird. Es ergibt sich ein dem Kohlenmonoxid sehr stark ähneln-
des Bindungsverhalten mit σ-Donor- und π-Akzeptor-Eigenschaften, das auch anhand der
Molekülorbitale nachvollzogen werden kann (Abb. 4). Diese Analogie deutet bereits darauf
hin, dass es sich um gute Liganden für Übergangsmetallkomplexe handeln sollte. Tatsächlich
konnten bereits Ende der Sechzigerjahre erste NHC-basierte Übergangsmetallkomplexe iso-
liert werden.[17,18] Es sollte jedoch noch bis 1990 dauern, bis das erste NHC vonA. J. ARDUENGO

III. bei DUPONT durch Substitution mit Adamantyl-Gruppen in stabiler, freier Form isoliert
werden konnte (Abb. 3).[19]
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1 Einleitung

N
C

N

Abbildung 3: Erstes frei isoliertes N-heterocyclisches Carben.[19]

Im Vergleich zu dem oben diskutierten Kohlenmonoxid als Ligand handelt es sich bei NHCs
im Allgemeinen um leicht stärkere σ-Donoren, wohingegen die π-Rückbindungsfähigkeiten
etwas schwächer ausgeprägt sind. Im Gegensatz zu CO bieten sich bei NHCs eine Vielzahl an
Möglichkeiten zurModifikation an. So kann die Ringgröße der NHCs unterschiedlich gewählt,
die Sättigung des Kohlenstoffgerüstes variiert und funktionelle Gruppen sowohl im Rückgrat
als auch als Substituenten an den Stickstoffatomen angebracht werden.
Diese vielfältigenMöglichkeitenmachenNHCs universell einsetzbar und förderten das Inter-
esse an diese Verbindungsklasse immens.[20,21]

Abbildung 4: Für den σ-donierenden Charakter verantwortliches HOMO (links) und den π-akzeptierenden Cha-
rakter verantwortliches LUMO+3 (rechts) des Adamantyl-NHC (G16, B97D/def2-TZVPP, Iso-Wert
0.05).

Anwendung in der Katalyse

Im Gegensatz zu Kohlenmonoxid können bei NHCs durch Substitution der organischen Reste
eine Vielzahl an Verbindungen hergestellt werden, die sich in ihren sterischen und elek-
tronischen Eigenschaften unterscheiden. Zudem sind NHC-basierte Liganden weniger la-
bil als Kohlenmonoxid-Liganden. Das macht diese Ligandenklasse, in Verbindung mit den
gut abstimmbaren Donor-Eigenschaften, für die Verwendung in Katalysatoren hochinteres-
sant.[22,23]

Daswohl beste Beispiel hierfür sind die GRUBBS-Katalysatoren der zweiten Generation, diemit
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1.1 Kohlenstoff-basierte Liganden

großem Erfolg in der Olefinmetathese eingesetzt werden und für ihren Entwickler Robert H.
GRUBBS 2005 zu einemNobelpreis führten.[24,25]

C
N N

Ru

P

Cl

Cl

Cy3

Abbildung 5: Olefinmetathese-Katalysator der zweiten Generation.[24]

Die Erfolge der NHCs in der katalytischen Olefinmetathese sind nicht zuletzt auch auf den ki-
netischen trans-Effekt[26] und thermodynamischen trans-Einfluss[27,28] des NHC-Liganden zu-
rückzuführen. Versuche der genauen Quantifizierung des trans-Effekts bzw. -Einflusses wur-
den bereits häufiger vorgenommen, sind aber aufgrund der vielen Variablen nur begrenzt zu
verallgemeinern.[29–32]

Es ist trotzdem zu erwarten, dass Liganden, die sowohl starke σ- als auch starke π-Donoren
sind, einen deutlicheren Einfluss auf den trans-ständigen Liganden haben sollten. Eine Ligan-
denklasse, die entsprechende Donor-Eigenschaften zeigen kann, wird durch die Carbodiphos-
phorane (CDPs) gebildet. TONNER et al.veröffentlichten 2008 eine quantenchemische Studie, in
der sie den Vergleich von NHC und CDP im Kontext der Olefinmetathese-Katalysatoren vor-
nehmen (Abb. 6).[33]

Ru
Cl

C

Cl
H

H

NNMes Mes

Ru
Cl

C

Cl

Ph3P PPh3

H

H

Abbildung 6: Quantenchemisch verglichene NHC- und CDP-basierte Modellsysteme.[33]

Die Autoren kommen darin zu dem Schluss, dass CDP-basierte Liganden in den GRUBBS-
Systemen zu vergleichbaren,wennnicht sogar besserenAktivitäten führen sollten. Aufgrund
des Austauschs von π-akzeptierendem NHC mit einem π-donierenden CDP ist zu erwarten,
dass sich der trans-Einfluss stark ändert. Als Folge dessen ist es möglich, dass sich neue Reak-
tivitäten des komplexen Katalysatorsystems eröffnen.[34]

1.1.3 Carbodiphosphorane

Das erste - und wohl meistuntersuchte - CDP, Hexaphenylcarbodiphosphoran, wurde 1961
von RAMIREZ et al. erstmals synthetisiert.[35] Die bald folgenden röntgenographischen Unter-
suchungen zeigten eine gewinkelte Struktur, die typischerweise in ähnlicher Form auch in
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1 Einleitung

Verbindungen beibehaltenwird.[36] Vor kurzemkonnte jedoch auch eine lineare Formkristal-
lisiert werden.[37] Die korrekte Klassifizierung dieser Verbindung, welche Grenzstruktur für
das Molekül die passendste ist und wie diese zu zeichnen ist, unterlag einer gewissen Kontro-
verse (Abb. 7).[38–48]

C

Ph3P

Ph3P
C

Ph3P

Ph3P
C

Ph3P

Ph3P

C

Ph3P

Ph3P
C

Ph3P

Ph3P

Abbildung 7: Einige der gängigsten Notationen von Hexaphenylcarbodiphosphoran. Eine umfangreichere Über-
sicht ist in [49] zu finden.

Die Beschreibung des zentralen Kohlenstoffatoms erfolgt basierend auf theoretischen Unter-
suchungen der Bindungsverhältnisse in Carbodiphosphoranen häufig durch die Grenzstruk-
tur, die ein zentrales Kohlenstoffatom in der formalen Oxidationsstufe ±0 enthält, welches
durch zwei dativ bindende Phosphine stabilisiert wird (Abb. 7, oben links). Als solches ver-
fügt das Hexaphenylcarbodiphosphoran über zwei freie Elektronenpaare, die durch die zwei
höchst liegendenbesetztenMolekülorbitale repräsentiertwerden (Abb. 9).DieFormenderMo-
lekülorbitale deuten auf starken σ- und π-Charakter amKohlenstoff-Atomhin, wie bereits bei
CO und NHCs diskutiert. Da beide Orbitale besetzt sind, stellt die Klasse der CDPs σ- und π-
Donoren dar.
Bereits kurz nach der ursprünglichen Synthese wurden erste Übergangsmetallkomplexe iso-
liert[50,51] und über die Jahre umfangreiche Untersuchungen der Donoreigenschaften vorge-
nommen.[49,52–54]Diese zeigen, dass prinzipiell dreiArtenvonAdditionsverbindungen gebildet
werden können (Abb. 8).

R3P
C

PR3 R3P
C

PR3 R3P
C

PR3

X X Y Z

Abbildung 8: Additionsverbindungen von CDPs mit elektrophilen Substraten X.

Einfache Addukte, in dem das CDP als σ-Donor an ein Substrat koordiniert, liegen häufiger
vor als Diaddukte. Bei letzteren bilden die zwei Elektronenpaare des CDP zu zwei getrennten
Substraten jeweils eineBindung aus. In einer drittenVariantewerdenbeide freienElektronen-
paare an ein Substrat doniert; hier fungiert das CDP σ- und π-donierend.
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1.2 Bor-basierte Liganden

Abbildung 9: Für denσ-donierendenCharakter verantwortlichesHOMO-1 (oben) und denπ-donierendenCharak-
ter verantwortliches HOMO (unten) des Hexaphenylcarbodiphosphorans (G16, B97D/def2-TZVPP,
Iso-Wert 0.05).

Eine Justierung und Abstimmung der elektronischen und sterischen Eigenschaften kann bei
CDPs durch Variation der Substituenten an den stabilisierenden Phosphinen vorgenommen
werden. Dies ermöglicht die individuelle Anpassung an verschiedenste Einsatzzwecke.

1.2 Borbasierte Liganden

Während, wie eingangs erwähnt, von den Elementen der zweiten Periode besonders Kohlen-
stoff-, Stickstoff- und Sauerstoff-basierte Liganden weit verbreitet sind, finden Bor-basierte
Liganden noch relativ wenig Anwendung. Es existieren zwar einige lange bekannte Verbin-
dungsklassenvonÜbergangsmetallenmitBor, bei diesen liegen jedochkeineklassischenZwei-
Elektronen-Zwei-Zentren-Bindungen (2e−-2z) zwischen Metall und Bor vor.[55] Die am häu-
figsten vertretene Klasse ist die der Boride, bei denen es sich um Festphasen handelt.[56] Es

7



1 Einleitung

folgen Metalla(hetero)borane und schließlich η-gebundene Bor-haltige Heterocyclen. In die-
senVerbindungsklassen lässt sich die Tendenz zur Bildung von ClusternmitMehrzentrenbin-
dungen beobachten; dies mag ein Grund für die relativ späte strukturelle Charakterisierung
von Komplexen mit 2e−-2z-Bindungen sein. Obwohl schon Anfang der Siebzigerjahre unter-
sucht,[2] konnte der röntgenographische Nachweis solcher Verbindungen erst 1990 durch die
Gruppen von BAKER und MEROLA erbracht werden.[57,58] Seit diesen Veröffentlichungen ist
das Interesse an der Entwicklung und Nutzung Bor-basierter Liganden stark angestiegen und
bleibt bis heute ein wichtiges Forschungsgebiet.[55,59–61]

Nach dem aktuellen Stand der Forschung lassen sich die Bor-basierten Liganden in drei prin-
zipielle Gruppen einteilen: Borane, Boryle und Borylene.
Bei den Boranen handelt es sich um die wohl typischsten Vertreter, bei denen ein leeres pz-
Orbital am Bor vorliegt und die somit Lewis-sauren Charakter aufweisen.
Die Boryle wurden bereits in den Sechzigerjahren intensiver untersucht. Exakte Identifizie-
rungenwurden zudiesemZeitpunkt jedochnicht durchgeführt und so konnten erst zuBeginn
der Neunzigerjahre entsprechende Komplexe isoliert werden.[57] Die erste Synthese eines frei-
en Boryl-Anions erfolgte 2006 von YAMASHITA und NOZAKI, quasi als NHC-Analogon.[62] Das
zentrale Bor-Atom liegt hier gebunden durch zwei Stickstoff-Atome vor, wie im klassischen
Motiv der NHCs. Durch die negative Ladung am Bor-Atom wird das pz-Orbital nun halb be-
setzt. Die sterisch sehr anspruchsvollen 2,6-Diisopropylphenyl-Gruppen sorgen für eine effek-
tive Abschirmung. Die vielfältigen Einsatzmöglichkeiten des neuen Liganden demonstrierten
die Autoren durch die Implementierung in einen PBP-Pinzetten-Liganden.[63]

Der letzte und jüngste Vertreter, die Borylene, sind hingegenwie Boranewieder neutrale Ver-
bindungen. Da das pz-Orbital imGegensatz zu diesen jedoch voll besetzt ist, handelt es sich um
σ-Donoren, die wie Kohlenmonoxid auch als π-Akzeptoren wirken können. Dieses Verhalten
zeigt eine klareVerwandtschaftmit Kohlenmonoxid undNHCs. Aus diesemGrund soll im Fol-
genden genauer auf sie eingegangenwerden.

1.2.1 Borylene

In Borylenen liegt das Bor-Atom anders als bei Boranen (+III) und Borylen (+II) in der formalen
Oxidationsstufe +I vor. Erste isolierte Beispiele von verbrückenden[64,65] oder terminalen[66,67]

Borylen-Liganden kamen Mitte der Neunzigerjahre aus der Gruppe von BRAUNSCHWEIG. Ihr
Potential, als starkeσ-Donor-Ligandenmitπ-Rückbindungsanteil zu fungieren,wurdehier be-
reits erkannt. In fast 25 Jahren hat das Feld der Borylen-basierten Liganden eine stetig wach-
sende Vielfalt an Komplexen generiert.[68,69]

Die archetypischeVerbindungBormonofluorid ist isoelektronisch zuKohlenmonoxidunddie-
sem somit amnächsten verwandt.Wie auch imFall vonCOkönnenverschiedeneMesomerie-
strukturen verfasst werden, die jedoch alle die Oktettregel verletzen und/oder die Zuordnung
von Formalladungen erfordern (Abb. 10).
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B F B F B F

Abbildung 10: Drei mögliche Grenzstrukturen für das Bormonofluorid-Molekül.[70]

Ganz anders als beimKohlenmonoxid handelt es sich bei freiemBormonofluorid um eine sehr
instabile Verbindung, die bereits bei -196 °C zu einem nicht weiter identifizierten, grünen Po-
lymer abreagiert.[71] Aus diesem Grund wurden Bormonofluorid- oder Borylen-basierte Ver-
bindungen häufig lediglich quantenchemisch untersucht. Als Resultat wurden im Vergleich
zu Kohlenmonoxid bessere σ-Donoreigenschaften bei ähnlichen oder sogar noch stärker aus-
geprägtenπ-Akzeptor-Eigenschaftenvorhergesagt.[14,72] Bei demVergleich derBindungssitua-
tionen der isoelektronischen Moleküle N2, CO und BF wird der Trend in den Ligandeneigen-
schaften über die Bindungsordnung erklärt.[70]

F B F B
Abbildung 11:HOMO (links) und eines der zwei entarteten LUMOs (rechts) von Bormonofluorid (G16, B97D/def2-

TZVPP, Iso-Wert 0.05).

So sind in dem symmetrischen Distickstoff-Molekül N2 beide Atome je zur Hälfte an allen
Molekülorbitalen beteiligt und diese dementsprechend gleichmäßig verteilt. Dies spiegelt
sich in der hohen Bindungsordnung von 3.0 wieder. Im Fall des Kohlenmonoxid-Moleküls
CO führt die Elektronegativitätsdifferenz zu einer Beeinflussung des π-Anteils der Bindung.
Dementsprechend wird eine etwas niedrigere Bindungsordnung von 2.6 erhalten. Dieser Ef-
fekt ist für das Bormonofluorid-Molekül BF noch wesentlich stärker ausgeprägt, für das sich
eine theoretische Bindungsordnung von 1.4 ableiten lässt. Damit einhergehend werden die
Molekülorbitale stärker an den Atomen lokalisiert. HOMO und LUMO sind hauptsächlich
Bor-zentriert und führen so zu den stärker ausgeprägten Donor- und Akzeptoreigenschaften
(Abb. 11).
Während es nichtmöglich ist, Bormonofluorid unter für Experimentatoren geeigneten Bedin-
gungen zu verwenden, wurde 2011 von BERTRAND eine Borylen-Variante isoliert, die durch
zwei cyclische (Alkyl)(amino)carbene stabilisiert wird.[73] Wenig später wurde ein Komplex
dargestellt, indem eine solche Donorgruppe L2BH, die als Liganden-stabilisiertes Borylen be-
zeichnet werden könnte, erst synthetisiert und in einem Folgeschritt mit [(thf)Cr(CO)5] zum
entsprechenden Chrom-Komplex umgesetzt wurde.[74]
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Tatsächlich konnte 2019 ein Komplex isoliert werden, in dem ein Bormonofluorid terminal
an ein Eisen-Atom gebunden ist (Abb. 12). Die Synthese erfolgte durch DRANCE et al. nicht
von freiem BF aus, sondern durch eine Redox-Reaktion von Bortrifluorid mit einem Eisen(-
II)-Präkursor.[75]

N C Fe

C C

B

F

NC

O O

Abbildung 12: Struktur des ersten Übergangsmetallkomplexes mit terminal koordinierender BF-Einheit.[75]

Von FIGUEROA und Mitarbeitern konnten die analogen CO- und N2-haltigen Komplexe eben-
falls isoliertwerden. Die experimentellen Beobachtungen sowie die quantenchemischenAna-
lysen der drei Komplexe bestätigen den prognostizierten Trend der Donorstärke.

1.3 Analogien zu Stickstoffbasierten Liganden

Stickstoff-basierte Donorgruppen sind in der homogenen Katalyse stark vertreten. Insbeson-
dere Liganden mit einem Amin-basierten Donor im Rückgrat zeigen gute Eigenschaften als
Hydrierungskatalysatoren,[76–79] wie auch Erfolge aus der eigenen Gruppe zeigen konnten.[80]

In den meisten Fällen wird ein mehrzähniger Ligand verwendet, der das Stickstoff-Atom in
der für die jeweilige Reaktion am günstigsten Position fixiert. Sehr häufig handelt es sich bei
denmehrzähnigen Systemen um Pinzetten-Liganden.[81,82] Aufgrund des Chelat-Effektes wir-
ken diese stabilisierend und führen dazu, dass die Dissoziation des Liganden und somit der
Stickstoff-basierten Donorgruppe thermodynamisch ungünstiger wird. Eine Veränderung
des Donor-Charakters wird bei der sogenannten bifunktionalen bzw. kooperativen Katalyse
beobachtet. So können auf sekundären Aminen basierte Donorgruppen als Protonen-Relais
agieren und ein Proton auf ein Substrat übertragen oder, im Laufe eines katalytischen Zyklus
nach erfolgter Deprotonierung, wieder reprotoniert werden (Schema 1).[83–85]

Bor-Verbindungen des Typs L2BH wurden schon im Titel ihrer ersten Publikation als Amin-
Analoga identifiziert.[73] Es ist alsoanzunehmen,dass eineähnlicheReaktivität prinzipiellmög-
lich ist. Gleiches gilt für Carbodiphosphorane selbst nicht, aber für deren protonierte Derivate.
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H
NR

R

[Mq±]
H

H2

NR
R

[Mq±]

C
X R1

R2

C

X

R2

H

H R1

Schema 1: Sekundäre Amine als Donorgruppen in kooperativer Katalyse.

Die Protonenaffinitäten dieser Verbindungen wurden bereits untersucht.[39,40,86] Sie liegen in
einem Bereich, der für sekundäre Amine nicht ungewöhnlich ist und somit Parallelen in den
Reaktivitäten andeutet.

1.4 MetallLigandInteraktionen

1.4.1 Klassifizierung

Häufig werden in Metallkomplexen die Interaktionen zwischen Zentralatom und Liganden
nicht ausführlich beschrieben, sondern nur eine Koordinationszahl und formale Oxidati-
onsstufe zugewiesen. Diese Methodik mag für einfachere Koordinationsverbindungen aus-
reichend sein, sie führt jedoch zu Problemen, sobald von einem bestehenden Komplex aus
Rückschlüsse auf dessen Bestandteile gezogen werden sollen. So können die koordinativen
Bindungen auf verschiedene Arten zustande gekommen sein.
Eine Variante, die eine übersichtliche Grundlage zur genaueren Beschreibung der Metall-
Ligand-Interaktionen ermöglicht, wurde zum Beispiel durch GREEN 1995 veröffentlicht.[87] In
demÜbersichtsartikel zu der covalent bond classification beschreibt er drei Funktionen, durch
die die Interaktionen zwischen Zentralatom und eines daran bindenden Atoms spezifiziert
werden können. Die Einordnung der Liganden in drei Kategorien erfolgt formal durch Spal-
tungder Ligand-Metall-BindungunterBildungderneutralenLiganden. Eswird zwischendem
kovalent bindenden X-Typ-Liganden, dem als Elektronenpaar-Donor fungierenden L-Typ-
Liganden und dem Elektronenpaar akzeptierenden Z-Typ-Liganden unterschieden (Abb. 13).

Dem Formalismus folgend finden sich die meisten Liganden als X- oder L-Typ eingeordnet. Zu
den typischen Liganden des X-Typs gehören Anionen wie beispielsweise die Halogenide oder
Hydrid, während Elektronenpaar donierenden, Lewis-basischen Liganden wie Kohlenmon-
oxid, NHCs und Phosphinen der L-Typ zugewiesen ist. Die wenigsten Vertreter finden sich in
der Kategorie der Z-Typ-Liganden. Ein großer Teil hiervon wird durch Bor(+III)-Verbindungen
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M LX ZMM

M X MM L Z

X-Typ L-Typ Z-Typ

σ-Donor σ-Akzeptor

Abbildung 13: Beispielhafte Darstellung der drei definierten Klassen an Bindungsinteraktionen anhand von σ-
Wechselwirkungen.[87]

wie BH3, BR3 und den Bortrihalogeniden gestellt.
Bei genauerer Betrachtung der oben beschriebenen Bor-basierten Ligandenklassen der Bora-
ne, Boryle und Borylene lässt sich erkennen, dass diese durch die covalent bond classification
in unterschiedliche Kategorien eingeteilt werden. So können Borane aufgrund ihres Lewis-
aziden Charakters als Z-Typ-Liganden, Boryle als einfach anionische Verbindungen als X-Typ-
LigandenundBorylene durch den relativen Elektronenreichtumals L-Typ-Liganden eingeord-
net werden (Abb. 14).
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Boran
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Boryl

Mn
COOC

CO

B

COOC

Me2N NMe2
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Borylen

W
COOC

CO

B
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Abbildung 14: Beispiele für Bor-Liganden des Z-,[88] X-[57] und L-Typs.[66,67]

In vielen Komplexen haben Bindungen zumindest teilweise dativen Charakter. In dieser Dis-
sertation werden, zur besseren Übersichtlichkeit und wie in der Koordinationschemie üblich,
einfache Striche verwendet. Pfeile anstelle der klassischen Bindungsstrichewerden nur dann
gezeichnet, wenn explizit auf eine besondere Bindungssituation hingewiesen werden soll.

1.4.2 PinzettenLiganden als Plattform

Unter den so genannten Pinzetten-Liganden versteht man tridentate Liganden, die in einer
Ebenemeridional an ein zentralesMetallatomkoordinieren.Die sich so ergebendenPinzetten-
Komplexe zeichnen sich durch ein rigides Ligandengerüst und einer damit verbundenen ho-
hen thermischen Stabilität aus. Diese beruht auf dem Chelat-Effekt, ein Zusammenspiel aus
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Entropiegewinn, Löslichkeit und Ringbildung. Weitere Vorteile von Pinzetten-Liganden sind
die gut einstellbaren sterischenundelektronischenEigenschaften, die sichhäufig einfachüber
die Substituenten der Donoratome kontrollieren lassen (Abb. 15).[89] Durch rigide Pinzetten-
Liganden kann in quadratisch-planaren Komplexen eine Umlagerung zu einer tetraedrischen
Koordinationsgeometrie verhindertwerden.Währenddie zentraleDonorgruppe aufgrund ih-
res trans-Einflusses direkt die Reaktivität des Komplexes oder die eines trans-ständigen Sub-
strates beeinflusst, ist es zudemmöglich, die terminalenDonorgruppen so zumodifizieren, dass
sich eine Hemilabilität ergibt.

XR2

XR2

MLn

Große, elektronen-
reiche Gruppen

Ligandeneffekt:
trans-Einfluss

Unterschiedliche
Bindungsmodi

Y

X = Donoratom:
O, S, N, P, C

Abbildung 15: Schematischer Aufbau von Pinzetten-Liganden in Übergangsmetallkomplexen.

Obwohl die ersten - damals noch nicht als solche bezeichneten - Pinzetten-Liganden bereits
1976 von MOULTON und SHAW[90] synthetisiert wurden, sollte es noch über zwanzig Jahre
dauern, bis durch MILSTEIN die erste erfolgreiche Anwendung eines Palladium-Pinzetten-
Komplexes zur Katalyse der HECK-Reaktion publiziert wurde.[91]

Eine gängigeNomenklatur fürVerbindungen diesen Typs ist es,wie bereits vonMOULTONund
SHAWeingeführt, die chemischen Symbole der Donor-Atome aneinanderzureihen. So handelt
es sich bei den gezeigten Beispiel-Komplexen um renommierte Vertreter der Aryl-basierten
PCP-,[92] Amin-basierten PNP-[93] und Boryl-basierten PBP-Pinzetten-Liganden[63] (Abb. 16).

Ir

PPh2

PPh2

B Cl
CO
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N
Ru

PPh2

PPh2

N CO
Cl

H

HRh

PtBu2

PtBu2

C
H
H

PCP PNP PBP

Abbildung 16:Aryl-basierter PCP-, Amin-basierter PNP- und Boryl-basierter PBP-Pinzetten-Komplex.[63,92,93]

Währendes sichbei denPCP-LigandenumdiehäufigsteFormderPinzetten-Ligandenhandelt,
ist besonders in den homogenkatalytischen Anwendungen die PNP-Form extrem erfolgreich
vertreten. Durch Pinzetten-Liganden lassen sich außerdem auch schwache Donoren, die als
monodentate Ligandennur schlecht koordinieren oder schnell selbst vonkoordinierendenLö-
sungsmitteln verdrängt werden würden, zur Koordination bringen. Die Stabilisierung erfolgt
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hier, da durch die weiteren Donoratome des Liganden eine räumliche Nähe des schwachen
Donors zu demMetallzentrumerzwungenwird. Besonders stark ist dieser Effekt für denmitt-
leren Donor des Pinzetten-Liganden ausgeprägt.
Hierdurch eröffnet sich die Möglichkeit der Stabilisierung und Untersuchung ungewöhnli-
cher, oder als monodentate Liganden hoch reaktiver, Gruppen durch Verankerung im Zen-
trum eines Pinzetten-Liganden. Es bietet sich daher an, die vorgestellten Donorgruppen der
Typen L2BH und L2C bzw. [L2CH]+ durch Einbringen in eine Pinzetten-Plattform zu stabili-
sieren. Während die Synthese NHC-basierter Pinzetten-Liganden durch die entsprechenden
Imidazolium-Salze bereits gut untersucht ist, stellen besonders Bor-Verbindungen des Typs
L2BH eine größere Herausforderung dar.[94]

Im Fall der CDP-basierten Pinzetten-Liganden sind aktuell drei Beispiele literaturbekannt.
Hierbei handelt es sich um einen CCC-Pinzetten-Liganden, durch C-H-Aktivierung der ortho-
Position zweier Phenylringe von Hexaphenylcarbodiphosphoran gebildet,[95–97] einen PCP-
Pinzetten-Liganden, der durch Templatsynthese erhalten werden konnte,[98–101] und einen
NCN-Pinzetten-Liganden, der Ende 2018 durch ZHAO, FRENKING und ZHU publiziert wurde
(Abb. 17).[102]
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Abbildung 17: Bekannte Komplexe CDP-basierter Pinzetten-Liganden.[95–102]

Prinzipiell auf stabilisiertemBorylen basierende, also die Gruppe L2BH enthaltende Pinzetten-
Komplexe konnten erstmals 2016 in unserer Arbeitsgruppe durch VONDUNG isoliert werden
(Abb. 18).[103–105] Der Pinzetten-Ligand bildet sich in der Koordinationssphäre des zentralen
Eisen-Atoms durch Umlagerung eines Boran-Liganden.
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Abbildung 18: Erster Pinzetten-Komplex mit L2BH-Einheit im Rückgrat.[103,104]
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1.4.3 Experimentelle Quantifizierung von MetallLigandInteraktionen

Eine experimentelle Quantifizierung der Donorstärke von Liganden kann auf verschiedenen
Wegen stattfinden. Im Allgemeinen wird zuerst ein gut untersuchter, einfacher Präkursor-
Komplex mit dem zu untersuchenden Liganden zur Reaktion gebracht. Anschließend wird
eine spektroskopisch einfach untersuchbare Eigenschaft gemessen und in den Vergleich mit
Messwerten anderer Liganden und/oder des Präkursor-Komplexes gestellt. Hieraus resultiert
ein Ligandenparameter, der zum Abschätzen und Bewerten von Trends katalogisiert werden
kann. Im Folgendenwerden die bekanntesten Ligandenparameter kurz erklärt.

Tolman Electronic Parameter

Ursprünglich für Phosphine entwickelt, stellt der Tolman Electronic Parameter (TEP) mittler-
weile denwohl bekanntestendermodernenLigandenparameter dar.[106]Die Synthese erfolgte
durch Reaktion des Phosphins mit Nickeltetracarbonyl (Schema 2).
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C
O
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RR
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Schema 2: Synthese der Verbindungen zur Bestimmung des TEP und gemessene Schwingungen.

Der TEPwird nach Isolation der Komplexverbindung durch IR-spektroskopischeMessung der
A1-Schwingungsmode der Carbonyl-Liganden bestimmt. Die Begründung der Korrelation der
Frequenz der C–O-Schwingungenmit der Donorstärke liegt in den Orbitalwechselwirkungen
des Metalls mit den π-akzeptierenden CO-Liganden, wie weiter oben bereits diskutiert (siehe
Abb. 2). In Kombination mit den sterischen Einflüssen, definiert über den Kegelwinkel, konn-
te TOLMAN Rückschlüsse auf Eigenschaften und Reaktivitäten von einer großen Anzahl an
Phosphinen ziehen. Der TEP kann ebenso einfach fürNHCs bestimmtwerden und ermöglicht
so den direkten Vergleich von Phosphinen und NHC-Liganden.[107–109] Auch für CDP-basierte
Liganden sind in der Zwischenzeit Untersuchungen zur Bestimmung des TEP erfolgt.[110]

Die hohe Toxizität des verwendeten [Ni(CO)4] kann durch analoge Komplexe anderer Metalle
vermieden werden. So wurde von der Gruppe um CRABTREE eine Alternative unter Verwen-
dungvonRhodium(+I) oder Iridium(+I) entwickelt, die späterdurchdieGruppevonNOLANwei-
ter modifiziert wurde.[111,112] Die neuerenMethoden werden aber dadurch komplizierter, dass
die Synthesen der Analyt-Komplexe nicht in einem Schritt zu vollziehen sind.
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Lever Electronic Parameter

Über das Redox-Potential von Ruthenium(+III/+II)-[113] oder Rhenium(+III/+II)-[114] Redoxpaa-
ren ist esmöglich, eine elektrochemische Parametrisierung von Liganden vorzunehmen.Hier-
zuwirdeinKomplexderForm [ML6] erzeugtunddessenelektrochemischesPotential gemessen
(Schema 3). Der Beitrag des zu messenden Liganden ist dementsprechend ein Sechstel des Ge-
samtpotentials. Um eine Aussage über die Donorstärke eines Liganden zu treffen und diese in
σ- und π-Anteile zu zerlegen, wird ein quantenmechanischer Ansatz mittels Störungstheorie
genutzt.[115]

[Ru+IIL6] [Ru+IIIL6]
+ e-

- e-

Schema 3: Redoxpaar zurMessung des elektrochemischen Potentials.[113]

Huynh Electronic Parameter

Eine weitere Methode, Donorstärken verschiedener Liganden zu messen, wurde von HUYNH

entwickelt. Hier erfolgt die Bestimmung der Ligandenstärke mittels einer 13C NMR-Sonde.
Ausgehend von einemquadratisch-planaren Palladium(+II)-Komplexmit zwei trans-ständigen
Bromido-Liganden, dem zu untersuchenden Liganden und dem NHC-Liganden 1,3-Diiso-
propylbenzimidazolin-2-yliden (iPr2-bimy) wird hierzu die chemische Verschiebung des Car-
ben-Kohlenstoffatoms von iPr2-bimy gemessen. Als Ausgangsmaterial wird eine dimere Pal-
ladium-Spezies mit verbrückenden Bromo-Liganden und endständigen NHC-Liganden ver-
wendet, die unter Zugabe des zu messenden Donorliganden in zwei Monomere zerfällt (Sche-
ma 4).[116,117]

Pd
BrC

BrBr
Pd

Br

C

N

N

N

NiPr

iPr

iPr

iPr

+ 2 Ligand
2

L

Br
Pd

Br

C
N

N
iPr

iPr

Schema 4: Synthese der Analyt-Komplexe zur Bestimmung des 13C NMR-basierten HEP.[116]

Der originale Huynh Electronic Parameter (HEP) erfuhr seitdem zwei Weiterentwicklungen.
Zum einen wurden Gold(+I)-Komplexe genutzt, um besonders starke Donoren und NHC-
basierte Liganden zu untersuchen.[118] Zum anderenwurde das System auch für die Erfassung
von bidentaten Ligandenmit zwei gleichen Donorgruppen eingesetzt.[119]
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1.4.4 Quantenchemische Quantifizierung von MetallLigandInteraktionen

Quantentheorie der Atome in Molekülen

Die Quantentheorie der Atome in Molekülen (quantum theory of atoms in molecules, QTAIM)
wurde von Richard F. W. BADER in den Achtzigerjahren entwickelt und schlägt eine Brücke
zwischen abstraktenKonzeptenwie Lewis- undValenzstrichformeln[120] undder physikalisch
zu messenden Elektronendichte ρ(r⃗).[121–123] Zur Zeit der Entwicklung der Theorie wurde pri-
mär die aus quantenchemischen Rechnungen erhaltene Wellenfunktion Ψ genutzt, um ρ(r⃗)

zu ermitteln (Gl. (1.1)).

ρ(r⃗) = N

∫
Ψ∗(Q⃗)Ψ(Q⃗)dτ ′ (1.1)

N= Anzahl der Elektronen
Q⃗ = Gesamtmenge der Koordinaten aller Elektronen

τ ′ = Spinkoordinaten aller Elektronen und Raumkoordinaten vonN -1 Elektronen

Eswar bereits bekannt, dass auchRöntgenbeugungsexperimente einen Zugang zu ρ(r⃗) bieten,
jedoch können erst durch die stete Weiterentwicklung der Röntgendiffraktometer hochauf-
gelöste Elektronendichtekarten erstellt werden. Hierzu werden die aus Röntgenbeugungsex-
perimenten ermittelten Strukturfaktoren und die Zellparameter genutzt (Gl. (1.2)).

ρ(r⃗) =
1

V

∑
h

∑
k

∑
l

F (hkl)e−2πi⃗h·r⃗ (1.2)

V = Volumen der Elementarzelle
h, k, l =Miller-Indizes
F = Strukturfaktor

h⃗ =

h/a

k/b

l/c

mit a, b, c = Elementarzelldimensionen

Die experimentell oder auf quantenchemischemWege erhaltene Elektronendichte ρ(r⃗)wird
beimQTAIM-Ansatz topologisch analysiert. Atomkerne bilden lokaleMaximader Elektronen-
dichte, von denen aus diese in alle Richtungen abnimmt. Sobald ein oder mehrere Atome in
räumlicher Nähe zueinander sind, bilden sich so genannte Nullflussflächen. An diesen ent-
spricht der Gradient der Elektronendichte∇ρ(r⃗), also die erste Ableitung, gleich null (Gl. (1.3)).

∇ρ(r⃗) = i⃗
∂ρ

∂x
+ j⃗

∂ρ

∂y
+ k⃗

∂ρ

∂z
(1.3)

i⃗, j⃗, k⃗ = Einheitsvektoren

Die Nullflussflächen bilden Bassins, die im Normalfall je ein Atom enthalten. Durch Integrati-
on der Elektronendichte des zugehörigen Bassins können atomare Eigenschaften, wie z.B. die
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1 Einleitung

Gesamtladung qi eines Atoms ermittelt werden (Gl. (1.4)).

qi = Zi −
∫
Ω
ρ(r⃗)dr⃗ (1.4)

qi = Gesamtladung des Atoms
Ω = Bassin

Zi = Kernladung

Für eine weitere Differenzierung der lokalen Minima und Maxima der Elektronendichtever-
teilung wird die zweite Ableitung, die Laplace-Funktion∆ρ(r⃗) herangezogen (Gl. (1.5)).

∆ρ(r⃗) = ∇2ρ(r⃗) =
∂2ρ(r⃗)

∂x2
+

∂2ρ(r⃗)

∂y2
+

∂2ρ(r⃗)

∂z2
= λ1 + λ2 + λ3 (1.5)

λ1, λ2, λ3 = Eigenwerte der Hesse-Matrix

Die Summe der Vorzeichen der einzelnen Terme der Laplace-Funktion (Gl. (1.5)) gibt Auskunft
über die kritischenPunkte. Hierbei handelt es sich um spezielle Punkte, bei denen die nach der
DiagonalisierungderHesse-Matrix erhaltenenEigenwerteλ1,λ2 undλ3 alleungleichnull sind.
Es kommt zur Unterscheidung zwischen vier Fällen. Nimmt ρ(r⃗) in alle drei Raumrichtungen
ab, ist die Summe der Vorzeichen der Eigenwerte -3 und es handelt sich um einen atomkriti-
schen Punkt (nuclear attractor, na). Ist die Summe der Vorzeichen -1, nimmt ρ(r⃗) in zwei Rich-
tungen ab und in eine zu, es liegt ein bindungskritischer Punkt (bond critical point, bcp) vor.
Bei einer Vorzeichensumme von +1 handelt es sich um einen ringkritischen Punkt (ring criti-
cal point, rcp) und sind alle Vorzeichen positiv (+3) um einen käfigkritischen Punkt (cage critical
point, ccp). Bei einem rcp nimmt ρ(r⃗) in einer Richtung zu, bei einem cpp in alle.
∆ρ(r⃗) lässt sich, wie schon ρ(r⃗) und ∇ρ(r⃗), auch als topologische Karte darstellen. Dies ist ei-
ne viel verwendete Darstellung, da∆ρ(r⃗) Auskunft über Bereiche der Anreicherung (negati-
ves Vorzeichen) oder einen Abfluss (positives Vorzeichen) von ρ(r⃗) gibt. ImVergleich von ρ(r⃗),
∇ρ(r⃗)und∆ρ(r⃗) in Form zweidimensionaler Karten amBeispiel vonBormonofluorid lässt sich
unschwer erkennen, dass der Informationsgehalt von ∆ρ(r⃗) zwar bereits deutlich über dem
von ρ(r⃗) liegt, aber erst das Eintragen des Bindungspfades und der kritischen Punkte macht
den Vergleich mit klassischen Strichformeln möglich (Abb. 19).
Die Verbindung zwischen zwei Atomen, die der maximalen Elektronendichte folgt, wird als
Bindungspfad bezeichnet.[124] Im Gegensatz zu den chemischen Bindungen, die z.B. in Lewis-
Strichformeln gemalt werden, handelt es sich weder notwendigerweise um die kürzeste Stre-
cke zwischen zwei Atomen noch muss hier eine Bindung im klassischen Sinne vorliegen.[125]

Vielmehr zeigt ein Bindungspfad eine Interaktion zwischen Atomen an, die auf der physika-
lischen Elektronendichte basiert. Als Kriterium für die tatsächliche Stabilität einer Bindung
wird die GesamtenergiedichteH des bcp herangezogen. Auch Rückschlüsse auf die vorliegen-
de Bindungsart können anhand des bcp gezogen werden.
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Abbildung 19: Bormonofluorid (G16, B97D/def2-TZVPP) als Modell für verschiedene Darstellungsarten: a) ρ(r⃗) als
topologische Karte b)∇ρ(r⃗) als Gradientenlinienkarte c)∆ρ(r⃗) als topologische Karte (positives Vor-
zeichenmit durchgezogener, negatives mit gestrichelter Linie) d)∆ρ(r⃗) als topologische Karte (posi-
tives Vorzeichen blau, negatives rot) mit bindungs- (grün) und atomkritischen (gelb) Punkten sowie
Bindungspfad (magenta) und Nullflussfläche (schwarz).

Eine wichtige Größe ist hierbei die räumliche Form der Bindung, die über die Elliptizität ε an-
hand der zwei negativen Eigenwerte λi und λj des bcp mit λi ≤ λj beschrieben wird (Gl. (1.6)).

ε =
λi

λj
− 1 (1.6)
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1 Einleitung

σ-Einfachbindungen sind im Idealfall zylindrisch und demensprechend gilt ε = 0. Eine Abwei-
chung von null deutet auf eine Mehrfachbindung oder Mehrzentrenbindung hin. Auch das
Vorzeichen von∆ρ(r⃗) am bcp kann Auskunft über die vorliegende Bindungsart geben. Kova-
lente Bindungenweisen aufgrund der relativ hohen Ladungsdichte entlang des Bindungspfa-
des typischerweise ein negatives Vorzeichen auf, wohingegen ionische Bindungen durch die
stärkere Lokalisierung von ρ(r⃗) an den Atomkernen für∆ρ(r⃗) am bcp positive Vorzeichen ge-
nerieren. Besonders bei schwachen Interaktionen ist diese Art der Identifikation nicht immer
zuverlässig, da sich ρ(r⃗) nur marginal ändert. Die Lage eines bcp entlang des Bindungspfades
gibt zusätzlichAuskunft über die Polarisierung der Bindung. Eine kovalente, nicht polarisierte
Bindung sollte den bcp auf halbemWege zwischen denAtomen aufweisen, bei Elektronegati-
vitätsdifferenzen wandert der Punkt zu dem elektronenärmeren Bindungspartner.
Die Analyse nach BADER bietet sich aufgrund der Vielzahl an Informationen, die über Bin-
dungen erhalten werden können, besonders dafür an, die meist dativen Bindungen zwischen
Donor undMetallatom in Übergangsmetallkomplexen genauer zu untersuchen.

EnergieDekompositionsAnalyse

Die Energie-Dekompositions-Analyse (energy decomposition analysis, EDA oder auch extended
transition state (method), ETS)wurdebereits indenSiebzigernvonMOROKUMAundZIEGLERund
RAUK entwickelt.[126–129] DieMethode wird stetig weiterentwickelt und kann Einblick in viele
Bindungsinteraktionen geben.[130,131]

In der EDA wird aus den zwei Fragmenten A und B das Molekül A–B mit der Energie EAB

und der relaxierten Wellenfunktion ΨAB gebildet. Im Zuge der Analyse wird die Entstehung
dieser Wellenfunktion schrittweise aus der Interaktion der Fragmente A0 und B0, jeweils in
den GrundzuständenΨ0

A undΨ0
B der EnergienE0

A undE0
B, untersucht. Zuerst erfolgt eine Ver-

formung einhergehend mit einer elektronischen Anregung der Fragmente A0 und B0 aus den
Grundzuständen in die ZuständeΨA undΨB mit den zugehörigen EnergienEA undEB, so wie
sie imMolekül AB vorliegen. Die Gesamtenergie, die für diese Zustandsveränderung notwen-
dig ist, ist die PräparationsenergieEprep (Gl. (1.7)).

∆Eprep = EA − E0
A + EB − E0

B (1.7)

Die GesamtwechselwirkungsenergieEint, derwesentliche Bestandteil der EDA,wird als Diffe-
renz der Energien der Fragmente in ihren angeregtenZuständenundder Energie desMoleküls
formuliert (Gl. (1.8)).

∆Eint = EAB − EA − EB (1.8)

Die BindungsdissoziationsenergieDe wird dementsprechend aus der Summe von∆Eprep und
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1.4 Metall-Ligand-Interaktionen

∆Eint erhalten (Gl. (1.9)).

−De = ∆Eint +∆Eprep (1.9)

Für das Zustandekommen einer Bindung ist in der EDA als erstes eine Annäherung der Frag-
mente A und B aus unendlicher Entfernung notwendig. Die Elektronendichte der Fragmente
erfährt hier noch keine Veränderung und dementsprechend resultiert einMolekül-Präkursor
mit der Wellenfunktion ΨAΨB. Die zugehörige Energie E0

AB entspricht der quasiklassischen
Coulomb-Wechselwirkung∆Eelstat (Gl. (1.10)).

∆Eelstat =
∑
α∈A

∑
β∈B

ZαZβ

Rαβ
+

∫
VB(r)ρA(r)dr +

∫
VA(r)ρB(r)dr +

∫∫
ρA(r1)ρB(r2)

r12
dr1dr2 (1.10)

Da die Wellenfunktion ΨAΨB gegen das Pauli-Prinzip verstößt, wird diese antisymmetrisiert
und renormalisiert, was zu dem ZwischenzustandΨ0 mit der EnergieE0 führt (Gl. (1.11)).

Ψ0 = NÂ{ΨAΨB} (1.11)

Die Energiedifferenz zwischen den Zuständen wird als Pauli-Repulsion ∆EPauli bezeichnet
(Gl. (1.12)).

∆EPauli = E0
AB − E0 (1.12)

Die Relaxation aus dem Zwischenzustand in den finalen ZustandΨAB desMoleküls AB erfolgt
durch dasWechselwirken der Orbitale der Fragmentemiteinander. Es gibt somit den kovalen-
ten Anteil der Bindung wieder undwird als Orbitalinteraktion∆Eorb bezeichnet (Gl. (1.13)).

∆Eorb = EAB − E0
AB (1.13)

Dementsprechend ist es auch möglich, ∆Eorb in Beiträge von Orbitalen der verschiedenen
irreduziblen Darstellungen Γ der Punktgruppe des betrachteten Moleküls AB zu zerlegen
(Gl. (1.14)).

∆Eorb =
∑
Γ

∆EΓ (1.14)

Die aus den einzelnen Schritten erhaltenen Energiebeiträge der elektrostatischen Wechsel-
wirkung, der Pauli-Repulsion und der Orbitalwechselwirkungmachen die Gesamtheit der In-
teraktionsenergie aus (Gl. (1.15)).

∆Eint = ∆Eelstat +∆EPauli +∆Eorb (1.15)

In Übergangsmetallkomplexen kann die Bindungsstärke der Donor-Metall-Bindung durch die
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1 Einleitung

EDAuntersuchtwerden. Dies ist hilfreich, umdenVergleich vonDonorstärken verschiedener
Liganden im Bezug auf ein identisches Metallzentrum zu vereinfachen. Zusätzlich bietet sich
dieMöglichkeit, die Orbitalwechselwirkung in σ- und π-Anteile aufzuspalten. ImHinblick auf
die Donor- und Akzeptorfunktionalitäten der verschiedenen Liganden steht damit ein prakti-
schesWerkzeug zur Verfügung.
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2 Motivation & Projektumfang

Während Stickstoff-basierte Donorgruppen, insbesondere integriert in zwei- oder dreizäh-
nige Liganden, in der Homogenkatalyse viel und vor allem erfolgreiche Anwendung finden,
waren zu Beginn dieser Arbeit weder Carbodiphosphoran- noch Borylen-basierte Liganden
in katalytischen Anwendungen bekannt. Erste Ergebnisse kamen hierzu aus der eigenen Ar-
beitsgruppe von Lisa VONDUNG, die erste Untersuchungen zu einem Pinzetten-Komplex mit
L2BH-basierter Donorgruppe durchführte.[132] Aufgrund der vorhergesagten - und zum Teil
auch demonstrierten - großen Donorstärke, sollten sich genau diese funktionellen Gruppen
gut eignen, um sehr elektronenreiche Übergangsmetallkomplexe darzustellen. Diese könn-
ten dann die Aktivierung von Substraten mit sehr stabilen Bindungen ermöglichen. Genauso
besteht die Möglichkeit, unter Verwendung außergewöhnlicher Donorgruppen, bislang un-
bekannte Reaktivitäten zu beobachten.

Ein konkretes Beispiel für die Anwendbarkeit von Amin-analogen Donorgruppen in Über-
gangsmetallkomplexen mit der Möglichkeit der kooperativen Katalyse ist die Entwicklung ei-
ner nachhaltigen Alternative für das Haber-Bosch-Verfahren. In der jüngeren Vergangenheit
hat sich angedeutet, dass Amin-basierte PNP-Pinzettenliganden hier einen homogenkatalyti-
schenWeg eröffnen könnten.[133] Daher ist das Interesse sehr hoch, die Forschung auf diesem
Gebiet voranzutreiben.[134,135] Ebenso ist vorstellbar, dass eine Inkorporation von molekula-
rem Stickstoff in organische Moleküle mit den richtigen Katalysatoren direkt und ohne den
Umweg über Ammoniak möglich ist.[136]

Im Zuge dieser Forschungsarbeit sollte das Reaktionsverhalten von Bor- oder Kohlenstoff-
basierten Donorgruppen der Formen L2BH, L2C und [L2CH]

+ im Hinblick auf Analogien und
Unterschiede zu den bekannten Amin-basierten Gruppen untersucht werden. Da anzuneh-
men war, dass die Gruppen entsprechend hohe Empfindlichkeiten zeigen, sollten die intrinsi-
schen Eigenschaften von Pinzetten-Liganden sowohl zur Stabilisierung der Donorenwie auch
resultierender Komplexe genutzt werden.

Zum Beginn der Untersuchungen lagen nur für zwei CDP-basierte Pinzetten-Liganden Be-
richte in der Literatur vor. Wie bereits in der Einleitung erwähnt, entsteht der CDP-basierte
CCC-Pinzetten-Ligand in situ unter C–H-Aktivierung und ist als solcher nur bedingt attraktiv.
Nicht alle Übergangsmetalle sind für C–H-Aktivierungen geeignet und ein Abspalten des Li-
ganden mit abschließender Isolierung in freier Form ist nicht erfolgversprechend. Der zweite
literaturbekannte Pinzetten-Ligand hingegen zeigte viele Charakteristika, die ihn für Unter-
suchungen interessant machten. Es handelt sich um einen PCP-Pinzetten-Liganden, was, in
Anbetracht der großen Erfolge der Amin-basierten PNP-Pinzetten-Liganden, sehr positiv zu
bewerten ist. Die terminalen Phosphingruppen eignen sich sehr gut als Donorgruppen, sind in
FormvonDiphenylphospin-Derivaten jedoch gleichzeitig sehr unempfindlich. Zudembesteht
bei Phosphin-basierten Donorgruppen im Allgemeinen immer die Möglichkeit, Modifikatio-
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nen vorzunehmen und die organischen Substituenten auszutauschen, um so Einfluss auf die
sterischen und elektronischen Eigenschaften zu nehmen. Auch die Isolation des Liganden in
Salzform wurde bereits berichtet und bot so einen idealen Startpunkt für die Synthese neuer
Komplexe.

Im Bereich der Borylene bzw. deren stabilisierter Derivate boten sich die Ergebnisse aus der
eigenen Gruppe für weitere Untersuchungen an. Der in unserer Gruppe zuerst synthetisierte
Pinzetten-Komplex mit einer (R3P)2BH-Gruppe als zentraler Donoreinheit schien einen ad-
äquaten Ausgangspunkt zu bieten. Aufgrund des ungewöhnlichen Entstehens des Pinzetten-
Liganden sollte eine alternative Möglichkeit der Darstellung ermittelt werden, die dessen
Isolation in freier Form ermöglicht.

UmdieVergleichbarkeit derDonorgruppen zu gewährleisten, sollte ein Systemgefundenwer-
den, in dem strukturell möglichst ähnliche Komplexe für die drei verschiedenen Donorgrup-
pen erzeugt und isoliert werden können. Anhand dieser Komplexe sollte im Anschluss eine
extensiveUntersuchungder BindungssituationundReaktivität durchgeführtwerden, umGe-
meinsamkeiten und Unterschiede der Donorgruppen zu identifizieren (Schema 5).
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Schema 5:Mögliche Reaktionsmuster von formal isoelektronischen Donorgruppen basierend auf R2NH, [L2CH]+

und L2BH sowie deprotonierte Varianten imVergleich. L = σ-Donor / π-Akzeptor.
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3.1 Donor ligands based on tricoordinate boron formed by
B–Hactivation of bis(phosphine)boronium salts

Maik Grätz, Andreas Bäcker, Lisa Vondung, LeonMaser, Arian Reincke, Robert Langer, Chemi-
cal Communications 2017, 53, 7230–7233.

Beschreibung und Inhalt
Es werden Ergebnisse zu Phosphan-stabilisierten, Bor-basierten Donorgruppen aus früheren
Arbeiten der Gruppe wieder aufgegriffen. So konnten VONDUNG et al. in vorangegangenen
Arbeiten die Bildung eines PBP-Pinzetten-Liganden in der Koordinationssphäre eines Eisen-
Komplexes aus einem Phosphino-Boran und weiterem Phosphin beobachten und die zentrale
L2BH-Donorgruppe als Liganden-stabilisiertes Borylen oder Boryl-Anion identifizieren.[103,104]

In diesem Artikel wird die Synthese eines Bis(phosphino)boroniumsalzes beschrieben, das
als Präkursor für die Synthese von PBP-Pinzetten-Komlexen eingesetzt werden kann. Durch
Reaktion mit einem geeigneten Metallpräkursor wird unter B–H-Bindungsaktivierung ein
Komplex gebildet, in dem der PBP-Pinzetten-Ligand entsprechend tridentatmeridional an das
entsprechendeMetallatom gebunden ist.

Die Synthese des Bis(phosphino)boroniumsalzes erfolgte durch Reaktion von zwei Äquivalen-
ten Bis(diphenylphosphino)methan (dppm) mit einem Äquivalent des Monobromoboran-Di-
methylsulfid-Addukts (Schema 6).

Die Reaktivität des resultierenden Bis(phosphino)boroniumsalzes wurde gegenüber Nickel-
und Palladiumpräkursoren untersucht. Mit Bis(cycloocta-1,5-dien)nickel und [Pd(PPh3)4] wur-
den Produktgemische erhalten und es zeigte sich, dass eine Spaltung der Phosphor-Bor-
Bindung erfolgt. Der Einsatz von [Ni(CO)4] resultiert in einer bidentaten κP,P’-Koordination
des Liganden unter Verdrängung zweier CO-Liganden, es erfolgt also keine Aktivierung der
B–H-Bindung. Diese konnte durch Verwendung von [Pd(MeCN)2Cl2] erreicht werden und der
resultierende kationische Komplex der Form [{(dppm)2BH}PdCl]X (X = Cl–, Br–) wurde röntge-
nographisch untersucht.
Die quadratisch-planare Koordination deutet auf Palladium in der formalen Oxidations-
stufe +II hin. Um eine Abgrenzung zu häufig beobachteten Z-Typ- und selteneren X-Typ-
Liganden zu schaffen, wurde ein Vergleich mit entsprechenden literaturbekannten Komple-
xen durchgeführt.[137,138] Unter Zuhilfenahme quantenchemischer Methoden, wie der NBO-
und QTAIM-Analysen, konnte weiter gezeigt werden, dass sich der Pinzetten-Ligand in dem
synthetisierten Komplex klar von den bereits bekannten unterscheidet. Eine Klassifizierung
als Elektronenpaar-donierender L-Typ-Ligand ist somit gerechtfertigt und komplettiert die
Reihe der synthesechemisch zugänglichen Ligandenklassen nach der covalent bond classifica-
tion von Bor-basierten Pinzetten-Liganden in Palladiumkomplexen.
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3.1 Donor ligands based on tricoordinate boron formed by B–H-activation of
bis(phosphine)boronium salts
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Schema 6: Synthese des Bis(phosphino)boroniumsalzes und anschließende Umsetzung zum Palladium-
komplex, indem die L2BH-Einheit, im Vergleich mit bekannten X- und Z-Typ-Liganden, L-Typ-
Ligandeneigenschaften zeigt.[137,138]

Eigener Anteil
Die erstmalige Synthese des Bis(phosphino)boroniumsalzes wurde von mir durchgeführt,
ebenso wie die Analytik in Form von IR- und NMR-Spektroskopie und den massenpektro-
metrischen Untersuchungen. Außerdem erfolgte die Strukturaufklärung via Einkristallrönt-
genstrukturanalyse durch mich. Die weiteren synthesechemischen Arbeiten wurden mit
meiner Unterstützung von Maik Grätz, Andreas Bäcker und Arian Reincke im Zuge ihrer
jeweiligen Diplom-, Master- oder Vertiefungsarbeit vorgenommen. Zusammen mit Lisa Von-
dung wurden die DFT-Rechnungen im Bereich der bereits literaturbekannten, zumVergleich
herangezogenen Palladiumkomplexe ausgeführt und ausgewertet. Die Projektidee kam von
Robert Langer, der dieses Projekt auch koordinierte.
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3.2 Carbodiphosphoranebased nickel pincer complexes and
their (de)protonated analogues: dimerisation, ligand
tautomers and proton affinities

LeonMaser, Jan Herritsch, Robert Langer,Dalton Transactions 2018, 47(31), 10544-10552.

Beschreibung und Inhalt
Die Reaktivität von Carbodiphosphoran-basierten Donorgruppen in Pinzetten-Liganden war
bislangweitgehend unbekannt. Es handelt sich jedoch umeinwichtiges, zuAmin- (R2NH) und
Bor-basierten Donorgruppen des Typs L2BH formal isoelektronisches Analogon. Der Nickel-
Komplex des Carbodiphosphoran-basierten PCP-Pinzetten-Liganden [{(dppm)2C}NiCl]Cl wur-
de für die Untersuchung der Reaktivität im Bezug auf Säuren und Basen sowie das bessere
Verständnis der Bindungssituation herangezogen.
Bei Umsetzung von [{(dppm)2C}NiCl]Cl mit einem Äquivalent Tetrafluoroborsäure zeigt sich,
dass die Protonierung am Carbodiphosphoran-Kohlenstoff erfolgt (Schema 7).
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Schema 7: (De)protonierungsreaktionen von [{(dppm)2C}NiCl]Cl und Reaktivität gegenüber (AlMe3)2.

DerdikationischeKomplex [{(dppm)2CH}NiCl]2+konntemitTetrafluoroborat [BF4]
–als schwach

koordinierendemAnion isoliert werden.
Die Deprotonierungsversuche ausgehend von [{(dppm)2C}NiCl]Cl erfolgten anfangs mit Me-
thyllithium. Hierbei zeigte sich, dass die Deprotonierung einer der CH2-Gruppen in Konkur-
renz mit der Substitution des Chlorido-Liganden amNickel-Atom steht. Durch dieWahl einer
geeigneten, nicht-nukleophilenBasewieLithiumbis(trimethylsilyl)amidkanndie quantitative
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Deprotonierung erreicht und der Komplex [{dppm(Ph2PCHPPh2)}C)NiCl] isoliert werden. Der
LigandenaustauschvonChlorido- gegenMethyl-Liganden isthingegendurchTrimethylalumi-
niumzubewerkstelligenundeinKomplexderZusammensetzung [(dppm2CH)NiMe][Me2AlCl2]
wird erhalten.
Der deprotonierte, neutrale Komplex [{dppm(Ph2PCHPPh2)C}NiCl] zeigt bei weiterer Umset-
zung mit Base interessante Folgechemie. So wird nicht einfach, wie erwartet, auch die zweite
CH2-Brücke im Rückgrat deprotoniert, sondern es erfolgt im gleichen Zuge eine Dimerisie-
rung durch Koordination einer CH-Einheit, die einen Phosphin-Liganden verdrängt. Dieses
Phosphin koordiniert nun an ein zweites Nickel-Atom und führt so zu einer Verbrückung
zweier Komplexe unter Eliminierung des Chlorido-Liganden als Lithiumchlorid. Das erhal-
tene Dimer [(Ph2PCHPPh2)2C)Ni]2 reagiert jedoch bei Zugabe eines Äquivalents HCl nicht
wieder zu [{dppm(Ph2PCHPPh2)C}NiCl]. Stattdessen bleibt die dimere Struktur erhalten und
[{dppm(Ph2PCHPPh2)C}Ni]2Cl2 entsteht. Die Struktur entspricht einem dikationischen Dimer,
in dem die nicht koordinierenden CH-Einheiten zu CH2 reprotoniert wurden.

Quantenchemische Untersuchungen an Modellkomplexen zeigen, dass die π-Donoreigen-
schaften des CDPs in dem untersuchten System nicht zum Tragen kommen. Sowohl im Falle
von [(dmpm2C)NiCl]

+ als auch dem deprotonierten [{dmpm(Me2PCHPMe2)C}NiCl] handelt es
sich bei demHOMOumeine doppelteπ-antibindendeDarstellung zwischenCDP-Kohlenstoff,
Nickel-Atom und Chlorido-Liganden. Durch die Protonierung des CDP-Kohlenstoffatoms in
[({dmpm}2CH)NiCl]+ entfällt deren π-antibindendeWechselwirkung zumNickel-Atom.
Die Beobachtung, dass die Interaktion zwischen CDP-Kohlenstoff und zentralemNickel-Atom
weder durch Protonierung noch durch Deprotonierung einer oder beider der CH2-Brücken
wesentlich beeinflusst wird, spiegelt sich auch in der QTAIM-Analyse und den Partialladun-
gen der natural population analysiswider. EinVergleich der Gibbs-Enthalpien des freien Ligan-
den in verschiedenen Protonierungszuständen sowiemonomerer und dimererModellverbin-
dungen zeigt, dass die gebundenenLigandennicht in deren thermodynamisch günstigstenZu-
ständen vorliegen. Zudem liegt die dimereModellverbindung [{dmpm(Me2PCHPMe2)C}Ni]2Cl2
um15kJ·mol-1 niedriger als dasmonomere Isomer [{dmpm(Me2PCHPMe2)C}NiCl],wodurch die
experimentell beobachtetehöhere Stabilität derVerbindung [{dppm(Ph2PCHPPh2)C}Ni]2Cl2 ge-
genüber Luft imVergleich zummonomerenKomplex [{dppm(Ph2PCHPPh2)C}NiCl] zu erklären
ist.
Um die beobachtete Reaktivität von [{(dppm)2C}NiCl]Cl zu [{(dppm)2CH}NiCl][BF4]2 und umge-
kehrt besser inRelation zuden eingangs erwähntenAmin- undBorylen-basiertenDonorgrup-
pen zu vergleichen, wurde die Protonenaffinität (PA) grundsätzlich experimentell zugängli-
cher Modellverbindungen quantenchemisch bestimmt (Abb. 20).

Der erhaltene Wert von 1108kJ·mol-1 für den Amid-basierten Komplex liegt deutlich über
dem für den Carbodiphosphoran-basierten Komplex mit 807kJ·mol-1. Dies macht den Carbo-
diphosphoran-basierten Liganden als potentiell kooperativen Liganden interessant. Katalyti-
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Abbildung 20: Protonenaffinitäten formal isoelektronischer Donorgruppen in Nickel-Pinzetten-Komplexen (G09,
B97D/def2TZVPP).

sche Reaktionen, die ein sogenanntes proton shuttle benötigen, könnten durch eine Donor-
gruppemit niedriger Basizität beschleunigtwerden. Die PAdes Bor-basiertenDonors zeigtmit
1260kJ·mol-1, dass ([R3P)2B]

– imVergleich zu [R2N]
–und (R3P)2C imModellkomplex eine stärke-

re Base darstellt. Im weiteren Vergleich mittels QTAIM lässt sich erkennen, dass der Laplace
der Elektronendichte im Bereich der Donor-Wasserstoff-Bindung nicht mit den berechneten
PAs korreliert. Eswird jedoch deutlich, dass die Phosphor-Bor-Interaktionen gut als dativeBin-
dungen, ausgehend von den Phosphor-Atomen, beschrieben werden können.

Eigener Anteil
Die experimentellen Arbeiten zur Methylierung des Startkomplexes [{(dppm)2C}NiCl]Cl zu
[{(dppm)2CH}NiMe][Me2AlCl2] wurden von Jan Herritsch im Zuge eines von mir betreuten
Vertiefungspraktikums durchgeführt, inklusive der Analytik mit Ausnahme der Röntgen-
kristallstrukturanalyse. Die quantenchemischen Berechnungen der Protonenaffinitäten für
die verschiedenen Donorgruppen fanden ebenfalls im Zuge des Vertiefungspraktikums unter
meiner Betreuung statt.
Die Diffraktionsexperimente an den Einkristallen der Komplexe [{(Ph2PCHPPh2)2C}Ni]2 und
[{dppm(Ph2PCHPPh2)C}Ni]2Cl2 führte ich selbst durch, die Messungen der Einkristalle von
[{(dppm)2CH}NiCl][BF4]2, [{dppm(Ph2PCHPPh2)C}NiCl] und [{(dppm)2CH}NiMe][Me2AlCl2] wur-
den von Robert Langer vorgenommen. Die Strukturlösung und -verfeinerung wurde von mir
durchgeführt. Die analytischen Daten (IR- und NMR-Spektroskopie, Massenspektrometrie)
wurden von mir gesammelt und interpretiert. Die weiteren quantenchemischen Untersu-
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chungen wurden mit Robert Langer geplant und von mir durchgeführt. Die Ergebnisse wur-
den vonmir ausgewertet.
Die Planung und Koordination des Projektes erfolgte in Zusammenarbeit mit Robert Langer,
ebenso wie das Verfassen des Manuskriptes.
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3.3 The ABC in pincer chemistry – From Amine to Borylene
and Carbonbased pincerligands

LeonMaser, Lisa Vondung, Robert Langer, Polyhedron 2018, 143, 28–42.

Beschreibung und Inhalt
Dieser Übersichtsartikel dient demVergleich von Pinzetten-Liganden, in denen ein Stickstoff-,
Kohlenstoff- oder Bor-Atom als zentraler Donor Verwendung findet. Im Speziellen werden
formal isoelektronische Alkyl- ([R2CH]–), Amin- (R2NH), ligandenstabilisierte Borylen- (L2BH)
und protonierte Carbodiphosphoran-basierte ([L2CH]

+) Donorgruppen im Hinblick auf die ge-
zeigten Reaktivitäten betrachtet (Abb. 21).

Während sekundäre Amine in Pinzetten-Liganden breite Anwendung finden, können durch
Inkorporation als zentraler Donor auch hoch reaktive Gruppen stabilisiert werden. Die Re-
aktivitäten von Alkyl- und Amin-basierten Pinzetten-Komplexen sind vergleichsweise gut
untersucht, die der formal isoelektronischen Borylen- und protonierten CDP-basierten Kom-
plexe jedoch noch nicht.

Bei den Amin-basierten Ligandengerüsten liegt das Stickstoff-Atom meist in einer trigonal-
pyramidalen oder pseudo-tetraedrischen Geometrie vor. Es handelt sich um reine σ-Donoren
mit mittlerer Ligandenfeldaufspaltung. Neben der Funktion als Ligand für ein zentrales Me-
tallatom agiert das Stickstoff-Atom in katalytischen Reaktionen häufig als sogenanntes proton
relay oder proton shuttle. Es wird also das am als Donor fungierendem Stickstoff-Atom an-
fangs gebundene Proton auf ein Substrat übertragen. Im Zuge des Katalysezyklus wird das
Stickstoff-Atom z.B. durch heterolytische Diwasserstoffspaltung wieder protoniert. Diese Art
der Katalyse wird im Allgemeinen als cooperative oder bifunctional catalysis bezeichnet, der
Pinzetten-Ligand als cooperative ligand.

Alkyl-basierte Liganden zeigen verwandte Reaktionsmuster, sind allerdings weniger C–H-
azide und zeigen dementsprechend eher α- oder β-Hydrideliminierungen als einen Proto-
nenübertrag. Auch diese Reaktionen können reversibel sein und sind damit für katalytische
Anwendungen interessant.
Den Amin-basierten Pinzetten-Komplexen sehr ähnliche Reaktivitäten zeigen die protonier-
ten CDP-basierten Pinzetten-Liganden. Eine Deprotonierung des zentralen Kohlenstoffatoms
erfolgt mit vergleichbar niedrigem Energieaufwand, die Azidität ist entsprechend höher als
die vergleichbarer Amin-Pinzetten-Komplexe. Das freie Elektronenpaar, das durch die Depro-
tonierung formal am Kohlenstoff-Atom entsteht, kann entweder über die P–C–P-Bindung im
Rückgrat delokalisiert werden oder als π-Donor zum zentralen Metallatom koordinieren. Die
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niedrigere Protonenaffinität der Carbodiphosphoran-basierten Pinzetten-Komplexe macht
diese potentiell zu interessanten cooperative ligands in der cooperative catalysis. Während die
heterolytische Spaltung von Substraten ungünstiger verläuft, ist zu erwarten, dass der Über-
trag von Protonen begünstigt ist.

Die Bor-basierten Liganden werden in drei verschiedenen Varianten diskutiert. So können
Boryl- und Carboran-basierte Pinzetten-Liganden zum Beispiel in (De)hydrierungsreaktion-
en oder Suzuki-Kupplungen verwendet werden. Die hochreaktive Klasse der Borylene kann
durch das Pinzettenliganden-Rückgrat mittels Basen stabilisiert werden und zeigt sehr star-
ke σ-donierende Eigenschaften. Im Gegensatz zu den Amin- und protonierten CDP-Liganden
scheint hier keine Deprotonierungmöglich.

Zusammenfassend lässt sich erkennen, dass die durch L2BH oder [L2CH]
+ gebildeten zentralen

Donorgruppen in Pinzetten-Liganden eine interessante Ergänzung zu den bereits gut unter-
suchten Amin-basierten Pinzetten-Komplexen bieten. Die Reaktivitäten unterscheiden sich
in beiden Fällen deutlich von denen der Amine und eröffnen weitere Möglichkeiten in der
Homogenkatalyse.
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Abbildung 21:Von isoelektronischen Donorgruppen gezeigte Reaktionsmuster.

Eigener Anteil
Lisa Vondung verfasste den Teil des Übersichtsartikels, der sichmit Bor-basierten Donorgrup-
pen beschäftigt, Robert Langer die Inhalte zu den Alkyl- und Amin-basierten Donorgruppen.
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Die Beiträge zu den Carbodiphosphoran-basierten Donorgruppenwurden vonmir beigesteu-
ert. Die Einleitung, der Vergleich und die Zusammenfassung wurden von allen Autoren ge-
meinsam erarbeitet.
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3.4 Quantifying the donor strength of ligandstabilized main
group fragments

Beschreibung und Inhalt
In dieser Publikation werden anhand strukturell sehr ähnlicher Iridium(+III)-Komplexe ei-
ne Reihe an Untersuchungen durchgeführt, die die starken Donoreigenschaften der Bor-
((R3P)2BH) und CDP-basierten ((R3P)2C, [(R3P)2CH]

+) Pinzetten-Liganden belegen, Ausblicke auf
die höheren Homologen ebenjener ermöglichen und schlussendlich zu einem neuen Ligan-
denparameter führen.
DieBasisderUntersuchungenbildenexperimentelleErgebnisse zurSynthesevon Iridium(+III)-
Komplexen, die - bis auf die zentrale Donorgruppe des Pinzetten-Liganden - einen isostruk-
turellen Aufbau um das zentrale Iridium-Atom zeigen. Hierzu wird ein Iridium(+I)-Präkursor
mit einemVorläufermolekül der Pinzetten-Liganden, dasmindestens ein Proton am zentralen
Haftatom trägt, zur Reaktion gebracht (Abb. 22).
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Abbildung 22: Oben: Oxidative Addition der Präkursoren zu Iridium(+III)-Komplexen. Unten: Übersicht der ver-
wendeten Liganden-Vorläufermoleküle.

Die so erhaltenen Iridium(+III)-Komplexe weisen einen Carbonyl-Liganden in trans-Position
zu der zu untersuchenden Donorgruppe auf. Durch IR-spektroskopische Messungen kann die
Wellenzahl ν ̃CO der Streckschwingung der C–O-Bindung bestimmt werden, die durch stärke-
re π-Rückbindung geschwächtwird. Dies wiederum gibt Aufschluss über die Elektronendich-
te am Iridium, welche bei ansonsten gleichbleibender Koordination hauptsächlich durch den
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trans-ständigenDonor beeinflusstwird. Die Streckschwingungkannalso, ähnlichwie bei dem
TEP als qualitativesMaß für die Donorstärke verwendet werden (Abb. 23). DieWellenzahl der
C–O-Streckschwingung lässt sich zusätzlichparallel in silicomitquantenmechanischenMetho-
den errechnen.
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Abbildung 23: Übersicht über die experimentellen (blau) und berechneten (rot) ν̃CO der synthetisierten Iridium-
Komplexe.

DerVergleich derWerte aus Theorie und Experiment zeigt eine gute Übereinstimmung.Moti-
viert hierdurch wurden die DFT-Berechnungen auf nicht experimentell dargestellte Iridium-
Pinzetten-Komplexe mit bekannten zentralen Donorgruppen ausgeweitet. Dabei wurden
auch die schwereren Homologen der dargestellten Pinzetten-Liganden mit (R3P)2BH-, (R3P)2C-
und [(R3P)2CH]+-Donorgruppen zusätzlich untersucht (Abb. 24).

Der Ligandenparameter zeigt, dass die schwereren Homologen ähnlich gute Liganden wie die
leichtesten Vertreter der jeweiligen Gruppe sein sollten. Aus der Betrachtung der Molekü-
lorbitale geht hervor, dass mit steigender Ordnungszahl eine Abnahme des Orbitalüberlapps
zwischen Donoratom und Metallatom einhergeht, was mit der steigenden Wellenzahl der
C–O-Streckschwingung übereinstimmt. Eine genaue Aussage zur Donorstärke ist aufgrund
dessen schwer zu treffen. Die Ligandenvarianten, die keinWasserstoffatom am zentralen Do-
nor tragen, sindmit den schwersten Homologen nicht stabil und zeigen einen Bindungsbruch
zwischen Donor- und Phosphoratom. Der Überblick über alle untersuchten Komplexe lässt
vermuten, dass die Ladung des Liganden den größten Einfluss auf die Donorstärke nimmt. So
sind kationische Liganden bei hohen Wellenzahlen (> 2050 cm−1) einzuordnen, neutrale Li-
ganden im Bereich von 2050 bis 2000 cm−1 und anionische Liganden ab ungefähr 2010 cm−1.
Um einen tieferen Einblick in die Bindungssituation zwischen den untersuchten Donorgrup-
pen und dem Iridium-Atom zu erhalten, wurdenModellsysteme der Komplexe entwickelt, bei
denen die zentrale Donorgruppe getrennt von den terminalen Phosphingruppen vorliegt. Die
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resultierende, monodentate Koordination an das Iridium-Atom lässt sich so quantenchemisch
via EDA untersuchen und in die einzelnen Beiträge aufteilen. Es lässt sich erkennen, dass es
sich bei der Bor-basierten Donorgruppe (R3P)2BH um den stärksten σ-Donor handelt, da der
CDP-basierte Ligand noch einen kleinen π-Anteil in der Bindung zeigt. Die Summe derWech-
selwirkungen, die in der EDAbestimmtwurden, die Interaktionsenergie EInt, korreliert zudem
sehr gut mit den berechneten und gemessenen ν ̃CO und legitimiert den neuen Ligandenpara-
meter weiter.

Eigener Anteil
Die Carben-, Pyridin- und Aryl-basierten Iridium-Pinzettenkomplexe wurden von mir syn-
thetisiert und analysiert, ebensowie Reproduktionsansätze der CDP- und Bor-basierten Kom-
plexe. Die analytischenDaten aus IR- undNMR-Spektroskopie,Massenspektrometrie und Ele-
mentaranalysewurdenvonmirgesammelt, ausgewertetund interpretiert.DieStrukturlösung
und -verfeinerung der Diffraktionsexperimente an Einkristallen wurde zum Teil von Robert
Langerund zumTeil vonmir durchgeführt. Die quantenchemischenUntersuchungenwurden
in Zusammenarbeit mit Robert Langer geplant und vonmir vorgenommen. Unterstützung er-
hielt ich von Lisa Vondung, die die EDA-Rechnungen ausführte. Robert Langer koordinierte
das Projekt, die Planung einzelner Teile erfolgte in Absprache mit mir. Das Manuskript wurde
in Kooperation mit Robert Langer verfasst.
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3.5 Comparing the acidity of (R3P)2BH-based donor groups in iridium pincer complexes

3.5 Comparing the acidity of (R3P)2BHbased donor groups in
iridium pincer complexes

Beschreibung und Inhalt
In diesem Artikel wird die Reaktivität von Iridium-Komplexen basierend auf Donorgruppen
der Typen R2NH, (R3P)2BH und [(R3P)2CH]

+ gegenüber Basen direkt verglichen. Die Pinzetten-
Komplexe der allgemeinenFormel [(PEHP)IrCl(CO)H]q (q = +1, +2) besitzen alle ein an das zentra-
le Donoratom E (N, B, C) gebundenes Wasserstoffatom. Hierdurch ergeben sich zwei primäre
Reaktionswege gegenüber Basen. Zum einen die Deprotonierung des Donoratoms E, die zu
einer Änderung der Ladung des Komplexes von∆q = -1 führt, und zum anderen die reduktive
Eliminierung von HCl, durch die sich die Ladung des Komplexes nicht ändert, jedoch die Oxi-
dationsstufe des zentralen Iridium-Atoms.
Der Amin-basierte Pinzetten-Komplex reagiert mit einem Äquivalent Base unter Verlust des
hydridischen Wasserstoffatoms, wie durch 1H NMR-Spektroskopie nachverfolgbar ist. An-
hand der analytischen Daten kann davon ausgegangen werden, dass unter reduktiver Elimi-
nierung von HCl ein symmetrischer Iridium(+I)-Komplex der Formel [({Ph2P(CH2)2}2NH)Ir(CO)]
entsteht (Schema 8).
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1 Äq. Base

- Base•HCl
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N COH

+

±0

Schema 8: Reduktive Eliminierung (beobachtet) und Ligandendeprotonierung (nicht beobachtet) des Amin-
basierten Iridium-Pinzetten-Komplexes [(PNHP)IrCl(CO)H]Cl.

Weitere Zugabe von Base führt zu einem Produktgemisch, welches nicht eindeutig identifi-
ziert werden konnte.
Der auf protoniertem CDP [(R3P)2CH]

+ basierte Komplex [{(dppm)2CH}IrHCl(CO)]
2+ liegt von

Anfang an schon als Gemisch der cis- und trans-Isomere im Verhältnis von etwa 1:1 vor. Ein
kleiner Teil (ca. 6%) ist bereits ohne Base als deprotonierter Komplex [{(dppm)2C}IrHCl(CO)]

+

zu beobachten. 2D-NMR-Experimente zeigen, dass sowohl ein dynamisches Gleichgewicht
zwischen trans-[{(dppm)2CH}IrHCl(CO)]2+ und [{(dppm)2C}IrHCl(CO)]

+ existiert, als auch ein Iso-
merisierungsprozess von cis- und trans-Komplex stattfindet. Da der deprotonierte Komplex
nur in geringem Maße vorlag und sowohl durch Deprotonierung des cis- als auch des trans-
Komplexes entstehen sollte,wurdedieReaktivität gegenüberBasemit demGemischbestimmt.
Im Gegensatz zu demAmin-basierten Komplex findet hier eine Deprotonierung im Liganden-
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3 Kumulativer Teil

rückgrat statt und nur [{(dppm)2C}IrHCl(CO)]Cl verbleibt (Schema 9).
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Schema 9: Beobachtete Deprotonierung des Ligandenrückgrates und anschließende reduktive Eliminierung sowie
direkte reduktive Eliminierung von HCl des Komplexes [{(dppm)2CH}IrHCl(CO)]Cl2.

Weitere Zugabe eines Überschusses an 1,8-Diazabicyclo[5.4.0]undec-7-en als Base führt zu ei-
ner reduktivenEliminierungvonHCl,wieNMR-spektroskopischundmassenspektrometrisch
zu beobachten war.
Im Falle von [{(dppm)2BH}IrHCl(CO)]+ mit (R3P)2BH als zentraler Donoreinheit zeigt sich eine
analoge Reaktivität, wie bereits bei demAmin-basierten Komplex beobachtet (Schema 10).
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Schema 10: Reaktion von [{(dppm)2BH}IrHCl(CO)]+ unter Bildung eines trigonal-pyramidal koordinierten
Iridium(+I)-Komplexes.

Das 1HNMR-SpektrumzeigtnachderReaktionkeinHydrid-Signalmehrunddas 1H{11B}NMR-
Spektrum bestätigt, dass weiterhin einWasserstoffatom am Bor-Atom gebunden bleibt. Nach
Aufreinigung konnte ein für die Röntgenstrukturanalyse geeigneter Einkristall erhalten
werden, der im Gegensatz zu den im Vorangehenden erhaltenen Produkten der reduktiven
Eliminierung eine trigonal-bipyramidale Struktur aufweist. Es können zwei Carbonylligan-
den identifiziert werden, was im Einklang mit den Ergebnissen der IR-spektroskopischen
Untersuchungen steht. Im Vergleich zu literaturbekannten Iridium(+I)-Komplexen trigonal-
bipyramidaler Koordination mit zwei cis-ständigen Carbonylliganden ist die Wellenzahl der
C–O-Streckschwingungen relativ niedrig, was wieder als Indikator für die starke Donorstärke
des ligandenstabilisierten Borylens gesehenwerden kann.
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MitHilfe vonDFT-Rechnungenwurden, ausgehendvondenprotoniertenKomplexen, die Pro-
tonenaffinitäten (PA) für die entweder am zentralenDonoratomoder am Iridium-Atomdepro-
tonierten Komplexe bestimmt. Die Ergebnisse spiegeln die beobachteten Reaktivitäten wider,
von CDP- über Amin- zu Bor-basiertem Donor nehmen die berechneten PA beider Pfade zu
und es findet einWechsel der präferierten Reaktivität statt. Die PA des am Kohlenstoff-Atom
deprotonierten CDP-basierten Komplexes (PA = 864kJ·mol-1) liegt um 36kJ·mol-1 niedriger als
die des am Iridium-Atom deprotonierten (PA = 900kJ·mol-1). Die Stickstoff-basierten Komple-
xe liegen energetisch sehr ähnlich (PA [(PNHP)IrCl(CO)] = 1129 kJ·mol-1, PA [(PNP)IrCl(CO)H] =
1126 kJ·mol-1) und könnten damit prinzipiell beide entstehen. Die experimentell beobachtete,
quantitativ erfolgende reduktive Eliminierung muss also aus anderen Gründen, wie z.B. einer
kinetischen Bevorzugung, stattfinden. Die größte Differenz und PA zeigen die Bor-basierten
Komplexe (PA [(PBHP)IrCl(CO)] = 1175 kJ·mol-1, PA [(PBP)IrCl(CO)H] = 1257 kJ·mol-1). Zum einen
spiegelt das die beobachtete Reaktivität wider, zum anderen verdeutlicht es die hohe Basizität
des Bor-Atoms, die Einfluss auf die Donorstärke des Liganden nimmt.

Eigener Anteil
Im Zuge dieses Projekts überprüfte ich in Reproduktionsexperimenten vorläufige Ergebnisse
von Lukas Alig und Christian Schneider aus deren Masterarbeiten und vervollständigte die
Analytik mit IR- und NMR-Spektren sowie massenspektrometrischen Untersuchungen. Die
quantenchemischen Analysen sind nach Absprache mit Robert Langer von mir geplant und
durchgeführt worden, das Manuskript wurde in Zusammenarbeit verfasst.
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4 Zusammenfassung

In dieser Arbeit sollten auf Bor oder Kohlenstoff basierende Donorgruppen in den Formen
(R3P)2BH, (R3P)2Cund [(R3P)2CH]+untersuchtwerden.MitHilfe von stabilisierendenPinzetten-
Liganden waren Übergangsmetallkomplexe dieser Gruppen zu isolieren. Ein tieferer Ein-
blick in die Bindungssituationen der Donorgruppen mit Schwerpunkt auf der Donor-Metall-
Interaktion sollte erarbeitet werden. Im Anschluss waren die allgemeinen Reaktionsmus-
ter der Übergangsmetallkomplexe, besonders im Hinblick auf (De)protonierungsreaktionen,
zu ermitteln und zu erklären. Ein besonderes Augenmerk war auf die Parallelen mit Amin-
basierten Pinzetten-Liganden und deren Komplexe zu legen.

Ein zu dem bereits bekannten CDP-basierten Pinzetten-Liganden quasi isostruktureller Li-
gandenpräkursor mit zentraler (R3P)2BH-Einheit konnte über die Reaktion eines Borans mit
zwei Äquivalenten dppm erreicht werden. Ausgehend von diesem Boroniumsalz wurde ein
Pinzetten-Komplex mit einem Palladium-Atom als Zentrum dargestellt. Durch Vergleich
struktureller, spektroskopischer und quantenchemischer Daten mit als X- und Z-Typ iden-
tifizierten, Bor-basierten Liganden konnte eine Zuordnung der Gruppe (R3P)2BH als L-Typ-
Donoreinheit sichergestellt werden.
Beginnendmit dem literaturbekannten CDP-basiertenNickel-Pinzetten-Komplexwurden die
Reaktivitäten gegenüber SäurenundBasen imDetail untersucht. DurchBase erfolgte erst eine
Deprotonierung einer CH2-Brücke des Rückgrats, bei weiterer Zugabe von Base fand jedoch
eine Dimerisierung statt, die nicht direkt reversibel war. Die Stabilität der isolierten Komplexe
wurde anhand quantenmechanischer Modellkomplexe aufgeklärt. Wurde der Startkomplex
aber mit einer Säure mit schwach koordinierendem Anion versetzt, ließ sich eine Protonie-
rung des CDP-Kohlenstoffatoms erreichen. Röntgenbeugungsdaten der erhaltenen monome-
ren Komplexe zeigten nur kleine Unterschiede der Bindungslänge des CDP-Kohlenstoffatoms
zum zentralen Nickel-Atom. Durch DFT-Rechnungen und QTAIM-Analyse ließ sich zeigen,
dass die Eigenschaft der CDPs, auch als π-Donor zu fungieren, hier vernachlässigbar war.
Die berechnete Protonenaffinität des CDP-basierten Modellkomplexes war im Vergleich zum
Amid-Modellkomplex deutlich niedriger und deutete eine gute Eignung als Ligand in der ko-
operativen Katalyse an.

Durch Übertragen der Ligandensysteme auf einen Iridium(+III)-basierten Komplex gelang
es, die Liganden in einer vergleichbaren Umgebung zu untersuchen (Schema 11). Umsetzun-
gen mit Base zeigten, dass sich von protonierten CDP-Donoren einfach wieder ein Proton
entfernen lässt, wohingegen im Falle von Aminen und (R3P)2BH als Donor-Gruppen die re-
duktive Eliminierung am Metallzentrum vorrangig stattfindet. Die Reaktivitäten wurden
auch in den berechneten Protonenaffinitäten widergespiegelt und bestätigten die an Nickel-
Modellsystemen vorangegangenen Untersuchungen.
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Schema 11: Zusammenfassung und Zusammenhänge der imRahmen dieser Arbeit durchgeführtenUntersuchun-
gen.
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4 Zusammenfassung

Die verwendete Synthese der Iridium-Komplexe zeigte sich als vielseitig einsetzbar und er-
möglichte es, die Donorstärken weiterer Gruppen mit in die Vergleiche einzubeziehen. Wäh-
rend sichDonoren der Form [(R3P)2CH]

+ als relativ schwach erwiesen, ist insbesondere der Do-
norbasierendauf (R3P)2BHals außergewöhnlich stark für einenneutralenDonor einzuordnen.
Die CDP-basierte Donoreinheit zeigte absolut eine dazu nahezu identische Donorstärke. Nach
weiteren Untersuchungen mittels EDA war aber aufgrund eines geringen π-Bindungsanteils
die Donorstärke zu relativieren und der Bor-basierte Ligand als stärkster neutraler, reiner σ-
Donor der isolierten Komplexe anzusehen.
Da sich die Korrelation zwischen den experimentell ermittelten und berechneten Frequenzen
der C–O-Streckschwingung als sehr gut erwies, konnte eine Erweiterung der untersuchten
Donorgruppen durch rein quantenchemisch untersuchte Komplexe durchgeführt werden.
So war es möglich, die Donorstärke der deprotonierten Variante des Bor-basierten Donors,
[(R3P)2B]

– zu bestimmen, die schweren Homologen der (R2P)2C-, [(R3P)2CH]
+-, (R3P)2BH- und

[(R3P)2B]
–-basierten Donorgruppen zu untersuchen und die beobachteten Trends zu bestäti-

gen.

Zusammenfassend ist in dieser Arbeit ein experimenteller Vergleich der Reaktivitäten formal
isoelektronischer Donorgruppen durchgeführt undmit quantenchemischenAnalysen unter-
mauertworden. Es konnte ein neuer Ligandenparameter vorgestellt werden, der erstmals den
direkten Vergleich von zentralen Donorgruppen in einem Pinzetten-Liganden-Gerüst mit an-
ionischer, neutraler oder kationischer Ladung ermöglicht.
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5 Summary

In this work, donor groups based on boron or carbon in the form of (R3P)2BH, (R3P)2C and
[(R3P)2CH]+were to be investigated. In transitionmetal complexes thatwere to be isolatedwith
the donor groups of interest stabilized in pincer ligands, insight in the bonding situation of the
different donor groups with emphasis on the donor-metal interactions was to be gained. The
general reaction behaviour, especially in (de)protonation reactions, was to be determined and
explained. Special attention was to be paid to the parallels towards amine-based ligands and
pincer complexes.

A virtually isostructural analogue of the CDP-based pincer ligand precursor was synthesized
with a central (R3P)2BH-group by reaction of a borane with two equivalents of dppm. Starting
with this boronium salt, a palladium-based pincer complex was isolated. By comparing struc-
tural, spectroscopic, and quantum chemical datawith boron-based ligands identified as X- and
Z-type, an assignment of the (R3P)2BH-group as an L-type donor was secured.
Starting with the CDP-based nickel pincer complex from literature, the reactivities towards
acids and bases were investigated in detail. Through base, first the deprotonation of one CH2-
group in the backbone takes place, followed upon further addition of base by a not directly
reversible dimerization process. The stability of the isolated complexes is clarified by quantum
chemicalmeanswith the help ofmodel complexes. If the starting compound is reactedwith an
acid containing aweakly coordinating anion instead, the protonation of the CDP-carbon atom
can be achieved. X-ray data of the different isolated monomeric complexes only showminute
differences in the bond lengths of the CDP-carbon atom to the nickel atom. By DFT calcula-
tions and QTAIM analysis, it can be demonstrated that the ability of the (R3P)2C-group to also
act as π-donor is negligible in the present case. The calculated proton affinity of the CDP-based
model complex is, in comparison to the amide-based model complex, notedly lower and hints
at a good suitability for cooperative catalysis.

By transferring the ligand systems to an iridium(+III)-based scaffold, it was possible to in-
vestigate the ligands in a comparable environment (scheme 12). Reactionswith base show that
protonatedCDP-based [(R3P)2CH]+donor groups are readily deprotonated,whereas amines and
boron-based (R3P)BH-groups as donors primarily lead to reductive elimination on the metal
centre. The reactivities are reflected by calculated proton affinities and confirm the preceding
investigations with the nickel model systems.

The employed synthesis of the iridium complexes proved to be versatile and enabled the ad-
dition of further pincer ligands for donor strength comparison. While donors based on the
[(R3P)2CH]+-group were shown to be relatively weak, particularly the donor group based on
(R3P)2BH is exceptionally strong for a neutral ligand. The CDP-based donor group is shown to
be almost identical in donor ability. After further investigations by EDA, the donor strength
in regards to the σ-contribution is lower due to partial π-interaction and thus, the ligand based
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5 Summary

on boron is to be regarded as the strongest neutral, solely σ-donating donor of all isolated com-
plexes.
Owing to the very good correlation of calculated and experimentallymeasuredC–O-stretching
frequencies, donor groups solely investigated by quantum chemical methods were added to
the comparison. Thus it was possible to determine the donor strength of the boron-based
ligands deprotonated analogue, the [(R2P)2B]

– moiety as well as the heavy homologues of the
(R2P)2C, [(R3P)2CH]+, (R3P)2BH and [(R3P)2B]

– donors and further confirm the observed trends.

Summing up, in this dissertation, an experimental comparison of the reactivities of formally
isoelectronic donor groups was carried out and fortified by quantum chemical analyses. Addi-
tionally, a new ligand parameter, allowing the direct comparison of the central donor groups
in pincer ligand scaffolds with anionic, neutral, and cationic charges, is presented.
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Anhang

Konstruktionen

ImZuge dieserDissertationwurdenmehrereKonstruktionen angefertigt, vondenen sich zwei
als besonders nützlich erwiesen. Diesewerden im Folgenden erläutert und die Konstruktions-
skizzen für einemöglicheReproduktionhinterlegt. DieAnfertigungderKonstruktionen sowie
der Zeichnungen erfolgte mit Hilfe des Programms Autodesk® Inventor® Professional 2018, ei-
ner 3D CAD Software für Produktentwicklungenmit der Studenten-Lizenz.[139]

Heizblock für Schlenk und NMRRohre

Dieser Heizblock wurde für die Verwendung mit den Heidolph MR Hei-Tec Magnetrührern
entworfen. EineVerwendung auf anderenHeizrührern sollte jedoch problemlosmöglich sein,
solange der Durchmesser der Rührfläche 147mm nicht überschreitet und die Temperaturre-
gelung über einen Sensor in der Heizplatte oder extern über einen Temperaturfühler derMin-
destlänge 60mm undMaximaldurchmesser 3.2mm erfolgt.
Der Heizblock ist aus einem einzigen Werkstück gefertigt. Als Material wurde aufgrund der
gutenKombinationvonTemperaturleitfähigkeit, KostenundHaltbarkeitAluminiumgewählt.
Das gleichzeitige Erwärmen von jeweils bis zu sieben Schlenk-Rohren mit einem Durchmes-
ser von 25mm und NMR-Rohren mit einem Durchmesser von 5mm ist möglich. In der Mitte
desHeizblocks befindet sich eineAufnahme für dieHeidolph Pt-1000 Temperatursonde. In der
Unterseite befindet sich eine 3mm tiefe, runde Vertiefung, damit der Heizblock nicht von der
Rührplatte des Magnetrührers rutschen kann.
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Konstruktionen

Abfüllhilfe für ElementaranalyseProben

Diese Abfüllhilfe für CHN-Analysen ist für die Verwendung mit Zinn-Kapseln eines Durch-
messers von 3mm und einer Höhe von 6mm konzipiert. Die Probenanfertigung erfolgt typi-
scherweise in der Glovebox. Die Abfüllhilfe besteht aus drei Hauptteilen, die jeweils aus meh-
reren Einzelteilen zusammengefügt werden:

A Stempel

A-1 Griff, Kunststoff

A-2 Stift, plan, Edelstahl

B Trichter

B-1 Trichter, Aluminium

B-2 Stift, eine Seite angefast, Edelstahl, x2

C Unterteil

C-1 Lochplatte, Edelstahl

C-2 Stützplatte, Edelstahl

C-3 Unterteil, Kunststoff

Der StempelA besteht aus dem GriffA-1, der fest mit dem EdelstahlstiftA2 verbunden ist.
Der Trichter B-1 ist ebenfalls fest mit den Edelstahlstiften B-2, mit der angefasten Seite nach
unten, verbunden. Die Flügel an B-1 verhindern dasWegrollen und ermöglichen einen besse-
ren Griff.
Das Unterteil C besteht aus dem Kunststoff-Unterteil C-3, in das die Stützplatte C-2 lose gelegt
wird; die Lochplatte C-1 kann nun seitlich oberhalb der Stützplatte eingeschoben werden. Die
große Bohrung im Kunststoffteil C-3 dient zwei Zwecken. Zum einen wird das Gewicht des
gesamten Unterteils C auf unter 60 g reduziert, die Höchstabwiegekapazität einer der ver-
wendeten Feinwaagen; zum anderen kann hier der Stempel verwahrt werden, so dass die
komplette Abfüllhilfe an einem Stück verwahrt werden kann (Trichter B in Lochplatte).
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Anhang

ZumVorbereiten einer Probewird der Zinn-Kapsel mit der Öffnung nach oben in dasmittlere
der drei Löcher der Lochplatte C-1 gestellt. Der Trichter B kann nun, geführt durch die Stifte
B-2, exakt über der Öffnung der Kapsel positioniert werden und ermöglicht das einfache Be-
füllen. Nach Befüllen wird der Trichter Bwieder entfernt und der obere Rand der Kapsel im
aus der Lochplatte C-1 stehenden Bereich entweder (Methode a) mit einer Zange zusammen-
gepresst und so kaltpressverschweißt oder (Methode b) mit einer Pinzette zusammengedrückt
und mit dem Stempel A in dem mittleren Loch der Platte unter Druck kaltpressverschweißt.
Im Fall (a) kann die Kapsel direkt nach oben entnommen werden, im Fall (b) wird die Loch-
platte C-1 seitlich aus dem Unterteil C hinausgeschoben, so dass die komprimierte Kapsel mit
Hilfe des StempelsA nach unten entfernt werden kann. Methode a empfiehlt sich für flüssige
Substanzen, während Methode b bei festen Substanzen den Fehler durch noch enthaltenes
Inertgas minimieren kann.
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Anhang

BashSkripte

Während der quantenchemischen Rechnungen wurden einige Skripten verfasst, die mir das
Arbeiten auf demMarburger Rechencluster MaRC2 immens vereinfachten. Ich möchte diese
derNachweltnichtvorenthalten, garantiere jedochnicht fürdereneinwandfreieFunktion. Sie
wurden für Gaussian09 verfasst und angepasst, um auch mit Gaussian16 verwendet werden
zu können.

Gaussian Projektskript

Dieses Skript ermöglicht das Bearbeiten verschiedener Projekte mit jeweiligen Standard-
Konfigurationen. Aus *.xyz-Dateien werden die entsprechenden Eingabe-Dateien für eine
Voroptimierung der Geometrie, eine Optimierungmit größerem Basissatz und anschließender
Frequenzrechnung erstellt und als verkettete Jobs abgeschickt.

1 # ! / bin /bash
2

3 #Hier de f in i t i on der zu bearbeitenden pro jekte
4 c l ea r
5 cd ~/ bin
6

7 i f [ ! −f workdirector ies . l s t ] ;
8 then
9 echo ” Seems you ’ re running th i s for the f i r s t time . . . ”

10 echo ”You wi l l have to add a d irec tory for me to work on ! ”
11 echo ”Here , i ’ l l l i s t ’em for you : ”
12 cd
13 while true ; do
14 for i in $ ( l s −d * / ) ; do echo $ { i %%/} ; done
15 read −p ” Input d irec tory to add ! ” ausgesucht2
16 i f [ ! −d $ { ausgesucht2 } ] ;
17 then
18 echo ” Inva l id choice ! ”
19 read −p ” Exi t ? (Y ) es ” yn
20 case $yn in
21 [Yy ] * ) ex i t ; ;
22 * ) echo ” Try again ! ” ; ;
23 esac
24 e l s e
25 cd ~/ bin
26 echo ” $ { ausgesucht2 } ” > workdirector ies . l s t
27 break
28 f i
29 done
30 f i
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Bash-Skripte

31

32 #auswahl des Projektordners aus l i s t e oder zufügen eines neuen
33 echo ”Which pro jekt to work on ? ”
34 while true ; do
35 readarray −t projektordner < workdirector ies . l s t
36 counter=0
37 for x in $ { projektordner [@ ] } ; do
38 echo ” ( $ { counter } ) $x ”
39 counter=$ [ counter + 1 ]
40 done
41 echo ” ( $ { counter } ) Add new direc tory ”
42 read −p ” Please enter option number ! ” ausgesucht
43 i f [ ” $ausgesucht ” −gt ” $counter ” ] ;
44 then echo ” Inva l id choice ! ”
45 e l i f [ ” $ausgesucht ” −eq ” $counter ” ] ;
46 then
47 echo ” Please s e l e c t a d i rec tory ! ”
48 cd
49 while true ; do
50 for i in $ ( l s −d * / ) ; do echo $ { i %%/} ; done
51 read −p ” Input d irec tory to add ! ” ausgesucht2
52 i f [ ! −d $ { ausgesucht2 } ] ;
53 then
54 echo ” Inva l id choice ! ”
55 read −p ” Exi t ? (Y ) es ” yn
56 case $yn in
57 [Yy ] * ) ex i t ; ;
58 * ) echo ” Try again ! ” ; ;
59 esac
60 e l s e
61 cd ~/ bin
62 echo ” $ { ausgesucht2 } ” >> workdirector ies . l s t
63 break
64 f i
65 done
66 e l s e
67 break
68 f i
69 done
70

71 #Gehe in Projektordner
72 cd
73 i f [ ! −d $ { projektordner [ $ausgesucht ] } ] ;
74 then
75 echo ” Pro j e c t fo lder does not ex i s t ! ”
76 echo ” Please de le te i t from ~/bin / workdirector ies . l s t ! ”
77 ex i t
78 f i
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79

80 cd ~/$ { projektordner [ $ausgesucht ] }
81

82 #Lese conf ig f i l e ein oder e r s t e l l e s i e
83 i f [ −f conf ig ] ;
84 then
85 funktional =$ ( grep ” Standard funct ional : ” ” conf ig ” | awk ’ { pr int $3 } ’ )
86 ba s i s s a t z =$ ( grep ” Standard bas i s se t : ” ” conf ig ” | awk ’ { pr int $4 } ’ )
87 memory=$ ( grep ”Memory : ” ” conf ig ” | awk ’ { pr int $2 } ’ )
88 prozessoren=$ ( grep ” Cores : ” ” conf ig ” | awk ’ { pr int $2 } ’ )
89 z e i t =$ ( grep ”Runtime : ” ” conf ig ” | awk ’ { pr int $2 } ’ )
90 echo ” Se t t ing s to be used : ”
91 echo ” Standard funct ional : $funktional ”
92 echo ” Standard bas i s se t : $ba s i s s a t z ”
93 echo ”Memory : $memory”
94 echo ” Cores : $prozessoren ”
95 echo ”Runtime : $ z e i t ”
96 e l s e
97 echo ” Config f i l e not found ! ”
98 while true ; do
99 read −p ”Do you wish to create one? (Y ) es / (N) o ? ” yn

100 case $yn in
101 [Yy ] * ) echo −e ” Configuring conf ig f i l e now . \n Please choose your standard

s e t t i n g s ! ” ;
102 read −p ”Which funct ional do you want to use ? ” funktional
103 read −p ”Which bas i s se t do you want to use ? ” ba s i s s a t z
104 read −p ”How much memory (MB) should be a l l o ca t ed per core ? ” memory
105 read −p ”How many cores to use ? ” prozessoren
106 read −p ”How many hours per job ? ” z e i t
107 echo −e ” Standard s e t t i n g s for th i s p ro j e c t : \ n” > conf ig
108 echo ” Standard funct ional : $funktional ” >> conf ig
109 echo ” Standard bas i s se t : $ba s i s s a t z ” >> conf ig
110 echo ”Memory : $memory” >> conf ig
111 echo ” Cores : $prozessoren ” >> conf ig
112 echo ”Runtime : $ z e i t ” >> conf ig
113 break ; ;
114 [Nn] * ) echo ”Without a config , no cookies ! ” ; ex i t ; ;
115 * ) echo ” Please answer yes or no . ” ; ;
116 esac
117 done
118 f i
119

120 #suche nach . xyz−f i l e s im projektordner
121 xyz_ f i l e s =$ ( l s * . xyz 2> /dev/ nul l | wc − l )
122 i f [ * * ” $xyz_ f i l e s ” = ”0 ” * * ]
123 then
124 echo ”No xyz−f i l e ( s ) found , ex i t ing . ”
125 ex i t
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126 f i
127

128 #konvertiere xyz−f i l e s in gü l t i g e input f i l e s
129 #erg ib t f i l e s à la geo1_def2SVP_$ { xyzname } . in sowie a l t e f i l e s
130 #später bennenung : a − . . . ; davor a l so nen suchlauf nach schon benannten d i r e c t o r i e s
131 dos2unix * . xyz
132 for i in * . xyz ; do
133 xyzname=$ ( basename ” $ i ” . xyz )
134

135 # neuen fo lder für die inputs und das saubere o r i g ina l
136 mkdir $xyzname
137 mv $i . / $xyzname
138 cd $xyzname
139 #Standard−Input Geometrieoptimierung MIT KLEINEM BASISSATZ
140 echo ”%mem=$ ( ( memory * 10 ) )MB” >> geo1_def2SVP_$ { xyzname } . in
141 echo ”%chk=$ { xyzname } . chk ” >> geo1_def2SVP_$ { xyzname } . in
142 echo ”#p $ { funktional } / Def2SVP ” >> geo1_def2SVP_$ { xyzname } . in
143 echo ” opt ( t ight , maxcycle =200) ” >> geo1_def2SVP_$ { xyzname } . in
144 echo ” s c f ( t ight , maxcycle =200) ” >> geo1_def2SVP_$ { xyzname } . in
145 echo ” gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> geo1_def2SVP_$ { xyzname } . in
146 echo ”nosymm” >> geo1_def2SVP_$ { xyzname } . in
147 echo ” ” >> geo1_def2SVP_$ { xyzname } . in
148 echo ” F i r s t geometry−opt imizat ion of $ { xyzname } with def2SVP bas i s se t ” >>

geo1_def2SVP_$ { xyzname } . in
149 echo ” ” >> geo1_def2SVP_$ { xyzname } . in
150 read −p ” Charge and mu l t i p l i c i t y of $ { xyzname } ? ( charge , mu l t i p l i c i t y ) ” chmu
151 echo ”$chmu” >> geo1_def2SVP_$ { xyzname } . in
152 #Reinschieben von xyz−koordinaten
153 awk ’NF > 3 ’ $ i >> geo1_def2SVP_$ { xyzname } . in
154 echo ” ” >> geo1_def2SVP_$ { xyzname } . in
155 awk ’NF > 3 ’ $ i >> clean_$ { xyzname } . xyz
156

157 #Standard−Input Geometrieoptimierung MIT STANDARD BASISSATZ
158 echo ”%mem=$ ( ( memory * 10 ) )MB” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
159 echo ”%chk=$ { xyzname } . chk ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
160 echo ”#p $ { funktional } / $ { ba s i s s a t z } ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
161 echo ”Geom=AllCheck ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
162 echo ” opt ( t ight , maxcycle =200) ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
163 echo ” s c f ( t ight , maxcycle =200) ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
164 echo ” gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
165 echo ”nosymm” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
166 echo ” ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
167 echo ” Second geometry−opt imizat ion of $ { xyzname } with $ { ba s i s s a t z } ba s i s s e t ” >>

geo2_$ { ba s i s s a t z } _$ { xyzname } . in
168 echo ” ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
169 echo ”$chmu” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
170 echo ” ” >> geo2_$ { ba s i s s a t z } _$ { xyzname } . in
171
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172 #Standard−Input Frequenzrechnung MIT STANDARD BASISSATZ
173 echo ”%mem=$ ( ( memory * 10 ) )MB” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
174 echo ”%chk=$ { xyzname } . chk ” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
175 echo ”#p $ { funktional } / $ { b a s i s s a t z } ” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
176 echo ”Geom=AllCheck ” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
177 echo ” freq gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
178 echo ” ” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
179 echo ” Frequency ca l cu l a t i on of $ { xyzname } with $ { ba s i s s a t z } ba s i s s e t ” >> freq1_$ {

ba s i s s a t z } _$ { xyzname } . in
180 echo ” ” >> freq1_$ { ba s i s s a t z } _$ { xyzname } . in
181

182 # cleanup
183 rm $ i
184

185 #Submitten der jobs a l s Kette
186 subg16 −c −m 4000 −p 16 −t 48 −y −Y geo1_def2SVP_$ { xyzname } . in > Job_1 . id
187 ID=$ ( cat Job_1 . id | awk ’ { pr int $1 } ’ )
188 subg16 −c −m $memory −p $prozessoren −t $ z e i t −y −Y − j $ID geo2_$ { ba s i s s a t z } _$ {

xyzname } . in > Job_2 . id
189 ID=$ ( cat Job_2 . id | awk ’ { pr int $1 } ’ )
190 subg16 −c −m $memory −p $prozessoren −t $ z e i t −y −Y − j $ID freq1_$ { ba s i s s a t z } _$ {

xyzname } . in > Job_3 . id
191 cd ~/$ { projektordner [ $ausgesucht ] }
192

193 done

Gaussian Auswertungsskript

Dieses Skript erkennt die Art der durchgeführten Rechnung einer entsprechenden Ausgabe-
Datei, vorausgesetzt, es handelt sich nur um einen Jobtypen. Entsprechend der erkannten
Rechnungsart werdenOptionen zumweiterenVorgehen angeboten; hierzu zählen Frequenz-
rechnungen nach Geometrieoptimierungen, Korrekturen negativer Moden und die Ausgabe
von für weitere Analysen benötigter Dateien.

1 # ! / bin /bash
2 c l ea r
3

4 shortname=$ ( basename ” $1 ” . out )
5 shortname=$ ( basename ” $shortname ” . in )
6 shortname=$ ( basename ” $shortname ” . )
7

8

9 #This S c r i p t automatica l ly de tec t s the type of a gaussian09 ca l cu l a t i on and o f f e r s
the user d i f f e r en t choices for further ana lys i s of the r e su l t s

10 #Usage i s as fo l lows :
11 #Auto . sh your_calculation_name_here
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12 #No su f f i x i s needed for ” your_calculation_name_here ”
13 #This s c r i p t has ONLY been t e s t e t on ca l cu l a t i on s containing a s ing l e type

ins t ruc t i on se t
14

15 #Functions ==================================================================
16 function check_ inputf i l e {
17 t e s t i n =0
18 t e s t i n =$ ( l s −t −r $ { shortname } . in 2> /dev/ nul l | wc − l )
19 i f [ ” $ t e s t in ” ! = ”0 ” ] ; then
20 echo ” Input f i l e found . ”
21 e l s e
22 echo ”No Input f i l e found . ”
23 f i
24 }
25

26 function check_outputf i le {
27 t e s tou t =0
28 t e s tou t =$ ( l s −t −r $ { shortname } . out 2> /dev/ nul l | wc − l )
29 i f [ ” $ te s tout ” ! = ”0 ” ] ; then
30 echo ”Output f i l e found . ”
31 e l s e
32 echo ”No Output f i l e found . ”
33 f i
34 }
35

36 function get_ca l cu la t ion_type {
37 typ=0
38 i f [ ” $ t e s t in ” = ” 1 ” ] ; then
39 i f grep −q ” opt ( ” ” $ { shortname } . in ” ; then
40 echo ” $ { shortname } i s a geometry opt imizat ion ca l cu l a t i on . ”
41 typ =” geo ”
42 e l i f grep −q ” freq ” ” $ { shortname } . in ” ; then
43 echo ” $ { shortname } i s a frequency ca l cu l a t i on . ”
44 typ =” freq ”
45 e l i f grep −q ” nboread ” ” $ { shortname } . in ” ; then
46 echo ” $ { shortname } i s a nbo−ana lys i s ca l cu l a t i on . ”
47 typ =”nbo ”
48 e l i f grep −q ” nbo6read ” ” $ { shortname } . in ” ; then
49 echo ” $ { shortname } i s a NBO6−ana lys i s ca l cu l a t i on . ”
50 typ =”nbo ”
51 e l i f grep −q ” put=wf” ” $ { shortname } . in ” ; then
52 echo ” $ { shortname } i s a * . wfx/wfn−creat ion ca l cu l a t i on . ”
53 typ =”wf”
54 f i
55 e l s e
56 i f grep −q ” opt ( ” ” $ { shortname } . out ” ; then
57 echo ” $ { shortname } i s a geometry opt imizat ion ca l cu l a t i on . ”
58 typ =” geo ”
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59 e l i f grep −q ” freq ” ” $ { shortname } . in ” ; then
60 echo ” $ { shortname } i s a frequency ca l cu l a t i on . ”
61 typ =” freq ”
62 e l i f grep −q ” nboread ” ” $ { shortname } . in ” ; then
63 echo ” $ { shortname } i s a nbo−ana lys i s ca l cu l a t i on . ”
64 typ =”nbo ”
65 e l i f grep −q ” nbo6read ” ” $ { shortname } . in ” ; then
66 echo ” $ { shortname } i s a NBO6−ana lys i s ca l cu l a t i on . ”
67 typ =”nbo ”
68 e l i f grep −q ” put=wf” ” $ { shortname } . in ” ; then
69 echo ” $ { shortname } i s a * . wfx/wfn−creat ion ca l cu l a t i on . ”
70 typ =”wf”
71 e l s e
72 echo ”ERROR : could not determine ca l cu l a t i on type ! ”
73 typ =”unknown”
74 f i
75 f i
76 }
77

78 function check_termination {
79 term=0
80 i f [ ” $ te s tout ” = ” 1 ” ] ; then
81 i f grep −q ”Normal termination of Gaussian ” ” $ { shortname } . out ” ; then
82 echo ” Ca lcu la t ion was terminated normally . ”
83 term=1
84 e l s e
85 echo ” Ca lcu la t ion was aborted . ”
86 f i
87 e l s e
88 echo ” Cannot determine termination of ca l cu l a t i on s ince no output i s ava i l ab l e ”
89 f i
90 }
91

92 function get_base_and_functional {
93 i f [ ” $ te s tout ” = ” 1 ” ] ; then
94 fuba=$ ( grep −m 1 ”#p ” $ { shortname } . out | awk ’ { pr int $2 } ’ )
95 ba s i s s a t z =$ ( basename $fuba )
96 funktional =$ ( dirname $fuba )
97 e l i f [ ” $ t e s t in ” = ” 1 ” ] ; then
98 fuba=$ ( head −n 3 $ { shortname } . in | t a i l −1 | awk ’ { pr int $2 } ’ )
99 ba s i s s a t z =$ ( basename $fuba )

100 funktional =$ ( dirname $fuba )
101 e l s e
102 echo ” Neither input− nor output−f i l e found ! ”
103 echo ” This should not happen ! ”
104 f i
105 echo ” Current funct ional and bas i s se t : $ { funktional } / $ { b a s i s s a t z } ”
106 }
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107

108 function submit_job_with_choices {
109 while true ; do
110 read −p ” Should i t be submitted ? (Y ) es / (N) o? ” yn
111 case $yn in
112 [Yy ] * ) while true ; do
113 echo ” Please choose a s e t t ing : ”
114 echo ” ( 1 ) 8 CPU ’ s , 1 hour − t e s t queue ”
115 echo ” ( 2 ) 16 CPU ’ s , 1 day − short queue ”
116 echo ” ( 3 ) 32 CPU ’ s , 2 days − long queue ”
117 echo ” ( 4 ) 32 CPU ’ s , 10 days − l onges t ca l cu l a t i on pos s i b l e ”
118 echo ” (A) Abort ”
119 read −p ” Choose next step ! ” yn
120 case $yn in
121 1 ) subg16 −c −m 4200 −p 8 −t 1 ” $newfile ” ; ex i t ; ;
122 2 ) subg16 −c −m 4200 −p 16 −t 24 ” $newfile ” ; ex i t ; ;
123 3 ) subg16 −c −m 4200 −p 32 −t 48 ” $newfile ” ; ex i t ; ;
124 4 ) subg16 −c −m 4200 −p 32 −t 240 ” $newfile ” ; ex i t ; ;
125 [Aa ] ) echo ” Aborting . ” ; break ; ;
126 * ) echo ” Please choose an option ! ” ; ;
127 esac
128 done
129 break ; ;
130 [Nn] * ) echo ”Not submitting new input . ” ; break ; ;
131 * ) echo ” Please answer yes or no ! ” ; ;
132 esac
133 done
134 }
135

136 function add_output_coordinates_to_newfile {
137 i f grep −q ” Distance matrix ( angstroms ) : ” ” $ { shortname } . out ” ; then
138 echo ” $ ( sed −n −e ’ / Largest change from i n i t i a l coordinates i s atom / , / Distance

matrix ( angstroms ) : / p ’ $ { shortname } . out | t a i l −n +11 | head −n −2 | awk ’ {
pr int $2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ”

139 echo ” $ ( sed −n −e ’ / Largest change from i n i t i a l coordinates i s atom / , / Distance
matrix ( angstroms ) : / p ’ $ { shortname } . out | t a i l −n +1 1 | head −n −2 | awk ’ { pr int
$2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ” >> ” $newfile ”

140 e l i f grep −q ” Standard or ienta t ion : ” ” $ { shortname } . out ” ; then
141 echo ” $ ( sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (GHZ) : / p ’ $ {

shortname } . out | t a i l −n +6 | head −n −2 | awk ’ { pr int $2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ”
142 echo ” $ ( sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (GHZ) : / p ’ $ {

shortname } . out | t a i l −n +6 | head −n −2 | awk ’ { pr int $2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ”
>> ” $newfile ”

143 e l s e
144 echo ” $ ( sed −n −e ’ / Largest change from i n i t i a l coordinates i s atom / , / Rotat ional

constants (GHZ) : / p ’ $ { shortname } . out | t a i l −n +16 | head −n −2 | awk ’ { pr int
$2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ”

145 echo ” $ ( sed −n −e ’ / Largest change from i n i t i a l coordinates i s atom / , / Rotat ional
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constants (GHZ) : / p ’ $ { shortname } . out | t a i l −n +16 | head −n −2 | awk ’ { pr int
$2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ” >> ” $newfile ”

146 f i
147

148 #In pr inc ip le , multi−ca l cu l a t i on jobs can be used as well . I t has to be known which
job i s the l a s t geometry opt imizat ion :

149 # i f grep −q ” Link1 : Proceeding to in terna l job step number 2” ” $ { shortname } . out ” ;
then

150 # sed −n −e ’ / Link1 : Proceeding to interna l job step number 2/ , $p ’ $ { shortname } .
out | sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (GHZ) : / p ’ | t a i l
−n +6 | head −n −2 | awk ’ { pr int $2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ >> ” $newfile ”

151 #e l s e
152 # sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (GHZ) : / p ’ $ { shortname } .

out | t a i l −n +6 | head −n −2 | awk ’ { pr int $2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ >> ” $newfile ”
153 # f i
154

155 }
156

157 function add_error_output_coordinates_to_newfi le {
158 echo ” $ ( grep −A 1000 ” Input or ienta t ion ” $ { shortname } . out | t a i l −1000 | sed −n −e

’ / Input or ienta t ion : / , / Rotat ional constants (GHZ) : / p ’ | t a i l −n +6 | head −n −2
| awk ’ { pr int $2 ” \ t ” $4 ” \ t ” $5 ” \ t ” $6 } ’ ) ” >> ” $newfile ”

159 }
160

161 function prepare_xyz−f i l e {
162 echo ” Preparing xyz−f i l e . ”
163 while true ; do
164 read −p ” Please name the xyz−f i l e ! ” name
165 name=$ ( basename ”$name” . xyz )
166 newfile =” $ {name } . xyz ”
167 i f [ ! −f ” $newfile ” ] ;
168 then
169 i f [ ” $term ” = ” 1 ” ] ; then
170 add_output_coordinates_to_newfile
171 e l i f [ ” $term ” = ”0 ” ] ; then
172 add_error_output_coordinates_to_newfi le
173 f i
174 awk ’FNR==NR { a [ $1 ] = $2 ; next } $1 in a { $1=a [ $1 ] } ’ 1 > olex_$ { newfile } ~/ bin

/ element−conversion . tx t ” $newfile ”
175 echo ” $newfile has been written ! ” ; ex i t ;
176 e l s e
177 echo ”Name already taken , p lease pick another ! ”
178 f i
179 done
180 }
181

182 #Main Sc r i p t ==================================================================
183
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184 #Preparat ions
185 check_ inputf i l e #switches $ t e s t in
186 check_outputf i le #switches $ tes tout
187 get_ca l cu la t ion_type # se t s $typ
188 check_termination #switches $term
189 get_base_and_functional # s e t s $bas i s sa tz , $funktional
190

191 #Weiteres Vorgehen in abhängigkeit vom Rechnungstyp
192 i f [ ” $typ ” = ” geo ” ] ; then
193 #Wenn a l l e s vohanden und er fo lgre i ch , dann :
194 i f [ ” $ t e s t in ” = ” 1 ” ] && [ ” $ te s tout ” = ” 1 ” ] && [ ” $term ” = ” 1 ” ] ; then
195 while true ; do
196 echo ” Avai lable opt ions : ”
197 echo ” ( 1 ) Make frequency ca l cu l a t i on ”
198 echo ” ( 2 ) Make xyz−f i l e ”
199 echo ” (Q) Exi t ”
200 read −p ” Choose next step ! ” yn
201 case $yn in
202 1 ) echo ”Writing new frequency ca l cu l a t i on . ”
203 newfile =” freq_$ { shortname } . in ”
204 #finden der ladung und mu l t i p l i z i t ä t
205 lamu=$ ( grep ” Charge = ” $ { shortname } . out | awk ’ { pr int $3 , $6 } ’ )
206 #einlesen des memorys , checkpunktf i les und funktional / ba s i s s a t z aus der

angegebenen frequenzrechnung
207 z e i l e 1 b i s 3 =$ ( head −n 3 $ { shortname } . in )
208 #Standard−Input Frequenzrechnung MIT STANDARD BASISSATZ
209 echo ” $ z e i l e 1b i s 3 ” >” $newfile ”
210 echo ” freq gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> ” $newfile ”
211 echo ” ” >> ” $newfile ”
212 echo ” Frequency ca l cu l a t i on of $ { shortname } with previous bas i s se t ” >>

” $newfile ”
213 echo ” ” >> ” $newfile ”
214 echo ” $lamu ” >> ” $newfile ”
215 add_output_coordinates_to_newfile
216 echo ” ” >> ” $newfile ”
217 echo ”New frequency ca l cu l a t i on $newfile written . ”
218 submit_job_with_choices ; ;
219 2 ) prepare_xyz−f i l e ; ;
220 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
221 * ) echo ” Please choose an option ! ” ; ;
222 esac
223 done
224 #Rechnung abgebrochen :
225 e l i f [ ” $ t e s t in ” = ” 1 ” ] && [ ” $ te s tout ” = ” 1 ” ] && [ ” $term ” = ”0 ” ] ; then
226 while true ; do
227 echo ” Avai lable opt ions : ”
228 echo ” ( 1 ) Make new geometry opt imizat ion ”
229 echo ” ( 2 ) Make frequency ca l cu l a t i on ”

77



Anhang

230 echo ” ( 3 ) Make xyz−f i l e ”
231 echo ” (Q) Exi t ”
232 read −p ” Choose next step ! ” yn
233 case $yn in
234 1 ) while true ; do
235 echo ” Current funct ional and bas i s se t : $ { funktional } / $ { b a s i s s a t z } ”
236 echo ” ( 1 ) Keep current s e t t ing ”
237 echo ” ( 2 ) Change funct ional and/ or bas i s se t manually ”
238 echo ” ( 3 ) Use def2TZVPP as bas i s se t ”
239 echo ” (Q) Exi t ”
240 read −p ” Choose next step ! ” yn
241 case $yn in
242 1 ) break ; ;
243 2 ) while true ; do
244 read −p ” Input new funct ional or ( S ) kip ! ” nfu
245 case $nfu in
246 [ Ss ] * ) break ; ;
247 * ) while true ; do
248 echo ”New funct ional : $nfu ”
249 read −p ” Correct ? (Y ) es / (N) o? ” yn
250 case $yn in
251 [Yy ] * ) funktional =$nfu
252 break ; ;
253 [Nn] * ) break ; ;
254 * ) echo ” Please answer yes or no . ” ; ;
255 esac
256 done
257 esac
258 done
259 while true ; do
260 read −p ” Input new bas i s se t or ( S ) kip ! ” nbs
261 case $nbs in
262 [ Ss ] * ) break ; ;
263 * ) while true ; do
264 echo ”New bas i s se t : $nbs ”
265 read −p ” Correct ? (Y ) es / (N) o? ” yn
266 case $yn in
267 [Yy ] * ) b a s i s s a t z =$nbs
268 break ; ;
269 [Nn] * ) break ; ;
270 * ) echo ” Please answer yes or no . ” ; ;
271 esac
272 done
273 esac
274 done
275 break ; ;
276 3 ) ba s i s s a t z =”def2TZVPP ”
277 break ; ;
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278 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
279 * ) echo ” Please choose an option ! ” ; ;
280 esac
281 done
282 echo ”Will u t i l i z e $funktional and $bas i s s a t z ”
283 #Ladung und Mu l t i p l i z i t ä t
284 lamu=$ ( grep −m 1 ” Charge = ” $ { shortname } . out | awk ’ { pr int $3 , $6 } ’ )
285 #einlesen des checkpunktf i les und funktional / ba s i s s a t z aus der angegebenen

frequenzrechnung
286 zei le1und2=$ ( head −n 2 $ { shortname } . in )
287 #Input Geometrieoptimierung MIT ANDEREM FUNKTIONAL & BASISSATZ
288 newfile =”new_$ { shortname } . in ”
289 echo ” $zei le1und2 ” >” $newfile ”
290 echo ”#p $ { funktional } / $ { ba s i s s a t z } ” >> ” $newfile ”
291 echo ” opt ( t ight , maxcycle =200) ” >> ” $newfile ”
292 echo ” s c f ( t ight , maxcycle =200) ” >> ” $newfile ”
293 echo ” gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> ” $newfile ”
294 echo ”nosymm” >> ” $newfile ”
295 echo ” ” >> ” $newfile ”
296 echo ”Geometry−opt imizat ion of $ { shortname } a f t e r addi t ion of negative

frequency ” >> ” $newfile ”
297 echo ” ” >> ” $newfile ”
298 echo ” $lamu ” >> ” $newfile ”
299 add_error_output_coordinates_to_newfi le
300 echo ” ” >> ” $newfile ”
301 echo ”New geometry opt imizat ion $newfile written . ”
302 submit_job_with_choices ; ;
303 2 ) echo ”Writing new frequency ca l cu l a t i on . ”
304 newfile =” freq_$ { shortname } . in ”
305 #finden der ladung und mu l t i p l i z i t ä t
306 lamu=$ ( grep ” Charge = ” $ { shortname } . out | awk ’ { pr int $3 , $6 } ’ )
307 #einlesen des memorys , checkpunktf i les und funktional / ba s i s s a t z aus der

angegebenen frequenzrechnung
308 z e i l e 1 b i s 3 =$ ( head −n 3 $ { shortname } . in )
309 #Standard−Input Frequenzrechnung MIT STANDARD BASISSATZ
310 echo ” $ z e i l e 1b i s 3 ” >” $newfile ”
311 echo ” freq gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> ” $newfile ”
312 echo ” ” >> ” $newfile ”
313 echo ” Frequency ca l cu l a t i on of $ { shortname } with previous bas i s se t ” >>

” $newfile ”
314 echo ” ” >> ” $newfile ”
315 echo ” $lamu ” >> ” $newfile ”
316 add_output_coordinates_to_newfile
317 echo ” ” >> ” $newfile ”
318 echo ”New frequency ca l cu l a t i on $newfile written . ”
319 submit_job_with_choices ; ;
320 3 ) prepare_xyz−f i l e ; ;
321 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;

79



Anhang

322 * ) echo ” Please choose an option ! ” ; ;
323 esac
324 done
325 #Nur Output vorhanden :
326 e l i f [ ” $ te s tout ” = ” 1 ” ] && [ ” $ t e s t in ” = ”0 ” ] ; then
327 while true ; do
328 echo ” Avai lable opt ions : ”
329 echo ” ( 1 ) Make xyz−f i l e ”
330 echo ” (Q) Exi t ”
331 read −p ” Choose next step ! ” yn
332 case $yn in
333 1 ) prepare_xyz−f i l e ; ;
334 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
335 * ) echo ” Please choose an option ! ” ; ;
336 esac
337 done
338 #nur Input vorhanden :
339 e l i f [ ” $ te s tout ” = ”0 ” ] && [ ” $ t e s t in ” = ” 1 ” ] ; then
340 echo ”Only input f i l e found ! Exi t ing . ”
341 ex i t
342 #Irgendwas anderes
343 e l s e
344 echo ”An error occured . Quitt ing ! ”
345 ex i t
346 ex i t
347 f i
348 e l i f [ ” $typ ” = ” freq ” ] ; then
349 #Check auf negative frequenzen
350 nfreq=0
351 i f grep −q ” imaginary ” ” $ { shortname } . out ” ; then nfreq =1
352 echo ” Imaginary modes found ! ”
353 e l s e
354 echo ”No imaginary modes found ! ”
355 f i
356 #Wenn a l l e s vohanden und er fo l g r e i ch und keine neg frequenzen , dann :
357 i f [ ” $ t e s t in ” = ” 1 ” ] && [ ” $ te s tout ” = ” 1 ” ] && [ ” $term ” = ” 1 ” ] && [ ” $nfreq ”

= ”0 ” ] ; then
358 while true ; do
359 echo ” Avai lable opt ions : ”
360 echo ” ( 1 ) Analysis by nbo and creat ion of wfx− and fchk−f i l e s + summary−f i l e ”
361 echo ” ( 2 ) Geometry opt imizat ion with new bas i s se t ”
362 echo ” (Q) Exi t ”
363 read −p ” Choose next step ! ” yn
364 case $yn in
365 1 ) # job höchster nummer finden und diese ausgeben
366 f i l e s =$ ( l s −t −r Job * 2> /dev/ nul l | wc − l )
367 i f [ ” $ f i l e s ” ! = ”0 ” ]
368 then
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369 basename $ ( l s Job * | t a i l −1 | cut −c 5−) . id >> highest . tmp
370 counter=$ ( < ” highest . tmp ” )
371 rm highest . tmp
372 e l s e
373 counter =1
374 f i
375 echo ”The new ca l cu l a t i on s wi l l s t a r t with the Job−ID $counter . ”
376

377 #einlesen des checkpunktf i les und funktional / ba s i s s a t z aus der
angegebenen frequenzrechnung

378 zei le2und3=$ ( head −n 3 $ { shortname } . in | t a i l −2)
379 #ladung und mu l t i p l i z i t ä t
380 lamu=$ ( grep ” Charge = ” $ { shortname } . out | awk ’ { pr int $3 , $6 } ’ )
381 #koordinaten
382 koordinaten=$ ( sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (

GHZ) : / p ’ $ { shortname } . out | t a i l −n +6 | head −n −2 | awk ’ { pr int $2 , $4 , $5 ,
$6 } ’ )

383 #check auf energies . sh
384 i f [ −f energ ies . tx t ] ; then
385 echo ” Energy summary of same name found , skipping . ”
386 e l s e
387 energ ies . sh $ { shortname } . out
388 f i
389 #check auf fchk
390 checkpoint=$ ( basename $ ( head −n 2 $ { shortname } . in | t a i l −1 | cut −c 6−)

. chk )
391 i f [ −f $ { checkpoint } . fchk ] ; then
392 echo ” fchk−f i l e of same name found , skipping . ”
393 e l s e
394 formchk −v g16 −v g16 $ { checkpoint } . chk
395 f i
396 #check auf wfx
397 i f [ −f $ { shortname } . wfx ] ; then
398 echo ”wfx−f i l e of same name found , skipping . ”
399 e l s e
400 #Standard−Input wfx−F i l e MIT STANDARD BASISSATZ
401 echo ”%mem=16000MB” > wfx_$ { shortname } . in
402 echo ” $zeile2und3 ” >> wfx_$ { shortname } . in
403 echo ” pseudo=read ” >> wfx_$ { shortname } . in
404 echo ” density=current ” >> wfx_$ { shortname } . in
405 echo ” punch=archive ” >> wfx_$ { shortname } . in
406 echo ” output=wfx” >> wfx_$ { shortname } . in
407 echo ” ” >> wfx_$ { shortname } . in
408 echo ”wfx−f i l e ca l cu l a t i on $ { shortname } with $ { ba s i s s a t z } ba s i s s e t ”

>> wfx_$ { shortname } . in
409 echo ” ” >> wfx_$ { shortname } . in
410 echo ” $lamu ” >> wfx_$ { shortname } . in
411 echo ” $koordinaten ” >> wfx_$ { shortname } . in
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412 echo ” ” >> wfx_$ { shortname } . in
413 echo ” ” >> wfx_$ { shortname } . in
414 echo ” $ { shortname } . wfx” >> wfx_$ { shortname } . in
415 echo ” ” >> wfx_$ { shortname } . in
416 echo ”New wfx ca l cu l a t i on wfx_$ { shortname } . in written . ”
417 #Submitten des jobs
418 while true ; do
419 read −p ” Should i t be submitted ? (Y ) es / (N) o? ” yn
420 case $yn in
421 [Yy ] * ) i f [ −f Job_$ { counter } . id ] ; then
422 l auf =$ ( cat Job_$ { counter } . id | awk ’ { pr int $1 } ’ )
423 qs ta t | t a i l −n +3 | awk ’ { pr int $1 >> ” temp . l s t ” } ’
424 i f grep −q ” $ { lauf } ” ” temp . l s t ” ; then
425 ID=$ ( cat Job_$ { counter } . id | awk ’ { pr int $1 } ’ )
426 counter=$ [ counter + 1 ]
427 subg16 −c −m 4000 −p 16 −t 8 −y −Y −f − j $ID wfx_$ {

shortname } . in > Job_$ { counter } . id
428 e l s e
429 counter=$ [ counter + 1 ]
430 subg16 −c −m 4000 −p 16 −t 8 −y −Y −f wfx_$ { shortname } .

in > Job_$ { counter } . id
431 f i
432 rm temp . l s t
433 e l s e
434 subg16 −c −m 4000 −p 16 −t 8 −y −Y −f wfx_$ { shortname } . in

> Job_$ { counter } . id
435 f i
436 break ; ;
437 [Nn] * ) echo ”Not submitting wfx−ca l cu l a t i on . ” ; break ; ;
438 * ) echo ” Please answer yes or no ! ” ; ;
439 esac
440 done
441 f i
442

443 #check auf nbo
444 i f [ −f nbo_$ { shortname } . out ]
445 then
446 echo ”nbo−f i l e of same name found , skipping . ”
447 e l s e
448 #Standard−Input Populat ionsanalyse MIT STANDARD BASISSATZ
449 echo ”%mem=40000MB” > nbo_$ { shortname } . in
450 echo ” $zeile2und3 ” >> nbo_$ { shortname } . in
451 echo ” s c f ( t ight , maxcycle =200) gf input g fo ldpr in t ” >> nbo_$ { shortname

} . in
452 echo ”POP ( fu l l , nbo6read ) ” >> nbo_$ { shortname } . in
453 echo ” density=current ” >> nbo_$ { shortname } . in
454 echo ” ” >> nbo_$ { shortname } . in
455 echo ” Population ana lys i s ca l cu l a t i on of $ { shortname } with $ {
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ba s i s s a t z } ba s i s s e t ” >> nbo_$ { shortname } . in
456 echo ” ” >> nbo_$ { shortname } . in
457 echo ” $lamu ” >> nbo_$ { shortname } . in
458 echo ” $koordinaten ” >> nbo_$ { shortname } . in
459 echo ” ” >> nbo_$ { shortname } . in
460 echo ’$NBO’ ”BNDIDX FILE=nbo−v i sua l i s a t i on PLOT NBOSUM MULORB” ’$END

’ >> nbo_$ { shortname } . in
461 echo ” ” >> nbo_$ { shortname } . in
462 echo ”New nbo ca l cu l a t i on nbo_$ { shortname } . in written . ”
463 #Submitten des jobs
464 while true ; do
465 read −p ” Should i t be submitted ? (Y ) es / (N) o? ” yn
466 case $yn in
467 [Yy ] * ) i f [ −f Job_$ { counter } . id ] ; then
468 l auf =$ ( cat Job_$ { counter } . id | awk ’ { pr int $1 } ’ )
469 qs ta t | t a i l −n +3 | awk ’ { pr int $1 >> ” temp . l s t ” } ’
470 i f grep −q ” $ { lauf } ” ” temp . l s t ”
471 then
472 ID=$ ( cat Job_$ { counter } . id | awk ’ { pr int $1 } ’ )
473 counter=$ [ counter + 1 ]
474 subg16 −c −m 4000 −p 32 −t 48 −y −Y −f − j $ID nbo_$ {

shortname } . in > Job_$ { counter } . id
475 e l s e
476 counter=$ [ counter + 1 ]
477 subg16 −c −m 4000 −p 32 −t 48 −y −Y −f nbo_$ {

shortname } . in > Job_$ { counter } . id
478 f i
479 rm temp . l s t
480 e l s e
481 subg16 −c −m 4000 −p 32 −t 48 −y −Y −f nbo_$ { shortname } .

in > Job_$ { counter } . id
482 f i
483 break ; ;
484 [Nn] * ) echo ”Not submitting nbo−ca l cu l a t i on . ” ; break ; ;
485 * ) echo ” Please answer yes or no ! ” ; ;
486 esac
487 done
488 f i
489 ex i t ; ;
490 2 )
491 while true ; do
492 echo ” Current funct ional and bas i s se t : $ { funktional } / $ { b a s i s s a t z } ”
493 echo ” ( 1 ) Keep current s e t t ing ”
494 echo ” ( 2 ) Change funct ional and/ or bas i s se t manually ”
495 echo ” ( 3 ) Use def2TZVPP as bas i s se t ”
496 echo ” (Q) Exi t ”
497 read −p ” Choose next step ! ” yn
498 case $yn in
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499 1 ) break ; ;
500 2 ) while true ; do
501 read −p ” Input new funct ional or ( S ) kip ! ” nfu
502 case $nfu in
503 [ Ss ] * ) break ; ;
504 * ) while true ; do
505 echo ”New funct ional : $nfu ”
506 read −p ” Correct ? (Y ) es / (N) o? ” yn
507 case $yn in
508 [Yy ] * ) funktional =$nfu
509 break 2 ; ;
510 [Nn] * ) break 2 ; ;
511 * ) echo ” Please answer yes or no . ” ; ;
512 esac
513 done
514 esac
515 done
516 while true ; do
517 read −p ” Input new bas i s se t or ( S ) kip ! ” nbs
518 case $nbs in
519 [ Ss ] * ) break ; ;
520 * ) while true ; do
521 echo ”New bas i s se t : $nbs ”
522 read −p ” Correct ? (Y ) es / (N) o? ” yn
523 case $yn in
524 [Yy ] * ) b a s i s s a t z =$nbs
525 break 2 ; ;
526 [Nn] * ) break 2 ; ;
527 * ) echo ” Please answer yes or no . ” ; ;
528 esac
529 done
530 esac
531 done
532 break ; ;
533 3 ) ba s i s s a t z =”def2TZVPP ”
534 break ; ;
535 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
536 * ) echo ” Please choose an option ! ” ; ;
537 esac
538 done
539 echo ”Will u t i l i z e $funktional and $bas i s s a t z ”
540 #Ladung und Mu l t i p l i z i t ä t
541 lamu=$ ( grep −m 1 ” Charge = ” $ { shortname } . out | awk ’ { pr int $3 , $6 } ’ )
542 #einlesen des checkpunktf i les und funktional / ba s i s s a t z aus der

angegebenen frequenzrechnung
543 zei le1und2=$ ( head −n 2 $ { shortname } . in )
544 #Input Geometrieoptimierung MIT ANDEREM FUNKTIONAL & BASISSATZ
545 newfile =”new_$ { shortname } . in ”
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546 echo ” $zei le1und2 ” >” $newfile ”
547 echo ”#p $ { funktional } / $ { ba s i s s a t z } ” >> ” $newfile ”
548 echo ” opt ( t ight , maxcycle =200) ” >> ” $newfile ”
549 echo ” s c f ( t ight , maxcycle =200) ” >> ” $newfile ”
550 echo ” gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> ” $newfile ”
551 echo ”nosymm” >> ” $newfile ”
552 echo ” ” >> ” $newfile ”
553 echo ”Geometry−opt imizat ion of $ { shortname } a f t e r addi t ion of negative

frequency ” >> ” $newfile ”
554 echo ” ” >> ” $newfile ”
555 echo ” $lamu ” >> ” $newfile ”
556 add_output_coordinates_to_newfile
557 echo ” ” >> ” $newfile ”
558 echo ”New geometry opt imizat ion $newfile written . ”
559 submit_job_with_choices ; ;
560 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
561 * ) echo ” Please choose an option ! ” ; ;
562 esac
563 done
564 f i
565 #Wenn a l l e s vohanden und er fo lgre i ch , aber neg frequenzen , dann :
566 i f [ ” $ t e s t in ” = ” 1 ” ] && [ ” $ te s tout ” = ” 1 ” ] && [ ” $term ” = ” 1 ” ] && [ ” $nfreq ”

= ” 1 ” ] ; then
567 while true ; do
568 echo ” Avai lable opt ions : ”
569 echo ” ( 1 ) Def lec t imaginary modes and create new geometry opt imizat ion ”
570 echo ” ( 2 ) Create xyz−f i l e s ”
571 echo ” (Q) Exi t ”
572 read −p ” Choose next step ! ” yn
573 case $yn in
574 1 ) #Ladung und Mu l t i p l i z i t ä t
575 lamu=$ ( grep −m 1 ” Charge = ” $ { shortname } . out | awk ’ { pr int $3 , $6 } ’ )
576 #einlesen des checkpunktf i les und funktional / ba s i s s a t z aus der

angegebenen frequenzrechnung
577 z e i l e 1 b i s 3 =$ ( head −n 3 $ { shortname } . in )
578 #finden der Standard−xyz−koordinaten aus fert igem frequenz . out und

auf te i l en in atomnummer und koordinaten
579 i f grep −q ” Link1 : Proceeding to interna l job step number 2” ” $ {

shortname } . out ” ; then
580 sed −n −e ’ / Link1 : Proceeding to interna l job step number 2/ , $p ’ $ {

shortname } . out | sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (GHZ)
: / p ’ | t a i l −n +6 | head −n −2 | awk ’ { pr int $4 ” \n” $5 ” \n” $6 >> ” coordinates . l s t
” ; pr int $2 >> ” atoms . l s t ” } ’

581 e l s e
582 sed −n −e ’ / Standard or ienta t ion : / , / Rotat ional constants (GHZ) : / p ’ $ {

shortname } . out | t a i l −n +6 | head −n −2 | awk ’ { pr int $4 ” \n” $5 ” \n” $6 >> ”
coordinates . l s t ” ; pr int $2 >> ” atoms . l s t ” } ’

583 f i
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584

585 #Vektoren er s t e r negat iver Frequenz
586 sed −n −e ’ / imaginary frequencies ( negative Signs ) / , / 4

5 6/ p ’ $ { shortname } . out | t a i l −n
+15 | head −n −1 | awk ’ { pr int $3 ” \n” $4 ” \n” $5 >> ” vectors . l s t ” } ’

587

588 readarray −t atome < atoms . l s t
589 readarray −t koordinaten < coordinates . l s t
590 readarray −t vektoren < vectors . l s t
591

592 #Berechnung der neuen Atomkoordinaten
593 s=0
594 for i in $ { koordinaten [@ ] } ; do
595 e=$ { koordinaten [ $s ] }
596 r=$ { vektoren [ $s ] }
597 summe[ $s ] = $ ( bc − l < << ” $e+$r ” )
598 ( ( s ++ ) )
599 done
600

601 #Standard−Input Geometrieoptimierung MIT STANDARD BASISSATZ
602 newfile =”newgeo_$ { shortname } . in ”
603 echo ” $ z e i l e 1 b i s 3 ” >” $newfile ”
604 echo ” opt ( t ight , maxcycle =200) ” >> ” $newfile ”
605 echo ” s c f ( t ight , maxcycle =200) ” >> ” $newfile ”
606 echo ” gf input g fo ldpr in t iop ( 6 /7=3 ) ” >> ” $newfile ”
607 echo ”nosymm” >> ” $newfile ”
608 echo ” ” >> ” $newfile ”
609 echo ”Geometry−opt imizat ion of $ { shortname } a f t e r addi t ion of negative

frequency ” >> ” $newfile ”
610 echo ” ” >> ” $newfile ”
611 echo ” $lamu ” >> ” $newfile ”
612

613 #Einfügen der neuen Atomkoordinaten
614 s=0
615 for i in $ { atome [@ ] } ; do
616 f =$s
617 g=$f ; ( ( g ++ ) )
618 h=$g ; ( ( h++ ) )
619 pr in t f ”%−10s %−20s %−20s %−20s %−20s \n” $ { i } $ { summe[ $f ] } $ { summe[ $g

] } $ {summe[ $h ] } >> ” $newfile ”
620 s=$ ( ( s +3 ) )
621 done
622 echo ” ” >> ” $newfile ”
623

624 #Clean−Up
625 rm atoms . l s t
626 rm coordinates . l s t
627 rm vectors . l s t
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628 echo ”New geometry opt imizat ion $newfile written . ”
629

630 submit_job_with_choices
631

632 break ; ;
633 2 ) prepare_xyz−f i l e ; ;
634 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
635 * ) echo ” Please choose an option ! ” ; ;
636 esac
637 done
638 #Nur Output vorhanden , aber okay und keine negativen frequenzen :
639 e l i f [ ” $ te s tout ” = ” 1 ” ] && [ ” $ t e s t in ” = ”0 ” ] && [ ” $term ” = ” 1 ” ] && [ ” $nfreq

” = ”0 ” ] ; then
640 while true ; do
641 echo ” Avai lable opt ions : ”
642 echo ” ( 1 ) Bond ana lys i s by nbo and wfx”
643 echo ” ( 2 ) Geometry opt imizat ion with new bas i s se t ”
644 echo ” (Q) Exi t ”
645 read −p ” Choose next step ! ” yn
646 case $yn in
647 1 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
648 2 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
649 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
650 * ) echo ” Please choose an option ! ” ; ;
651 esac
652 done
653 #nur Input vorhanden :
654 e l i f [ ” $ te s tout ” = ”0 ” ] && [ ” $ t e s t in ” = ” 1 ” ] ; then
655 echo ”Only input f i l e found ! Exi t ing . ”
656 ex i t
657 #Irgendwas anderes
658 e l s e
659 echo ”An error occured . Quitt ing ! ”
660 ex i t
661 ex i t
662 f i
663 e l i f [ ” $typ ” = ”unknown” ] ; then
664 #Check auf negative frequenzen
665 nfreq=0
666 i f grep −q ” imaginary ” ” $ { shortname } . out ” ; then nfreq =1
667 echo ” Imaginary modes found ! ”
668 e l s e
669 echo ”No imaginary modes found ! ”
670 f i
671 while true ; do
672 echo ” Ca lcu la t ion type unknown ! Use at your own r i sk ! ”
673 echo ” Avai lable opt ions : ”
674 echo ” ( 1 ) Make frequency ca l cu l a t i on ”
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675 echo ” ( 2 ) Make xyz−f i l e ”
676 echo ” ( 3 ) Find and de f l e c t imaginary frequencies ”
677 echo ” ( 4 ) Bond ana lys i s by nbo and wfx”
678 echo ” ( 5 ) Geometry opt imizat ion with new bas i s se t ”
679 echo ” (Q) Exi t ”
680 read −p ” Choose next step ! ” yn
681 case $yn in
682 1 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
683 2 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
684 3 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
685 4 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
686 5 ) echo ”Not yet implemented . Quitt ing . ” ; ex i t ; ;
687 [Qq ] ) echo ” Quitt ing . ” ; ex i t ; ;
688 * ) echo ” Please choose an option ! ” ; ;
689 esac
690 done
691 e l s e
692 echo ”An error occured ! ”
693 pr in t f ” Ca lcu la t ion Type : %s \ n Input f i l e : %s \ nOutputf i le : %s \nTermination : %s \

nNegative Frequencies :% s \n” ” $typ ” ” $ t e s t in ” ” $ te s tout ” ” $term ” ” $nfreq ”
694 ex i t
695 f i
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Donor ligands based on tricoordinate boron formed
by B–H-activation of bis(phosphine)boronium salts†‡

Maik Grätz,a Andreas Bäcker,a Lisa Vondung,a Leon Maser,a Arian Reinckea and
Robert Langer *ab

We report a novel method for the preparation of PBP-pincer com-

plexes from bis(phosphine)boronium salts. The central (R3P)2HB-

moiety in a palladium complex is demonstrated to be a L-type ligand,

therewith completing a series of pincer-type complexes with Z-,

X- and L-type boron-based ligands, respectively.

Tricoordinate boron compounds are typically Lewis acids with
a vacant pz-orbital, whose dimerization is often prevented by
p-donating substituents such alkoxides or amides. The inter-
action of such boron-species with electron rich metal complexes
is usually described by a dative bond from the central metal
atom to the electron deficient BR3-ligand.1–18 According to the
covalent bond classification these s-accepting ligands are
referred to as Z-type ligands.19

The utilization of at least two p-accepting substituents at the
boron atom allows for the stabilization of trigonal planar com-
pounds with an occupied pz-orbital, which are formally con-
strued as boron(I) compounds.20,21 Examples for these kinds
of nucleophilic boron compounds vary from tricyanoborate
dianions22–24 over dicyanoboryl anions25 to ligand stabilized
borylenes.26–30 Quantum chemical investigations of the latter
indicate that species like L2HB: are sufficiently stabilized by
cyclic alkyl amino carbenes (CAAC) and N-heterocyclic carbenes
(NHC), but for ligands like carbon monoxide or phosphines the
B–L-bond dissociation energy has been calculated to be rather
low to expect easily accessible stable compounds.31 However,
experimental studies have shown that nucleophilic boron com-
pounds are reacting with transition metal precursors such
as [(L)MCl] (M = Cu, Au; L = phosphine, carbene)25,32 and
[Cr(CO)5(thf)].32 Furthermore, quantum chemical investigations

predict that reactive borylenes such as (R3P)2HB: can be stabi-
lized as ligands in gold complexes.31

In this context, we recently observed the formation of an iron
PBP-complex containing a central (R3P)2HB-group coordinated to
the iron atom.33,34 Analysis of structural and spectroscopic proper-
ties of this compound in combination with a detailed bonding
analysis and reactivity studies indicated a L-type donor interaction
of the tricoordinate boron-group to the central iron atom. The
arm-(de)protonation of this complex results in overall dianionic,
anionic and neutral pincer-type ligands without significant change
of the bonding situation. However, this iron complex is formed in an
odd rearrangement that exclusively occurred in the reported case.

Due to the unexpected ‘‘Umpolung’’ of the ligand properties
in combination with the unusual reactivity, we were interested
to investigate further transition metals with this pincer-type
ligand. Herein we report the formation of such PBP-type pincer
complexes by B–H-activation of bis(phosphine)boronium salts.
Our study shows that in the case of nucleophilic metal complexes
P–B-bond cleavage can be competitive. The obtained palladium(II)
complex reported herein nicely illustrates the different coordina-
tion modes, ranging from (R3P)2HB-groups to LR2B-ligands and
typical BR3-based Z-type ligands (Scheme 1).

Based on the finding that a bis(phosphine)boronium ligand
is involved in the reversible B–H-reductive elimination,34 we
supposed that PBP-pincer complexes should generally be acces-
sible by oxidative addition of (R3P)2BH2-cations to an unsatu-
rated metal fragment. Starting from the readily available

Scheme 1 Comparison of different classes of boron-based ligands.
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1,1-bis(diphenylphosphino)methane (dppm), we attempted
a possible synthesis by the reaction with 0.5 equivalents of
BH2Br�SMe2, leading to the formation of a single reaction product
according to 31P{1H} and 11B{1H} NMR spectra (Scheme 2). The
appearance of a broad resonance at 8.8 ppm and a doublet
resonance at �22.7 ppm (2JPP = 66.1 Hz) in the 31P{1H} NMR
spectrum indicates that one phosphorus atom of each dppm unit
is bound to boron. The broad resonance at �33.1 ppm in the
11B{1H} NMR spectrum is in agreement with previously reported
bis(phosphine)boronium cations.35–39 Upon 11B-decoupling of the
1H NMR spectrum, a triplet resonance at 2.69 ppm (2JHP = 20.4 Hz)
with an integral of two is observed, which is assigned to the BH2-
group. Finally, we confirmed the formation of the bis(phosphine)-
boronium salt 1 by X-ray diffraction of suitable single crystals.40

Next, we investigated the reactivity of 1 towards different
nickel and palladium precursors. The reaction with one equi-
valent of [Ni(cod)2] at �78 1C resulted in an orange solution,
which subsequently turned darker with continued stirring. The
31P{1H} NMR spectra at ambient temperature showed several
singlet resonances, indicating that P–B-bond cleavage occurred
in a rather unselective reaction. In one case, it was possible to
grow suitable crystals for X-ray diffraction from the reaction
mixture, which were identified as [(dppm)3Ni3Br2].40 However,
the yield of these crystals was very low and their formation was
not completely reproducible. Nonetheless, the formation of
such species provides further evidence that P–B-bond cleavage
is the preferred reaction pathway with [Ni(cod)2]. The reaction
with [Ni(CO)4] leads to a single reaction product without
decomposition of the pre-ligand (Scheme 2), as judged by the
appearance of a doublet resonance at 20.8 ppm (2JPP = 33.3 Hz)
and a broad resonance at 7.5 ppm. In agreement with the observa-
tion of a two-proton-resonance at 4.28 ppm for the BH2-group, the
single crystal X-ray diffraction analysis confirmed the formation of
the cationic dicarbonyl complex 2 with an unreacted BH2-moiety
(Fig. 1). The P–B-bond distances (1.918–1.920 Å) in the eight-
membered ring formed by the pre-ligand and a Ni(CO)2-fragment

are slightly shorter than the distances in 1 (1.927–1.942 Å). With
2.203–2.214 Å the Ni–P-bond distances in 2 are marginally shorter
than in related nickel(0)-dicarbonyl complexes with wide bite-angle
diphosphine ligands.41,42

The reaction of 1 with palladium precursors turned out to be
non-uniform as well. With [Pd(PPh3)4], the formation of pre-
cipitate is observed and various products are detected in the
31P{1H} NMR spectrum, including the palladium(I)-complex
[(dppm)PdBr]2.43 In a similar manner as with [Ni(cod)2], P–B-bond-
cleavage seems to be the preferred reaction pathway. In contrast,
the reaction of 1 with [Pd(MeCN)2Cl2] leads to the formation of a
precipitate, while the 31P{1H} NMR spectrum of the supernatant
solution lacks any resonances. The 31P{1H} NMR spectrum of the
precipitate dissolved in DMSO exhibits a doublet of doublets
resonance at 81.8 ppm and a broad resonance at 59.3 ppm,
indicating the formation of a novel PBP-type pincer complex
[(HB{dppm}2)PdCl]+ (3-Cl).§ In addition, a triplet resonance at
84.4 ppm of low intensity is observed (ratio 9 : 1) that is assigned
to the palladium-bound phosphorus atoms of the corresponding
bromido complex [(HB{dppm}2)PdBr]+ (3-Br). Meanwhile, the
11B{1H} NMR spectrum exhibits only one broad resonance at
�24.5 ppm, whose chemical shift is in agreement with pre-
viously reported ligand-stabilized borylenes bound to a transi-
tion metal.25,32,44 To confirm the identities of 3, we tried to grow
suitable single crystals for X-ray diffraction, but all attempts
resulted in precipitation and the crystallization of minor quan-
tities of [3-Br]Br (Fig. 2).

The cationic palladium complex 3-Br exhibits a direct Pd–B-
bond (2.114–2.129 Å)40 to the central (R3P)2HB-group of the
newly formed pincer-ligand. Pd–Br- and Pd–P-distances are in
agreement with other square planar palladium(II)–phosphine
complexes (

P
Pda = 360.421).45–48

Tricoordinate boron compounds bound to a transition metal
are usually interpreted as s-accepting Z-type ligands, which in
the present case would result in the formulation of palladium(0)
that, in turn, is expected to be non-square planar. However, the
square planar coordination geometry and the detected bond
length in 3-Br, as well as the spectroscopic data are in agreement
with a palladium(II) complex containing a boron-based donor

Scheme 2 Synthesis of the bis(phosphine)boronium salt 1 from dppm
and its reactivity towards nickel and palladium precursors (X = Cl, Br).

Fig. 1 Molecular structure of the cation in 2 in the solid state (ellipsoids
are drawn at 30% probability, carbon-bound hydrogen atoms are omitted);
selected distances (Å) and angles (1): Ni1–C2O 1.786(4), Ni1–C1O 1.788(4),
Ni1–P4 2.2028(9), Ni1–P1 2.2143(9), B1–P2 1.918(4), B1–P3 1.920(4);
P4–Ni1–P1 113.24(3), P2–B1–P3 118.3(2).
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ligand. To get further insight, we performed quantum chemical
investigations for the methyl-substituted complexes using den-
sity functional theory (DFT). Analysis of the frontier molecular
orbitals in 3Me-Cl reveals that two B–Pd–Cl interactions are
relevant for the description of the Pd–B-bond. The HOMO�2
involves a bonding interaction between boron and palladium,
which appears to have p-type symmetry (Fig. 3). The HOMO�8
in 3Me-Cl includes two bonding interactions, Pd–B and Pd–Cl,
with a s-type symmetry. The neutral palladium(II) complex
[(k2P,P0-HB{dmpm}2)PdBrCl] (4Me-Cl/Br) with a dissociated
B–H-group was found to be an energetic minimum as well
(DE3Me–4Me = +80 kJ mol�1). In agreement with previous quantum
chemical investigations on phosphine-stabilized borylenes,31

the boron atom in the dissociated (PR3)2HB-moiety exhibits a
trigonal planar environment with a HOMO of p-type symmetry.
The occupied pz-orbital at the boron atom in 4Me-Cl/Br, which is
stabilized by p-back bonding to the phosphine substituents,
clearly indicates the Lewis-base nature of the dissociated
ligand. Natural population analysis revealed a negative charge
of �0.85e at the boron atom in 3Me-Cl, which is in agreement
with an overall charge transfer of 0.26e relative to 4Me-Cl/Br.
This view is further supported by a topological analysis of the
electron density within the Quantum Theory of Atoms in
Molecules (QTAIM) framework. The Laplacian of the electron
density shows that electron density is donated from the boron
atom towards the bond critical point (bcp) of the boron palladium
bond (Fig. 4).

A look on previously reported palladium PBP-pincer com-
plexes reveals that the three basic ligand types according to
the covalent bond classification can formally be realized in
palladium(II) complexes (Scheme 3). Using an ambiphilic pin-
cer ligand with a central BR3-group, Bourissou and co-workers
reported the square pyramidal palladium(II) complex A, in which
the central tricoordinate boron atom (BR3) acts as a s-accepting
Z-type ligand in the apical position.49 Very recently, Tauchert and
co-workers described the palladium(II) pincer-type complex B
with a pyridine-stabilized boryl-group,50 in which the central
LR2B-group can formally be regarded as a X-type ligand. The
cationic palladium(II) complex 3 contains a phosphine-stabilized
borylene acting as a L-type donor group. In the following, we
aimed to identify differences in structural, spectroscopic and
quantum chemical data (Table 1).

The long Pd–B-bond and the low pyramidalization of the
boron atom in A indicate a rather weak interaction, while the
interaction in 3 and B are found to be significantly stronger.
The Pd–P-bond distances, however, are found to be very similar
in all three complexes. A clear trend within this series of com-
plexes is observed for the chemical shift in the 11B{1H} NMR
spectra: the Z-type ligand exhibits a resonance at 59 ppm, the
X-type at 17 ppm and the chemical shift for complex 3 is observed
at �24.5 ppm.

We performed quantum chemical calculations of the methyl-
substituted complexes 3Me-Cl, BMe and AMe to obtain further
information within this series: the natural population analysis
reveals a positive charge of +0.90e at the boron atom of the Z-type
ligand in AMe, which is considerably decreased for BMe (+0.43e)
and finally results in a negative charge of �0.85e for the boron
atom in 3Me-Cl. Using QTAIM analysis, we identified bcps for
the Pd–B-bond in all three complexes. The electron and energy

Fig. 2 Molecular structure of the cation in 3-Br in the solid state (ellipsoids
are drawn at 30% probability, carbon-bound hydrogen atoms are omitted).
Selected distances (Å) and angles (1): Pd1–B1 2.129(11), Pd1–Br1 2.561(6),
Pd1–P1 2.3031(15), Pd1–P2 2.3041(15), P3–B1 1.929(12), 2.005(12); P2–Pd1–
P1 170.98(5), B1–Pd1–Br1 168.3(3).

Fig. 3 HOMO�2 and HOMO�8 of complex 3Me-Cl; HOMO of complex
4Me-Cl/Br (B97D/def2-TZVPP, contour value 0.05, Pd: black, P: violet, Br:
red, Cl: green, B: yellow).

Fig. 4 Molecular graph for complex 3Me-Cl derived from QTAIM analysis
with contour plot of the Laplacian in the B–Pd–P-plane (bcps: green dots;
charge depletion (r2r4 0): solid blue lines; charge accumulation (r2ro 0):
dotted red lines).

Scheme 3 Representative examples for different boron ligand types in
palladium(II) complexes (R = iPr).
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densities at the bcps support this observation as well, although
the qualitative interpretation of the orbital shapes and the
contour plot of the Laplacians of the electron density appear
quite similar for 3Me-Cl and BMe.40

In conclusion, we described a synthetic method for the simple
preparation of pincer-type complexes containing a phosphine-
stabilized borylene as donor group (L-type). Our study shows that
P–B-bond cleavage of 1 can be competitive with nucleophilic
metal centres. Based on bonding analysis and the comparison of
structural and spectroscopic properties, the boron-based ligand
in 3 is best described as an electron donating L-type ligand. With
this example, it was possible for the first time to compare struc-
turally related palladium(II) complexes with the three different
types of boron-based ligands according to the covalent bond
classification.
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(R. L.) and the Studienstiftung des deutschen Volkes (L. V.). We
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helpful discussions.
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Table 1 Selected quantum chemical and spectroscopic data, bond dis-
tances and angles

3-X (L-type) B (X-type)a A (Z-type)b

dPd–B/Å 2.129 2.196 2.650
dPd–P/Å 2.203–2.204 2.275–2.284 2.288–2.315P

Ba/1 319–343c 330.7 354.9
dB/ppm �24.5 17 59

3Me-Cl BMe AMe

qB (NBO)d �0.848 +0.434 +0.902
rbcp (Pd–B)e 0.091 0.086 0.020
Hbcp (Pd–B)e �0.037 �0.029 �0.009

a Data taken from ref. 32. b Data taken from ref. 31. c The BH-group in
3 was disordered and therefor two values are reported; the big dis-
crepancy might be a result of inaccurate location of the hydrogen
atoms. d Charges from natural bond orbital (NBO) analysis. e Electron
and energy density at bond critical point (bcp) from QTAIM analysis.
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1. Experimental Details 
 

Material and Methods 

All experiments were carried out under an atmosphere of purified argon in a MBraun 

Labmaster glove box or using standard Schlenk techniques.  THF and C6D6 were dried and 

distilled from Na/K alloy and stored over molecular sieves. n-Hexane was dried and distilled 

from LiAlH4 and stored over molecular sieves. Toluene was dried and distilled from sodium 

and stored over molecular sieves. Bis(diphenylphosphino)methane (dppm) was prepared 

according to a previously reported procedure.1  

1H, 13C, 31P and 11B NMR spectra were recorded using Bruker DRX 400, DRX 500 and 

Avance 500 NMR spectrometers. 1H and 13C{1H}, 13C-APT (attached proton test) NMR 

chemical shifts are reported in ppm downfield from tetramethylsilane. The resonance of the 

residual protons in the deuterated solvent was used as internal standard for 1H NMR. The 

solvent peak of the deuterated solvent was used as internal standard for 13C NMR. 31P NMR 

chemical shifts are reported in ppm downfield from H3PO4 and referenced to an external 85% 

solution of phosphoric acid in D2O. 11B NMR chemical shifts are reported in ppm downfield 

from BF3∙Et2O and referenced to an external solution of BF3∙Et2O in CDCl3. The following 

abbreviations are used for the description of NMR data: br (broad), s (singlet), d (doublet), t 

(triplet), q (quartet), quin (quintet), m (multiplet), v (virtual). 

FT-IR spectra were recorded by attenuated total reflection of the solid samples on a Bruker 

Tensor IF37 spectrometer. The intensity of the absorption band is indicated as vw (very 

weak), w (weak), m (medium), s (strong), vs (very strong) and br (broad). 

HR-ESI mass spectra were acquired with a LTQ-FT mass spectrometer (Thermo Fisher 

Scientific). The resolution was set to 100.000. 

 

Synthesis of [H2B(dppm)2]Br (1)  

dppm (880 mg, 2.2 mmol) was dissolved in CH2Cl2 (6 mL) and a solution of BH2Br∙SMe2 in 

CH2Cl2 (1 M, 1.1 mL, 1.1 mmoL) was added. After stirring for 10 d, reaction control via 
31P{1H} NMR indicated no further conversion of dppm. The solvent was removed under 

reduced pressure and the residue was washed with Et2O/THF (2:1, 5x 10 mL). The solvent 

was removed under high vacuum to obtain [H2B(dppm)2]Br (560 mg, 0.65 mmol, 59 %) as 
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colorless crystalline solid (M = 861.51 g·mol-1). 1H-NMR (300 MHz, THF-d8, 27 °C) δ = 

4.05 (d, 4H, 3JHH = 12.3 Hz, CH2) 7.03-7.16 (m, 16H, phenyl-H), 7.19-7.27 (m, 8H, phenyl-

H), 7.51-7.59 (m, 8H, phenyl-H), 7.61-7.72 (m, 8H, phenyl-H) ppm. Boron-bound protons 

were not observed. 11B{1H} NMR (96 MHz, CD2Cl2, 27 °C) δ = -34.0 (br) ppm. Only 

resonances that are changing upon 11B-decoupling are listed in the 1H{11B} NMR spectrum. 
1H{11B}NMR (300 MHz, THF-d8,  27 °C) δ = 2.65 (t, 2H, 2JHP = 20.4 Hz, BH2) ppm. 31P{1H} 

NMR  (122 MHz, CD2Cl2, 27 °C) δ = -25.2 (d, 2JPP = 67.1 Hz, P-CH2-P), 7.5 (br, P-BH2-P) 

ppm. 13C{1H} NMR (76 MHz, CD2Cl2, 27 °C) δ = 22,7 (dd, 1JPC = 39.2 Hz, 1JPC = 34.2 Hz,  

P-CH2-P), 124.3 (dd, JPC = 61.6 Hz, JPC = 2.8 Hz,  phenyl-C), 124.3 (d, JPC = 70.6 Hz, 

phenyl-C), 128.9 (s,  phenyl-C), 129.1 (s,  phenyl-C), 129.6 (s,  phenyl-C), 129.8 (d, JPC = 1.5 

Hz, phenyl-C), 132.8 (s,  phenyl-C), 132.9 (s,  phenyl-C), 133.0 (s,  phenyl-C), 133.2 (s,  

phenyl-C), 133.3 (d,  JPC = 2.8 Hz, phenyl-C), 136.3 (d,  JPC = 7.3 Hz, phenyl-C), 136.5 (d,  

JPC = 7.3 Hz, phenyl-C) ppm. FT-IR (ATR) ῦ/cm-1: 3050 (w), 3008 (w), 2983 (w), 2846 (w), 

2440 (w), 2394 (w), 1586 (w), 1482 (w), 1435 (m), 1365 (w), 1314 (w), 1189 (w), 1160 (w), 

1106 (m), 1070 (w), 1026 (w) 997 (w), 915 (w), 776 (m), 740 (s), 721 (m), 690 (s), 633 (m). 

HRMS (ESI+) m/z: 781.2643 (calculated for C50H46BP4), 781.2646 (found, ∆ = 0.4 ppm).  

Synthesis of [(H2B{dppm}2)Ni(CO)2]Br (2)  

[Ni(CO)4] (24 mg, 0.14 mmol) was added to a solution of 1 (120 mg, 0.14 mmol) in 5 mL 

THF and the resulting solution was stirred for five hours at ambient temperature. After this 

period the extent of conversion was checked by 31P{1H} NMR spectroscopy. Addition of 10 

mL n-hexane resulted in precipitation of 2. The supernatant solution was decanted off and the 

precipitate was dried in vacuo. Yield: 12 mg (0.012 mmol, 8.5 %). The yield can be increased 

significantly by removal of all volatiles from the reaction mixture and continuous washing of 

the residue, but the obtained product contains inseparable byproducts according to the 
31P{1H} NMR spectrum. 1H NMR (300 MHz, CD3CN, 27 °C) δ = 3.82 (br, 4H, CH2), 7.05-

7.14 (m, 10H, phenyl-H), 7.19 (dd, 4H, JHH = 7.3 Hz, JHH = 1.1 Hz, phenyl-H), 7.24-7.35 (m, 

10H, phenyl-H), 7.40 (t br,  10H, J = 9.0 Hz, phenyl-H), 7.62-7.82 (m, 6H, phenyl-H) ppm. 
11B{1H} NMR (96 MHz, C6D6, 27 °C) δ = -35.8 (br) ppm. Only resonances that are changing 

upon decoupling are listed for the 1H{11B} NMR spectrum. 1H{11B} NMR (300 MHz, C6D6, 

27 °C) δ = 4.25 (br, 2H, BH2) ppm. 31P{1H}NMR (122 MHz, CDCl3, 27 °C) δ = 4.9 (br, P-B-

P), 18.1 (ddd, JPP = 38.4 Hz, JPP = 12.0 Hz, JPP = 4.0 Hz, P-Ni-P) ppm. 13C-APT NMR (76 

MHz, CD3CN, 27 °C) δ = 23.8 (d, 1JPC = 36.7 Hz, P-CH2-P), 129.1 (vt,  JPC = 4.8 Hz, phenyl-

C), 129.8 (d,  JPC = 11.8 Hz, phenyl-C), 130.3 (s,  phenyl-C), 130.5 (s,  phenyl-C), 130.6 (s,  

phenyl-C), 133.0 (d,  JPC = 9.6 Hz, phenyl-C), 133.2 (d,  JPC = 2.8 Hz, phenyl-C) ppm. The 
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resonances for carbonyl ligands and for the quaternary carbon atoms of the phenyl rings were 

not observed. FT-IR (ATR) ῦ/cm-1: 2963 (w) 2905 (w) 2376 (w) 2360 (w) 2349 (w) 2343 (w) 

2323 (w) 2298 (w) 2002 (w, CO) 1939 (w, CO) 1484 (w) 1435 (w) 1413 (w) 1258 (m) 1009 

(s) 864 (m) 787 (s) 687 (m) 671 (m) 664 (m) 470 (m) 417 (m). HRMS (ESI+) m/z: 867.1949 

(calculated for [(H2B{dppm}2)Ni(CO)]+), 867.1945 (found, ∆ = 0.5 ppm); 839.1993 

(calculated for [(H2B{dppm}2)Ni]+), 839.1999 ((found, ∆ = 0.7 ppm).  

Synthesis of [(HB{dppm}2)PdX]X (3, X = Cl, Br)  

[H2B(dppm)2]Br (1, 40 mg, 0.046 mmol) and [PdCl2(MeCN)2] (12 mg, 0.046 mmol) were 

dissolved in 5 mL THF and stirred at ambient temperature for 5 hours. During this period, the 

solution brightened up and precipitate was formed. The supernatant solution was decanted off, 

the residue was washed with 5 mL THF and dried in vacuo. Complex 3 was formed and 

isolated as a mixture of the two constitutional isomers, with the two cations 

[[(HB{dppm}2)PdCl]+ (3-Cl, ~90 %) and [[(HB{dppm}2)PdBr]+ (3-Br, ~10 %). Both isomers 

are very similar in their spectroscopic properties. In several attempts to grow single crystals 

with different solvents and under various conditions only single crystals from [3-Br]Br could 

be obtained. Yield: 34.8 mg (0.035 mmol, 76 %). 1H NMR (300 MHz, DMSO-d6, 27 °C) δ = 

2.52 (partly superimposed, 4H, 2JPH = 4.0 Hz, CH2), 7.10-7.20 (m, 8H, phenyl-H), 7.36-7.61 

(m, 20H, phenyl-H), 7.61-7.79 (m, 10H, phenyl-H), 8.50 (br t, 2H, JHH = 2.7 Hz, phenyl-H) 

ppm. 11B{1H} NMR (96 MHz, DMSO-d6, 27 °C) δ = -24.5 (br) ppm. Only resonances that are 

changing upon decoupling are listed for the 1H{11B} NMR spectrum. 1H{11B} NMR(300 

MHz, DMSO-d6, 27 °C) δ = 3.57 (br t, 1H, 2JHP = 17.9 Hz, BH) ppm. 31P{1H} NMR (122 

MHz, DMSO-d6, 27 °C) δ = 59.3 (br, P-B-P), 81.8 (dd, 2JPP = 76.4 Hz, 2JPP = 68.1 Hz, Ph2P-

Pd-Cl), 84.4 (t, 2JPP = 71.9 Hz, Ph2P-Pd-Br) ppm. 13C{1H} NMR (76 MHz, DMSO-d6, 27 °C) 

δ = 38.5-40.5 (P-CH2-P, superimposed by DMSO-d6), 128.2-128.6 (superimposed resonances, 

phenyl-C), 128.7 (vt, JPC = 5.7 Hz, phenyl-C), 129.3 (vt, JPC = 5.7 Hz, phenyl-C), 130.8 (s, 

phenyl-C), 131.0 (s, phenyl-C), 131.3-131.8 (superimposed resonances, phenyl-C), 132.4 (vt, 

JPC = 6.2 Hz, phenyl-C), 132.7 (s, phenyl-C), 132.9 (s, phenyl-C), 134.0 (dd, 1JPC = 23.7 Hz,  

JPC = 2.9 Hz, phenyl-C) ppm. FT-IR (ATR) ῦ / cm-1: 3053 (w), 3015 (w), 2963 (w), 2905 (w), 

2586 (w), 2370 (w), 2361 (w), 2349 (w) 2343 (w), 2323 (w), 2298 (w), 1587 (w), 1572 (w), 

1483 (w), 1435 (m), 1411 (w), 1307 (m), 1259 (s), 1188 (w), 1086 (s), 1013 (s), 935 (m) 865 

(w), 792 (s), 737 (m), 689 (s), 665 (m), 619 (w), 604 (w), 559 (m), 533 (m), 504 (m), 485 (m), 

451 (w), 406 (w). HRMS (ESI+) m/z: 921.1303 (calculated for [(HB{dppm}2)PdCl]+), 

921.1305 (found, ∆ = 0.2 ppm).  
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2. NMR Spectra 

 

Figure 1 31P{1H} NMR spectrum of compound 1 in CD2Cl2. 

 

Figure 2 11B{1H} NMR spectrum of compound 1 in CD2Cl2. 
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Figure 3 1H NMR spectrum of compound 1 in THF-d8, with an inset showing the resonance of the boron-bound H-atoms in 
the 1H{11B}NMR spectrum . 

 

Figure 4 13C{1H} NMR spectrum of compound 1 in CD2Cl2. 
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Figure 5 31P{1H} NMR spectrum of complex 2 in CD3CN. 

 

Figure 6 11B{1H} NMR spectrum of complex 2 in CD3CN. 
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Figure 7 1H NMR spectrum of complex 2 in CD3CN. 

 

Figure 8 13C-APT NMR spectrum of complex 2 in CD3CN. 
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Figure 9 31P{1H} NMR spectrum of complex 3 in DMSO-d6. 

 

Figure 10 11B{1H} NMR spectrum of complex 3 in DMSO-d6. 
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Figure 11 1H NMR spectrum of complex 3 in DMSO-d6, with an inset showing the resonance of the boron-bound H-atom in 
the 1H{11B}NMR spectrum. 

 

Figure 12 13C-APT NMR spectrum of complex 3 in DMSO-d6. 

Nachdrucke der diskutierten Publikationen

105



 S11

X-Ray Crystallography 

The single crystal X-ray diffraction data for the structural analysis of 1 has been collected 

using graphite-monochromated Mo-Kα-radiation (λMoKα = 0.71073) on the image plate system 

IPDSII, 2·11/2THF and [3-Br]Br·11/4THF have been collected using graphite-

monochromated Mo-Kα-radiation (λMoKα = 0.71073) on the pixel detector system BRUKER 

D8-QUEST. The structures were solved by direct methods with SHELXS-97 and refined 

against F2 by full-matrix-least-square techniques using SHELXL-97.2 Based on the crystal 

descriptions, numerical absorption corrections were applied.3, 4 Crystallographic data for 1, 

2·11/2THF and [3-Br]Br·11/4THF have been deposited at Cambridge Crystallographic Data 

Centre (CCDC 1540277-1540279) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/. Details of the data collection and the refinement can be found in Table 

1. Figure 13 shows the molecular structure of 1 in the solid state. 
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Figure 13 Molecular structure of 1 in the solid state (ellipsoids are drawn at 30 % probability, carbon-bound hydrogen atoms 
are omitted).  
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Table 1 Crystallographic data for 1-3. 

Compound 1 2·11/2THF [3-Br]Br·11/4THF 

Empirical formula  C50H46BBrP4 C52H46BBrNiO2P4·11/2C4H8O C50H45BBr2P4Pd·11/2C4H8O 
Fw/g·mol–1 861.47 1084.35 1136.90 
T/K 100(2) 100(2) 110(2) 
Crystal system Orthorhombic Monoclinic Monoclinic 
Space group P212121 P21/c P21/n 
a/Å  10.306(2) 16.5199(6) 9.6936(3)  
b/Å  13.535(3) 13.4032(6)  24.8956(9)  
c/Å  30.934(6) 25.3996(11)  23.1874(10) 
α/°  90 90 90  

β/° 90 96.7900(10)  91.2630(10)  
γ/° 90 90  90  
V/Å3  4315.0(15) 5584.5(4) 5594.4(4) 
Z 4 4 4 
ρcalc/g·cm–3  1.326 1.290 1.350 
μ(MoKα)/mm–1 1.136 1.220 1.910 
F(000) 1784 2248 2304 
2θ range/° 2.63-53.44 4.43-53.46 4.51-54.20 
Reflections measured 25668 70947 48722 
Independent reflections  9087 (RInt = 0.0483) 11812 (RInt = 0.0549) 12151 (RInt = 0.0419) 
Ind. reflections (I>2σ(I)) 8270 9409 8920 
Parameters/Restraints  513/0 624/0 568/39 
R1 (I>2σ(I)) 0.0350 0.0479 0.0733 
wR2 (all data)  0.0840 0.1487 0.2245 
GooF (all data)  0.999 0.978 1.047 
Max. peak/hole/e·Å–3  0.753/-0.535 2.314/-0.604 1.601/-2.354 
CCDC  1540277 1540278 1540279 
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3. DFT Calculations 
 

DFT calculations were performed with Gaussian 09, Revision C.01.5 Natural Bond Orbital Analysis 

was done with NBO 5.9.6 Grimmes general-gradient approximated and dispersion including B97D 

functional was used.7  All geometries were first optimized with the def2-SVP basis set and then 

reoptimized using the def2-TZVPP basis set.8, 9 Minima were confirmed with frequency calculations 

(0 imaginary frequencies). Visualization of molecular orbitals was done with ChemCraft.10 QTAIM 

Analysis was performed with AIMAll11 and pictures were created with Multiwfn.12 The simplified 

methyl-substituted complexes 3Me-Br, BMe and AMe were derived by replacing phenyl with methyl 

groups and subsequent geometry optimization. Bond lengths and selected angles, as well as NBO 

charges are given in tables 2 and 3.  

 
 
Table 2 Comparison of experimentally derived bond length and angles of 3-Br with the results of DFT calculations. 

 3-Br (X-Ray) 3Me-Br (DFT) 3Me-Cl (DFT) 

Pd-B 2.129(11) 2.17566 2.17221 

Pd-P 2.3031(15) 2.28473 2.28753 

Pd-P 2.3041(15) 2.30044 2.29873 

P-B 2.005(12) 1.93269 1.92982 

P-B 1.929(12) 1.91929 1.91930 

P-M-P 170.98(5) 170.37 170.31 
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Table 3 Charges from Natural Population Analysis for the complexes 3Me-Br, BMe and AMe 

 3Me-Cl BMe AMe 

Pd 0.116 0.056 0.296 

B -0.848 0.434 0.902 

P(Pd) 1.044 1.022 1.15 

P(Pd) 1.049 1.01 1.136 

P(B) 1.328   

P(B) 1.330   

C(B)  -0.302 -0.368 

C(B)  -0.279 -0.367 

H(B) 0.051   

N(B)  -0.428  

C(B)   -0.469 
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Molecular Orbitals (Molecular Orbitals are shown with isocontour values at 0.03; Pd: pale 
green, P: violet, Cl: green, Br: dark red, C: grey, B: orange) 

Complex 3Me-Cl 

LUMO HOMO 
  

HOMO-1 HOMO-2 

 

 

HOMO-3 HOMO-4 
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HOMO-5 HOMO-8 
 

 
HOMO-9  HOMO-10 
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Complex 4Me-Cl/Br 

LUMO HOMO 
  

HOMO-1 HOMO-2 
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HOMO-3 HOMO-4 
  

HOMO-10 HOMO-11 
  

HOMO-12   
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Complex AMe 

LUMO HOMO 
  

HOMO-1 HOMO-2 
  

HOMO-3 HOMO-4 
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HOMO-5 HOMO-6 
   

HOMO-12   
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Complex BMe 

LUMO HOMO 
  

HOMO-1 HOMO-2 
  

HOMO-3 HOMO-4 
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HOMO-5 HOMO-12 
   

HOMO-15  HOMO-17 
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Quantum Theory of Atoms and Molecules (QTAIM) 

 

Table 4 Comparison of bond critical point data in atomic units of the Pd-B-bond in  3Me-Br, 3Me-Cl, AMe and BMe. 

  2  Kbcp Vbcp Hbcp 

3Me-Br 0.090626 -0.007863 0.063472 0.038974 -0.075977 -0.037003 

3Me-Cl 0.091572 -0.008755 0.069699 0.039596 -0.076998 -0.037402 

AMe 0.020004 0.029088 0.606243 0.001389 -0.01005 -0.008661 

BMe 0.085673 -0.037487 0.026577 0.038215 -0.067059 -0.028844 

 

 

  

Nachdrucke der diskutierten Publikationen

119



 S25

Table 5 Bond critical point data in atomic units for 3Me-Cl. 

 Bond 2  Kbcp Vbcp Hbcp 

Pd1 - Cl2 0.066421 0.187503 0.04863 0.01266 -0.07217 -0.05951 

Pd1 - P3 0.103726 0.138338 0.015354 0.040441 -0.115394 -0.074953 

Pd1 - B5 0.091572 -0.008755 0.069699 0.039596 -0.076998 -0.037402 

Pd1 - P4 0.101723 0.136356 0.025098 0.038802 -0.111626 -0.072824 

B5 - P8 0.129748 -0.214093 0.173496 0.120813 -0.188103 -0.06729 

B5 - P9 0.128225 -0.217616 0.119375 0.118576 -0.182748 -0.064172 

B5 - H14 0.165223 -0.186382 0.012748 0.176202 -0.305809 -0.129607 

 

 

 
Figure 14 Molecular graph for complex 3Me-Cl derived from QTAIM analysis with a contour plot of the Laplacian in the P-
B-Pd plane. Bond critical points are indicated as blue dots. Positive values of the Laplacian (charge depletion) are depicted as 
solid blue lines, and negative values (charge accumulation) as red lines.  
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Table 6 Bond critical point data in atomic units for 3Me-Br. 

 Bond 2  Kbcp Vbcp Hbcp 

Pd1 - Br2 0.058248 0.137973 0.057183 0.009988 -0.054462 -0.044474 

Pd1 - P3 0.103841 0.138583 0.021378 0.04055 -0.115674 -0.075124 

Pd1 - P4 0.10133 0.136374 0.027284 0.038493 -0.111015 -0.072522 

Pd1 - B5 0.090626 -0.007863 0.063472 0.038974 -0.075977 -0.037003 

B5 - P8 0.129942 -0.21554 0.167124 0.121051 -0.188216 -0.067165 

B5 - P9 0.127743 -0.217593 0.111006 0.117738 -0.181078 -0.06334 

B5 - H14 0.165415 -0.189149 0.016006 0.176547 -0.305807 -0.12926 
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Table 7 Bond critical point data in atomic units for AMe. 

 Bond 2  Kbcp Vbcp Hbcp 

Pd1 - Cl2 0.076242 0.19468 0.042741 0.017069 -0.082808 -0.065739 

Pd1 - B6 0.020004 0.029088 0.606243 0.001389 -0.01005 -0.008661 

Pd1 - Cl3 0.072847 0.190121 0.046568 0.015519 -0.078568 -0.063049 

Pd1 - P4 0.111596 0.097202 0.022069 0.048259 -0.120818 -0.072559 

Pd1 - P5 0.107013 0.097435 0.029939 0.044407 -0.113174 -0.068767 

B6 - C14 0.190579 -0.22681 0.126211 0.211937 -0.367172 -0.155235 

B6 - C15 0.180126 -0.225792 0.239159 0.196062 -0.335677 -0.139615 

 

 

 
Figure 15 Molecular graph for complex AMe derived from QTAIM analysis with a contour plot of the Laplacian in the C-B-
Pd plane. Bond critical points are indicated as blue dots. Positive values of the Laplacian (charge depletion) are depicted as 
solid blue lines, and negative values (charge accumulation) as red lines.  
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Table 8 Bond critical point data in atomic units for BMe. 

 Bond 2  Kbcp Vbcp Hbcp 

Pd1 - B5 0.085673 -0.037487 0.026577 0.038215 -0.067059 -0.028844 

Pd1 - P2 0.108143 0.139611 0.020959 0.044832 -0.124568 -0.079736 

Pd1 - P3 0.10403 0.144808 0.025885 0.041348 -0.118898 -0.07755 

Pd1 - I4 0.045642 0.087695 0.061059 0.007382 -0.036688 -0.029306 

B5 - C12 0.164056 -0.188483 0.08083 0.172342 -0.297562 -0.12522 

B5 - C14 0.165549 -0.19283 0.073636 0.174529 -0.300851 -0.126322 

B5 - N13 0.116784 0.290182 0.059865 0.089818 -0.252181 -0.162363 

 

 

 
Figure 16 Molecular graph for complex BMe derived from QTAIM analysis with a contour plot of the Laplacian in the C-B-
Pd plane. Bond critical points are indicated as blue dots. Positive values of the Laplacian (charge depletion) are depicted as 
solid blue lines, and negative values (charge accumulation) as red lines. 
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Cartesian coordinates of all DFT-optimized geometries 

3Me-Br 

Pd       0.606577000     -0.127272000     -0.175605000 
Br       3.086058000     -0.798753000      0.047385000 
P       -0.046345000     -2.240651000      0.396519000 
P        1.168859000      2.093162000     -0.388985000 
B       -1.441454000      0.455605000     -0.622043000 
C       -1.895456000     -2.280717000      0.697725000 
C       -0.371783000      3.155193000     -0.255182000 
P       -1.693477000      2.061824000      0.397873000 
P       -2.648573000     -1.039921000     -0.418159000 
H       -2.348010000     -3.274654000      0.589772000 
H       -2.056626000     -1.939091000      1.728753000 
H       -0.226026000      4.046534000      0.366053000 
H       -0.682543000      3.474237000     -1.257445000 
H       -1.517254000      0.806530000     -1.784258000 
C       -2.835489000     -1.852045000     -2.040536000 
H       -3.410594000     -1.194402000     -2.700899000 
H       -1.844185000     -2.000275000     -2.478984000 
H       -3.348363000     -2.814644000     -1.940037000 
C        0.659322000     -2.861447000      1.966244000 
H        0.278394000     -3.861494000      2.207505000 
H        1.747645000     -2.884845000      1.845028000 
H        0.417081000     -2.163789000      2.774716000 
C       -1.388791000      1.871740000      2.187529000 
H       -2.185112000      1.264108000      2.633189000 
H       -0.434076000      1.351181000      2.316409000 
H       -1.365072000      2.845164000      2.690415000 
C        1.992139000      2.626791000     -1.931771000 
H        2.216088000      3.700391000     -1.919975000 
H        2.922395000      2.053491000     -2.015065000 
H        1.354220000      2.386132000     -2.788550000 
C       -4.349663000     -0.734839000      0.191345000 
H       -4.924529000     -1.666681000      0.236525000 
H       -4.305034000     -0.294282000      1.193499000 
H       -4.854163000     -0.035342000     -0.484447000 
C        0.286984000     -3.581026000     -0.806275000 
H       -0.170847000     -3.352531000     -1.773290000 
H        1.373714000     -3.620934000     -0.942315000 
H       -0.077481000     -4.549153000     -0.441473000 
C        2.244721000      2.706554000      0.959011000 
H        1.749991000      2.559551000      1.924791000 
H        3.160984000      2.106870000      0.947388000 
H        2.479864000      3.769346000      0.822526000 
C       -3.271399000      2.984456000      0.251873000 
H       -3.216932000      3.947292000      0.772884000 
H       -3.486720000      3.157529000     -0.808211000 
H       -4.084576000      2.392429000      0.686548000 
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3Me-Cl 
Pd       0.388539000     -0.788850000     -0.184373000 
Cl       1.341268000     -3.013909000      0.119741000 
P       -1.662582000     -1.591416000      0.426654000 
P        2.468770000      0.157512000     -0.431724000 
B       -0.419138000      1.180722000     -0.616717000 
C       -2.856289000     -0.168537000      0.680799000 
C        2.346000000      2.014940000     -0.190745000 
P        0.662226000      2.334616000      0.470893000 
P       -2.343327000      1.159796000     -0.470844000 
H       -3.913975000     -0.438283000      0.566890000 
H       -2.702869000      0.199617000      1.703872000 
H        3.130697000      2.411167000      0.463826000 
H        2.415643000      2.517337000     -1.162943000 
H       -0.167323000      1.505325000     -1.761797000 
C       -3.015636000      0.704114000     -2.103328000 
H       -2.848094000      1.531959000     -2.800278000 
H       -2.474166000     -0.172763000     -2.470833000 
H       -4.086966000      0.485150000     -2.039562000 
C       -1.669615000     -2.469112000      2.031439000 
H       -2.674844000     -2.824876000      2.288882000 
H       -0.976486000     -3.312126000      1.937582000 
H       -1.297396000     -1.801214000      2.815402000 
C        0.699097000      1.886029000      2.240219000 
H       -0.286439000      2.067778000      2.684606000 
H        0.927153000      0.817641000      2.316025000 
H        1.446344000      2.477433000      2.781464000 
C        3.333725000     -0.066751000     -2.027493000 
H        4.311050000      0.430999000     -2.032751000 
H        3.467067000     -1.144200000     -2.176869000 
H        2.710169000      0.324526000     -2.838020000 
C       -3.226730000      2.684731000      0.033028000 
H       -4.312382000      2.536247000      0.014354000 
H       -2.924344000      2.967649000      1.047510000 
H       -2.963470000      3.494218000     -0.657003000 
C       -2.498877000     -2.747896000     -0.719840000 
H       -2.659418000     -2.276157000     -1.693557000 
H       -1.823890000     -3.600422000     -0.856086000 
H       -3.456847000     -3.093730000     -0.312796000 
C        3.660762000     -0.387768000      0.843109000 
H        3.273232000     -0.139017000      1.836598000 
H        3.737192000     -1.477964000      0.771742000 
H        4.642470000      0.079954000      0.699377000 
C        0.400031000      4.149053000      0.421928000 
H        1.185306000      4.676085000      0.976058000 
H        0.403971000      4.485919000     -0.620405000 
H       -0.571137000      4.391253000      0.868486000 
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4Me-Cl/Br 
Pd       0.675871000     -0.921726000     -0.036269000 
Cl       0.604954000     -2.262611000     -2.012409000 
P        0.853076000      0.632122000      1.612686000 
P       -1.280841000     -1.841928000      0.656085000 
B       -1.962320000      2.320745000     -0.034006000 
C        1.102115000      2.298809000      0.872801000 
C       -2.726349000     -0.729565000      0.818654000 
P       -2.809064000      0.768882000     -0.414525000 
P       -0.220171000      2.696047000     -0.421839000 
H        1.026577000      3.049381000      1.672974000 
H        2.103547000      2.329823000      0.429112000 
H       -3.631784000     -1.345397000      0.728790000 
H       -2.719783000     -0.271779000      1.812800000 
H       -2.473430000      2.976457000      0.842929000 
C        0.065467000      4.511010000     -0.548927000 
H       -0.477167000      4.892707000     -1.419465000 
H       -0.332884000      4.991696000      0.351603000 
H        1.134903000      4.736337000     -0.642423000 
C        2.291809000      0.361591000      2.721759000 
H        2.374500000      1.192284000      3.434188000 
H        2.139403000     -0.573688000      3.273415000 
H        3.198038000      0.276392000      2.117591000 
C       -2.483812000     -0.054966000     -2.017938000 
H       -2.613934000      0.678061000     -2.819240000 
H       -1.468921000     -0.464959000     -2.058131000 
H       -3.195357000     -0.877985000     -2.156423000 
C       -1.062895000     -2.663564000      2.291194000 
H       -2.017263000     -3.055829000      2.664046000 
H       -0.359067000     -3.492645000      2.154025000 
H       -0.639571000     -1.971727000      3.022768000 
C        0.437144000      2.004467000     -1.979208000 
H        1.516254000      2.173057000     -2.047114000 
H        0.269268000      0.926540000     -2.028904000 
H       -0.084463000      2.496899000     -2.806640000 
C       -0.485835000      0.963360000      2.833651000 
H       -1.343518000      1.382934000      2.298472000 
H       -0.776261000      0.057721000      3.373443000 
H       -0.111794000      1.697598000      3.559430000 
C       -1.945039000     -3.220470000     -0.353308000 
H       -2.201773000     -2.857991000     -1.350579000 
H       -1.172036000     -3.984160000     -0.469517000 
H       -2.829662000     -3.633429000      0.148787000 
C       -4.635064000      1.010474000     -0.356348000 
H       -5.168140000      0.057755000     -0.462741000 
H       -4.898313000      1.472113000      0.601895000 
H       -4.921680000      1.693396000     -1.161867000 
Br       3.046325000     -0.171578000     -0.691255000 
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AMe 
Pd       4.182481000      8.338374000      0.845033000 
Cl       2.385814000      8.531725000     -0.701789000 
Cl       5.738825000      8.059590000     -0.958232000 
P        2.709098000      8.753549000      2.501525000 
P        5.978686000      7.785185000      2.131550000 
B        5.165659000     10.792192000      1.996207000 
C        2.136971000      7.229050000      3.350611000 
C        1.144803000      9.595265000      2.061638000 
C        3.431865000      9.831544000      3.791681000 
C        7.209870000      9.120893000      1.999776000 
C        6.778407000      6.220611000      1.611457000 
C        5.798030000      7.476812000      3.942346000 
C        4.534096000     10.646038000      3.453267000 
C        4.413259000     11.598482000      0.900334000 
C        6.703529000     10.431547000      1.854789000 
H        1.691445000      6.581540000      2.587770000 
H        2.985548000      6.713139000      3.807386000 
H        1.386117000      7.452406000      4.117566000 
H        1.381935000     10.487788000      1.477909000 
H        0.537176000      8.928868000      1.444716000 
H        0.621091000      9.869540000      2.986459000 
C        2.923696000      9.816494000      5.099550000 
C        8.583604000      8.865165000      1.953631000 
H        6.030422000      5.422232000      1.668889000 
H        7.117965000      6.317060000      0.578828000 
H        7.610907000      5.982272000      2.284486000 
H        5.350093000      8.331860000      4.449756000 
H        5.175181000      6.588802000      4.099928000 
H        6.794045000      7.287511000      4.360343000 
C        5.109834000     11.419748000      4.479503000 
C        4.853003000     11.572189000     -0.442445000 
C        3.252902000     12.346325000      1.202191000 
C        7.630074000     11.469176000      1.656952000 
H        2.082214000      9.175654000      5.352356000 
C        3.502686000     10.606244000      6.094147000 
C        9.485967000      9.918639000      1.776919000 
H        8.956381000      7.846717000      2.027756000 
C        4.602175000     11.410193000      5.780253000 
H        5.978093000     12.035601000      4.252221000 
H        5.719698000     10.971128000     -0.701142000 
C        4.149436000     12.240053000     -1.441079000 
C        2.556670000     13.032374000      0.208692000 
H        2.902308000     12.386116000      2.231468000 
H        7.264828000     12.483845000      1.511721000 
C        9.006780000     11.220883000      1.625963000 
H        3.106827000     10.584041000      7.106554000 
H       10.553570000      9.717196000      1.734154000 
H        5.070391000     12.019151000      6.550316000 
H        4.481407000     12.176291000     -2.474265000 
C        3.000525000     12.970814000     -1.117620000 
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H        1.666413000     13.605508000      0.458867000 
H        9.701972000     12.041505000      1.463440000 
H        2.446633000     13.486474000     -1.899131000 
 
BMe 
Pd       6.662778000      5.352965000     -0.045676000 
P        5.513447000      3.426855000      0.224020000 
P        7.163134000      7.432768000     -0.825825000 
I        6.977295000      5.859125000      2.700391000 
B        6.520176000      4.887162000     -2.209419000 
C        3.851203000      3.686796000      0.968211000 
C        6.197977000      2.061929000      1.254347000 
C        5.228709000      2.706600000     -1.431268000 
C        6.364567000      7.484413000     -2.479143000 
C        6.407047000      8.814289000      0.119704000 
C        8.898721000      8.015358000     -1.056569000 
C        5.772160000      3.466350000     -2.487268000 
N        8.092024000      4.640614000     -2.598706000 
C        5.986470000      6.213729000     -2.982267000 
H        3.995220000      4.097811000      1.973730000 
H        3.303341000      4.415098000      0.362049000 
H        3.285616000      2.747512000      1.019802000 
H        7.153088000      1.728188000      0.834327000 
H        6.379921000      2.467131000      2.256565000 
H        5.509660000      1.209322000      1.312103000 
C        4.587252000      1.479666000     -1.659537000 
C        6.043030000      8.667895000     -3.152436000 
H        5.329133000      8.640235000      0.193920000 
H        6.827924000      8.793998000      1.131241000 
H        6.595725000      9.786173000     -0.353807000 
H        9.365403000      8.087544000     -0.067193000 
H        9.454955000      7.285603000     -1.653733000 
H        8.932864000      8.994449000     -1.551802000 
C        5.684302000      2.914462000     -3.781662000 
C        8.760852000      3.635508000     -1.972806000 
C        8.767500000      5.395432000     -3.498235000 
C        5.223730000      6.200128000     -4.163768000 
C        4.490384000      0.973404000     -2.955951000 
H        4.173752000      0.913905000     -0.826229000 
H        6.343776000      9.630694000     -2.742777000 
C        5.294754000      8.620119000     -4.333308000 
H        6.131331000      3.446109000     -4.620162000 
C        5.052293000      1.691555000     -4.018721000 
H        8.172604000      3.069916000     -1.260637000 
C       10.098820000      3.378339000     -2.205298000 
C       10.118140000      5.195703000     -3.768714000 
H        8.192022000      6.171735000     -3.986684000 
C        4.871766000      7.382629000     -4.825931000 
H        4.882714000      5.250926000     -4.568386000 
H        3.995050000      0.022195000     -3.137648000 
H        5.023079000      9.539473000     -4.847257000 
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H        5.000206000      1.292440000     -5.029903000 
H       10.581570000      2.567591000     -1.668892000 
C       10.806672000      4.176744000     -3.114771000 
H       10.610031000      5.839038000     -4.492053000 
H        4.263866000      7.337637000     -5.727563000 
H       11.862349000      4.004241000     -3.303802000 
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Carbodiphosphorane-based nickel pincer
complexes and their (de)protonated analogues:
dimerisation, ligand tautomers and proton
affinities†

Leon Maser, Jan Herritsch and Robert Langer *

The reactivity patterns of carbodiphosphoranes (CDPs) as ligands are much less explored than those of

isoelectronic analogues. In the current manuscript, we investigate the reactivity of the carbodiphosphor-

ane-based PCP nickel(II) pincer complex [({dppm}2C)NiCl]Cl (1) towards acids and bases, calculate proton

affinities, analyse the bonding situation and tautomeric forms with the aim to evaluate whether CDPs can

potentially act as cooperative ligands in catalysis (dppm = 1,1-bis(diphenylphosphino)methane). Our investi-

gations show that different tautomeric forms are stable for the coordinated and the uncoordinated ligand.

The protonated CDP-based complex 2 represents a rare example of a cationic donor group binding to a

cationic metal centre. The continuous arm-deprotonation of 1 leads to the formation of remarkably

stable dimers with Ni–C–P–C-metallacycles. In comparison to corresponding boron and amine-based

ligands, the coordinated CDP-group exhibits the lowest proton affinity according to DFT calculations,

indicating that coordinated CDP ligands can potentially serve as proton relay in cooperative catalysis.

1. Introduction

Carbodiphosphoranes (CDPs) display a carbon in the formal
oxidation state 0 with two coordinated, stabilising phosphine
moieties. These compounds of the general formulae (R3P)2C
are observed in linear and bent geometries.1–4 The bonding
situation in the bent form is often described by donor inter-
action from the two tertiary phosphines to the central carbon
atom, which retains two lone pairs (one with σ-, one with
π-type symmetry) and formally exhibits the oxidation state 0.5

Linear forms are often considered as bisylides, but the actual
bonding situation is still conversely discussed. Due to the two
lone pairs at the carbon center and an unusually high proton
affinity that exceeds those of carbenes,6,7 unusual coordination
properties of CDPs were expected and an increased catalytic
activity was predicted based on density functional theory
calculations. Carbodicarbenes, a related class of carbon(0)
compounds, were successfully utilised as ligands in homo-
geneous catalysts.8–11

Several examples of Lewis-acid–base adducts and CDP-co-
ordinated metal complexes were reported so far.12 The proto-
nation of a coordinated CDP-group formally results in a cat-
ionic ligand bound to a cationic metal centre, which in case of
monodentate CDP-ligands often results in dissociation and
formation of protonated CDP (Fig. 1b). So far, there are only
two examples of structurally characterised complexes with
protonated, monodentate CDP-ligands. Laguna and co-workers
reported the formation of the cationic gold(I) complex
[(Ph2MeP–C(H)–PPh2Me)Au(C6F5)]

+ by the reaction of
(Ph2MeP–C(H)–PPh2Me)OTf with [Au(C6F5)(tht)].

13 Neumüller,
Petz, Frenking and co-workers reported the cationic silver(I)
complex [Ag(Ph3P–C(H)–PPh3)2]

+, containing even two cationic
ligands coordinated to the cationic metal centre.5,14 Although
examples of polydentate ligands with CDP-groups are limited,
the protonated analogues as ligands are more common than
protonated, monodentate CDPs as ligands.

We recently reported pincer-type complexes based on phos-
phine-stabilised borylenes that showed an unusual reactivity: a
B–H-reductive elimination is observed in iron(II) complexes,
leading to the reversible formation of bisphosphinoboronium-
or borate-groups (Fig. 1a).15 These two groups can facilitate
different reversible reactions in solution, which have been
used for the catalytic H/D-exchange of C–H-bonds.16 Amines
as donor groups are considered to be isoelectronic to L2BH-
groups (Fig. 1a), but the reductive elimination to ammonium
salts is usually not observed and they instead provide a proton,

†Electronic supplementary information (ESI) available: Experimental details,
spectra, crystallographic data and information about the quantum chemical
investigation. CCDC 1814006–1814010. For ESI and crystallographic data in CIF
or other electronic format see DOI: 10.1039/c7dt04930g

Department of Chemistry, Philipps-Universität Marburg, Hans-Meerwein-Strasse 4,

35032 Marburg, Germany. E-mail: robert.langer@chemie.uni-marburg.de;

Fax: +49-6421-2825653; Tel: +49-6421-2825516

10544 | Dalton Trans., 2018, 47, 10544–10552 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 1
5 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ar
bu

rg
 o

n 
7/

24
/2

01
9 

12
:0

4:
48

 P
M

. 

View Article Online
View Journal  | View Issue

Anhang

130



leading to amido-complexes (Fig. 1c).17 In combination with
metal hydride complexes such amine groups allow for con-
certed proton-hydride-transfer or reversible protonation of
the hydrido ligand, both being import key steps of catalytic
(de)hydrogenation reactions.18

As a kind of “missing link”, we were wondering what kind
of reactivity patterns we can expect from CDP-based pincer
ligands. Following up the initial reports by Peringer, Schuh
and co-workers, we choose the nickel(II) complex 1 as a starting
point for our investigations.19 Herein, we report the reactivity
of complex 1 towards different acids and bases. Using
quantum chemical methods, we analyse the bonding situation,
calculate relative stabilities of tautomeric forms of the pincer
ligand as well as proton affinities. These results indicate that
protonated CDPs can potentially act as cooperative ligands.

In coordination chemistry, it is uncommon to draw donor
arrows or formal charges for transition metal complexes.
However, there are different bonding descriptions of co-
ordinated CDP-ligands. For CDP-based pincer-type ligands
with two neutral, terminal donor groups D, the bonding
descriptions are represented by different resonance structures
(I–IV Fig. 2). While for transition metal complexes in high oxi-
dation states, such as [(CDP)ReO3]

+, a considerable degree of
π-donation of the CDP-ligand is observed,21 we will show that

this is not the case for the nickel(II) complexes reported
herein.

2. Results and discussion

In their original contribution, Peringer and co-workers
reported the formation of CDP-based palladium pincer com-
plexes by the reaction of PdCl2 with 1,1-bis(diphenyl-
phosphine)methane (dppm) and CS2,

22 which was later on
demonstrated to work for NiCl2·H2O and PtCl2 as well.

19 As the
template-free synthesis of suitable pre-ligands remained sur-
prisingly challenging, we started to investigate the reactivity of
the CDP-based nickel(II) pincer complex 1, which was pre-
viously reported to release [H2C(dppm)2]

2+ upon reaction with
HCl.19 Moreover, the (R3P)2CH

+-moiety remained uncoordi-
nated in gold(I) complexes containing [HC(dppm)2]

+ as free
ligand.23

2.1. Reactivity towards acids and bases

Using an acid with a more weakly coordinating anion than
chloride, such as HBF4·Et2O, we succeeded to protonate the
CDP-moiety in 1 without decoordination of the entire pincer
ligand (Fig. 3). The 31P{1H} NMR spectrum of complex 2 gives
rise to two new triplet resonances at 6.1 and 43.6 ppm (2JPP =
42.5 Hz). A triplet resonance at 4.37 ppm (2JPH = 18.7 Hz) is
observed in the 1H NMR spectrum for the CDP-bound proton.
The identity of complex 2 was further confirmed by assign-
ment of 1H and 13C NMR data using 2D NMR spectroscopy as
well as single crystal X-ray diffraction. The protonation of the
CDP-carbon atom in 1 results in a slight elongation of the Ni–
C-bond to 1.990 Å and in significantly longer P–C-bonds
(Table 1). The protonated CDP-carbon atom is slightly pyrami-
dalised, as judged by the sum of angles of 349.8° at the central
carbon atom

P
/CCDPþH

α
¼ /P�C�P′ þ/Ni�C�P′ þ/P�C�Ni

� �
.

CDP as a ligand or a donor group is usually considered a σ-
and π-donor. However, late transition metal ions, such as
nickel(II), are lacking vacant and energetically accessible orbi-
tals for an efficient interaction with π-donors. In consequence,
the occupied orbital of π-symmetry at the central carbon atom
in complexes like 1 is mainly delocalised over the P-CCDP-P
backbone. This interpretation is reflected in significantly
longer P–CCDP-bonds in the protonated complex 2, in which
the central tetra-coordinate carbon atom is only σ-bonded. In
contrast, the elongation of the Ni–CCDP-bond might be a result
of Coulomb repulsion between the cationic (R3P)2CH

+-donor
group and the cationic metal centre.

Fig. 1 (a) Schematic drawing of amines, phosphine-stabilized borylenes
and CDPs; (b) dissociation of CDP-based ligands upon protonation; (c)
examples of reactivity and acidity of the above donor groups within
pincer-type ligands.

Fig. 2 Possible resonance structures in CDP-based pincer complexes
(D = neutral donor group).20
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The arm-deprotonation of P–CH2–P-group(s) in 1 should
lead to π-bonding of the resulting CH-group to the bound
phosphorus-atoms and therewith effect the degree of deloca-
lisation of the electron pair at the CDP-carbon atom. We
therefor investigated the reactivity of complex 1 towards
different bases. The reaction of complex 1 with methyl
lithium (MeLi) leads to a mixture of two complexes, which
were identified as the neutral deprotonated complex 3 and
the methyl complex 4. However, selective arm-deprotonation
can be achieved with lithium hexamethyldisilazanide
(LiHMDS) as base, yielding exclusively complex 3. The
reduced symmetry of complex 3 is reflected in the appearance
of four doublet of doublets of doublets resonances at 10.4,
17.0, 25.0 and 45.0 ppm in the 31P{1H} NMR spectrum. The
deprotonation of one P–CH2–P-group is further indicated by a
one proton resonance at 1.34 ppm (ddt) in the 1H NMR spec-
trum. The remaining P–CH2–P-group gives rise to a triplet at
3.46 ppm (2JPH = 8.6 Hz). The molecular structure of 3 was
obtained by single crystal XRD. The Ni–C-bond length of
1.933–1.934 Å in 3 is very similar to those in complex 1
(1.930–1.942 Å), indicating that arm-deprotonation has a
minor effect on the Ni–C-bond. However, the two P–CCDP-
bond distances are quite different in length, leading to a

longer P–CCDP-bond (1.682 Å) relative to those found in 1
at the deprotonated site and a shorter P–CCDP-bond (1.742 Å)
at the remaining protonated arm. These observations are in
line with a reduced ability for π-bonding to the CDP-bound
phosphorus atom at the deprotonated arm. Based on the
short P–CCDP-distance, this seems to be compensated by
increased π-bonding to the phosphorus atom of the proto-
nated arm.

Selective formation of the methyl complex 4 is achieved by
the reaction of trimethylaluminum with 1, yielding the cat-
ionic complex 4 with a dichloridodimethylaluminate counter
ion. In agreement with the more symmetric complexes 1 and
2, two triplet resonances are observed at 27.5 and 31.8 ppm in
the 31P{1H} NMR spectrum. The new methyl-ligand in trans-
position to the CDP-group gives rise to triplet at 0.74 ppm in
the 1H NMR spectrum. The methyl ligand, as a strong σ-donor
with a strong trans-influence, leads to an electron rich nickel
centre and a longer Ni–CCDP-bond length (1.959 Å), which can
be interpreted in terms of reduced π-donation of the CDP-
group. This view is further supported by rather short P–CCDP-
bond lengths (1.697 Å). The comparably short Ni–P-distances
(2.105 Å) suggest a stronger π-backdonation to the terminal
phosphines in 4.

Fig. 3 Reactivity of complex 1 towards acids and bases.

Table 1 Selected bond lengths and angles of CDP-based nickel pincer complexes derived by single crystal XRD

Complex 119 2 3 4 trans-5 cis-5 cis-6

dNi−C
CDP/Å 1.930–1.942 1.990 1.933–1.934 1.959 1.983 1.942–1.950 1.951–1.961

dNi−P/Å 2.177–2.205 2.189–2.195 2.186–2.211 2.105 2.165 2.201–2.222 2.186–2.242
dNi−Cl/Å 2.192–2.208 2.176 2.198–2.204 — — — —
dP−C

CDP/Å 1.690–1.704 1.801–1.834 1.682–1.742 1.697 1.702 1.651–1.714 1.685–1.698
∠P−C−P/° 125.1–126.3 121.1 124.1–124.9 120.9 122.07 137.1–139.8 130.3–142.2
∑∠Cα

CDP/° 359.4–360.0 — 355.7–358.7 360.0 360.0 353.7–358.0 347.5–358.8
∑∠Cα

CDP+H/° — 349.8 — — 330.2 332.2–335.0 323.9–329.4
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Treatment of complex 1 with an excess of base leads to the
abstraction of the remaining chlorido ligand in 3 and for-
mation of a new complex. The 31P{1H} NMR spectrum of the
reaction mixture shows four regions of resonances that in part
appeared to be overlapped. The X-ray diffraction analysis of
suitable single crystals revealed the formation of the neutral
dimeric nickel complex 5 (Fig. 4). The deprotonation of the
second arm results in a change of the binding mode and a
overall tetradentate ligand: the square-planar nickel(II) centre
in 5 is coordinated by a PPh2-group, the CDP-group and a
(R2P)2CH-group of the arm, leading to a rare four-membered
Ni–C–P–C-metallacycle.24,25 The fourth coordination site at
each nickel atom is occupied by a PPh2-group of the second
PCP-ligand in the dimer. Interestingly, two different stereo-
isomers are observed in the crystal lattice of 5, differing in the
orientation of the protons in the two (R2P)2CH-groups. The Ni–
CCDP-bond in trans-5 (1.983 Å) is longer than in cis-6
(1.942–1.950 Å). The P–CCDP-bond lengths are comparable to
the other reported complexes, but for the cis-isomer one short
(1.651 Å) and one longer (1.714 Å) distance is observed, while
both P–CCDP-bonds are equal in the trans-isomer. The sum of
angles around the CDP-carbon atom is close to 360°
(353.7–360.0°), while the carbon atoms of the (R2P)2CH-groups
are strongly pyramidalised (330.2–335.0°).

Next, we investigated the reversibility of the deprotonation
reactions and treated complex 3 and 5 with different proton
sources. Protonation of complex 3 yields complex 1 in a clean
reaction. To our surprise, the protonation of 5 results in the
formation of a new complex and did not lead to 3. A X-ray diffr-
action analysis of suitable single crystals grown from methyl-
ene chloride confirmed the formation of a new dimeric nickel
complex (6) that is protonated at the non-coordinated carbon
atoms (Fig. 4). In contrast to complex 5, only the cis-isomer is
observed in the crystal lattice of 6. Apart from that, the bond
lengths and angles in the dicationic complex 6 are quite
similar to cis-5 (Table 1). Complex 6 crystallises with two chlor-

ide counter ions and is there with a constitutional isomer of
complex 3. Both isomers exhibit different reactivities: complex
3 is rapidly converted to complex 1 upon exposure to air, while
complex 6 initially remains stable.

2.2. Bonding analysis

To gain further insight into the bonding situation, we per-
formed quantum chemical investigations on the methyl substi-
tuted complexes using density functional theory (DFT). The
analysis of molecular orbitals reveals that the degree of
π-donation from the CDP-group is insignificant for the descrip-
tion of the bonding situation in the reported nickel complexes.
The combination of nickel(II), a late transition metal with a d8

valence electron configuration, with two potentially π-donating
ligands in a trans-orientation results in a situation where
π-anti-bonding states are occupied. The highest occupied
molecular orbital (HOMO) of complex 1Me can be described as
the doubly anti-bonding interaction of the π-type orbital of the
CDP and a p-orbital of the chlorido ligand with a d-orbital of
the central metal atom (Fig. 5). The protonated CDP-group in
2Me acts as a pure σ-donor and the HOMO describing the
corresponding π-interaction is reduced to an anti-bonding
combination of the chlorido p-orbital with a nickel d-orbital.

Based on the different P–CCDP-bond lengths in 3, we con-
cluded that the arm deprotonation limits the ability for π-back
bonding of the involved CDP-bound phosphorus atom. This
view is supported by the analysis of the corresponding mole-
cular orbitals. The HOMO of 3Me is very similar to the HOMO
in 1Me, but a deformation of the π-type orbital at the CDP-
moiety towards one phosphorus atom is observed.

Partial charges were calculated using natural population
analysis (NPA, Table 2). The high negative partial charge at the
central carbon atom of CDP-adducts can be explained by
charge donation from the phosphines to the CDP-carbon,26

which has an even stronger effect than the lone pair of

Fig. 4 Molecular structures of cis- and trans-5 (a) and cis-6 (b) in the
solid state (phenyl-rings and counter ions are omitted for clarity). The
labeled H-atoms are either on the same site of the complex, exhibiting a
cis-configuration, or pointing in opposite directions with a trans-
arrangement.

Fig. 5 HOMOs of complex 1Me–3Me (isocontour value 0.05).

Table 2 Partial charges derived by natural population analysis

q (CCDP) q (Ni) q (PCDP) q (C̲Hn)

1Me −1.46 +0.38 +1.60 −1.05
2Me −1.24 +0.37 +1.59 −1.05/−1.06
3Me −1.41 +0.38 +1.58/+1.61 −1.06/−1.34
cis-6Me −1.44 +0.36 +1.59/+1.62 −1.05
trans-6Me −1.44 +0.36 +1.57/+1.62 −1.05/−1.06
cis-7Me −1.46/−1.48 +0.39/0.43 +1.60/+1.62 −1.06/−1.34
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π-symmetry. The negative partial charge of −1.46e at the CDP-
carbon atom in 1Me is reduced to −1.24e upon protonation
(complex 2Me), while the partial charge of the CDP-bound
phosphorus atoms and the central nickel center remains
almost unchanged. These findings differ from the protonation
of methyl and halogene adducts of hexaphenylcarbodiphos-
phorane, where the protonation results in a less negative
partial charge at the CDP-carbon atom and an increased posi-
tive charge at the connected phosphorus atoms.26

Deprotonation of the CH2-group has only a minor effect on
the partial charge at the CDP-carbon atom, the coordinated
nickel, and the attached phosphorus atoms. The partial
charges at the phosphorus atoms in 3Me differ only by 0.03e.
Similar observations are made for the dimers cis-6Me, trans-6Me

and cis-7Me, which are very similar in their partial charges.
To support the findings above, we examined the electronic

structure of the CDP-moiety by QTAIM (quantum theory of
atoms in molecules) calculations. The partial charges derived
by the AIM analysis are similar to the values in Table 2 and
show the same trend. The Laplacian distribution of the elec-
tron density ∇2ρ in the Ni–CCDP–P-plane of 1Me indicates a
high polarity of the P–CCDP-bond towards the CDP-carbon
atom, which is increasing upon protonation of the CDP-
carbon atom (2Me). The P–C-bonds within the planar five-
membered ring of the deprotonated arm in 3Me give rise to a
similar laplacian distribution (Fig. 6), clearly illustrating that
all P–C-bonds within the cycle show similar bonding character-
istics. Overall, the topological analysis reveals a very similar
situation in the three complexes (1–3). As arm-deprotonation
has a minor-impact on the donor properties of the CDP-
carbon atom, the analysis of the dimeric complexes allows for

the direct comparison of protonated and non-protonated CDP-
like carbon atoms. Using the example of cis-6Me, it becomes
evident that the two carbon-based donor groups within the
four-membered metallacycle are very similar.

2.3. Relative stability of tautomeric ligands

The bridging, phosphorus-bound carbon atoms in the pincer
ligands of the nickel complexes reported herein exhibit very
similar environments and just differ in the number of bound
hydrogen atoms. For each number of bound hydrogen atoms
and the corresponding overall charge, different tautomers can
be realised in the (pre)ligands and in complexes. For this
reason, we started to investigate the relative stability of all
possible isomers for the corresponding methyl-substituted
compounds by means of DFT. This includes the pre-ligands
with different degrees of protonation, ranging from the doubly
protonated CDP to the dianionic ligand observed in 5.

The relative energies are summarised in Fig. 7. The isomers
are unambiguously identified by the number triple n-m-o,
representing the number of bound hydrogen atoms at each of
the bridging carbon atoms. The resulting charge is given by q.
For the diprotonated CDP (q = +2) only one isomer (2-2-2) with
three CH2-groups is possible. In agreement with the experi-
mental results,19 the 2-1-2 isomer was calculated to be the
most stable one for the protonated CDP (q = +1). The non-sym-
metric 2-2-1 isomer is calculated to be 62 kJ mol−1 higher in
Gibbs enthalpy. In case of the neutral ligand (q = 0) with four
hydrogen atoms distributed over three bridging carbon atoms,
the 2-1-1 isomer was calculated to be the most stable one. In
contrast to complex 1, where the coordinated 2-0-2 isomer
seems to be the most stable one, this isomer is 34 kJ mol−1

higher in Gibbs enthalpy than the 2-1-1 isomer. Interestingly,

Fig. 6 Contour line diagrams of the Laplacian distribution ∇2ρ of 1Me–

3Me in the Ni–C–P-plane, as well as ∇2ρ of cis-6Me in the C–Ni–C-plane
(bond critical points are blue, charge accumulation is depicted as red
lines, charge depletion is depicted as blue lines).

Fig. 7 Relative stability of tautomers for different pre-ligands (B97D,
def2-TZVPP, tautomers are connected by a solid line).
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the corresponding 1-2-1 isomer is equally stable as the 2-0-2
isomer. For the least stable isomer (2-2-0) with the CDP group
located at the arm, the geometry optimisation leads to P–C-
bond cleavage. For the anionic compound (q = −1), the 1-1-1
isomer is the most stable, followed by the 2-0-1 isomer (+75
kJ mol−1), the 1-2-0 (+126 kJ mol−1) and the 2-1-0 isomer (+148
kJ mol−1). Again, the isomer observed as ligand in complex 3
(2-0-1) is not the most stable one in the uncoordinated form.
As observed in complex 5, the 1-0-1 isomer of the di-anionic
ligand (q = −2) is also the most stable in the non-coordinated
form. The non-symmetric 1-1-0 isomer is +50 kJ mol−1 in
Gibbs enthalpy, while di-CDP isomers 0-2-0 (+97 kJ mol−1) and
2-0-0 (+160 kJ mol−1) are even higher in Gibbs enthalpy.
Overall, the calculation of relative stabilities support our
experimental observations that the reaction of the protonated
or diprotonated CDP-ligand with different bases does not lead
to the free CDP.

2.4. Monomer vs. dimer stability

The irreversible dimer formation by deprotonation of complex
3 made us to evaluate the relative stability of monomers and
dimers for different degrees of ligand protonation (Fig. 8). The
monomeric nickel(II) complex 3Me is 15 kJ mol−1 higher in
Gibbs enthalpy than one half of the corresponding methyl-
substituted dimers cis- and trans-6Me, which were found to be
equal in Gibbs enthalpy. These findings indicate that complex
3 is the kinetic reaction product of the deprotonation of 1.
Furthermore, the generation of the Ni–C–P–C-metallacycle
seems to result in a particular stable situation.

Deprotonation of complex 3 results in the formation of the
dimers cis- and trans-5. In this case, the cis-isomer of complex
5Me is 6 kJ mol−1 more stable the trans-5Me. However, the
corresponding monomeric, tri-coordinate complex 7Me is sig-
nificantly higher in Gibbs enthalpy (+138 kJ mol−1) and most
likely not observable.

Protonation of complex 3 yields quantitatively the mono-
meric complex 1, which, according to our experimental obser-
vations is thermodynamically the most stable isomer.
Nonetheless, we investigated the corresponding dimer 8Me

using DFT, by attaching a proton to the two CDP groups in
6Me. Furthermore, the chloride counter ions in 6 and 8Me were
found to be in proximity (approx. 4.4 Å) to the nickel atoms by
both theory and experiment. However, the converged energetic
minimum structure of the doubly protonated dimer 8Me exhi-
bits a Ni-Cl-bond and a nickel(II) centre in a distorted trigonal
bipyramidal environment. This species is 96 kJ mol−1 higher
than the monomer 1Me.

2.5. Comparison with related donor groups

The first proton affinity of hexaphenylcarbodiphosphorane
(1172 kJ mol−1)6 was calculated to be slightly higher than
those of N-hetrocyclic carbenes (∼1144 kJ mol−1)6 and second-
ary amines (∼950 kJ mol−1), but still lower than the proton
affinities of anionic bases (>1300 kJ mol−1),27,28 that render an
important class of bases. However, the second proton affinity
of hexaphenylcarbodiphosphorane(777 kJ mol−1) is signifi-
cantly reduced and lower than the one of secondary amines.6

The proton affinities of the cationic halogen adducts [Ph3P-C
(X)-PPh3]

+ (X = halogene) were recently reported to be in the
same range as the second proton affinity of
hexaphenylcarbodiphosphorane.26

Interestingly, the proton affinities of metal-bound CDP’s
have not yet been investigated. As pointed out in the introduc-
tion, the CDP-based pincer-ligands represent a link between
amine- and L2BH-based pincer complexes investigated in our
group. More importantly, groups with the general formulae
R2NH, R2CH

−, L2BH and L2CH
+ can be formally regarded as

isoelectronic (R = anionic substituent such as alkyl, L = neutral
substituent such as phosphines). For this reason, we calcu-
lated the proton affinities for the corresponding nickel com-
plexes, shown in Fig. 9. The synthesis of complexes of the type

Fig. 8 Optimised geometries of monomers and their corresponding
dimers for different degrees of ligand (de)protonation. Relative energies
are given in red (B97D/def2-TZVPP; counter ions are included, but are
omitted for clarity).

Fig. 9 Nickel pincer complexes with different central donor groups,
considered for the calculation of proton affinities.
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10,29–32 11 33 and 12 34,35 was previously reported with different
substituents at the phosphine groups. Transition metal com-
plexes with pincer-type ligands like in 9 + H+ were recently
reported with other metals, but with nickel as central atom it
was not possible to stabilise such a complex.15,36 However, the
corresponding deprotonated complexes like 9 are unknown so
far.

A qualitative analysis of molecular orbitals revealed that
orbitals representing the Ni–E- and the Ni–Cl-interactions are
very similar. The HOMO in all complexes is best described as
doubly anti-bonding π-interaction between the central donor
group E, a nickel-centred d-orbital and the chlorido ligand.37

Fig. 10 Contour line diagrams of the Laplacian distribution ∇2ρ of different nickel pincer complexes in their deprotonated and protonated form; the
left diagram of each complex represents the P–C–P-plane, the right diagram the E–Ni–Cl-plane (E = B, C, N; bond critical points are grey, charge
accumulation is depicted as red lines, charge depletion is depicted as blue lines).

Table 3 Calculated proton affinities (PAs) and NPA partial charges at
B97D/def2-TZVPP level of theory

Complex PA (kJ mol−1) q (E) q (H) q (Ni) q (X)

1Me 777.8 −1.44 — +0.38 +1.59
2Me — −1.23 +0.27 +0.37 +1.59
9Me 1225.4 −1.12 — +0.28 +1.25
9Me + H+ — −0.89 +0.06 +0.27 +1.33
10Me 1066.9 −0.64 — +0.40 −0.23
10Me + H+ — −0.49 +0.39 +0.41 −0.23
11Me 1461.6 −0.32 — +0.31 −0.07
11Me + H+ — −0.45 +0.22 +0.35 −0.01
12Me 988.2 −0.56 — +0.42 +0.16
12Me + H+ — −0.60 +0.40 +0.42 +0.13
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Upon protonation of the coordinated donor group E, the
HOMO changes to an anti-bonding π-interaction of the nickel-
centred d-orbital and the chlorido ligand.

A closer look on partial charges derived by natural popu-
lation analysis (NPA) reveals that the absolute value of the
negative partial charge q(E) decreases in the order L2CH

+ >
L2BH > R2NH > R2CH

− (Table 3). Moreover, the partial charge
at the phosphorus atoms in 2Me is more positive than in 9Me +
H, leading to the biggest partial charge difference for the C–P-
bond. These findings reflect the difference in electronegativity
between boron and carbon. Despite the significant charge
differences between the P–B- and the P–C-bond, both are often
described as a donor interaction from the phosphine to the
EH-group.

The calculated proton affinities (PAs) for the nickel com-
plexes in Table 3 do not correlate with the partial charge q(E)
at the atom E of the central donor group. The PA of the CDP-
based nickel pincer complex 1Me is with 807.5 kJ mol−1 only
slightly higher than the second PA of hexaphenylcarbodiphos-
phorane.38 The amido-based pincer complexes 10Me and 12Me

exhibit higher PAs of 1108.1 and 1024.2 kJ mol−1, respectively.
The highest proton affinity (1499.3 kJ mol−1) among this series
is observed for the alkylidene complex 12Me. In summary,
complex 1Me exhibits the most negative partial charge (−1.44e)
at the atom E of the central donor groups among this series
and has the lowest proton affinity.

Taking the PA as measure for the ability of the donor group
to act as internal base, the comparison of well established,
cooperative amido-based pincer complexes (10Me) with the
CDP-based complex 1Me suggests that the CDP-group is a sig-
nificantly weaker base. In turn, the higher tendency to transfer
the proton could be advantageous in reactions involving di-
hydrogen, in which the concerted proton-hydride-transfer is
often rate-determining. Such a situation might be achieved
under more acidic conditions.

The unexpected trend in proton affinities that reflects the
stabilisation of the corresponding base tempted us to compare
the bonding situation in these boron-, carbon- and nitrogen-
based pincer-type complexes using QTAIM. Fig. 10 shows the
Laplacian distribution ∇2ρ for different nickel pincer com-
plexes in their deprotonated and protonated forms. Inspection
of the E–P- and E–C-bonds (E = B, C, N) reveals different
bonding situations in the back-bone of the four types of com-
plexes. In particular, protonated complexes give meaningful
insights, as no π-bonding is expected in these complexes and
the Laplacian distribution along the bond path is only related
to a σ-bond interaction (Fig. 10 right). The C–C-bond in 11Me +
H+ is best described as a rather non-polar covalent bond. The
C–N-bonds in 10Me + H+ and 12Me + H+ are similar, but show
accumulation of electron density at the nitrogen atom with the
bond critical point (bcp) shifted towards the corresponding
carbon atom. Interestingly, the bcp of the P–C-bond in 2Me is
located near the phosphorus atom, while electron accumu-
lation is observed at the carbon atom of the protonated CDP-
moiety. In contrast, the situation is reversed for the P–B-bond
in 9Me + H+ with the bcp located next to the boron atom and

electron accumulation at the phosphorus atom. These findings
are in line with the electronegativity of boron(2.04), carbon
(2.55) and phosphorus (2.19).39 However, the significant differ-
ences in polarity of the E–P-bond (E = B, C) in combination
with the contrary Laplacian distribution of both bonds might
be taken as indications that the P–C-bond rather has character-
istics of a covalent electron sharing interaction, while the P–B-
bond is well described by a donor bond from the phosphine to
the borylene-moiety.

A qualitative interpretation of the laplacian distribution
∇2ρ and the bond path of E–H-bond reveals differences that
are in line with the difference in electronegativity of the E–H-
bond. The bcp of the N–H-bond in 10Me + H+ is located near
the hydrogen atom, while charge accumulation is observed at
the nitrogen atom. The C–H-bond in 2Me appears rather non-
polar, while electron accumulation is found near the hydro-
gen atom of the B–H-bond in 9Me + H+. Overall, these findings
show that the polarity of the E–H-bond does not correlate
with the calculated proton affinities and underlines again
that PAs rather reflect the stabilisation of the deprotonated
form.

3. Conclusions

We reported a comprehensive study on the (de)protonation
chemistry of CDP-based nickel pincer complexes. Our investi-
gation shows that protonation of the coordinated CDP-group
does not lead to cleavage of the nickel carbon bond. The
binding of CDP-groups in late transition metal complexes is
characterised by an occupied π-anti-bonding state, which is
maintained upon deprotonation of the arm. Continuous
deprotonation results in the formation of a dimeric complex,
whose protonation leads to a dimer of the initial monomeric
complex. A quantum chemical investigation showed that in
some cases, monomeric and dimeric complexes are very
similar in energy. However, for the uncoordinated tridentate
ligand, isomers without a CDP-moiety turn out to be more
stable. A comparative quantum chemical study finally revealed
differences in proton affinity and the nature of the E–P- and
the E–H-bond for different nickel complexes. These results
indicate that carbodiphosphoranes as donor groups in pincer-
type ligands can potentially act as proton relay in cooperative
catalysis.
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1. Syntheses 

1.1 Materials and Methods 

All experiments were carried out under an atmosphere of purified argon or nitrogen in the 

MBraun glove boxes LABmaster 130 and UNIlab or using standard Schlenk techniques.  

THF and diethyl ether were dried over Na/K alloy, n-hexane was dried over LiAlH4, toluene 

was dried over sodium and dichloromethane was dried over CaH2. Deuterated solvents were 

sparged with argon and stored over molecular sieves. 

1 was obtained following the reported procedure by REITSA MER et al.
1
 

1
H, 

13
C, and 

31
P NMR spectra were recorded using Bruker AVANCE 300 A, DRX 400, DRX 

500 and Avance 500 NMR spectrometers at 300 K. 
1
H and 

13
C {

1
H}, 

13
C-APT (attached proton 

test) NMR chemical shifts are reported in ppm downfield from tetramethylsilane. The 

resonance of the residual protons in the deuterated solvent was used as internal standard  for 
1
H NMR. The solvent peak of the deuterated solvent was used as internal standard for 

13
C 

NMR. 
31

P NMR chemical shifts are reported in ppm downfield from H3PO4 and referenced to 

an external 85 % solution of phosphoric acid in D 2O. The following abbreviations are used for 

the description of NMR data: br (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin 

(quintet), m (multiplet), v (virtual). 

FT-IR spectra were recorded by attenuated total reflection of the solid samples on a Bruker 

Tensor IF37 spectrometer. The intensity of the absorption band is indicated as w (weak), m 

(medium), s (strong), vs (very strong) and br (broad). 

HR-ESI mass spectra were acquired with a LTQ-FT mass spectrometer (Thermo Fisher 

Scientific). HR-APCI mass spectra were acquired with a LTQ-FT mass spectrometer (Thermo 

Fisher Scientific). In both cases the resolution was set to 100.000. Elemental analyses were 

performed on a Vario Micro Cube Elemental Analyzer. 

None of the compounds have been characterised by elemental analysis.  
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1.2 Synthesis of Complex 2 

To a suspension of 100 mg 1 (110 µmol, 1.0 eq.) in 10 ml diethyl ether, 0.15 ml of a solution 

of HBF4 · OEt2 in diethyl ether (109 µmol, 1.0 eq.) were added. After stirring for 16 h, the solvent 

was removed in vacuo and the remaining orange solid was dissolved in 10 ml DCM. After 

filtration, layering of the solution with n-hexane yields 72 mg 2 (68.6 µmol, 62 %) as orange 

crystals. 

Due to the low solubility of 2 in CD2Cl2 and MeCN-d3 and its decomposition in DMSO-d6 and 

D3COD, the resonances of the bridging CH and CH2 carbons could not be observed in 1D 

spectra and were assigned via 2D crosspeaks. 

1
H NMR (300 MHz, CD2Cl2) δH: 4.39 – 4.05 (4H, m, CH2), 4.37 (1H, t, 

2
JH,P = 18.7 Hz, P-CH- 

P), 7.75 – 7.11 (m, 32H, Phenyl-H), 7.83 (vq, 4H, J = 6.4 Hz, Phenyl-H), 7.91 (vq, 4H, J = 6.6 

Hz, Phenyl-H) ppm. 

13
C  APT  NMR  (75  MHz, CD2Cl2) δC: 8.8  (P-CH-P), 31.5  (P-CH2-P), 129.4  (vt, JC,P =  5.6  Hz, 

Phenyl-C), 130.3 (d, JC,P = 4.6 Hz, Phenyl-C), 130.4 (d, JC,P = 3.9 Hz, Phenyl-C), 133.0 – 132.7 

(m, Phenyl-C), 133.3 (d, JC,P = 11.5 Hz, Phenyl-C), 133.8 (vt, JC,P = 6.4 Hz, Phenyl-C), 134.1 

(vt, JC,P = 6.1 Hz, Phenyl-C), 135.0 (d, JC,P = 1.8 Hz, Phenyl-C), 135.8 (s, Phenyl-C) ppm. 

31
P{

1
H} NMR (121 MHz, CD2Cl2) δP: 6.1 (t, 

2
JP,P = 42.5 Hz), 43.6 (t, 

2
JP,P = 42.5 Hz) ppm. 

FT-IR (ATR) � /cm
-1

: 3061 (w), 2972 (w), 2914 (w), 2325 (w), 1587 (w), 1485 (w), 1437 (s), 

1367 (w), 1339 (w), 1314 (w), 1284 (w), 1191 (w), 1144 (m), 1098 (vs), 1050 (vs), 996 (vs), 

884 (m), 838 (w), 783 (m), 732 (vs), 684 (vs), 643 (m), 578 (w), 525 (s), 506 (m), 489 (m), 470 

(s). 

ESI-MS (+) �  � : 873 (15%, M - H
+
), 782 (100, M - NiClHR-ESI-MS (+) �  � : 873.1430 (calc. 

for [M] - H
+
), 873.1436 (found, Δ = 0.7 ppm) 

 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 

 

 
Figure 1- FT-IR spectrum of complex 2. 

Nachdrucke der diskutierten Publikationen

141



4  

 

Figure 2 - 1H NMR spectrum of complex 2 in CD2Cl2. 

 

 
 

Figure 3 - 1H,13C HMQC NMR spectrum of complex 2 in CD2Cl2. 
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Figure 4 - 13C APT NMR spectrum of complex 2 in CD2Cl2. 

 

 

 

 

Figure 5 - 31P{1H} NMR spectrum of complex 2 in CD2Cl2. 
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Figure 6 - ESI(+) MS spectrum of complex 2. 
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1.3 Synthesis of Complex 3 

200 mg 1 (220 µmol, 0.9 eq.) and 41 mg LiHMDS (245 µmol, 1.0 eq.) were dissolved in 20  ml 

THF and stirred for 16 h. After removal of the solvent in vacuo, the remaining dark brown solid 

was extracted with 20 ml of toluene. Removal of the solvent in vacuo yielded 12 0 mg (137 

µmol, 56 %) 3 as dark red powder. 

Crystals suitable for single-crystal X-ray diffraction measurements were obtained by layering 

a solution of 3 in THF with n-hexane and storing it at 4 °C. 

Due to low solubility in most deuterated solvents (e.g. C6D6, CD2Cl2,…), NMR measurements 

were carried out in DMSO-d6. 3 is only stable for a limited amount of time in DMSO-d6 and 

shows decomposition to 1 and free ligand. 

1
H NMR (300 MHz, DMSO-d6) δH: 1.34 (1H, ddvt, JH,P = 16.5 Hz, JH,P = 5.2 Hz, JH,P = 2.4 Hz, P-

CH-P), 3.46 (vt, 2H, 
2
JH,P = 9.3 Hz, P-CH2-P), 6.90 - 7.07 (8H, m, Phenyl-H), 7.12 - 7.42 

(24H, m, Phenyl-H), 7.67 - 7.77 (4H, m, Phenyl-H), 7.84 - 7.94 (4H, m, Phenyl-H) ppm. 

13
C{

1
H} NMR (126 MHz, DMSO-d6) δC: 24.2 (s, P-CH-P), 36.8 (d, 

1
JC,P = 148.7 Hz, P-CH2-P), 

127.1 (d, JC,P = 6.7 Hz, Phenyl-C), 127.7 (d, JC,P = 13.2 Hz, Phenyl-C), 127.7 (s, Phenyl-C), 

128.3 (d, JC,P = 14.8 Hz, Phenyl-C), 128.7 (s, Phenyl-C), 129.7 (s, Phenyl-C), 129.9 (s, Phenyl- 

C), 130.5 – 130.8 (m Phenyl-C), 131.1 (s, Phenyl-C), 131.2 (s, Phenyl-C), 131.9 (s, Phenyl- 

C), 132.0 (s, Phenyl-C), 132.3 (d, JC,P = 10.9 Hz, Phenyl-C), 132.6 (d, JC,P = 6.2 Hz, Phenyl- 

C), 133.4 (d, JC,P = 23.5 Hz, Phenyl-C), 139.0 (s, Phenyl-C), 141.7 (s, Phenyl-C) ppm. 

31
P{

1
H} NMR (101 MHz, C6D6) δP: 10.4 (ddd, JP,P = 42.6, 82.5, 348.1 Hz), 17.0 (ddd, JP,P = 

28.1, 52.7, 81.8 Hz), 25.0 (ddd, JP,P = 27.1, 143.6, 348.3 Hz), 45.0 (ddd, JP,P = 40.7, 52.5, 144.0 

Hz) ppm. 

31
P{

1
H}  NMR  (101  MHz, DMSO-d6) δP: 10.3  (ddd, JP,P =  39.5, 84.1, 338.9  Hz), 20.7  (ddd, JP,P 

= 25.7, 52.0, 83.6 Hz), 23.8 (ddd, JP,P = 25.2, 147.8, 339.1 Hz), 44.8 (ddd, JP,P = 39.4, 52.0, 

147.6 Hz) ppm. 

FT-IR  (ATR)  � /cm
-1

: 3045  (w), 2321  (w), 1585  (w), 1480  (w), 1433  (m), 1377  (w),  1306  (w), 

1184 (w), 1131 (m), 1092 (s), 1025 (w), 998 (w), 911 (m), 856 (m), 798 (m), 739 (vs), 689 (vs), 

529 (m), 496 (vs), 475 (s), 441 (m), 416 (w). 

ESI-MS (+) �  � : 873 (100%, [M]H
+
), 782 (17, [M]H2

+
 - NiCl

+
), 704 (28, [M]H

+
 - PhNiCl). 

HR-ESI-MS (+) �  � : 873.1430 (calc. for [M]H
+
), 873.1432 (found, Δ = 0.2 ppm). 
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Figure 7 - FT-IR spectrum of complex 3. 

 
 
 

 
 

Figure 8 - 
31

P{
1
H} NMR spectrum of complex 3 in C6D6. 
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Figure 9 - 
1
H,

13
C HMQC NMR spectrum of complex 3 in DMSO-d6. 

 
 
 

 
Figure 10 – Detail of the 

1
H,

13
C HMQC NMR spectrum of complex 3 in DMSO-d6, area of PCHP and PCH2P 

resonances. 
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Figure 11 - 
1
H NMR spectrum of complex 3 in DMSO-d6. 

 
 
 

 

Figure 12 - 
13

C{
1
H} NMR spectrum of complex 3 in DMSO-d6. 
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1.4 Synthesis of Complex 4 

488 mg 1 (536 µmol, 1.0 eq.) was suspended in 50 ml toluene and 10 ml of a solution of AlMe3 

in toluene (163 mmol/L, 1.79 mmol, 3.0 eq.) was added dropwise. After stirring for 15 h, the 

solvent was evaporated, the solids dissolved in 100 ml THF and filtered. Removal of the solvent 

in vacuo yielded 480 mg 4 (490 µmol, 91 %) as a dark orange solid. 

The resonances of the bridging CH and CH2 carbons could not be observed in 1D spectra and 

were assigned via 2D crosspeaks. 

1
H NMR (300 MHz, CD2Cl2) δH: -0.78 (6H, s, AlCl2(CH3)2), -0.74 (3H, t, 

3
JH,P = 9.6 Hz, Ni-CH3), 

3.81 (4H, vq, 
2
JC,P = 4.0 Hz, P-CH2-P), 7.12 - 7.21 (8H, m, Phenyl-H), 7.24 - 7.34 (8H, m, 

Phenyl-H), 7.34 - 7.42 (12H, m, Phenyl-H), 7.43 - 7.53 (12H, m, Phenyl-H) ppm. 

13
C APT NMR (75 MHz, CD2Cl2) δC: -7.3 (Ni-CH3), 45.7 (P-CH2-P), 129.1 (t, JC,P = 5.8 Hz, 

Phenyl-C), 129.3 (t, JC,P = 5.0 Hz, Phenyl-C), 131.3 (t, JC,P = 1.1 Hz, Phenyl-C), 132.3 (t, JC,P 

= 1.7 Hz, Phenyl-C), 132.5 (t, JC,P = 5.0 Hz, Phenyl-C), 133.6 (t, JC,P = 6.4 Hz, Phenyl-C) ppm. 

31
P{

1
H} NMR (121 MHz, CD2Cl2) δP: 27.5 (t, 

2
JP,P = 53.5 Hz), 31.8 (t, 

2
JP,P = 53.4 Hz) ppm. 

FT-IR (ATR) � /cm
-1

: 3057 (w), 2926 (w), 1587 (w), 1574 (w), 1484 (w), 1436 (s), 1362 (w), 
1307 (w), 1261 (w), 1173 (m), 1099 (vs), 1025 (m), 999 (m), 816 (m), 774 (s), 760 (m), 735 
(vs), 718 (s), 688 (vs), 668 (vs), 572 (m), 528 (m), 495 (s), 481 (s), 471 (s), 443 (m), 422 (w). 

JHV-8 

ESI-MS (+) �  � : 874 (100%, [M]ClH
+
 - Me

-
), 798 (23, [M]OH

+
 - NiMe

+
), 704 (26, [M]H

+
 - 

PhNiMe). 

HR-ESI-MS (+) �  � : 873.1430 (calc. for [M]ClH
+
 - Me

-
), 873.1432 (found, Δ = 0.2 ppm). 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 

Figure 13 - FT IR spectrum of complex 4. 
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Figure 14 – 
31

P{
1
H} NMR spectrum of complex 4 in CD2Cl2. 

 
 
 

 

Figure 15 - 
1
H NMR spectrum of complex 4 in CD2Cl2. 
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Figure 16 - 

1
H,

13
C HMQC NMR spectrum of complex 4 in CD2Cl2. 

 
 
 

 

Figure 17 - 
13

C{
1
H} NMR spectrum of complex 4 in CD2Cl2. 
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1.5 Synthesis of Complex 5 

770 mg 1 (846 µmol, 1.0 eq.) and 460 mg LiHMDS (2.75 mmol, 3.3 eq.)  were suspended in 50 

ml toluene and stirred for 16 h. The resulting red-brown solution was filtered and layered with 

100 ml n-hexane. After 7 d at -21 °C, the solvent was decanted from the formed dark brown 

crystals and they were dried in vacuo. 428 mg 5 (60 %, 256 mol) was obtained. 

Crystals suitable for single-crystal X-ray diffraction measurements were obtained by layering 

a solution of 5 in THF with n-hexane. 

5 decomposes in CD2Cl2. For this reason, saturated solution in C6D6 (15 mg in 0.6 ml) was 

used for NMR experiments. Due to the low concentration of the solution, unambiguous 

assignment of 
13

C resonances was not possible in all cases. Furthermore, selective 
31

P 

decoupling of 
1
H NMR spectra was used to identify the proton resonances corresponding to 

the methyl-backbone of the ligand. 

1
H NMR (300 MHz, C6D6) δH: 1.01 (2H, ddd, 

2
JH,P = 4.2 Hz, 

2
JH,P = 4.7 Hz, , 

2
JH,P = 10.7 Hz, 

P-CH-P), 1.13-1.23 (2H, br m, P-CH-P), 6.60-7.96 (80H, superimposed resonances, Phenyl- 

H) ppm. 

13
C{

1
H} NMR (126 MHz, C6D6) δC: 30.2 (m, P-CH-P), 125.5-127.8 (m, Phenyl-C, meta+para) 

131.0-133.0 (m, Phenyl-C, ortho) ppm. 

31
P{

1
H} NMR (122 MHz, C6D6) δP: 14.8 (dd, 

2
JP,P = 24.7, 

2
JP,P = 48.2 Hz), 23.6 (dd, 

2
JP,P = 21.9, 

2
JP,P = 39.6 Hz), 37.1 (dd, 

2
JP,P = 23.2, 

2
JP,P = 153.4 Hz), 41.5 (dd, 

2
JP,P = 25.8, 

2
JP,P = 153.4 

Hz) ppm. 

FT-IR (ATR) � /cm
-1

: 3374 (br w), 3052 (m), 2953 (m), 2896 (w), 2326 (w), 1980 (w), 1665 (br 

w), 1586 (w), 1481 (m), 1434 (s), 1307 (w), 1249 (m), 1178 (m), 1132 (m), 1097 (s), 1026 (w), 

999 (w), 929 (s), 884 (w), 836 (s), 737 (vs), 690 (vs), 617 (w), 527 (m), 479 (s). 

HR-FD-MS (+) �  � : 1673.32591 (calc. for M
+
), 1673.32437 (found, Δ = -0.9 ppm) 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 

 
 

Figure 18 - FT IR spectrum of complex 5. 
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Figure 19 - 

1
H NMR spectrum of complex 5 in C6D6. 

 
 

 

 

Figure 20 - 
13

C{
1
H} NMR spectrum of complex 5 in C6D6. 
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Figure 21 – 
31

P{
1
H} NMR spectrum of complex 5 in C6D6. 
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1.6 Synthesis of Complex 6 

To 81.0 mg 5 (48.4 µmol, 1.0 eq.), dissolved in 5 ml toluene, 50 µml HCl in DEE (2 M, 100 

µmol, 2.1 eq.) were added. After stirring for 2 h, the solvents were removed in vacuo and 5 ml 

of DCM were added. After filtration through a syringe filter, the solvent was removed in vacuo 

and 52 mg 6 (29.8 µmol, 62 %) were obtained in form of a dark red solid. 

The 
31

P{
1
H} NMR spectrum shows just three instead of the expected four resonances. This is 

most likely due to the overlapping of two resonances with similar shifts in the area of 22 to 25 

ppm. The presence of two isomers in the crystal structure of 5 suggests a similar equilibrium 

for 6, even though only one isomer is present in the isolated single crystals. 
1
H NMR 

spectroscopy yields evidence for a second isomer in solution. The phosphorous br idging -CH- 

and -CH2-  groups of the second isomer display two low intensity resonances shifted +0.2 - 0.3 

ppm compared to the main isomer (1.84-1.93 vs. 1.52-1.63 ppm and 3.63-3.81 vs. 3.48 ppm). 

The absent third resonance is superimposed by the main isomer resonance at 3.48 ppm, as 

suggested by a slightly bigger integral for the corresponding main isomer resonance and 

observed via 2D 
1
H,

1
H COSY and 

1
H,

13
C HSQC NMR coupling. The shifts of the phosphorous 

atoms are expected to be nearly identical for the two isomers and thus, no new resonances 

are expected to be present. 
13

C NMR spectroscopy proves to be diff icult because of low 

resonance intensities in 
13

C{
1
H} NMR spectra even with a saturated solution (~30 mg in 0.6 ml 

CD2Cl2). 
13

C NMR shifts had to be extracted from a 
1
H,

13
C HSQC NMR spectrum. Furthermore, 

6 is prone to slow decomposition in CD2Cl2 and partially forms complex 1. In THF-d8, the 

solubility is worse and decomposition is observed, whereas in C6D6, almost no solubility is 

observed. The following assignment is for the main isomer only. 

1
H NMR (300 MHz, CD2Cl2) δH: 1.52-1.63 (2H, m, P-CH-P), 3.22 (2H, ddd, 

2
JH,H = 14.4 Hz, 

2
JH,P = 14.9 Hz, 

2
JH,P = 8.5 Hz), 3.48 (2H, ddd, 

2
JH,H = 14.4 Hz, 

2
JH,P =10.2 Hz, 

2
JH,P = 4.5 Hz), 

6.34-6.52 (10H, superimposed resonances, Phenyl-H), 6.69 (4H, dt, JH,H = 7.6 Hz, JH,H  = 2.6 

Hz, Phenyl-H), 6.76-6.89 (10H, superimposed resonances, Phenyl-H), 6.98-7.47 (44H, 

superimposed resonances, Phenyl-H), 7.54-7.67 (8H, superimposed resonances, Phenyl-H), 

7.79 (4H, dd, JH,H = 7.9 Hz, JH,H = 11.1 Hz, Phenyl-H) ppm. 

13
C{

1
H} NMR (75 MHz, CD2Cl2) δC: -9.5-8.3 (m, P-CH-P), 42.6 (dd, 

1
JC,P = 24.1 Hz, 

1
JC,P = 64.8 

Hz, P-CH2-P), 127.8-130.0 (superimposed resonances, Phenyl-C), 130.2-133.4 

(superimposed resonances, Phenyl-C), 134.6-135.06 (superimposed resonances, Phenyl-C)  

ppm. 

31
P{

1
H} NMR (101 MHz, CD2Cl2) δP: 22.5-24.8 (m), 28.9 (dd, 

2
JP,P = 81.2 Hz, 

2
JP,P = 28.5 Hz), 

38.8 (dd, 
2
JP,P = 81.7 Hz, 

2
JP,P = 16.6 Hz) ppm. 

FT-IR (ATR) � /cm
-1

: 3049 (w), 2361 (w), 2337 (br w), 1585 (w), 1480 (w), 1434 (m), 1308 (w), 

1245 (br w), 1157 (br w), 1096 (m), 1026 (w), 998 (w), 905 (w), 835 (w), 794 (w), 737 (s), 689 
(vs), 528 (m), 481 (br s). 

 
HR-ESI-MS (+) �  � : 1747.2781 (calc. for MH

+
), 1747.2812 (found, Δ = 1.8 ppm). 
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Figure 22 - FT IR spectrum of complex 6. 

 
 
 

 

Figure 23 - 
1
H NMR spectrum of complex 6 in CD2Cl2. 
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Figure 24 - 
1
H,

1
H COSY NMR spectrum of complex 6 in CD2Cl2. 

 
 
 

 

Figure 25 - 
13

C{
1
H} NMR spectrum of complex 6 in CD2Cl2. 
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Figure 26 - 

1
H,

1
H COSY NMR spectrum of complex 6 in CD2Cl2. 

 

Figure 27 - 
13

C{
1
H} NMR spectrum of complex 6 in CD2Cl2. 
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2. X-ray crystallography 

The single crystal X-ray diffraction data for the structural analysis were collected using 

graphite-monochromated Mo-Kα-radiation (λMoKα= 0.71073) on the imaging plate detector 

systems STOE IPDS2 and STOE IPDS2T or on the pixel detector system Bruker Quest D8. 

The structures were solved with the Olex2 software by direct methods with SHELXT and 

refined against F
2
 by full-matrix-least-square techniques using SHELXL.

2–5
 

 

 

Complex 2 3 · ½ Toluene [4](AlCl2Me2) 5 · ¼ THF 

· 
3
/8 n-hexane 

6 · 2½ DCM 

Formula C51H44B2ClF8NiP4 C51H43ClNiP4 C54H53AlCl4NiP2 C102H84Ni2P8 

· ½ C7H8 · ¼ C4H8O · 
3
/8 

C102H86Cl2Ni2P8 

· 2½ CH2Cl2 
C6H14  

Dcalc./ g cm
-3

 1.474 1.293 1.326 1.293 1.398 

µ/mm-1 0.671 0.639 0.724 0.613 0.791 

Formula Weight 1048.52 919.96 991.39 1741.99 1960.10 

Colour orange red orange red red 

Shape block block block plate needle 

Size/mm3 0.50×0.41×0.41 0.52×0.36×0.14 0.31×0.26×0.21 0.19×0.18×0.07 0.60×0.22×0.19 

T/K 100.0 100.0 100.0 100.0 100.0 

Crystal System monoclinic monoclinic monoclinic triclinic triclinic 

Space Group P21/c P21/c C2/c 
 

 

P1 
 

 

P1 

a/Å 12.2896(6) 21.4394(11) 13.3928(6) 14.102(3) 13.590(3) 

b/Å 18.9342(10) 19.5780(10) 20.9075(10) 14.186(3) 17.439(4) 

c/Å 20.4715(11) 23.3621(12) 18.7057(11) 39.126(8) 22.442(5) 

α/° 90 90 90 91.13(3) 88.48(3) 

β/° 97.295(2) 105.447(2) 108.4890(10) 97.92(3) 72.40(3) 

γ/° 90 90 90 119.53(3) 67.39(3) 

V/Å3 4725.0(4) 9451.8(8) 4967.4(4) 6710(3) 4656(2) 

Z 4 8 4 3 2 

Z' 1 2 0.5 1.5 1 

Wavelength/Å 0.710730 0.710730 0.710730 0.710730 0.71073 

Radiation type MoKα MoKα MoKα MoKα MoKa 

Φmin/° 2.128 2.229 2.261 1.585 1.675 

Φmax/° 24.971 21.448 24.392 26.772 26.800 

Measured Refl. 48535 54585 26730 80180 41177 

Independent Refl. 8254 10705 4055 28059 19516 

Rint 0.0513 0.0687 0.0519 0.0695 0.1289 

Parameters 604 1115 284 1584 1111 

Restraints 0 0 0 0 0 

Largest Peak 1.036 0.397 0.372 1.045 1.431 

Deepest Hole -0.533 -0.349 -0.370 -0.564 -0.933 

GooF 1.027 1.013 1.047 0.841 0.949 

wR2 (all data) 0.1118 0.0884 0.0779 0.1379 0.1638 

wR2 0.1035 0.0799 0.0741 0.1099 0.1507 

R1 (all data) 0.0571 0.0570 0.0466 0.1491 0.0931 

R1 0.0445 0.0376 0.0352 0.0536 0.0641 

CCDC 1814009 1814006 1814010 1814007 1814008 
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3. DFT Calculations 

 

DFT calculations were done with Grimme’s B97D functional including dispersion
6
 and the def2- 

TZVPP basis set after a preoptimisation with the def2-SVP basis set.
7,8

 Crystals structures 

were used as starting models, where possible, and the phenyl groups were substituted by 

methyl groups. After optimization, a frequency calculation was run to ascertain that a ground 

state was found (no imaginary modes). QTAIM charges and cr itical point data were calculated 

by the AIMQB module of the AIMStudio software bundle.
9
 Laplacian contour line plots were 

created with the program multiwfn, molecular orbital visualizations with ChemCraft.
10,11

 

Table 1 - QTAIM charges for the monomeric complexes 
 

 1Me 2Me 3Me 7Me 

Ni 0.39 0.40 0.38 0.29 
CCDP -2.00 -1.38 -1.91 -1.80 

P1 1.62 1.60 1.81 1.74 

P2 2.60 2.47 2.68 2.68 

P3 2.60 2.46 2.54 2.68 
P4 1.62 1.60 1.60 1.74 
Cl -0.57 -0.49 -0.62  

C1 -1.02 -1.04 -1.73 -1.73 

  C2 -1.02 -1.03 -1.02 -1.73  
 
 

 

 

Figure 28 - Numbering scheme for the monomeric complexes. 
 

Table 2 - QTAIM charges for the dimeric complexes 

 

cis-5Me trans-5Me cis-6Me 8Me 

Ni 0.30 / 0.30 0.31 / 0.31 0.34 / 0.37 0.38 / 0.38 
CCDP 

-2.01 / -2.02 -2.02 / -2.02 -2.08 / -2.03 -1.55 / -1.55 
P1 1.76 / 1.75 1.76 / 1.76 1.61 / 1.62 1.52 / 1.52 
P2 2.73 / 2.73 2.74 / 2.74 2.63 / 2.62 2.56 / 2.56 

P3 2.65 / 2.65 2.64 / 2.64 2.68 / 2.66 2.60 / 2.60 

P4 1.63 / 1.63 1.62 / 1.62 1.68 / 1.66 1.74 / 1.74 
C1 -1.71 / -1.71 -1.71 / -1.71 -1.05 / -1.04 -1.02 / -1.02 
C2 -1.41 / -1.41 -1.40 / -1.40 -1.39 / -1.41 -1.43 / -1.43 
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Figure 29 - Numbering scheme for the dimeric complexes. 

Table 3 - Bond critical point data in atomic units for 1Me. 

Bond ρ ∇� ρ ε K V H 

Ni—Cl 7.7819929557E- 2.2181081510E- 8.7875160579E- 2.2576453210E- -1.2885065495E- -1.0627420174E- 

02 01 02 02 01 01 

Ni— 1.0312936845E- 1.9335851481E- 4.4694435662E- 4.0255513124E- -1.2885065495E- -8.8595141826E- 
CCDP  01 

01 02 02 01 02 

Ni—P
1 

1.0000341562E- 1.2488957623E- 2.4765883313E- 4.2316537577E- -1.1585546921E- -7.3538931633E- 

01 01 02 02 01 02 
Ni—P

4 
9.9879996194E- 1.2527452645E- 2.5191501105E- 4.2211315226E- -1.1574126206E- -7.3529946834E- 

02 01 02 02 01 02 

C
CDP

— 1.9259576604E- -3.1807034153E- 2.0883773828E- 1.9295253512E- -3.7795331169E- -1.8500077657E- 
P

2 
01 02 01 01 01 01 

C
CDP

— 1.9256151834E- -3.2988339036E- 2.0752867024E- 1.9294284997E- -3.7763861517E- -1.8469576520E- 

P
3 

01 02 01 01 01 01 
C

1
—P

1 
1.5336636795E- -2.3611257883E- 9.4722245481E- 1.4071579481E- -2.2240344491E- -8.1687650100E- 

01 01 02 01 01 02 

C
2
—P

4 
1.5347020994E- -2.3478459830E- 9.4566512067E- 1.4087743051E- -2.2305871145E- -8.2181280940E- 

01 01 02 01 01 02 
C

1
—P

2 
1.6749618925E- -2.7423720639E- 3.0325424187E- 1.6253976852E- -2.5652023544E- -9.3980466920E- 

01 01 02 01 01 02 

C
2
—P

3 
1.6752565952E- -2.7340462009E- 3.1204734505E- 1.6257553389E- -2.5679991277E- -9.4224378880E- 

01 01 02 01 01 02 

C
1
—H 2.7644941915E- -9.6288428438E- 1.2525170948E- 2.8841433328E- -3.3610759546E- -4.7693262180E- 

01 01 02 01 01 02 
C

1
—H‘ 2.7710488995E- -9.6903880263E- 9.5183203650E- 2.8908765694E- -3.3591561323E- -4.6827956290E- 

01 01 03 01 01 02 

C
2
—H 2.7645999359E- -9.6288827059E- 1.3123924426E- 2.8844223335E- -3.3616239905E- -4.7720165700E- 

 01 01 02 01 01 02 

C
2
—H‘ 2.7706567731E- -9.6902509095E- 9.6888542281E- 2.8903192127E- -3.3580756981E- -4.6775648540E- 

 01 01 03 01 01 02 

 

Table 4 - Bond critical point data in atomic units for 2Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni—Cl 8.7034415332E- 2.2244556475E- 7.8279026363E- 2.8173140155E- -1.1195767150E- -8.3784531345E- 

02 01 02 02 01 02 

Ni— 8.6566512754E- 2.0243840378E- 9.9767303730E- 2.7349319763E- -1.0530824047E- -7.7958920707E- 
CCDP  02 

01 02 02 01 02 

Ni—P
1 

9.6311499621E- 1.1524253304E- 2.1220749829E- 3.9045614423E- -1.0690186211E- -6.7856247687E- 
02 01 02 02 01 02 

Ni—P
4 

9.8530697766E- 1.1591583586E- 6.2038183095E- 4.0992075266E- -1.1096310950E- -6.9971034234E- 

02 01 03 02 01 02 

C
CDP

— 1.7326632469E- -2.5374400290E- 5.0579948604E- 1.7000059839E- -2.7656519606E- -1.0656459767E- 
P

2 
01 01 02 01 01 01 

C
CDP

— 1.7138607006E- -2.8405612669E- 3.8944957540E- 1.6721978949E- -2.6342554730E- -9.6205757810E- 

P
3 

01 01 02 01 01 02 
C

CDP
—H 2.7008562022E- -9.0740558063E- 2.2585187362E- 2.7824977002E- -3.2964814489E- -5.1398374870E- 

01 01 02 01 01 02 

C
1
—P

1 
1.4872424108E- -2.2039020691E- 1.0552449368E- 1.3409791946E- -2.1309828720E- -7.9000367740E- 

01 01 01 01 01 02 

C
2
—P

4 
1.4864986771E- -2.1668539376E- 9.5106480354E- 1.3401975496E- -2.1386816148E- -7.9848406520E- 

01 01 02 01 01 02 
C

1
—P

2 
1.7322329479E- -3.1504197714E- 1.5787527233E- 1.7048212126E- -2.6220374824E- -9.1721626980E- 

01 01 02 01 01 02 

C
2
—P

3 
1.7450367485E- -2.9777355229E- 2.4996015707E- 1.7243005716E- -2.7041672626E- -9.7986669100E- 

01 01 02 01 01 02 
C

1
—H 2.7775108663E- -9.7964363966E- 5.9774417084E- 2.8966344047E- -3.3441597103E- -4.4752530560E- 

01 01 03 01 01 02 

C
1
—H‘ 2.7630789130E- -9.6615658374E- 3.8870417403E- 2.8747792031E- -3.3341669469E- -4.5938774380E- 

 01 01 03 01 01 02 
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C
2
—H 2.7713558623E- -9.7615652234E- 7.3436619885E- 2.8856811604E- -3.3309710148E- -4.4528985440E- 

01 01 03 01 01 02 

C
2
—H‘ 2.7564654360E- -9.5963565249E- 6.1422704426E- 2.8684058856E- -3.3377226399E- -8.3784531345E- 

01 01 03 01 01 02 

 

Table 5 - Bond critical point data in atomic units for 3Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni—Cl 7.0724447948E- 2.1466043483E- 9.5536525902E- 1.8541979834E- -9.0749068376E- -7.2207088542E- 
 02 01 02 02 02 02 

Ni— 1.0540748784E- 1.8908602834E- 3.5047022575E- 4.2223 0 7 0 5 8 7 E - -1.3171764826E- -8.9494577673E- 
CCDP 01 01 02 02 01 02 

Ni—P
1

 9.7925285290E- 9.2706245507E- 1.3635439603E- 4.0555921790E- -1.0428840496E- -6.3732483170E- 
 02 02 02 02 01 02 

Ni—P
4 

1.0151514258E- 1.5028055473E- 1.5875378264E- 4.3859 6 4 7 2 8 9 E - -1.2528943326E- -8.1429785971E- 
01 01 02 02 01 02 

C
CDP

— 1.8170578921E- -1.3252718596E- 1.4260667846E- 1.8018283374E- -3.2723387098E- -1.4705103724E- 

P
2 

01 01 01 01 01 01 
C

CDP
— 1.9639325357E- -4.4289122888E- 2.7487731681E- 1.9949076703E- -3.8790925335E- -1.8841848632E- 

P3 01 02 01 01 01 01 

C
1
—P

1
 1.8004703534E- -3.9372684078E- 1.3221125750E- 1.7403244441E- -3.3822171781E- -1.6418927340E- 

 01 02 01 01 01 01 

C
2
—P

4
 1.5309446555E- -2.2165598033E- 9.5968649468E- 1.4043062518E- -2.2544725527E- -8.5016630090E- 

 01 01 02 01 01 02 

C
1
—P

2
 1.9490650037E- -3.4307894427E- 2.9560013071E- 1.9612306314E- -3.8366915267E- -1.8754608953E- 

 01 02 01 01 01 01 

C
2
—P

3
 1.6657314657E- -2.5230849427E- 3.9434657512E- 1.6108718684E- -2.5909725011E- -9.8010063270E- 

 01 01 02 01 01 02 
C

1
—H 2.7255738213E- -9.2574581707E- 6.4785031932E- 2.8764858597E- -3.4386071767E- -5.6212131700E- 

 01 01 02 01 01 02 

C
2
—H 2.7616437553E- -9.5862973123E- 1.6310172028E- 2.8844473810E- -3.3723204338E- -4.8787305280E- 

 01 01 02 01 01 02 

C
2
—H‘ 2.7571515070E- -9.5668541192E- 1.1704353023E- 2.8758556447E- -3.3599977596E- -4.8414211490E- 

 01 01 02 01 01 02 

 

Table 6 - Bond critical point data in atomic units for 7Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni— 1.2364308535E- 1.1355553875E-01 2.2545212155E- 5.9718955321E- -1.4782679533E-01 - 
CCDP 

01  02 02  8.8107840009E- 
02 

Ni—P
1

 9.6107139736E- 1.1039272239E-01 9.8909277442E- 3.9082655774E- -1.0576349215E-01 - 
 02  03 02  6.6680836376E- 
      02 

Ni—P
4

 9.6731827180E- 1.0962775526E-01 8.7108590924E- 3.9589183184E- -1.0658530518E-01 - 
 02  03 02  6.6996121996E- 
      02 

C
CDP

— 1.8380349677E- -1.0373922121E- 2.1544752992E- 1.8240540970E- -3.3887601409E-01 - 

P
2 

01 01 01 01  1.5647060439E- 
     01 

C
CDP

— 1.8376345353E- -1.0501970413E- 2.1561292998E- 1.8238246566E- -3.3851000529E-01 - 

P
3 

01 01 01 01  1.5612753963E- 
     01 

C
1
—P

1 
1.8372841055E- -1.9271540208E- 1.5392144088E- 1.7874028279E- -3.5266268053E-01 - 

01 02 01 01  1.7392239774E- 
      01 

C
2
—P

4
 1.8379554269E- -1.9371897802E- 1.5519609638E- 1.7883791576E- -3.5283285706E-01 - 

 01 02 01 01  1.7399494130E- 
      01 

C
1
—P

2
 1.9155286698E- -5.9287230913E- 2.6466101829E- 1.9199765930E- -3.6917351088E-01 - 

 01 02 01 01  1.7717585158E- 
      01 

C
2
—P

3
 1.9154359180E- -5.8201321863E- 2.6402180281E- 1.9193890150E- -3.6932747253E-01 - 

 01 02 01 01  1.7738857103E- 
      01 

C
1
—H 2.7265352958E- -9.2569876437E- 6.6977287165E- 2.8788732036E- -3.4434994963E-01 - 

 01 01 02 01  5.6462629270E- 
      02 

C
2
—H 2.7272055563E- -9.2627350189E- 6.7063805306E- 2.8799343080E- -3.4441848613E-01 - 

 01 01 02 01  5.6425055330E- 
  02  

 

Table 7 - Bond critical point data in atomic units for trans-5Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni—P
1 

9.7701999899E- 1.0885138534E- 1.2730821185E- 4.0347555111E- -1.0790795656E- -6.7560401449E- 

02 01 02 02 01 02 
Ni—C

CDP 
1.0824975677E- 1.8280046870E- 4.7105307880E- 4.5113124736E- -1.3592636665E- -9.0813241914E- 

01 
Ni—C

2 
8.0544 8 6 1 6 8 2 E - 

02 

01 

1.6892490216E- 
01 

02 

1.6952808795E- 
01 

02 

2.3620 6 4 9 3 4 5 E - 
02 

01 
-8.947 2 5 2 4 2 3 1 E- 
02 

02 
-6.585 1 8 7 4 8 8 6 E- 
02 
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Ni—P
4
’ 9.7972124906E- 1.4618299518E- 1.9447294673E- 4.0927927226E- -1.1840160325E- -7.7473676024E- 

02 01 02 02 01 02 

C
CDP

—P
2 
1.8874486804E- -3.3260300298E- 1.2722331843E- 1.8689308703E- -3.6547109899E- -1.7857801196E- 

01 02 01 01 01 01 
C

CDP
—P

3 
1.9791384453E- 6.6666902757E- 1.8187828883E- 1.9720419320E- -4.1107511208E- -2.1387091888E- 

01 02 01 01 01 01 

C
1
—P

1 
1.8041031068E- -6.1624578174E- 1.6845040122E- 1.7551874984E- -3.3563135514E- -1.6011260530E- 
01 02 01 01 01 01 

C
2
—P

4 
1.6415131755E- -1.8754884371E- 4.5368931650E- 1.5554209818E- -2.6419698543E- -1.0865488725E- 

01 01 02 01 01 01 
C

1
—P

2 
1.9250419262E- -4.1546368779E- 2.7096654376E- 1.9271660128E- -3.7504661036E- -1.8233000908E- 

01 02 01 01 01 01 

C
2
—P

3 
1.7560483183E- -1.8107802411E- 1.1114491716E- 1.7249643829E- -2.9972337055E- -1.2722693226E- 
01 01 01 01 01 01 

Ni‘—P
1
‘ 9.7702417071E- 1.0885067081E- 1.2731947821E- 4.0347904507E- -1.0790847672E- -6.7560572213E- 

02 01 02 02 01 02 
Ni‘— 1.0824960687E- 1.8280011740E- 4.7102633011E- 4.5112997463E- -1.3592602428E- -9.0813026817E- 

C
CDP

‘ 01 01 02 02 01 02 

Ni‘—C
2
‘ 8.0543945818E- 1.6892363665E- 1.6952474985E- 2.3620057435E- -8.9471024033E- -6.5850966598E- 

02 01 01 02 02 02 
Ni‘—P

4 
9.7971465370E- 1.4618341174E- 1.9440979810E- 4.0927328351E- -1.1840050964E- -7.7473181289E- 

02 01 02 02 01 02 

C
CDP

‘— 1.8874479587E- -3.3262432293E- 1.2722460903E- 1.8689306200E- -3.6547051592E- -1.7857745392E- 
P

2
‘ 01 02 01 01 01 01 

C
CDP

‘— 1.9791428898E- 6.6669803206E- 1.8187918233E- 1.9720474078E- -4.1107693236E- -2.1387219158E- 

P
3
‘ 01 02 01 01 01 01 

C
1
‘—P

1
‘ 1.8041032249E- -6.1625440544E- 1.6845217772E- 1.7551880021E- -3.3563124028E- -1.6011244007E- 

01 02 01 01 01 01 

C
2
‘—P

4
‘ 1.6415134549E- -1.8754858363E- 4.5365904329E- 1.5554210769E- -2.6419706947E- -1.0865496178E- 

01 01 02 01 01 01 

C
1
‘—P

2
‘ 1.9250416828E- -4.1546145335E- 2.7096682458E- 1.9271655660E- -3.7504657686E- -1.8233002026E- 

01 02 01 01 01 01 
C

2
‘—P

3
‘ 1.7560557846E- -1.8107384387E- 1.1114093174E- 1.7249742926E- -2.9972639754E- -1.2722896828E- 

01 01 01 01 01 01 

C
1
—H 2.7247445158E- -9.2453624341E- 6.8204003872E- 2.8764975195E- -3.4416544305E- -5.6515691100E- 

 01 01 02 01 01 02 

C
1
‘—H 2.7247536593E- -9.2454196294E- 6.8204122232E- 2.8765148684E- -3.4416748293E- -5.6515996090E- 

 01 01 02 01 01 02 
C

2
—H 2.7604156316E- -9.4441666922E- 3.0771980182E- 2.8987896012E- -3.4365375293E- -5.3774792810E- 

 01 01 02 01 01 02 

C
2
‘—H 2.7604192366E- -9.4441886419E- 3.0772245873E- 2.8987955659E- -3.4365439713E- -5.3774840540E- 

 01 01 02 01 01 02 

 

Table 8 - Bond critical point data in atomic units for cis-5Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni—P
1

 9.8282487699E- 1.1005573198E- 2.5580517277E- 4.0954968359E- -1.0942386971E- -6.8468901351E- 
 02 01 02 02 01 02 

Ni—C
CDP

 1.0471137949E- 1.8261612561E- 5.5469007052E- 4.2026397249E- -1.2970682590E- -8.7680428651E- 
 01 01 02 02 01 02 

Ni—C
2 

8.6691769438E- 1.7488788976E- 1.3102872043E- 2.7788957653E- -9.9299887747E- -7.1510930094E- 

02 01 01 02 02 02 

Ni—P
4
’ 9.8403314142E- 1.4636023743E- 1.4590951488E- 4.1169092445E- -1.1892824425E- -7.7759151805E- 

02 01 02 02 01 02 

C
CDP

—P
2 
1.8823582371E- -4.0941951500E- 1.2465196184E- 1.8646979774E- -3.6270410761E- -1.7623430987E- 

01 02 01 01 01 01 
C

CDP
—P

3 
1.9736196477E- 4.9892114007E- 1.6777269636E- 1.9710013084E- -4.0667329017E- -2.0957315933E- 

01 02 01 01 01 01 

C
1
—P

1 
1.8039663792E- -6.3457887084E- 1.7012507842E- 1.7554549062E- -3.3522650948E- -1.5968101886E- 
01 02 01 01 01 01 

C
2
—P

4 
1.6605898418E- -1.7380343874E- 7.9330590060E- 1.5816798110E- -2.7288510252E- -1.1471712142E- 

01 01 02 01 01 01 

C
1
—P

2 
1.9173343518E- -5.4449699696E- 2.6595890408E- 1.9205873275E- -3.7050504057E- -1.7844630782E- 
01 02 01 01 01 01 

C
2
—P

3 
1.7701914237E- -1.7066323779E- 1.0702002400E- 1.7428579137E- -3.0590577329E- -1.3161998192E- 

01 01 01 01 01 01 
Ni‘—P

1
‘ 9.8031850885E- 1.1096068160E- 2.3658705985E- 4.0720747090E- -1.0918166458E- -6.8460917490E- 

02 01 02 02 01 02 

Ni‘— 1.0509501611E- 1.8309977998E- 5.3638568497E- 4.2359628452E- -1.3049420190E- -8.8134573448E- 
C

CDP
‘ 01 01 02 02 01 02 

Ni‘—C
2
‘ 8.6094334957E- 1.7337297559E- 1.3253884596E- 2.7375057619E- -9.8093359136E- -7.0718301517E- 

02 01 01 02 02 02 
Ni‘—P

4 
9.8950364806E- 1.4581211706E- 1.2916551367E- 4.1640615901E- -1.1973426107E- -7.8093645169E- 
02 01 02 02 01 02 

C
CDP

‘— 1.8852644352E- -3.4979281441E- 1.2586011511E- 1.8666164749E- -3.6457847461E- -1.7791682712E- 

P
2
‘ 01 02 01 01 01 01 

C
CDP

‘— 1.9764115546E- 5.5855160569E- 1.6986673335E- 1.9727849273E- -4.0852077561E- -2.1124228288E- 

P
3
‘ 01 02 01 01 01 01 

C
1
‘—P

1
‘ 1.8033196311E- -6.3413024685E- 1.6930479336E- 1.7545252197E- -3.3505178777E- -1.5959926580E- 

01 02 01 01 01 01 

C
2
‘—P

4
‘ 1.6594927288E- -1.7340700743E- 7.8243943476E- 1.5800892806E- -2.7266610426E- -1.1465717620E- 

01 01 02 01 01 01 
C

1
‘—P

2
‘ 1.9179321359E- -5.3441711020E- 2.6686942886E- 1.9210789736E- -3.7085536697E- -1.7874746961E- 

01 02 01 01 01 01 

C
2
‘—P

3
‘ 1.7702311367E- -1.6985658941E- 1.0602814983E- 1.7426870859E- -3.0607326982E- -1.3180456123E- 

01 01 01 01 01 01 
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C
1
—H 2.7219647256E- -9.2288417872E- 6.7495772305E- 2.8712792142E- -3.4353479816E- -5.6406876740E- 

01 01 02 01 01 02 

C
1
‘—H 2.7217430288E- -9.2260953450E- 6.7527093062E- 2.8709835010E- -3.4354431657E- -5.6445966470E- 

01 01 02 01 01 02 
C

2
—H 2.7496185438E- -9.3650366714E- 2.9966227323E- 2.8878750320E- -3.4344908962E- -5.4661586420E- 

01 01 02 01 01 02 

C
2
‘—H 2.7508124835E- -9.3718863371E- 2.9825679088E- 2.8895042918E- -3.4360369994E- -5.4653270760E- 

01 01 02 01 01 02 

 

Table 9 - Bond critical point data in atomic units for cis-6Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni—P
1 

1.0142507744E- 1.3514828329E- 3.1925753366E- 4.4027800501E- -1.2184267182E- -7.7814871319E- 

01 01 02 02 01 02 

Ni—C
CDP 

9.8811836487E- 1.9429705357E- 9.1469508730E- 3.7287569161E- -1.2314940171E- -8.5861832549E- 
02 01 02 02 01 02 

Ni—C
2 

8.9926361103E- 1.6785851968E- 1.2546803080E- 3.0077850099E- -1.0212033012E- -7.2042480021E- 

02 01 01 02 01 02 
Ni—P

4
’ 1.0138806086E- 1.2328956102E- 1.3442869211E- 4.3684763767E- -1.1819191779E- -7.4507154023E- 

01 01 02 02 01 02 

C
CDP

—P
2 
1.9597661606E- 5.0126402180E- 1.6067691129E- 1.9480644466E- -4.0214448986E- -2.0733804520E- 

01 02 01 01 01 01 

C
CDP

—P
3 
1.9409230361E- 4.9934220197E- 1.1875131556E- 1.9183419488E- -3.9615194481E- -2.0431774993E- 

01 02 01 01 01 01 

C
1
—P

1 
1.5711863437E- -2.5654278943E- 6.2051419698E- 1.4618410550E- -2.2823251364E- -8.2048408140E- 
01 01 02 01 01 02 

C
2
—P

4 
1.6253575939E- -1.7073557365E- 8.2609828103E- 1.5329226072E- -2.6390062802E- -1.1060836730E- 

01 01 02 01 01 01 
C

1
—P

2 
1.6792917106E- -2.7910574641E- 2.8140695052E- 1.6323157274E- -2.5668670887E- -9.3455136130E- 

01 01 02 01 01 02 

C
2
—P

3 
1.7826066051E- -1.9112662278E- 8.8099259835E- 1.7656151111E- -3.0534136652E- -1.2877985541E- 
01 01 02 01 01 01 

Ni‘—P
1
‘ 1.0247707601E- 1.3290748226E- 4.6944905712E- 4.4924326825E- -1.2307552422E- -7.8151197395E- 

01 01 02 02 01 02 
Ni‘— 9.4470637280E- 1.8502748030E- 9.4915454857E- 3.3894477319E- -1.1404582471E- -8.0151347391E- 

C
CDP

‘ 02 01 02 02 01 02 

Ni‘—C
2
‘ 9.0360637427E- 1.7701477809E- 1.1934324830E- 3.0460131684E- -1.0517395789E- -7.4713826206E- 

02 01 01 02 01 02 

Ni‘—P
4 

1.0121686636E- 1.2933066342E- 2.8888703379E- 4.3689902534E- -1.1971247092E- -7.6022568386E- 

01 01 02 02 01 02 
C

CDP
‘— 1.9602432218E- -9.1207953626E- 1.3513266932E- 1.9722010168E- -3.9216000453E- -1.9493990285E- 

P
2
‘ 01 03 01 01 01 01 

C
CDP

‘— 1.9299600553E- 1.5300933361E- 1.0676603017E- 1.9173234734E- -3.8728992802E- -1.9555758068E- 
P

3
‘ 01 02 01 01 01 01 

C
1
‘—P

1
‘ 1.5587582094E- -2.4540898350E- 6.1008946040E- 1.4454324121E- -2.2773423654E- -8.3190995330E- 

01 01 02 01 01 02 
C

2
‘—P

4
‘ 1.6710381678E- 1.7513617421E- 7.8890945620E- 1.5962100208E- -2.7545796061E- -1.1583695853E- 

01 01 02 01 01 01 

C
1
‘—P

2
‘ 1.6890345503E- -2.6748839033E- 2.1375993559E- 1.6455998665E- -2.6224787571E- -9.7687889060E- 

01 01 02 01 01 02 
C

2
‘—P

3
‘ 1.7674922323E- -1.6840905386E- 1.0885672069E- 1.7385704357E- -3.0561182368E- -1.3175478011E- 

01 01 01 01 01 01 

C
1
—H 2.7454904618E- -9.4776806501E- 2.5169490210E- 2.8600905349E- -3.3507609072E- -4.9067037230E- 

01 01 03 01 01 02 

C
1
—H’ 2.7862904150E- -9.9039226886E- 1.4311750984E- 2.9034669484E- -3.3309532248E- -4.2748627640E- 

01 01 02 01 01 02 
C

1
‘—H 2.7474020630E- -9.4979732420E- 3.5521464630E- 2.8615121077E- -3.3485309050E- -4.8701879730E- 

01 01 03 01 01 02 

C
1
‘—H’ 2.7888570564E- -9.8572601405E- 1.7157644084E- 2.9100262945E- -3.3557375539E- -4.4571125940E- 

01 01 02 01 01 02 
C

2
—H 2.7532326390E- -9.4143902082E- 2.3541475379E- 2.8862708146E- -3.4189440772E- -5.3267326260E- 

01 01 02 01 01 02 

C
2
‘—H 2.7548411437E- -9.4247968575E- 2.9063286755E- 2.8909846435E- -3.4257700726E- -5.3478542910E- 

01 01 02 01 01 02 

 

Table 10 - Bond critical point data in atomic units for trans-8Me. 

 
Bond ρ ∇� ρ ε K V H 

Ni—P
1

 9.0803576173E- 1.4894693266E- 1.5596554590E- 3.4544545104E- -1.0632582337E- -7.1781278266E- 
 02 01 02 02 01 02 

Ni—C
CDP 

7.9901080481E- 1.8187583251E- 1.2550093290E- 2.3521234519E- -9.2511427164E- -6.8990192645E- 

02 01 01 02 02 02 
Ni—C

2 
8.1565337017E- 1.7964687689E- 1.2340836724E- 2.3728019094E- -9.2367757409E- -6.8639738315E- 

02 01 01 02 02 02 
Ni—P

4
’ 1.0379056046E- 1.0379056046E- 1.8214762908E- 4.5897664366E- -1.1443841475E- -6.8540750384E- 

01 01 02 02 01 02 

Ni—Cl 4.3249341463E- 1.2995552405E- 3.7112708384E- 5.6557866059E- -4.3800454225E- -3.8144667619E- 
02 01 02 03 02 02 

C
CDP

—P
2 
1.8125691977E- -1.7892913454E- 8.6434423569E- 1.8030517120E- -3.1587805878E- -1.3557288758E- 

01 01 02 01 01 01 
C

CDP
—P

3 
1.7785815018E- -1.1985066695E- 1.0415527247E- 1.7376799276E- -3.1757331878E- -1.4380532602E- 

01 01 01 01 01 01 
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C
1
—P

1 
1.4820687686E- -2.1980167739E- 8.7263969666E- 1.3327541403E- -2.1160040872E- -7.8324994690E- 
01 01 02 01 01 02 

C
2
—P

4 
1.6479647940E- -1.9377827763E- 6.6309155831E- 1.5680381012E- -2.6516305083E- -1.0835924071E- 

01 01 02 01 01 01 
C

1
—P

2 
1.7240226980E- -2.7954704518E- 2.3291608931E- 1.6944902219E- -2.6901128309E- -9.9562260900E- 

01 01 02 01 01 02 

C
2
—P

3 
1.8192743366E- -1.9960374846E- 9.2980759458E- 1.8191591983E- -3.1393090255E- -1.3201498272E- 
01 01 02 01 01 01 

Ni‘—P
1
‘ 9.0804035933E- 1.4894721348E- 1.5595730899E- 3.4544919084E- -1.0632664154E- -7.1781722456E- 

02 01 02 02 01 02 
Ni‘— 7.9900676279E- 1.8187428190E- 1.2549953128E- 2.3520984932E- -9.2510540340E- -6.8989555408E- 

C
CDP

‘ 02 01 01 02 02 02 

Ni‘—C
2
‘ 8.1564155626E- 1.7964479073E- 1.2340760098E- 2.3727239546E- -9.2365676775E- -6.8638437229E- 

02 01 01 02 02 02 

Ni‘—P
4 

1.0379094407E- 9.0572915975E- 1.8214765905E- 4.5898016058E- -1.1443926111E- -6.8541245052E- 

01 02 02 02 01 02 
Ni‘—Cl‘ 4.3250136333E- 1.2995838154E- 3.7110808067E- 5.6560249956E- -4.3801645376E- -3.8145620380E- 

02 01 02 03 02 02 

C
CDP

‘— 1.8125700014E- -1.7892830272E- 8.6435221315E- 1.8030526503E- -3.1587845438E- -1.3557318935E- 
P

2
‘ 01 01 02 01 01 01 

C
CDP

‘— 1.7785807316E- -1.1985169699E- 1.0415470652E- 1.7376790820E- -3.1757289216E- -1.4380498396E- 

P
3
‘ 01 01 01 01 01 01 

C
1
‘—P

1
‘ 1.4820704301E- -2.1980131289E- 8.7262830856E- 1.3327565744E- -2.1160098665E- -7.8325329210E- 

01 01 02 01 01 02 

C
2
‘—P

4
‘ 1.6479658510E- -1.9377758572E- 6.6308662967E- 1.5680393883E- -2.6516348123E- -1.0835954240E- 

01 01 02 01 01 01 
C

1
‘—P

2
‘ 1.7240218103E- -2.7954644954E- 2.3291597430E- 1.6944888496E- -2.6901115754E- -9.9562272580E- 

01 01 02 01 01 02 

C
2
‘—P

3
‘ 1.8192790654E- -1.9959931852E- 9.2980415266E- 1.8191652481E- -3.1393321999E- -1.3201669518E- 

01 01 02 01 01 01 

C
1
—H 2.7699641488E- -9.7104170635E- 7.6514856820E- 2.8864425514E- -3.3452808370E- -4.5883828560E- 

01 01 03 01 01 02 
C

1
—H’ 2.7622511210E- -9.5933876869E- 8.3977826276E- 2.8807007367E- -3.3630545516E- -4.8235381490E- 

01 01 03 01 01 02 

C
1
‘—H 2.7699595231E- -9.7103877534E- 7.6516503992E- 2.8864338878E- -3.3452708373E- -4.5883694950E- 

01 01 03 01 01 02 
C

1
‘—H’ 2.7622477350E- -9.5933692318E- 8.3980225158E- 2.8806943179E- -3.3630463279E- -4.8235201000E- 

01 01 03 01 01 02 

C
2
—H 2.7790846899E- -9.6687295250E- 1.8608761733E- 2.9053128175E- -3.3934432539E- -4.8813043640E- 

 01 01 02 01 01 02 

C
2
‘—H 2.7790834766E- -9.6687201294E- 1.8609129218E- 2.9053107318E- -3.3934414312E- -4.8813069940E- 

 01 01 02 01 01 02 

C
CDP

—H 2.7540 3 7 2 8 7 0 E - 
01 

C
CDP

‘—H 2.7540 3 6 0 9 9 1 E - 
01 

-9.486 8 9 1 8 5 6 2 E- 

01 
-9.486 8 8 7 5 7 0 9 E- 

01 

2.3611531652E- 

02 
2.3611 1 3 1 6 4 5 E - 

02 

2.8742294267E- 

01 
2.8742 2 7 0 8 2 4 E - 

01 

-3.376 7 3 5 8 8 9 3 E- 

01 
-3.376 7 3 2 2 7 2 1 E- 

01 

-5.025 0 6 4 6 2 6 0 E- 

02 
-5.025 0 5 1 8 9 7 0 E- 

02 
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3.1 Molecular orbitals 

All Molecular Orbitals are shown with a contour value of 0.03 and the atoms are color -coded 

as follows: Ni: orange; P: violet; Cl: green; C: grey. 

1Me 

LUMO HOMO 

HOMO-1 HOMO-2 

 
 

HOMO-3 HOMO-4 
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HOMO-5 HOMO-6 

HOMO-7 HOMO-8 

  

HOMO-9 HOMO-10 
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2Me 

LUMO HOMO 

HOMO-1 HOMO-2 

  

HOMO-3 HOMO-4 
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HOMO-5 HOMO-6 

HOMO-7 HOMO-8 

  

HOMO-9 HOMO-10 
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3Me 

LUMO HOMO 

  
HOMO-1 HOMO-2 

HOMO-3 HOMO-4 
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HOMO-5 HOMO-6 

HOMO-7 HOMO-8 

  

HOMO-9 HOMO-10 
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7Me 

LUMO HOMO 

  

HOMO-1 HOMO-2 

  
HOMO-3 HOMO-4 
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HOMO-5 HOMO-6 

  

HOMO-7 HOMO-8 

 

HOMO-9 HOMO-10 
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cis-5
Me

 

LUMO 

HOMO 
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HOMO-1 
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HOMO-3 
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HOMO-7 

HOMO-8 

 

Anhang

178



41  
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trans-5
Me

 

LUMO 

HOMO 
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HOMO-3 

HOMO-4 
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HOMO-7 

HOMO-8 

 

Anhang

184



47  

HOMO-9 
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cis-6
Me

 

LUMO 

HOMO 
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HOMO-1 

HOMO-2 

 

Nachdrucke der diskutierten Publikationen

187



50  

HOMO-3 

 
HOMO-4 
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HOMO-5 
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HOMO-7 

 
HOMO-8 
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HOMO-9 
 

HOMO-10 
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trans-8
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HOMO-3 
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HOMO-7 

HOMO-8 
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HOMO-9 

HOMO-10 
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3.2 Cartesian coordinates of all DFT-optimized geometries 

1Me 

 

Ni -1.161450 0.218978 0.009839 
Cl -3.368419 0.447311 -0.139963 

P -0.927795 1.902346 -1.358476 

P -1.460213 -1.463147 1.368012 

C 0.791344 0.018530 0.137406 
C -1.679424 3.486358 -0.828778 

C -1.563147 1.625409 -3.052378 

C 0.889558 2.282060 -1.569984 

C -2.412618 -2.877811 0.699380 

C -2.273189 -1.059058 2.956768 

C 0.201586 -2.178283 1.833043 

P 1.337231 -1.540774 0.541761 
P 1.693322 1.429511 -0.158738 

H -2.747445 3.308093 -0.668195 

H -1.234014 3.812090 0.116844 

H -1.536684 4.263153 -1.589624 

H -1.072597 0.747933 -3.486417 

H -2.637556 1.428056 -2.976039 
H -1.386735 2.502280 -3.687309 

H 1.248709 1.816209 -2.495218 

H 1.102816 3.356633 -1.604104 

H -3.391554 -2.499041 0.388634 

H -1.903249 -3.290101 -0.177772 
H -2.535141 -3.662493 1.455604 

H -1.696868 -0.283745 3.472410 

H -3.269950 -0.666459 2.729990 

H -2.355891 -1.947154 3.595243 

H 0.514339 -1.753005 2.793967 

H 0.197732 -3.271821 1.907855 

C 1.216191 -2.767733 -0.813756 
C 3.048073 -1.714730 1.166063 

C 1.658715 2.664856 1.194830 

C 3.468486 1.237918 -0.559015 

H 0.197817 -2.734642 -1.215230 

H 1.912095 -2.489238 -1.613117 

H 1.446499 -3.781030 -0.462842 
H 3.763078 -1.448911 0.381554 

H 3.196988 -1.064937 2.034583 

H 3.224491 -2.755590 1.459848 

H 0.613343 2.857696 1.458739 

H 2.165947 2.249878 2.072974 

H 2.145937 3.601732 0.898407 
H 4.010872 0.854769 0.310762 

H 3.588241 0.547479 -1.400191 

H 3.889630 2.212623 -0.829870 
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2Me    

Ni 7.730152 15.712988 7.418858 
P 8.263177 15.744453 9.563689 

P 7.623069 15.894786 5.232888 

Cl 7.453928 17.874381 7.510381 

C 7.746740 13.660602 7.412980 

C 6.941562 16.067345 10.779413 

C 9.641140 16.860401 9.998217 
C 8.914794 14.024354 9.960423 

C 6.047522 16.433266 4.483761 

C 7.975777 14.182121 4.542100 

C 8.909966 16.947905 4.478853 

P 9.200317 13.194329 8.365589 

P 7.377510 12.989326 5.771931 

H 6.884783 13.384706 8.041987 
H 6.561312 17.077524 10.589566 

H 6.121918 15.352857 10.649113 

H 7.329247 16.007872 11.803420 

H 10.520248 16.640920 9.383402 

H 9.321714 17.886845 9.792869 

H 9.895752 16.752538 11.059439 
H 9.832084 14.040151 10.560392 

H 8.158783 13.447475 10.508639 

H 5.224036 15.775571 4.777776 

H 5.837247 17.440121 4.861144 

H 6.127943 16.459762 3.390458 

H 7.529497 13.990991 3.558192 
H 9.064101 14.069583 4.450330 

H 8.739536 17.974580 4.818716 

H 9.903008 16.627924 4.811554 

H 8.851871 16.902186 3.384614 

C 10.698284 13.849234 7.586694 

C 9.442128 11.417640 8.666260 
C 8.058010 11.345834 5.402007 

C 5.572647 12.892364 5.665274 

H 10.873073 13.346295 6.628339 

H 10.566502 14.922675 7.414751 

H 11.565160 13.673119 8.233828 

H 8.532255 10.986553 9.098842 
H 9.686692 10.898666 7.734410 

H 10.270466 11.280189 9.371972 

H 9.152931 11.372427 5.415200 

H 7.695247 10.617109 6.134942 

H 7.728904 11.037868 4.402286 

H 5.209474 12.103284 6.333329 

H 5.139273 13.849929 5.970777 
H 5.272019 12.660854 4.637498 
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3Me    

Ni -1.327645 -0.006321 0.150559 
Cl -3.580851 0.164109 0.071349 

P -1.474409 -1.576014 -1.327066 

P -1.176650 1.547311 1.711724 

C 0.622844 -0.165690 0.183647 

C -2.141314 -1.111913 -2.978095 

C -2.464099 -3.059103 -0.879970 
C 0.223835 -2.254116 -1.698663 

C -2.199805 1.135665 3.193335 

C -1.953357 3.137518 1.177755 

C 0.480729 1.779507 2.179781 

P 1.562687 0.838926 1.263016 

P 1.350348 -0.919231 -1.144491 

H -3.136333 -0.684337 -2.815292 
H -1.503435 -0.344599 -3.429774 

H -2.207444 -1.978011 -3.649263 

H -2.053707 -3.498234 0.035768 

H -3.486102 -2.721421 -0.678597 

H -2.461293 -3.805658 -1.684922 

H 0.402327 -3.127349 -1.060706 
H 0.370752 -2.536352 -2.748155 

H -3.248826 1.034704 2.894603 

H -1.847784 0.188152 3.614311 

H -2.100294 1.924844 3.951578 

H -1.425976 3.509296 0.292826 

H -3.005082 2.960526 0.926930 
H -1.879193 3.884070 1.980561 

H 0.813240 2.431938 2.983821 

C 2.692718 -0.162874 2.334767 

C 2.816739 1.875719 0.360887 

C 1.648830 0.065250 -2.687814 

C 2.997830 -1.695820 -0.868706 
H 2.087855 -0.912567 2.855008 

H 3.472089 -0.662527 1.747150 

H 3.172792 0.490951 3.074627 

H 3.556456 1.266101 -0.175997 

H 2.284059 2.516913 -0.349243 

H 3.351157 2.511168 1.079088 
H 0.700836 0.526560 -2.985199 

H 2.364356 0.863521 -2.462111 

H 2.037374 -0.551541 -3.509318 

H 3.730692 -0.927005 -0.602160 

H 2.923019 -2.416552 -0.048633 

H 3.336236 -2.202816 -1.780116 
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cis-5
Me

    

Ni -2.291904 7.482863 8.092790 
P -3.167491 5.501956 7.748392 

P -3.160616 9.201477 9.868334 

P -0.486900 7.335714 6.879568 

C -2.025655 9.485707 8.534786 

C -3.825155 7.780348 9.286657 

C -2.088145 4.006961 7.549244 
C -3.991374 5.529643 6.076498 

C -4.326768 5.108541 8.986746 

C -4.314277 10.583656 10.307965 

C -2.123677 9.145193 11.402155 

C 0.348102 8.925512 6.672429 

C 0.781523 6.170126 7.580586 

C -0.688438 6.688007 5.162369 
P -2.393606 10.366631 7.000161 

H -1.021457 9.738148 8.883675 

P -4.764216 6.485220 9.907815 

H -1.429006 4.101939 6.678901 

H -1.482196 3.877121 8.452008 

H -2.719287 3.117821 7.417851 
H -4.742262 6.326861 6.093000 

H -3.271885 5.734207 5.275763 

H -4.493615 4.571748 5.881912 

H -4.883416 4.173956 9.009161 

H -4.950225 10.827334 9.452017 

H -4.955245 10.261228 11.139802 
H -3.754629 11.476026 10.615696 

H -2.742548 8.830904 12.250853 

H -1.331002 8.405878 11.246838 

H -1.682810 10.126380 11.622903 

Ni -0.897992 10.042683 5.451291 

P 1.613496 9.295308 5.485485 
H 0.541329 9.378310 7.647799 

H 1.090083 6.543882 8.563700 

H 0.345395 5.174396 7.709516 

H 1.661964 6.102970 6.929929 

H -1.003446 5.639660 5.202087 

H -1.450969 7.285997 4.656023 
H 0.238046 6.776055 4.586087 

C -2.588926 12.157157 7.462632 

C -4.126898 9.891863 6.581141 

C -4.559102 6.228447 11.732520 

C -6.575316 6.859015 9.831721 

P -1.923281 10.907502 3.714979 

C 0.607564 9.740283 4.226757 
C 2.880549 7.981879 5.158668 

C 2.678184 10.586243 6.280235 

H -3.377383 12.289186 8.213544 

H -1.637609 12.514245 7.873338 

H -2.826475 12.749813 6.573731 

H -4.130117 8.850350 6.248676 
H -4.792995 9.966974 7.446351 

H -4.488268 10.539121 5.775038 

H -3.499099 6.041737 11.933034 
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H -4.891227 7.112570 12.293642 
H -5.145596 5.361154 12.063064 

H -6.818392 7.718531 10.469986 

H -6.833392 7.092125 8.793634 

H -7.160046 5.991942 10.165911 

C -2.990625 12.414419 3.906939 
C -3.201497 9.691792 3.107062 

C -0.792515 11.262012 2.438883 

P 0.735552 10.539134 2.715322 

H 3.425423 7.725062 6.076042 

H 2.396981 7.086641 4.756455 

H 3.596106 8.356778 4.414186 

H 2.026649 11.403983 6.605732 
H 3.227299 10.180042 7.140051 

H 3.395027 10.973026 5.545968 

H -3.840734 12.226405 4.573467 

H -2.386027 13.233100 4.310937 

H -3.376057 12.714343 2.923218 
H -2.689062 8.747607 2.892768 

H -3.986247 9.511206 3.850882 

H -3.659139 10.063546 2.179651 

H -1.086969 11.685787 1.480984 

C 1.237254 9.374379 1.367159 

C 2.132855 11.754810 2.637458 
H 2.237915 8.966312 1.561161 

H 0.510027 8.556500 1.336779 

H 1.245390 9.889870 0.397837 

H 1.975339 12.503003 3.420995 

H 3.098303 11.254097 2.792064 

H 2.148150 12.255646 1.660506 
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trans-5
Me

  

Ni -3.447788 -3.755352 19.981523 
P -2.936084 -3.140970 22.463704 

P -4.931933 -5.250896 19.356697 

P -2.458550 -3.287394 18.097600 

C -2.363137 -2.281997 21.014890 

C -4.249152 -3.900434 21.759621 

C -1.487770 -4.157486 23.014859 
C -3.264304 -2.183704 24.018690 

C -6.121582 -4.470288 18.152122 

C -5.810575 -5.879523 20.722571 

C -4.402278 -6.735058 18.370312 

C -3.028040 -1.658712 17.537023 

C -2.593871 -4.451734 16.656016 

C -0.619144 -3.166480 18.184164 
P -2.932623 -0.653314 20.454312 

H -1.280095 -2.350491 20.885777 

P -5.359082 -5.135410 22.192942 

H -1.810641 -4.857224 23.794955 

H -1.129733 -4.727418 22.151142 

H -0.677969 -3.528286 23.408041 
H -2.397464 -1.577196 24.308584 

H -4.137085 -1.538683 23.880131 

H -3.482387 -2.899467 24.823307 

H -6.596977 -3.618850 18.650823 

H -5.601473 -4.113415 17.254089 

H -6.898919 -5.189313 17.858673 
H -6.580105 -6.643475 20.639531 

H -4.144501 -6.483048 17.337718 

H -3.540699 -7.203640 18.858337 

H -5.231799 -7.454627 18.363609 

Ni -1.943386 -0.185357 18.570389 

P -2.455098 -0.799738 16.088208 
H -4.111081 -1.590219 17.666139 

H -2.243675 -5.442674 16.964125 

H -3.634981 -4.534948 16.329625 

H -1.982122 -4.103215 15.818522 

H -0.336902 -2.483782 18.988990 

H -0.203597 -4.164171 18.374742 
H -0.222380 -2.755540 17.249079 

C -2.797298 0.511027 21.895895 

C -4.772029 -0.774224 20.367750 

C -4.679599 -6.325811 23.443369 

C -6.799550 -4.456041 23.132326 

P -0.459231 1.310175 19.195217 

C -1.142031 -0.040269 16.792288 
C -3.903417 0.216772 15.537055 

C -2.126877 -1.757003 14.533221 

H -3.409045 0.162511 22.733391 

H -1.756187 0.594241 22.222284 

H -3.147493 1.501967 21.587784 

H -5.054273 -1.456923 19.562925 
H -5.168794 -1.185161 21.302835 

H -5.187573 0.223468 20.177169 

H -3.779945 -6.784612 23.020190 
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H -4.424530 -5.808215 24.378257 
H -5.413143 -7.112025 23.665882 

H -6.468249 -4.015881 24.081866 

H -7.271718 -3.683908 22.516468 

H -7.528504 -5.249589 23.342575 

C 0.730411 0.529558 20.399791 
C 0.419419 1.938795 17.829343 

C -0.988876 2.794341 20.181601 

P -0.032097 1.194704 16.358968 

H -4.713216 -0.412433 15.143877 

H -4.261454 0.786704 16.400772 

H -3.580552 0.916510 14.756957 

H -1.254093 -2.402022 14.671779 
H -2.993715 -2.363514 14.243328 

H -1.908797 -1.041239 13.728604 

H 0.210299 0.172686 21.297823 

H 1.205800 -0.321884 19.901088 

H 1.507754 1.248576 20.693241 
H 1.188939 2.702757 17.912381 

H -1.850450 3.262929 19.693575 

H -1.246657 2.542332 21.214195 

H -0.159350 3.513904 20.188307 

C -0.711587 2.385126 15.108564 

C 1.408355 0.515335 15.419560 
H -0.966668 1.867543 14.173672 

H -1.611234 2.843925 15.531760 

H 0.021959 3.171339 14.886055 

H 1.880524 -0.256809 16.035402 

H 1.077038 0.075189 14.470018 

H 2.137312 1.308880 15.209311 
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cis-6
Me

  

Ni -2.025679 0.597417 -0.549669 
P -0.263571 1.865515 -0.681784 

P -2.800632 -1.615865 -1.699488 

P -3.394035 1.949829 0.434266 

C -3.580286 -0.641854 -0.572033 

C -1.150138 -0.989772 -1.517856 

C 1.154263 1.041668 -1.434796 
C -0.583680 3.400430 -1.683882 

C 0.300901 2.524099 0.940198 

C -3.063082 -3.444198 -1.625500 

C -3.277748 -1.259842 -3.440041 

C -2.951913 3.346384 1.544565 

C -4.487337 2.761291 -0.816086 

C -4.599101 0.973936 1.459236 
P -4.656268 -0.699339 0.714996 

P 0.110873 -1.704725 -0.420074 

H -0.692770 -0.716429 -2.472711 

Ni 1.785511 -0.363510 -0.084820 

P 2.817154 1.661294 -1.367362 

H 0.893522 0.621344 -2.408987 
H -0.826659 3.112484 -2.713192 

H -1.439578 3.941520 -1.263141 

H 0.289150 4.063677 -1.693108 

H -0.117585 3.525110 1.093195 

H -0.070925 1.861212 1.731195 

H 1.394807 2.553461 0.978360 
H -2.508796 -3.940432 -2.431098 

H -2.735050 -3.846173 -0.663701 

H -4.134897 -3.647800 -1.752242 

H -4.341252 -1.485269 -3.582241 

H -3.109940 -0.193414 -3.621901 

H -2.679029 -1.856314 -4.139918 
H -2.385307 2.933683 2.386486 

H -2.337173 4.068275 0.995842 

H -3.858823 3.849479 1.904329 

H -3.886931 3.419459 -1.454528 

H -4.930861 1.980201 -1.441757 

H -5.276363 3.351462 -0.331616 
H -4.154368 0.895739 2.460959 

H -5.589743 1.443702 1.506388 

C -6.409110 -1.042505 0.264295 

C -4.320580 -1.872715 2.079865 

C -0.811008 -2.211446 1.081060 

C 0.620999 -3.294608 -1.202260 

P 2.676237 -1.386337 1.593643 
C 3.243815 1.002695 0.129248 

C 3.674713 1.029943 -2.858859 

C 2.998212 3.493215 -1.527834 

H -6.745046 -0.300693 -0.467989 

H -6.471960 -2.039663 -0.188049 

H -7.056506 -1.013299 1.149067 
H -4.240142 -2.890307 1.679420 

H -3.376044 -1.564936 2.547144 

H -5.124961 -1.837087 2.825743 
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H -1.148769 -1.316020 1.620364 
H -1.673918 -2.839719 0.839622 

H -0.144866 -2.776005 1.739208 

H -0.249591 -3.934723 -1.393443 

H 1.160014 -3.077126 -2.129509 

H 1.331035 -3.806962 -0.546856 
C 2.030840 -0.742795 3.192157 

C 4.498532 -1.012025 1.648739 

C 2.725256 -3.214497 1.801373 

P 4.741095 0.580460 0.786663 

H 3.700572 -0.066721 -2.790065 

H 3.153067 1.358194 -3.767191 

H 4.702107 1.412143 -2.880456 
H 2.620985 3.843981 -2.496913 

H 2.449708 3.982942 -0.717254 

H 4.061811 3.754294 -1.442919 

H 2.241443 0.331293 3.234770 

H 0.940091 -0.853721 3.236563 
H 2.497659 -1.247174 4.048807 

H 4.910313 -1.024485 2.665937 

H 4.970521 -1.782659 1.026713 

H 1.718990 -3.631450 1.894320 

H 3.213200 -3.615986 0.905417 

H 3.300974 -3.475699 2.698678 
C 6.158700 0.350359 -0.349914 

C 5.367827 1.767270 2.047127 

H 5.877975 -0.455247 -1.041388 

H 6.344766 1.281685 -0.898201 

H 7.062920 0.075688 0.207920 

H 5.516537 2.744546 1.572747 

H 4.615801 1.873608 2.836130 
H 6.317257 1.427982 2.480014 

Cl -1.716622 0.446448 3.215420 

Cl 4.021395 -2.358434 -1.480874 

Anhang
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69  

7Me    

Ni 0.875232 0.007883 -0.007592 
P 0.931393 -2.203042 -0.169116 

P 0.889370 2.214983 0.169822 

C -1.014957 -0.007056 -0.020575 

C 2.057662 -2.976497 1.092209 

C 1.738834 -2.807191 -1.730431 

C -0.677117 -2.800128 -0.009028 
C 2.016155 3.013951 -1.074620 

C 1.676380 2.813635 1.743773 

C -0.725962 2.790469 0.001427 

P -1.845013 1.509230 -0.207501 

P -1.815101 -1.534883 0.196511 

H 3.094422 -2.642855 0.950005 

H 1.719814 -2.690816 2.093807 
H 2.028062 -4.071650 1.003559 

H 1.178293 -2.415240 -2.585433 

H 2.781057 -2.466010 -1.792982 

H 1.723212 -3.905654 -1.763958 

H -0.948216 -3.846474 0.105510 

H 3.055605 2.691291 -0.926501 
H 1.689995 2.733532 -2.081541 

H 1.972760 4.107776 -0.976149 

H 1.115223 2.404572 2.590301 

H 2.722751 2.486411 1.810635 

H 1.645057 3.911363 1.788880 

H -1.013489 3.834126 -0.095411 
C -2.718873 1.659465 -1.835482 

C -3.288471 1.656596 0.943346 

C -2.675004 -1.690549 1.832189 

C -3.263352 -1.714821 -0.943832 

H -1.973638 1.522579 -2.625712 

H -3.506478 0.905038 -1.942418 
H -3.164862 2.659054 -1.927060 

H -4.040522 0.884995 0.738867 

H -2.929488 1.558879 1.972197 

H -3.754680 2.641319 0.811082 

H -1.926951 -1.533946 2.616169 

H -3.477332 -0.952106 1.941207 
H -3.099382 -2.698577 1.933774 

H -4.030956 -0.958736 -0.738340 

H -2.912282 -1.614302 -1.975150 

H -3.707384 -2.708671 -0.804051 

Nachdrucke der diskutierten Publikationen
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70  

trans-8
Me

  

Ni -3.911916 -3.650354 19.862321 
P -2.936658 -3.466810 22.251409 

P -4.592434 -5.720449 19.440938 

P -3.040010 -3.194207 17.931412 

C -2.391248 -2.579294 20.829339 

C -4.632232 -3.693595 21.827328 

C -2.030470 -5.043960 22.318738 
C -2.693463 -2.741312 23.917352 

C -6.123507 -5.978444 18.456083 

C -5.060667 -6.444115 21.114641 

C -3.462728 -7.031613 18.800677 

C -3.012428 -1.388666 17.764005 

C -4.038247 -3.866304 16.537241 

C -1.352467 -3.797975 17.567685 
P -2.363663 -0.773752 20.661938 

H -1.400968 -2.925939 20.517916 

P -5.660711 -5.085664 22.165219 

H -2.090519 -5.531053 21.342708 

H -0.982050 -4.827652 22.552290 

H -2.434588 -5.695205 23.101562 
H -3.257430 -1.807346 24.007881 

H -3.059522 -3.447552 24.673396 

H -1.630108 -2.543192 24.095467 

H -6.854193 -5.209110 18.721444 

H -5.884892 -5.851689 17.395836 

H -6.532714 -6.983594 18.612145 
H -5.799257 -7.252267 21.046213 

H -4.152584 -6.848649 21.578679 

H -3.187376 -6.790706 17.768107 

H -2.547195 -7.066664 19.401670 

H -3.943059 -8.017556 18.812280 

Ni -1.491769 -0.317587 18.731031 
P -2.467024 -0.501147 16.341936 

H -4.002709 -1.042022 18.075432 

H -3.984480 -4.960254 16.548111 

H -5.075833 -3.548479 16.672837 

H -3.654113 -3.519097 15.574073 

H -0.634349 -3.344180 18.259295 
H -1.324937 -4.888850 17.661217 

H -1.071181 -3.537642 16.538673 

C -1.365417 -0.101666 22.056107 

C -4.051204 -0.169982 21.025675 

C -5.681915 -5.666936 23.891629 

C -7.346748 -4.643603 21.690084 

P -0.811306 1.752521 19.152424 
C -0.771456 -0.274316 16.766021 

C -3.373249 1.075980 16.274592 

C -2.710187 -1.226672 14.676001 

H -1.749535 -0.448893 23.019273 

H -0.327829 -0.419480 21.920494 

H -1.419193 0.992283 22.045256 
H -4.769329 -0.623798 20.334087 

H -4.332471 -0.430286 22.054700 

H -4.078740 0.920890 20.932111 

Anhang
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71  

H -4.673944 -5.965888 24.199000 
H -6.033184 -4.857163 24.540866 

H -6.355656 -6.525669 23.994275 

H -7.757663 -3.955233 22.437046 

H -7.309766 -4.131170 20.720541 

H -7.971514 -5.542068 21.643217 
C 0.719776 2.010536 20.137263 

C -0.343102 2.476212 17.478725 

C -1.941030 3.063653 19.792716 

P 0.256984 1.117783 16.428142 

H -4.421673 0.859639 16.041084 

H -3.313181 1.563102 17.250607 

H -2.969175 1.727213 15.491736 
H -2.146210 -2.160634 14.585498 

H -3.773537 -1.424805 14.497872 

H -2.344122 -0.520442 13.919952 

H 0.481173 1.883792 21.197514 

H 1.450460 1.241200 19.871902 
H 1.128979 3.015685 19.981187 

H 0.395463 3.284387 17.547156 

H -1.251197 2.880719 17.014687 

H -2.856579 3.098683 19.191746 

H -2.216350 2.822735 20.825292 

H -1.460724 4.049608 19.781105 
C 0.278185 1.699069 14.701736 

C 1.943029 0.675760 16.903284 

H 0.629440 0.889297 14.052491 

H -0.729783 1.998038 14.394373 

H 0.951938 2.557794 14.599095 

H 1.906046 0.163271 17.872798 

H 2.353986 -0.012550 16.156290 
H 2.567761 1.574246 16.950216 

H -0.197952 -1.203200 16.701456 

H -5.205706 -2.764693 21.891892 

Cl 0.609381 -1.513691 19.475935 

Cl -6.013060 -2.454236 19.117391 

Nachdrucke der diskutierten Publikationen
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72  

2-2-2  

C 5.264874000 -0.471342000 -0.183858000 

P 4.024924000 0.809909000 -0.696983000 

H 6.250318000 -0.135832000 -0.529313000 

H 5.299821000 -0.602567000 0.904831000 

H 5.059303000 -1.433389000 -0.666778000 

C 4.450611000 2.192963000 0.461204000 

C 2.482877000 0.132339000 0.259447000 

H 4.535880000 1.856714000 1.501579000 

H 5.416984000 2.602111000 0.142261000 

H 3.707163000 2.994547000 0.384134000 

P 1.370808000 -0.697494000 -0.888981000 

H 2.766875000 -0.556490000 1.066784000 

H 1.954473000 0.988533000 0.694957000 

C 0.694747000 0.495776000 -2.066310000 

C 2.249355000 -1.994860000 -1.792078000 

C -0.000829000 -1.577305000 -0.015975000 

H 0.197063000 1.315458000 -1.538252000 

H 1.533403000 0.905539000 -2.641679000 

H -0.010863000 0.003845000 -2.744617000 

H 3.069810000 -1.528603000 -2.349710000 

H 2.654978000 -2.731443000 -1.089779000 

H 1.570105000 -2.490427000 -2.494694000 

P -1.368475000 -0.700854000 0.866561000 

H 0.477615000 -2.239625000 0.719554000 

H -0.482412000 -2.229218000 -0.758743000 

C -0.687861000 0.479838000 2.053921000 

C -2.249867000 -2.003542000 1.759260000 

C -2.479122000 0.142795000 -0.273245000 

H 0.015849000 -0.020276000 2.728224000 

H -0.187291000 1.302246000 1.532909000 

H -1.525153000 0.887696000 2.632646000 

H -2.658000000 -2.733214000 1.051218000 

H -1.570972000 -2.506543000 2.456926000 

H -3.068506000 -1.540001000 2.321792000 

P -4.016788000 0.817895000 0.691900000 

H -2.766949000 -0.538300000 -1.085735000 

H -1.948148000 1.000538000 -0.702557000 

C -5.263370000 -0.451936000 0.166720000 

C -4.437594000 2.215171000 -0.450899000 

H -5.302105000 -0.569282000 -0.923439000 

H -5.059810000 -1.420715000 0.636881000 

H -6.246466000 -0.117132000 0.519455000 

H -3.690354000 3.012486000 -0.366586000 

H -4.525990000 1.890140000 -1.494563000 

H -5.401608000 2.625353000 -0.126191000 

Anhang
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73  

2-1-2    

C -5.309071000 -0.717672000 -0.457123000 

P -4.221834000 0.044836000 0.847498000 

H -6.319412000 -0.827064000 -0.045594000 

H -5.360441000 -0.096951000 -1.361261000 

H -4.948586000 -1.717058000 -0.724522000 

C -4.941503000 1.760172000 0.888342000 

C -2.687081000 0.419600000 -0.206019000 

H -5.027938000 2.197099000 -0.114771000 

H -5.939259000 1.708333000 1.339994000 

H -4.319250000 2.408494000 1.516212000 

P -1.333947000 -0.816438000 -0.107394000 

H -2.942989000 0.553279000 -1.266288000 

H -2.258313000 1.367576000 0.146465000 

C -0.840160000 -0.819373000 1.646347000 

C -2.081233000 -2.431806000 -0.474380000 

C -0.005171000 -0.556111000 -1.160333000 

H -0.360457000 0.132699000 1.899229000 

H -1.733135000 -0.937847000 2.270155000 

H -0.137612000 -1.638198000 1.828167000 

H -2.933868000 -2.601504000 0.191606000 

H -2.425363000 -2.443765000 -1.514382000 

H -1.333696000 -3.218031000 -0.331992000 

P 1.334629000 0.489698000 -0.916901000 

H -0.061847000 -1.033331000 -2.134931000 

C 0.887413000 2.181293000 -0.394224000 

C 2.221144000 0.633464000 -2.495776000 

C 2.539165000 -0.068600000 0.346930000 

H 0.278672000 2.651509000 -1.173140000 

H 0.306729000 2.136661000 0.534413000 

H 1.795708000 2.767965000 -0.214861000 

H 2.569010000 -0.356032000 -2.809849000 

H 1.543324000 1.038593000 -3.253601000 

H 3.079321000 1.302135000 -2.373746000 

P 4.134711000 0.955824000 0.448108000 

H 2.749135000 -1.131885000 0.169113000 

H 2.028904000 0.009244000 1.316006000 

C 5.235053000 -0.103400000 -0.616389000 

C 4.699230000 0.394366000 2.130144000 

H 5.195237000 -1.159735000 -0.319741000 

H 4.954461000 -0.013372000 -1.671355000 

H 6.266241000 0.254600000 -0.513521000 

H 4.047751000 0.820910000 2.901770000 

H 4.705064000 -0.699650000 2.220041000 

H 5.715269000 0.769873000 2.300055000 

Nachdrucke der diskutierten Publikationen
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74  

2-2-1    

C 1.513654000 -0.909141000 -2.343901000 

P 2.582139000 -0.772162000 -0.813482000 

H 2.137887000 -0.751287000 -3.232046000 

H 1.036390000 -1.895869000 -2.422853000 

H 0.738649000 -0.133074000 -2.340691000 

C 3.767768000 -2.159387000 -1.188217000 

C 1.543311000 -1.467525000 0.480375000 

H 3.235577000 -3.101526000 -1.375367000 

H 4.364804000 -1.904234000 -2.072637000 

H 4.444573000 -2.295983000 -0.337547000 

P 1.346126000 -0.725800000 1.969787000 

H 1.047865000 -2.435592000 0.370806000 

C 1.149142000 -1.890448000 3.359225000 

C 2.665817000 0.454889000 2.395320000 

C -0.234402000 0.350469000 2.255999000 

H 0.364973000 -2.614573000 3.110653000 

H 2.093446000 -2.426523000 3.498634000 

H 0.878646000 -1.364919000 4.282336000 

H 3.593989000 -0.105008000 2.547584000 

H 2.820299000 1.147800000 1.563364000 

H 2.411288000 1.003932000 3.308321000 

P -0.846175000 1.199552000 0.775347000 

H -0.061893000 1.088551000 3.050540000 

H -1.038860000 -0.319457000 2.587011000 

C 0.471729000 2.153681000 -0.008072000 

C -2.154909000 2.356791000 1.264329000 

C -1.505615000 -0.023847000 -0.374631000 

H 0.829217000 2.920977000 0.687653000 

H 1.302237000 1.490640000 -0.289615000 

H 0.065990000 2.630411000 -0.907198000 

H -2.984510000 1.812777000 1.727965000 

H -1.755811000 3.087550000 1.976019000 

H -2.515925000 2.880410000 0.372170000 

P -2.221185000 0.719491000 -1.971088000 

H -2.245041000 -0.637792000 0.159324000 

H -0.646835000 -0.663566000 -0.622058000 

C -4.013145000 0.829495000 -1.477772000 

C -2.262367000 -0.846769000 -2.968862000 

H -4.379858000 -0.111722000 -1.047460000 

H -4.171314000 1.642484000 -0.760602000 

H -4.601431000 1.059584000 -2.373993000 

H -1.240304000 -1.147625000 -3.221136000 

H -2.764243000 -1.662978000 -2.434120000 

H -2.803392000 -0.645776000 -3.900917000 

Anhang

212



75  

2-1-1    

C -4.344678000 0.689660000 -0.249316000 

P -2.818053000 1.469850000 0.489940000 

H -5.182447000 1.393513000 -0.172438000 

H -4.192825000 0.430626000 -1.306261000 

H -4.612064000 -0.217100000 0.304668000 

C -2.503574000 2.775433000 -0.803989000 

C -1.532384000 0.221582000 -0.075601000 

H -2.493837000 2.352173000 -1.817423000 

H -3.286978000 3.540902000 -0.743108000 

H -1.537492000 3.254787000 -0.608126000 

P -1.085470000 -1.121904000 1.094887000 

H -1.825488000 -0.248456000 -1.023926000 

H -0.575690000 0.736653000 -0.241903000 

C -0.575538000 -0.218013000 2.606999000 

C -2.631160000 -1.973534000 1.570359000 

C 0.000319000 -2.267223000 0.465345000 

H 0.335879000 0.337763000 2.367463000 

H -1.359504000 0.477006000 2.930758000 

H -0.358462000 -0.946526000 3.395918000 

H -3.318028000 -1.263288000 2.042330000 

H -3.099800000 -2.407632000 0.681554000 

H -2.394259000 -2.773456000 2.280113000 

P 1.426789000 -1.750347000 -0.401030000 

H -0.269212000 -3.317031000 0.554985000 

C 1.147674000 -1.708738000 -2.220332000 

C 2.594808000 -3.182846000 -0.251788000 

C 1.963391000 -0.217073000 0.122476000 

H 0.756440000 -2.684294000 -2.532382000 

H 0.419740000 -0.927528000 -2.458724000 

H 2.080127000 -1.489545000 -2.751817000 

H 2.912984000 -3.267837000 0.793055000 

H 2.114205000 -4.121718000 -0.558735000 

H 3.472501000 -2.999081000 -0.882690000 

P 2.633286000 1.029132000 -0.958848000 

H 2.145669000 -0.155380000 1.199731000 

C 4.392068000 1.274958000 -0.341110000 

C 1.924792000 2.604057000 -0.213536000 

H 4.416634000 1.401599000 0.751564000 

H 4.991272000 0.394655000 -0.604572000 

H 4.845983000 2.159075000 -0.810460000 

H 0.847830000 2.653820000 -0.417514000 

H 2.078003000 2.638146000 0.875616000 

H 2.400950000 3.485761000 -0.664034000 

Nachdrucke der diskutierten Publikationen
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76  

1-2-1    

C -3.966200000 -1.957632000 0.620799000 

P -2.211728000 -1.564901000 0.090334000 

H -4.132064000 -3.043104000 0.589918000 

H -4.168647000 -1.599609000 1.640960000 

H -4.670926000 -1.475778000 -0.067431000 

C -1.336973000 -2.401983000 1.520433000 

C -2.076092000 0.173783000 0.482007000 

H -1.677396000 -2.006055000 2.488955000 

H -1.537559000 -3.481832000 1.494294000 

H -0.254193000 -2.251335000 1.427768000 

P -1.478271000 1.316441000 -0.597805000 

H -2.413737000 0.566858000 1.445955000 

C -0.939754000 0.604113000 -2.179910000 

C -2.645347000 2.678823000 -1.040965000 

C -0.036044000 2.332835000 0.005226000 

H -0.053680000 -0.008987000 -1.997457000 

H -1.744255000 -0.013411000 -2.589615000 

H -0.694518000 1.418448000 -2.871466000 

H -3.497934000 2.242351000 -1.573542000 

H -3.012489000 3.144634000 -0.118620000 

H -2.165968000 3.443312000 -1.665931000 

P 1.438622000 1.361491000 0.604997000 

H -0.398042000 2.976807000 0.819421000 

H 0.305032000 2.992332000 -0.805678000 

C 0.923188000 0.626633000 2.184495000 

C 2.559649000 2.760367000 1.053665000 

C 2.072000000 0.242707000 -0.479381000 

H 0.648170000 1.430029000 2.877681000 

H 0.059706000 -0.017147000 1.999258000 

H 1.748421000 0.037107000 2.594197000 

H 2.914189000 3.238723000 0.132808000 

H 2.053407000 3.508321000 1.677563000 

H 3.424328000 2.351502000 1.588688000 

P 2.274417000 -1.489652000 -0.089962000 

H 2.393563000 0.649430000 -1.443138000 

C 4.043407000 -1.815575000 -0.618860000 

C 1.432665000 -2.355267000 -1.522521000 

H 4.234192000 -1.448467000 -1.638081000 

H 4.728837000 -1.309111000 0.071255000 

H 4.249807000 -2.894150000 -0.589608000 

H 0.345124000 -2.245645000 -1.429579000 

H 1.757595000 -1.943402000 -2.489677000 

H 1.673770000 -3.426825000 -1.499759000 

Anhang

214



77  

2-0-2    

C 5.143258000 0.019338000 0.618367000 

P 4.096022000 -0.445716000 -0.854340000 

H 6.197800000 -0.172273000 0.384787000 

H 5.022230000 1.080261000 0.877621000 

H 4.867201000 -0.591868000 1.483468000 

C 4.638151000 0.915952000 -2.014584000 

C 2.451183000 0.285467000 -0.315444000 

H 4.553900000 1.906098000 -1.545793000 

H 5.681594000 0.749856000 -2.311005000 

H 4.019125000 0.895264000 -2.919618000 

P 1.255770000 -0.779835000 0.649859000 

H 2.604903000 1.201951000 0.271358000 

H 1.906667000 0.571142000 -1.226094000 

C 0.913575000 -2.132719000 -0.572638000 

C 2.303835000 -1.636704000 1.890901000 

C -0.002339000 -0.000492000 1.370788000 

H 0.363468000 -1.713184000 -1.423468000 

H 1.843222000 -2.590401000 -0.934330000 

H 0.287059000 -2.891010000 -0.089944000 

H 3.137233000 -2.167154000 1.415219000 

H 2.685132000 -0.899395000 2.604998000 

H 1.670543000 -2.349257000 2.430290000 

P -1.258018000 0.779423000 0.646268000 

C -0.911805000 2.133049000 -0.574274000 

C -2.310160000 1.635747000 1.884248000 

C -2.450268000 -0.285275000 -0.323532000 

H -0.286604000 2.890859000 -0.089134000 

H -0.359218000 1.713967000 -1.423707000 

H -1.840238000 2.591199000 -0.938491000 

H -2.693876000 0.898187000 2.596790000 

H -1.678706000 2.348134000 2.426006000 

H -3.141922000 2.166382000 1.405919000 

P -4.092876000 0.446352000 -0.868562000 

H -2.606380000 -1.201842000 0.262492000 

H -1.902396000 -0.570911000 -1.232176000 

C -5.146023000 -0.019865000 0.599568000 

C -4.630226000 -0.914401000 -2.032129000 

H -5.026357000 -1.081093000 0.858180000 

H -4.873019000 0.590343000 1.466347000 

H -6.199584000 0.172402000 0.362146000 

H -4.007527000 -0.892866000 -2.934623000 

H -4.547761000 -1.904954000 -1.563878000 

H -5.672469000 -0.748157000 -2.332659000 

Nachdrucke der diskutierten Publikationen
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78  

2-2-0    

C -3.246686000 1.290204000 -1.712471000 

P -2.620103000 1.899720000 -0.043714000 

H -3.642535000 2.137586000 -2.288835000 

H -2.462171000 0.799945000 -2.304595000 

H -4.063243000 0.577495000 -1.546464000 

C -1.222826000 2.999058000 -0.633467000 

C -1.853458000 0.633593000 0.845696000 

H -0.492046000 2.454725000 -1.246034000 

H -1.634133000 3.827901000 -1.224247000 

H -0.710852000 3.413152000 0.242177000 

P -1.881244000 -0.987294000 0.895277000 

C -1.410416000 -1.747620000 2.497528000 

C -3.240081000 -2.063919000 0.239222000 

C 0.177796000 -2.642884000 -0.267417000 

H -0.512375000 -1.244975000 2.869131000 

H -2.215781000 -1.623927000 3.232518000 

H -1.201593000 -2.813116000 2.350678000 

H -4.123807000 -2.007366000 0.887984000 

H -3.509643000 -1.719054000 -0.763850000 

H -2.892081000 -3.102368000 0.183756000 

P 1.194765000 -1.393909000 -0.828688000 

H -0.341839000 -3.211492000 -1.038086000 

H 0.542732000 -3.224714000 0.577858000 

C 0.307481000 -0.408720000 -2.072933000 

C 2.811623000 -1.796119000 -1.635163000 

C 1.612742000 -0.260723000 0.539904000 

H -0.021129000 -1.063582000 -2.887478000 

H -0.563666000 0.031997000 -1.578766000 

H 0.955323000 0.380697000 -2.466556000 

H 3.437369000 -2.353145000 -0.928284000 

H 2.620963000 -2.430165000 -2.508787000 

H 3.336705000 -0.885257000 -1.952095000 

P 2.693546000 1.214614000 0.108049000 

H 2.044534000 -0.849483000 1.361695000 

H 0.645980000 0.145328000 0.877871000 

C 4.358760000 0.571192000 0.654167000 

C 2.266402000 2.258246000 1.590048000 

H 4.311528000 0.138373000 1.663099000 

H 4.716972000 -0.191519000 -0.046472000 

H 5.080745000 1.397024000 0.655840000 

H 1.208542000 2.537675000 1.529567000 

H 2.437954000 1.716895000 2.530208000 

H 2.875072000 3.170574000 1.583629000 

Anhang
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79  

2-1-0    

C 3.712258000 6.636720000 6.949356000 

P 5.494234000 6.161590000 7.282244000 

H 3.042468000 6.032878000 7.576717000 

H 3.536836000 7.701363000 7.161777000 

H 3.467503000 6.443072000 5.898692000 

C 5.635628000 6.830182000 9.022637000 

C 6.381389000 7.547025000 6.403994000 

H 5.297048000 7.874178000 9.079604000 

H 5.036739000 6.218323000 9.710815000 

H 6.686589000 6.790710000 9.331827000 

P 6.915757000 7.320638000 4.648979000 

H 5.797487000 8.477912000 6.442338000 

H 7.348200000 7.746958000 6.894220000 

C 7.940300000 5.793926000 4.694486000 

C 5.394150000 6.777259000 3.757754000 

C 7.507375000 8.694903000 3.867009000 

H 8.898212000 6.111326000 5.126355000 

H 7.466790000 5.012681000 5.305384000 

H 8.078783000 5.439513000 3.664369000 

H 5.024702000 5.837492000 4.184275000 

H 4.620755000 7.548441000 3.841603000 

H 5.635930000 6.623775000 2.699811000 

P 8.936991000 9.447246000 4.605627000 

H 7.052401000 8.987372000 2.919941000 

C 8.503800000 11.266730000 4.833221000 

C 10.138858000 9.653191000 3.164902000 

C 9.432012000 8.546206000 5.906604000 

H 8.209078000 11.745772000 3.887156000 

H 7.674838000 11.329475000 5.547906000 

H 9.374351000 11.786051000 5.255587000 

H 10.512457000 8.655292000 2.905177000 

H 9.670249000 10.112642000 2.279305000 

H 10.983377000 10.275050000 3.493969000 

P 10.230639000 9.258330000 7.285242000 

C 11.802861000 8.208492000 7.521024000 

C 9.341622000 8.454292000 8.769198000 

H 11.553128000 7.135827000 7.452402000 

H 12.513593000 8.448335000 6.718158000 

H 12.282780000 8.413365000 8.493139000 

H 8.337261000 8.889189000 8.868618000 

H 9.239826000 7.366921000 8.602270000 

H 9.890946000 8.624360000 9.709404000 

Nachdrucke der diskutierten Publikationen
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80  

2-0-1    

C 4.598700000 1.091031000 1.071685000 

P 3.179231000 1.260005000 -0.179418000 

H 5.352217000 1.884192000 0.938927000 

H 4.215521000 1.136150000 2.104188000 

H 5.084411000 0.117255000 0.925950000 

C 2.572013000 2.921540000 0.490726000 

C 1.935719000 0.134197000 0.365780000 

H 2.296860000 2.835631000 1.554335000 

H 3.345522000 3.698661000 0.386369000 

H 1.682037000 3.228784000 -0.073311000 

P 1.422020000 -1.276528000 -0.525436000 

H 1.726002000 0.066414000 1.438725000 

C 1.330079000 -0.740811000 -2.307946000 

C 2.787165000 -2.541765000 -0.683934000 

C 0.037904000 -2.118480000 -0.014570000 

H 0.502670000 -0.029669000 -2.409896000 

H 2.263028000 -0.248671000 -2.613926000 

H 1.135229000 -1.620251000 -2.935298000 

H 3.685114000 -2.069826000 -1.106023000 

H 3.014202000 -2.920353000 0.319951000 

H 2.467369000 -3.380220000 -1.318185000 

P -1.212915000 -1.257521000 0.608276000 

C -1.118667000 -0.585931000 2.348637000 

C -2.759536000 -2.265810000 0.707019000 

C -1.747007000 0.307795000 -0.303339000 

H -0.898918000 -1.420130000 3.026025000 

H -0.284184000 0.123656000 2.377477000 

H -2.044588000 -0.079848000 2.657420000 

H -3.084628000 -2.519266000 -0.308290000 

H -2.517146000 -3.194020000 1.237422000 

H -3.560900000 -1.733002000 1.235984000 

P -3.264811000 1.272574000 0.183860000 

H -1.797220000 0.042564000 -1.369739000 

H -0.866265000 0.956163000 -0.171986000 

C -4.561807000 0.359779000 -0.811830000 

C -3.060428000 2.741274000 -0.964574000 

H -4.236548000 0.221147000 -1.853526000 

H -4.745784000 -0.624586000 -0.368753000 

H -5.501710000 0.927694000 -0.802686000 

H -2.207320000 3.343160000 -0.628547000 

H -2.874275000 2.413403000 -1.997469000 

H -3.960619000 3.371288000 -0.943862000 

Anhang
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81  

1-1-1    

C 4.847801000 -0.861875000 0.037237000 

P 3.115279000 -1.046748000 0.776571000 

H 5.503120000 -1.688911000 0.352371000 

H 4.804439000 -0.845225000 -1.063416000 

H 5.284642000 0.084410000 0.381982000 

C 2.694209000 -2.641272000 -0.139272000 

C 2.152626000 0.165312000 -0.075170000 

H 2.793463000 -2.505948000 -1.227847000 

H 3.352768000 -3.464426000 0.177572000 

H 1.654550000 -2.910211000 0.083402000 

P 1.248042000 1.417969000 0.670000000 

H 2.219686000 0.258513000 -1.162112000 

C 0.666786000 0.801565000 2.311908000 

C 2.235937000 2.914157000 1.195196000 

C -0.006593000 2.100619000 -0.303764000 

H -0.128118000 0.073921000 2.119116000 

H 1.490560000 0.313056000 2.847775000 

H 0.266829000 1.638238000 2.898445000 

H 3.036208000 2.583652000 1.869101000 

H 2.686200000 3.363197000 0.301910000 

H 1.607212000 3.658661000 1.703786000 

P -1.242269000 1.164141000 -1.066906000 

H -0.005603000 3.175924000 -0.460700000 

C -0.639373000 0.144000000 -2.485317000 

C -2.245600000 2.451040000 -1.976979000 

C -2.137018000 0.141178000 -0.020682000 

H -0.233301000 0.803602000 -3.262577000 

H 0.154419000 -0.504247000 -2.100694000 

H -1.453481000 -0.471595000 -2.888487000 

H -2.704538000 3.119559000 -1.238885000 

H -1.623436000 3.037466000 -2.667751000 

H -3.038986000 1.940388000 -2.536864000 

P -3.024940000 -1.305108000 -0.510480000 

H -2.216600000 0.517425000 1.002317000 

C -4.766418000 -1.025196000 0.173952000 

C -2.519392000 -2.579818000 0.786650000 

H -4.729135000 -0.704371000 1.227257000 

H -5.259445000 -0.237848000 -0.411035000 

H -5.368923000 -1.944433000 0.106360000 

H -1.464212000 -2.836838000 0.633586000 

H -2.633962000 -2.172982000 1.803698000 

H -3.126330000 -3.494141000 0.699147000 

Nachdrucke der diskutierten Publikationen
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82  

1-2-0    

C 2.564250000 7.740101000 5.717880000 

P 4.077011000 6.973685000 6.534337000 

H 1.661440000 7.536511000 6.312312000 

H 2.682367000 8.829678000 5.614363000 

H 2.436683000 7.306095000 4.718637000 

C 4.012519000 8.021020000 8.102733000 

C 5.411891000 7.660314000 5.592456000 

H 4.022659000 9.094443000 7.859278000 

H 3.107603000 7.797993000 8.688037000 

H 4.892887000 7.797107000 8.717728000 

P 6.826647000 6.757560000 5.293950000 

H 5.528229000 8.740792000 5.493502000 

C 7.913092000 6.339532000 6.718786000 

C 6.394914000 5.085051000 4.658339000 

C 7.897979000 7.561656000 4.072659000 

H 8.284658000 7.258642000 7.186492000 

H 7.314259000 5.767998000 7.440425000 

H 8.783348000 5.755086000 6.398325000 

H 5.677269000 4.628688000 5.351179000 

H 5.923220000 5.189556000 3.675584000 

H 7.293009000 4.459828000 4.582802000 

P 9.154950000 8.938356000 4.685312000 

H 7.244950000 7.934527000 3.272807000 

H 8.573071000 6.799805000 3.661309000 

C 7.941070000 10.162068000 5.441528000 

C 9.393221000 9.698471000 3.003908000 

C 10.543107000 8.466504000 5.383529000 

H 7.035583000 10.289570000 4.831833000 

H 7.657409000 9.809198000 6.439235000 

H 8.455348000 11.125554000 5.544606000 

H 9.955496000 8.992458000 2.381869000 

H 8.436978000 9.946531000 2.520232000 

H 9.995714000 10.605971000 3.129658000 

P 10.841507000 8.466817000 7.110636000 

C 12.461479000 9.440509000 7.268757000 

C 11.661319000 6.782511000 7.417883000 

H 13.191089000 9.082105000 6.524566000 

H 12.258547000 10.501909000 7.073265000 

H 12.884938000 9.339427000 8.281245000 

H 10.903847000 5.989815000 7.356298000 

H 12.428117000 6.593252000 6.649252000 

H 12.123227000 6.747006000 8.417569000 

Anhang
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83  

2-0-0    

C -4.499469000 0.542371000 -0.774433000 

P -3.143021000 1.219878000 0.340950000 

H -5.418018000 1.141048000 -0.670643000 

H -4.179552000 0.557109000 -1.828297000 

H -4.721183000 -0.494290000 -0.494315000 

C -2.907440000 2.852902000 -0.572584000 

C -1.681706000 0.283512000 -0.292454000 

H -2.752184000 2.680947000 -1.648510000 

H -3.777707000 3.514509000 -0.434575000 

H -2.014575000 3.350109000 -0.172967000 

P -1.147423000 -1.418779000 0.369250000 

H -1.748406000 0.177183000 -1.386906000 

H -0.740986000 0.840607000 -0.079974000 

C -1.047742000 -0.993344000 2.192306000 

C -2.725266000 -2.403417000 0.324906000 

C 0.078207000 -2.178618000 -0.409273000 

H -0.164786000 -0.341732000 2.267646000 

H -1.946579000 -0.480328000 2.572614000 

H -0.872380000 -1.921723000 2.753777000 

H -3.526896000 -1.893890000 0.881011000 

H -3.027347000 -2.547681000 -0.720123000 

H -2.526777000 -3.386133000 0.772446000 

P 1.574945000 -1.284133000 -0.458195000 

C 2.188322000 -1.439297000 -2.249839000 

C 2.872795000 -2.453383000 0.299485000 

C 1.644435000 0.287151000 0.170082000 

H 2.231705000 -2.491878000 -2.574214000 

H 1.474139000 -0.896311000 -2.882745000 

H 3.178941000 -0.967012000 -2.334165000 

H 2.679294000 -2.490870000 1.379923000 

H 2.801875000 -3.471418000 -0.119419000 

H 3.879133000 -2.038866000 0.129219000 

P 3.027727000 1.291996000 -0.102750000 

C 3.588098000 1.878682000 1.647636000 

C 2.285718000 3.017634000 -0.512891000 

H 2.699905000 2.195285000 2.226218000 

H 4.052433000 1.028703000 2.169488000 

H 4.317090000 2.711361000 1.600346000 

H 1.834287000 2.973952000 -1.514799000 

H 1.487148000 3.250868000 0.216764000 

H 3.049298000 3.818857000 -0.495919000 

Nachdrucke der diskutierten Publikationen
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84  

1-1-0    

C 4.504270000 -1.364213000 -0.503872000 

C 3.149398000 -0.766291000 -0.808083000 

H 4.562768000 -2.417507000 -0.841699000 

H 5.394287000 -0.858856000 -0.964000000 

H 4.707700000 -1.384594000 0.579557000 

P 2.456340000 0.560939000 0.011682000 

H 2.752257000 -0.915231000 -1.812598000 

C 3.026207000 0.368911000 1.807687000 

C 3.239572000 2.278501000 -0.254297000 

C 0.793173000 0.858721000 -0.238566000 

H 2.569404000 -0.539980000 2.215877000 

H 4.122529000 0.300595000 1.901395000 

H 2.668179000 1.237579000 2.375542000 

H 4.325787000 2.214700000 -0.090377000 

H 3.045637000 2.583800000 -1.290185000 

H 2.814432000 3.030363000 0.429089000 

P -0.597591000 -0.243919000 -0.095142000 

H 0.497888000 1.906053000 -0.192999000 

C -0.078309000 -1.497281000 1.231550000 

C -0.453413000 -1.429639000 -1.563551000 

C -2.045621000 0.539259000 0.166676000 

H 0.944473000 -1.869135000 1.055942000 

H -0.139149000 -0.990177000 2.203144000 

H -0.791228000 -2.335680000 1.220205000 

H -0.574010000 -0.838396000 -2.480001000 

H 0.533882000 -1.912919000 -1.562471000 

H -1.258346000 -2.177417000 -1.509914000 

P -3.548131000 -0.177080000 -0.305332000 

C -4.625656000 1.337652000 -0.793051000 

C -4.543175000 -0.429086000 1.335035000 

H -4.515781000 2.126733000 -0.025849000 

H -4.257325000 1.735125000 -1.750425000 

H -5.693492000 1.068335000 -0.901576000 

H -4.104007000 -1.275046000 1.885251000 

H -4.449860000 0.476904000 1.963187000 

H -5.613970000 -0.643567000 1.147625000 

Anhang
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85  

1-0-1    

C 5.343584000 0.237824000 -0.020485000 

P 3.765269000 -0.557304000 -0.774029000 

H 6.244879000 0.028784000 -0.625762000 

H 5.223147000 1.331437000 0.067846000 

H 5.491305000 -0.174130000 0.987472000 

C 3.859921000 0.491317000 -2.363163000 

C 2.408348000 0.103231000 0.101850000 

H 3.804808000 1.565924000 -2.119560000 

H 4.792289000 0.303200000 -2.924433000 

H 3.001013000 0.239721000 -2.998914000 

P 1.237361000 -0.817471000 1.057233000 

H 2.338207000 1.182343000 0.268786000 

C 0.746405000 -2.267518000 -0.036150000 

C 2.198868000 -1.787726000 2.345315000 

C -0.000217000 -0.024071000 1.852397000 

H 0.062831000 -1.881340000 -0.801377000 

H 1.629811000 -2.715673000 -0.516556000 

H 0.219130000 -3.019377000 0.569153000 

H 3.032003000 -2.322175000 1.864840000 

H 2.596050000 -1.066816000 3.071187000 

H 1.537452000 -2.497016000 2.865234000 

P -1.231289000 0.787373000 1.065372000 

C -0.731160000 2.259585000 0.006789000 

C -2.200301000 1.731299000 2.367302000 

C -2.396518000 -0.110977000 0.082100000 

H -0.206569000 2.997062000 0.631759000 

H -0.043251000 1.888617000 -0.762056000 

H -1.610959000 2.719436000 -0.469156000 

H -2.606181000 0.995529000 3.073195000 

H -1.540631000 2.425973000 2.908657000 

H -3.027268000 2.279726000 1.891897000 

P -3.746173000 0.570180000 -0.789523000 

H -2.332835000 -1.193106000 0.231644000 

C -5.334319000 -0.221790000 -0.052028000 

C -3.841478000 -0.459233000 -2.390487000 

H -5.223496000 -1.317453000 0.022386000 

H -5.482411000 0.178122000 0.960724000 

H -6.231596000 0.003024000 -0.657683000 

H -2.978508000 -0.206372000 -3.020173000 

H -3.794629000 -1.536776000 -2.158531000 

H -4.770494000 -0.258385000 -2.952774000 

Nachdrucke der diskutierten Publikationen
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86  

0-2-0    

C 5.298710000 0.138840000 -0.914505000 

P 4.021057000 -0.333316000 0.440363000 

H 6.327211000 -0.148670000 -0.627846000 

H 5.026910000 -0.353493000 -1.864895000 

H 5.267473000 1.227319000 -1.068495000 

C 4.402791000 -2.192922000 0.293654000 

C 2.464285000 -0.202077000 -0.331560000 

H 4.198932000 -2.533665000 -0.736200000 

H 5.453203000 -2.409052000 0.556024000 

H 3.742924000 -2.745444000 0.976655000 

P 1.440136000 1.031074000 0.035456000 

C 1.209232000 1.603156000 1.825442000 

C 1.812121000 2.739571000 -0.710721000 

C -0.322730000 0.843447000 -0.534532000 

H 0.729674000 0.799620000 2.393400000 

H 2.209634000 1.782083000 2.240552000 

H 0.601935000 2.517712000 1.903143000 

H 2.753771000 3.104610000 -0.274940000 

H 1.955692000 2.604918000 -1.790353000 

H 1.012059000 3.476702000 -0.531787000 

P -1.395352000 -0.713694000 -0.274607000 

H -0.335199000 1.000421000 -1.622331000 

H -0.899923000 1.667929000 -0.091096000 

C -0.834430000 -1.241785000 1.438118000 

C -0.454631000 -1.905618000 -1.319284000 

C -2.992929000 -0.606509000 -0.673260000 

H 0.262939000 -1.273327000 1.495240000 

H -1.240919000 -0.537764000 2.174582000 

H -1.257129000 -2.235613000 1.635471000 

H -0.723432000 -1.716938000 -2.366153000 

H 0.626186000 -1.757358000 -1.163288000 

H -0.763000000 -2.926587000 -1.055385000 

P -4.166625000 0.050393000 0.435361000 

C -5.706133000 -1.035528000 0.110665000 

C -4.921156000 1.553704000 -0.488588000 

H -5.859175000 -1.142957000 -0.978187000 

H -5.529049000 -2.034628000 0.534043000 

H -6.612126000 -0.604962000 0.573937000 

H -4.186573000 2.371808000 -0.492741000 

H -5.132383000 1.273405000 -1.536112000 

H -5.848667000 1.911418000 -0.004381000 

Anhang

224



87  

10Me    

Ni -0.007599000 -1.016766000 -0.042566000 

P 2.129808000 -0.998869000 -0.131474000 

P -2.145123000 -0.966221000 -0.133941000 

P 1.609021000 1.864765000 -0.053630000 

P -1.580361000 1.889378000 -0.049159000 

B 0.007076000 0.975142000 -0.228820000 

C 2.897556000 0.651761000 -0.543773000 

C -2.888159000 0.697340000 -0.539871000 

H 3.864121000 0.814355000 -0.049952000 

H 3.035427000 0.714542000 -1.629193000 

H -3.027561000 0.765777000 -1.624770000 

H -3.851096000 0.873155000 -0.043491000 

C -1.851175000 3.428849000 -1.045828000 

H -1.125794000 4.191661000 -0.738892000 

H -1.692115000 3.199757000 -2.104226000 

H -2.862123000 3.828316000 -0.895194000 

C -2.155973000 2.484822000 1.624487000 

H -3.166541000 2.916621000 1.596899000 

H -2.131275000 1.635109000 2.314706000 

H -1.451142000 3.241853000 1.989893000 

C -2.903207000 -2.091561000 -1.381184000 

H -2.542607000 -1.811633000 -2.377009000 

H -2.559724000 -3.106882000 -1.156486000 

H -4.000104000 -2.043679000 -1.354351000 

C -3.023310000 -1.458231000 1.413251000 

H -4.109820000 -1.515893000 1.265625000 

H -2.631740000 -2.438272000 1.706391000 

H -2.796422000 -0.740047000 2.208328000 

C 2.874500000 -2.140642000 -1.371960000 

H 3.971895000 -2.107361000 -1.343295000 

H 2.516986000 -3.150153000 -1.143131000 

H 2.519620000 -1.860793000 -2.369862000 

C 2.998690000 -1.495976000 1.419422000 

H 2.782143000 -0.770122000 2.210385000 

H 2.592115000 -2.468410000 1.717462000 

H 4.084330000 -1.570952000 1.273114000 

C 1.902266000 3.397853000 -1.053801000 

H 2.918538000 3.783735000 -0.903486000 

H 1.740626000 3.168672000 -2.111811000 

H 1.187114000 4.171102000 -0.749154000 

C 2.196219000 2.454520000 1.617977000 

H 1.504767000 3.224473000 1.981947000 

H 2.157349000 1.607075000 2.310306000 

H 3.214040000 2.868756000 1.588454000 

Cl -0.026365000 -3.307955000 0.321029000 

Nachdrucke der diskutierten Publikationen
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88  

10
Me

+H
+
 

 

Ni 0.001072000 -0.936694000 -0.079415000 

P 2.169019000 -0.989887000 -0.171802000 

P -2.166722000 -0.994454000 -0.171279000 

P 1.639146000 1.880673000 -0.082644000 

P -1.643354000 1.877383000 -0.083464000 

B -0.001159000 1.065707000 -0.666411000 

C 2.912257000 0.676970000 -0.600670000 

C -2.913593000 0.670523000 -0.601190000 

H 3.892856000 0.864805000 -0.148351000 

H 3.005606000 0.745867000 -1.691794000 

H -3.006602000 0.738614000 -1.692397000 

H -3.894822000 0.856321000 -0.149416000 

C -2.112368000 3.515084000 -0.758958000 

H -1.394923000 4.270777000 -0.418467000 

H -2.084614000 3.471152000 -1.853090000 

H -3.117180000 3.805057000 -0.430901000 

C -1.795781000 2.032369000 1.731042000 

H -2.830611000 2.255192000 2.013225000 

H -1.478624000 1.093842000 2.195253000 

H -1.151385000 2.841615000 2.089404000 

C -2.840030000 -2.126248000 -1.445480000 

H -2.456232000 -1.838419000 -2.429892000 

H -2.482460000 -3.133609000 -1.208608000 

H -3.936724000 -2.105745000 -1.452255000 

C -3.031696000 -1.487447000 1.370177000 

H -4.115087000 -1.546498000 1.210212000 

H -2.640442000 -2.467489000 1.661499000 

H -2.818831000 -0.774318000 2.172871000 

C 2.844100000 -2.119373000 -1.447104000 

H 3.940751000 -2.096767000 -1.454244000 

H 2.488561000 -3.127608000 -1.210865000 

H 2.459403000 -1.831536000 -2.431161000 

C 3.035484000 -1.482383000 1.368966000 

H 2.821155000 -0.770544000 2.172416000 

H 2.646514000 -2.463586000 1.659427000 

H 4.118970000 -1.538820000 1.208714000 

C 2.104873000 3.519819000 -0.756929000 

H 3.109470000 3.811121000 -0.429394000 

H 2.076330000 3.476866000 -1.851080000 

H 1.386513000 4.274052000 -0.415138000 

C 1.790930000 2.034686000 1.731999000 

H 1.144418000 2.841932000 2.091041000 

H 1.476191000 1.094937000 2.195386000 

H 2.825163000 2.259956000 2.014433000 

H -0.000871000 1.084908000 -1.884531000 

Cl 0.003346000 -3.129584000 0.477064000 

Anhang
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89  

11Me    

Ni 0.000000000 -0.257344000 -0.126652000 

P 2.153353000 -0.093888000 0.008646000 

P -2.153352000 -0.093881000 0.008648000 

C 1.193223000 2.394215000 0.022139000 

C -1.193211000 2.394218000 0.022140000 

N 0.000005000 1.654734000 -0.387793000 

C 2.451648000 1.663457000 -0.463187000 

C -2.451640000 1.663465000 -0.463185000 

Cl -0.000012000 -2.492138000 -0.018429000 

H 3.374484000 2.080365000 -0.040849000 

H 2.505838000 1.703927000 -1.557944000 

H -2.505830000 1.703935000 -1.557942000 

H -3.374472000 2.080379000 -0.040847000 

C -3.238932000 -1.158025000 -1.014603000 

H -3.011503000 -0.985710000 -2.072222000 

H -3.007701000 -2.202266000 -0.777301000 

H -4.301017000 -0.954696000 -0.827053000 

C -2.820859000 -0.273752000 1.712404000 

H -3.905490000 -0.106360000 1.740671000 

H -2.592408000 -1.283787000 2.069880000 

H -2.322713000 0.450235000 2.366879000 

C 3.238934000 -1.158037000 -1.014598000 

H 4.301018000 -0.954709000 -0.827045000 

H 3.007702000 -2.202277000 -0.777292000 

H 3.011508000 -0.985727000 -2.072219000 

C 2.820857000 -0.273757000 1.712405000 

H 2.322716000 0.450235000 2.366877000 

H 2.592399000 -1.283790000 2.069884000 

H 3.905490000 -0.106373000 1.740672000 

H -1.256903000 2.534055000 1.124275000 

H 1.256917000 2.534053000 1.124274000 

H -1.157657000 3.411585000 -0.409555000 

H 1.157671000 3.411582000 -0.409557000 

Nachdrucke der diskutierten Publikationen
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90  

11
Me

+H
+
 

 

Ni 0.011756000 -0.260668000 -0.241719000 

P -2.156394000 -0.191158000 0.092109000 

P 2.185605000 -0.077497000 0.007119000 

C -1.391973000 2.391079000 -0.307162000 

C 1.018356000 2.362843000 0.468951000 

N -0.026291000 1.747719000 -0.423618000 

C -2.309410000 1.584816000 0.612947000 

C 2.386125000 1.772179000 0.105951000 

Cl 0.103907000 -2.421992000 -0.164823000 

H -3.338424000 1.961120000 0.564063000 

H -1.973589000 1.650786000 1.655149000 

H 3.149289000 2.071012000 0.832825000 

H 2.702403000 2.138042000 -0.879840000 

C 2.744803000 -0.742701000 1.614967000 

H 2.170648000 -0.281773000 2.425888000 

H 2.553600000 -1.820662000 1.622357000 

H 3.813758000 -0.547635000 1.764473000 

C 3.367736000 -0.710913000 -1.231070000 

H 4.401907000 -0.501499000 -0.931996000 

H 3.221401000 -1.793869000 -1.311070000 

H 3.166886000 -0.257022000 -2.207284000 

C -2.842715000 -1.219423000 1.431076000 

H -3.904187000 -0.995277000 1.591801000 

H -2.721801000 -2.270931000 1.150436000 

H -2.281106000 -1.041775000 2.353922000 

C -3.271804000 -0.427028000 -1.339809000 

H -3.002801000 0.262648000 -2.146913000 

H -3.147540000 -1.452245000 -1.705897000 

H -4.318365000 -0.266290000 -1.053396000 

H 1.009029000 3.453469000 0.342840000 

H -1.813245000 2.420998000 -1.317419000 

H 0.744654000 2.129501000 1.502409000 

H -1.278012000 3.425245000 0.039647000 

H 0.289046000 1.919423000 -1.380070000 

Anhang
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91  

12Me    

Ni 0.000000000 1.134729000 -0.000002000 

C -0.000001000 -0.849949000 -0.000004000 

Cl 0.000005000 3.447600000 -0.000021000 

C 2.728467000 -3.454298000 0.646654000 

C 1.462123000 -2.897055000 0.539908000 

C 3.901187000 -2.712087000 0.392003000 

H 0.606784000 -3.505907000 0.812025000 

H 4.885720000 -3.166916000 0.475514000 

C 1.259051000 -1.523842000 0.151550000 

C 3.751009000 -1.354923000 0.080585000 

H 4.633678000 -0.731217000 -0.070977000 

C 2.485244000 -0.781469000 -0.015010000 

H 2.813522000 -4.496322000 0.959115000 

P 2.120950000 0.955289000 -0.272556000 

C -1.259056000 -1.523838000 -0.151555000 

C -1.462132000 -2.897049000 -0.539921000 

C -2.485247000 -0.781464000 0.015017000 

C -2.728478000 -3.454289000 -0.646665000 

C -3.751014000 -1.354916000 -0.080576000 

C -3.901195000 -2.712078000 -0.392003000 

H -0.606795000 -3.505899000 -0.812049000 

H -2.813536000 -4.496310000 -0.959133000 

H -4.633681000 -0.731210000 0.070995000 

H -4.885729000 -3.166904000 -0.475511000 

P -2.120947000 0.955291000 0.272567000 

C -3.194001000 1.919850000 -0.877015000 

H -2.970330000 1.611088000 -1.903612000 

H -4.259752000 1.750957000 -0.669939000 

H -2.946137000 2.981541000 -0.762806000 

C -2.788954000 1.456189000 1.921383000 

H -2.289911000 0.861441000 2.693755000 

H -2.559129000 2.516737000 2.080078000 

H -3.874236000 1.294024000 1.978905000 

C 2.788974000 1.456185000 -1.921366000 

H 2.559155000 2.516734000 -2.080064000 

H 3.874256000 1.294015000 -1.978877000 

H 2.289936000 0.861438000 -2.693741000 

C 3.193996000 1.919841000 0.877038000 

H 2.946142000 2.981534000 0.762826000 

H 2.970311000 1.611081000 1.903633000 

H 4.259748000 1.750940000 0.669975000 

Nachdrucke der diskutierten Publikationen
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92  

12
Me

+H
+
 

 

Ni 0.240931000 -1.157810000 -0.210325000 

C -0.129748000 0.788074000 -0.664157000 

Cl 0.614392000 -3.327750000 0.232085000 

H 0.109186000 0.790010000 -1.742476000 

C 1.721631000 3.642061000 1.178189000 

C 0.668421000 2.895302000 0.635167000 

C 3.037505000 3.179441000 1.113099000 

H -0.343337000 3.282744000 0.699771000 

H 3.849738000 3.764558000 1.537247000 

C 0.908510000 1.657776000 0.019605000 

C 3.292978000 1.931025000 0.533019000 

H 4.306055000 1.533220000 0.525156000 

C 2.240127000 1.173109000 0.019375000 

H 1.506620000 4.594720000 1.657863000 

P 2.325475000 -0.571178000 -0.507055000 

C -1.577169000 1.233289000 -0.540493000 

C -2.023889000 2.481986000 -1.008905000 

C -2.529343000 0.352102000 -0.002679000 

C -3.368456000 2.844248000 -0.908468000 

C -3.880511000 0.711806000 0.102933000 

C -4.301057000 1.964627000 -0.343268000 

H -1.310818000 3.168229000 -1.459362000 

H -3.694873000 3.813279000 -1.279848000 

H -4.602330000 0.011531000 0.519122000 

H -5.347563000 2.250318000 -0.268346000 

P -1.806336000 -1.265413000 0.405778000 

C -2.032828000 -1.522462000 2.212419000 

H -1.490137000 -0.741840000 2.755176000 

H -3.094832000 -1.491422000 2.487186000 

H -1.606260000 -2.498489000 2.469033000 

C -2.903778000 -2.535406000 -0.341081000 

H -2.952142000 -2.377674000 -1.423404000 

H -2.454984000 -3.515050000 -0.143853000 

H -3.915220000 -2.491565000 0.082145000 

C 3.584872000 -1.375589000 0.556395000 

H 3.603401000 -2.442001000 0.307608000 

H 4.579336000 -0.935399000 0.412626000 

H 3.279677000 -1.272704000 1.602344000 

C 3.101711000 -0.599808000 -2.180420000 

H 3.187408000 -1.640630000 -2.514032000 

H 2.462536000 -0.054730000 -2.883164000 

H 4.096884000 -0.137268000 -2.162334000 

Anhang
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93  

13Me    

Ni -0.000007000 -1.131536000 -0.000088000 

N 0.000029000 0.819822000 -0.000034000 

Cl -0.000040000 -3.335223000 -0.000251000 

C -2.599293000 3.386635000 0.861286000 

C -1.343816000 2.809959000 0.692053000 

C -3.777276000 2.685715000 0.566355000 

H -0.461764000 3.374253000 0.971368000 

H -4.750233000 3.150030000 0.700268000 

C -1.207811000 1.485955000 0.199499000 

C -3.670208000 1.361588000 0.140981000 

H -4.569069000 0.775538000 -0.043791000 

C -2.416605000 0.765882000 -0.023930000 

H -2.658928000 4.401778000 1.248893000 

P -2.133921000 -0.980894000 -0.374101000 

C 1.207901000 1.485909000 -0.199547000 

C 1.343966000 2.809893000 -0.692133000 

C 2.416659000 0.765788000 0.023915000 

C 2.599472000 3.386500000 -0.861394000 

C 3.670291000 1.361422000 -0.141028000 

C 3.777421000 2.685529000 -0.566454000 

H 0.461942000 3.374220000 -0.971466000 

H 2.659156000 4.401626000 -1.249037000 

H 4.569123000 0.775335000 0.043762000 

H 4.750401000 3.149788000 -0.700394000 

P 2.133867000 -0.980949000 0.374198000 

C 3.250510000 -1.948805000 -0.709797000 

H 3.038960000 -1.695607000 -1.753340000 

H 4.303517000 -1.736431000 -0.486984000 

H 3.038859000 -3.011962000 -0.552572000 

C 2.726093000 -1.362160000 2.070949000 

H 2.167078000 -0.755520000 2.790533000 

H 2.537703000 -2.422853000 2.272973000 

H 3.798426000 -1.150388000 2.169229000 

C -2.726673000 -1.362311000 -2.070617000 

H -2.538385000 -2.423036000 -2.272562000 

H -3.799032000 -1.150519000 -2.168573000 

H -2.167875000 -0.755783000 -2.790464000 

C -3.250281000 -1.948588000 0.710342000 

H -3.038655000 -3.011770000 0.553245000 

H -3.038478000 -1.695206000 1.753789000 

H -4.303345000 -1.736261000 0.487750000 

Nachdrucke der diskutierten Publikationen
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94  

13
Me

+H
+
 

 

Ni 0.261952000 -1.133383000 -0.218972000 

N -0.147524000 0.807686000 -0.662397000 

Cl 0.660249000 -3.202617000 0.258000000 

H 0.086260000 0.875788000 -1.655749000 

C 1.566438000 3.590023000 1.288090000 

C 0.540279000 2.846190000 0.689230000 

C 2.889782000 3.152880000 1.236132000 

H -0.481369000 3.203446000 0.740068000 

H 3.678658000 3.738104000 1.699684000 

C 0.854283000 1.652348000 0.048459000 

C 3.192653000 1.937377000 0.614385000 

H 4.215059000 1.568729000 0.616220000 

C 2.178279000 1.170085000 0.033226000 

H 1.318508000 4.517631000 1.796345000 

P 2.374414000 -0.550753000 -0.558215000 

C -1.569137000 1.200599000 -0.558995000 

C -2.006803000 2.412992000 -1.096248000 

C -2.471806000 0.304478000 0.023361000 

C -3.357952000 2.754950000 -1.003419000 

C -3.824452000 0.663648000 0.121532000 

C -4.263820000 1.888985000 -0.381086000 

H -1.300248000 3.085353000 -1.575328000 

H -3.702852000 3.696405000 -1.421482000 

H -4.537262000 -0.024130000 0.569318000 

H -5.313410000 2.159662000 -0.309077000 

P -1.791561000 -1.334867000 0.451018000 

C -2.006466000 -1.589887000 2.247889000 

H -1.458728000 -0.816946000 2.796070000 

H -3.067875000 -1.553767000 2.521130000 

H -1.591367000 -2.571520000 2.501163000 

C -2.859349000 -2.578466000 -0.354366000 

H -2.878368000 -2.401483000 -1.434209000 

H -2.423587000 -3.564595000 -0.161070000 

H -3.879515000 -2.537932000 0.045242000 

C 3.645621000 -1.333705000 0.488897000 

H 3.708337000 -2.390470000 0.208144000 

H 4.622606000 -0.855804000 0.353817000 

H 3.336225000 -1.271384000 1.536384000 

C 3.102672000 -0.498639000 -2.243177000 

H 3.223781000 -1.526801000 -2.603394000 

H 2.435469000 0.036104000 -2.927859000 

H 4.079353000 0.000172000 -2.228898000 

Anhang
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a b s t r a c t

The platform of pincer ligands offers the opportunity to stabilize elusive groups in the coordination
sphere of a metal. These groups often exhibit unusual bonding properties and can show unprecedented
reactivity patterns, which are potentially useful for (cooperative) catalysis. In the current review, we
compare pincer ligands whose central donor group exhibits a sp3-hybridized atom. The primary focus lies
on the comparison of reactivity patterns of these formally isoelectronic donor groups. In particular, sec-
ondary amine groups, well known to act cooperatively as a proton relay, are compared with recently
reported ligands that are based on boron and carbon. In the ABC in pincer chemistry, we will demonstrate
that in contrast to Amine donor-groups, ligand-stabilized Borylenes are not acting as a proton source and
rather undergo a reversible redox-reaction with the coordinated metal centre. The different types of
Carbon-based ligands rather show characteristics of amine reactivity, but there is evidence for some com-
plexes that a reversible redox reaction might be a possible exchange mechanism. Moreover, this review
tries to analyze the bonding situation of the aforementioned species and to distinguish them from other
related ligand types and their reactivity patterns.

� 2017 Published by Elsevier Ltd.

1. Introduction

Tridentate ligands adopting a meridional coordination mode in
(octahedral) transition metal complexes are commonly called pin-
cer-ligands. Over the past decades, publications on different types
of pincer-ligands and various applications of pincer-type com-
plexes have seen a steady growth (Fig. 1), illustrating the continu-
ously increasing interest in pincer chemistry [1]. The more or less
constrained coordination geometry of pincer ligands is ideal for
octahedral and square planar transition metal complexes and usu-
ally prevents the adoption of tetrahedral geometries. It is well
known that coordination compounds with polydentate ligands
exhibit an increased thermodynamic stability due to the chelate
effect. In pincer-type ligands, the terminal donor groups adopt a
trans-arrangement (Fig. 2, D1 and D3). The modification of those is
often used to tune steric and electronic properties of themetal com-
plex and to induce hemilability, which reversibly generates a
vacant coordination site. The central donor group in pincer-type
complexes is usually in trans-position to an ancillary ligand and
thus directly affects the reactivity of the complex by its trans-effect
and -influence. In some cases the increased stability of the pincer

ligands is used to prepare unusual or very reactive groups in the
coordination sphere of a transition metal, such as cationic donor
groups or ligand stabilized borylenes [2–4]. The increasing number
of publications and the huge variety of donor groups realized in pin-
cer-type complexes make it difficult to provide a comprehensive
overview on this emerging topic. The present review details proper-
ties and the typical reactivity patterns of pincer ligands with for-
mally isoelectronic central donor groups, such as amines, ligand-
stabilized borylenes, alkyls and protonated carbodiphosphoranes.

A similar comparison of isoelectronic donor groups can be made
using boryls, carbenes and nitrenium ions as ligands [2,5–7]. After
the initial publication on stabilized boryllithium in 2006, a number
of transition metal complexes containing a cyclic diamido boryl
ligand were reported [8]. Shortly afterwards, the first transition
metal pincer complex with a cyclic diamido boryl ligand as the
central donor group was reported, followed by studies on cooper-
ative bond activation with such complexes. The PBP-type cobalt(I)
pincer complex 1 for example, activates two equivalents dihydro-
gen, leading to the cobalt(III) dihydride complex 2 (Scheme 1)
[9]. Interestingly, complex 1 is an active pre-catalyst for the hydro-
genation of olefins. Quantum chemical investigations on the
Lewis-acid cooperative H2-activation reveal a synergistic heteroly-
tic cleavage of the coordinated H2-ligand as the most favorable
mechanistic pathway [10].

https://doi.org/10.1016/j.poly.2017.09.009
0277-5387/� 2017 Published by Elsevier Ltd.

⇑ Corresponding author.
E-mail address: robert.langer@chemie.uni-marburg.de (R. Langer).

1 Authors contributed equally.

Polyhedron xxx (2017) xxx–xxx

Contents lists available at ScienceDirect

Polyhedron

journal homepage: www.elsevier .com/locate /poly

Please cite this article in press as: L. Maser et al., Polyhedron (2017), https://doi.org/10.1016/j.poly.2017.09.009

Anhang

234



Structurally characterized pincer-type complexes with a central
carbene-donor group have been reported with rhodium [11–13],
iridium [12], palladium [13] and molybdenum [14]. The latter is
an active catalyst for the reduction of nitrogen to ammonia.

In 2011 Gandelman and co-workers managed to employ a nitre-
nium cation as central donor group in a pincer-type complex (3),
which is formally isoelectronic to boryl-anions and carbenes
ligands (Scheme 2) [2,3,15]. In this case, the pincer-platform was
necessary to sufficiently stabilize the metal complex. The Coulomb
repulsion arising from the interaction of the nitrenium cation and
the cationic metal center has to be compensated by the bonding of
additional donor groups. Without the two terminal phosphine
groups 1,3-dialkyl triazolium species would remain non-coordina-
tive [3].

In parallel, different structural parameters and C–O-stretching
vibrations on transition metal complexes were used to compare
the donor properties of boryl anions and nitrenium cations with
carbenes, respectively. These investigations showed that the nitre-
nium ligand is the weakest r-donor among this series (Fig. 3). The
strength of r-donation subsequently increases when going to
N–heterocyclic carbenes and boryl ligands [2,8]. Below, we will
compare in detail the properties and, most importantly, the reac-
tivity patterns of isoelectronic ligands with the general formula
R2EH (E = N, R = alkyl, aryl; E = C, R = alkyl, L-type donor; E = B,
R = L-type donor, aryl). This includes amines, ligand-stabilized
borylenes, protonated carbodiphosphoranes and alkyl-groups.
While amines are very common ligands in coordination chemistry,
their potential as cooperative donor group is often only highlighted
in two-, three- or four-dentate ligands. Although mono-dentate
borylenes and protonated carbones have been reported as ligands
in metal complexes, some elusive donor groups are only stabilized
by additional donor groups within a pincer ligand. This review will
show that the pincer ligand platform can be used to stabilize very
reactive donor groups and that it allows to examine unusual reac-
tivity patterns in those complexes, which in many cases would not
be possible with mono-dentate systems.

2. Amine-based pincer-type complexes

Increasing attention has recently been paid to pincer-type com-
plexes with a central amine-group, due to their excellent activity in
cooperative catalysis [16–21]. In pioneering work by the groups of
Noyori, Okhuma and Ikariya, the term bifunctional catalysis was
introduced for ruthenium hydrogenation catalysts, which contain
bidentate ligands with an amine donor group and posses the ability
to transfer a proton together with a metal-bound hydride to the
substrate [22,23]. A related term frequently used in this context
is cooperative ligand or cooperative catalysis, meaning essentially
the same as bifunctional catalysis. Nowadays, the mechanistic view
for Noyori-type catalysts is somehow revised in such a way that the
amine only serves for a strong pre-coordination of the substrate via
hydrogen bonds and therewith stabilizes the transition state. The
amine-bound proton is most likely not transferred to the carbonyl
substrate [22,24–26]. However, the NH-function of amine ligands
in organometallic catalysis was recently reviewed [27]. In this sec-
tion, we will focus on the identification of typical reactivity pat-
terns of transition metal complexes with amine-based pincer-
type ligands.

Fig. 4 summarizes common types of amine-based pincer
ligands. In principle, the amine can be bound to carbon atoms in
alkyl-, alkenyl- or aryl-groups as well as heteroatom-containing
groups such as Si(CH3)2-groups. The terminal donor groups vary
from tertiary phosphines to carbenes, silylenes, heterocycles and
thioethers. Amine-based pincer ligands with dibenzotropyl-sub-
stituents, for example, coordinate via two terminal olefine groups
and the amine-group to the central metal atom (Fig. 4 right) [20].
Following these reports about bidentate ligands with cooperative

Fig. 1. Number of publications about pincer ligands [1].
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Fig. 2. Basic arrangement of D2-based pincer-type complexes.
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amine groups, a lot of tri- and tetra-dentate ligands containing
amine-groups or groups that are being transferred into amine
groups during catalysis were reported [20,21,27]. In particular, pin-
cer-type complexes turned out to be robust catalysts for various
hydrogenation and dehydrogenation reactions (Fig. 5), ranging
from hydrogenation of challenging substrates like amides, carba-
mates and ureas to the acceptorless dehydrogenation of alcohols
as well as several dehydrocoupling reactions. In 2011, Kuriyama
and co-workers reported high catalytic activity for the hydrogena-
tion of esters to alcohol, utilizing complex 4 as a pre-catalyst [28].
This pre-catalyst is currently used for the hydrogenation of enan-
tiomerically pure methyl lactate (9) to 1,2-propanediol (10), while
the configuration of the stereocenter is retained. The correspond-
ing manganese(I)-(6) and iron(II)-complexes (5) are active cata-
lysts for the hydrogenation of carbonyl compounds as well,
including challenging substrates such as esters and amides [29–
44]. Moreover, ruthenium(II)-complexes with terminal donor
groups different than phosphines (complexes 7 and 8) were
demonstrated to be active catalysts too [45,46].

In agreement with the Valence Shell Electron Pair Repulsion
(VSEPR) theory, amines with the general formula NR3 typically
exhibit a trigonal pyramidal or pseudo-tetrahedral geometry. As
ligands in metal complexes, they are regarded as pure r-donors,
leading to moderate ligand field splitting.

Common reactivity patterns of metal complexes with secondary
amine-based pincer-type ligands involve the transfer of the amine
proton. In combination with coordinated hydrido ligands (e. g.
ruthenium complex 11), secondary amine ligands are able to

provide a proton for a concerted proton–hydride transfer to an
unsaturated substrate [27]. Typically, the transition state (TS) is
assumed to be a six membered ring (Scheme 3, TS1), leading to
an amido-coordinated complex (12) [47]. Coordination of H2 (13)
followed by heterolytic cleavage of H2 across the ruthenium nitro-
gen bond regenerates the hydride complex 11. However, recent
studies show that the amine does not get deprotonated during this
reaction and only serves as donor for hydrogen bonds to the sub-
strate (TS2) [22,24–26]. The resulting complex 14 contains the sub-
strate bound via a hydrogen bond to the amine ligand. Dihydrogen
coordination and subsequent heterolytic cleavage by the NH-
bound alkoxide product in complex 15 regenerates the ruthenium
hydride complex 11.

Although different mechanistic pathways for the catalytic
hydrogenation by ruthenium complexes have been discussed,
there is strong experimental evidence that the secondary amine
group in pincer-type complexes serves indeed as a proton relay.
The groups of Schneider and Schmedt auf der Günne demonstrated
that the proton hydride exchange in 16 is stereoselective and sig-
nificantly faster when a protic molecule such as water is involved
(Fig. 6) [48]. Based on quantitative 1H EXSY (exchange spec-
troscopy) NMR spectra, the rate constant for the exchange between
the nitrogen-proton and the ruthenium-bound hydrido ligand
atom is with 0.02 s�1 several orders of magnitude smaller than
the rate constants for the exchange with a water molecule. A six
membered ring as transition state (TS3) was suggested on the basis
of density functional theory (DFT) calculations for this proton
hydride exchange, leading to the dihydrogen intermediate 17.
These complexes often liberate dihydrogen under formation of
amide complexes (18). Depending on the substituents of the cen-
tral R2NH-group in such pincer-type complexes, different reaction
pathways are possible in addition to the proton-transfer. For sub-
stituents with CH2-groups like in HN(CH2CH2PR2)2, the coordi-
nated pincer ligand can get further dehydrogenated under certain
reaction conditions. The liberation of hydrogen from hydrido com-
plexes with the amine-based pincer ligand to the amido-based
ligand 19 was discussed above. This species can react reversibly
via b-hydride elimination to give a new hydrido complex with an
imine-based pincer ligand (Scheme 4, 20). However, this species
can usually not be detected and was calculated to be higher in
energy than the isomeric complex 19, as well as the corresponding
enamide tautomer that can subsequently eliminate dihydrogen
(complex 21). Depending on the central metal atom, this reaction

N
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H

N
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X = CH2, CH, C, Si(CH3)2
D = PR2, carbene, heterocycle, N-donor

Fig. 4. Common ligand frameworks in amine-based pincer-type ligands.
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pathway can only be observed in the presence of a hydrogen accep-
tor like quinone (e.g. M = Ir) or it is induced by ancillary ligands.
Overall, up to three equivalents of dihydrogen can be eliminated
starting from a hydride complex with a coordinated secondary
amine.

3. Carbon-based pincer-type ligands

sp3-hybridized carbon-based ligands with different substituents
are formally isoelectronic to amines. In the following chapter we
discuss pincer-type ligands with different central carbon-based
donor groups.

3.1. Alkyl-based pincer-type ligands

The coordination versatility in sp3-hybridized alkyl-based pin-
cer-type complexes was recently reviewed by Gelman and co-
workers [49]. It is not our intention to give a comprehensive over-
view of the recent achievements in this field of research and in the
following, we will rather identify typical reactivity patterns of this
ligand type using selected examples.

Shaw and co-workers demonstrated that rhodium(III) hydride
complexes (23, M = Rh) undergo a rapid reversible C–H-bond fis-
sion of the coordinated PCsp3P-type pincer ligand. Upon heating
in isopropanol, the coordinated pincer ligand gets dehydrogenated,
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yielding the olefine-coordinated complex 24 (Scheme 5) [50,51]. A
similar observation was made for amide-based pincer-type com-
plexes, where a b-hydride elimination leads to a coordinated
imine-group. However, the b-hydride elimination of a coordinated
alkyl-ligand results in the formation and subsequent coordination
of an olefine. Upon heating, the corresponding iridium(III) complex
(23, M = Ir) liberates dihydrogen as well, but in contrast to the rho-
dium(III) complex the alkylidene complex 25 is formed [52,53].
Interestingly, this reaction is similar to the dihydrogen elimination
from hydride complexes with coordinated amine-groups. It should
be noted that other iridium pincer-type complexes preferably react
via b-hydride elimination to the coordinated olefin complexes [54].

Gusev and co-workers reported ruthenium complexes with the
same alkyl-based pincer ligand [55]. The reaction of
1,5-Bis(di-tert-butylphosphino)pentane (tBu2P-(CH2)5-PtBu2) with
[RuCl2(cymene)]2 leads to a mixture of 27 and 28 (Scheme 6).
Under hydrogen atmosphere, the mixture of the two complexes
reversibly reacts to complex 26. Based on the H� � �H-distance (esti-
mated by NMR measurements), 26 is best described as a com-
pressed dihydride complex. In the absence of dihydrogen, a
mixture of 27 and 28 is formed again.

A series of rhodium and iridium complexes (29–31) with an
alkyl-based pincer ligand were reported to catalyze the H/D-
exchange of vinyl-groups, using C6D6 as deuterium source
(Scheme 7, top) [54]. The reaction proceeds with high selectivity,
high functional group tolerance and no detectable isomerisation of
the olefin is observed. Although b-hydride elimination from the
coordinated alkyl ligand is an observable reaction pathway in the
current case, it is too slow to account for the operative mechanism
of the catalytic H/D-exchange. A possible mechanism involves the
formation of the tricoordinated iridium(I) complex 32, which subse-
quently reactswith C6D6 in an oxidative addition step to complex33
(Scheme 7, bottom). Two different pathways are conceivable for the
actual H/D-exchange. The first one involvesa-hydrogen elimination
and formation of the iridium(III) carbene complex 34a. Alterna-
tively, a reductive C-D-elimination from 33, leading to complex
34b as an intermediate, was considered. In both cases the complex
33’ is formed, followed by reductive C–H-elimination of C6D5H.

In summary, alkyl-based donor groups in pincer-type ligands
are less acidic than amines, but show a wide range of related reac-
tivity patterns. a- and b-hydride elimination were identified as
common reaction pathways, which can both be completely rever-
sible. Furthermore, reductive C–H-elimination was proposed as an
alternative pathway and cannot be excluded so far.

3.2. Carbodiphosphorane-based pincer complexes and their
protonated analogues

Carbodiphosphoranes (CDP), their first representative,
hexaphenylcarbodiphosphorane, being synthesized by Ramirez
and co-workers in 1961 [56], contain a central carbon atom, which
is only bound to two PR3-groups. Different structures for
hexaphenylcarbodiphosphorane have been observed: An angled
form, in which two free electron pairs are located at the central
carbon atom, has been described as a coordinated carbon(0) [57–

67]. Still, some controversity remains about this description [68–
71]. More recently, Parkin and co-workers reported a linear form
ofhexa-phenyl-carbo-di-phosphorane,which is intuitively in agree-
mentwith bonding of an ylid [72]. The two free electron pairs render
it a r- and p-donating ligand and soon after its initial discovery,
transition metal complexes were reported by Kaska et al. [73,74].
Since then, other adducts were reported, some of which led to unu-
sual binding modes prompting further investigations [75–78].

Several reviews about carbodiphosphorane and heavier homo-
logues [79], transition metal complexes [80] and main-group Lewis
acids [81] have already discussed the coordination chemistry of
CDPs. In principle, there are three types of adducts derived from
carbodiphosphoranes. Due to their two electron pairs, carbod-
iphosphoranes can act as donors for two or one acceptors, as
shown in Fig. 7. If they only coordinate to one acceptor, they can
either donate both electron pairs or retain one as a free electron
pair, depending on the electron deficiency of the acceptor [81].

Even though numerous examples of complexes and adducts
containing monodentate or l-bridging carbodiphosphorane com-
plexes have been structurally characterized, pincer-type ligands
based on a carbodiphosphorane-backbone (35) are rare [76,82–
88]. The structural motif of ligands with a central carbon atom that
is only bound to two phosphorous atoms is nevertheless well rep-
resented in coordination chemistry, but these ligands are rather
described as bis(phosphorous-stabilized) carbenes 36 (Fig. 8).

Even though iminophosphorano- and sulfidophosphorano-
based pincer ligands share obvious similarities with carbodiphos-
phorane-based pincer ligands, investigations on their bonding
properties and reactivities have placed them closer to carbene-
based ligands [89]. However, this review will focus on the lesser
explored complexes of carbodiphosphorane-based pincer ligands
containing only carbon-bound phosphorous atoms in the ligand
backbone.

‘‘True” carbodiphosphorane-based pincer-type ligands are lim-
ited to two structural examples. Rhodium and platinum complexes
were reported with the dianionic CCC-type ligand in 37 (Fig. 9). The
second type of pincer ligand with a central carbodiphosphorane
exhibits two terminal phosphine groups (38).

37a is derived from hexaphenylcarbonyldiphosphorane by
ortho-C–H activation of a phenyl-group of each phosphorous atom
(Scheme 8). It was first described by Cavell and co-workers in 2005
as the reaction product of hexaphenylcarbodiphosphorane and
rhodium or platinum precursors [76].

In the case of platinum, the double ortho-metalation directly
takes place, whereas starting with [RhCl(cod)]2 (cod = cyclooctadi-
ene) first yields a j2-P,C coordination, which is expanded to a
j3-P,C,P

0
coordination upon addition of PMe3. In the following

years, only two additional complexes were published [83,82].
The publication by Petz and Neumüller describes an interesting
reactivity of a platinum complex. They were able to isolate plat-
inum(II) complex 39, in which a protonated CDP-carbon coordi-
nates to the metal centre (Scheme 9). They proposed that this
complex is formed due the high proton affinity of carbodiphospho-
rane adducts of type 40 and stabilized by the chelating effect of the
pincer ligand.
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Scheme 5. Reaction pathways of PCsp3P-type pincer complexes. Reaction conditions: (i) refluxing isopropanol, (ii) refluxing decalin or heating in vacuo.
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In the second publication, Kubo et al. describe the formation of
the dimeric species 41 upon ligand exchange from 37a with
L = SMe2 to L = PEt3 and addition of silver trifluoromethanesul-
fonate. They were furthermore able to cleave 41 by addition of
two equivalents of a phosphine and obtained the corresponding
monomeric complexes 42 (Scheme 10) [83].

The formation of a second metal carbon bond to a different
metal in these dimers indicate that the Pt-C bond interaction is
mostly r-based and that the second electron pair at the central
carbon is available for donation to a second lewis acid, be it a pro-
ton or a second metal.
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Complex 38c was first obtained by Peringer and co-workers via
template synthesis with nickel(II) (Scheme 11) using carbon disul-
fide as carbon source. Based on NMR-spectra, it was also postu-
lated that the protonated complex 43a (M = Ni) can be formed
[84]. In later works, the reversibility of the reaction was assured
and 43b (M = Pd) was also synthesized. Notably, 43b is already
deprotonated by water, indicating the acidic nature of protonated
CDP ligands [87].

Already in 2009, reaction of 38a with [AuCl(tht)]
(tht = tetrahydrothiophene) yielded the first binucleating carbod-
iphosphorane pincer complex 44 with two different complexated
metals (Scheme 12) [85]. 44 shows striking structural similari-
ties to 42, indicating that the ability for a l2-coordination mode
is similar in both carbodiphosphorane-based pincer ligand
systems.

Based on 43a, in 2011 they were able to synthesize the
homodimetallic complex 45 in a two-step reaction (Scheme 13)
[86].

In contrast to 44 and 42, 45 does not show a j3-P,C,P’-coordina-
tion but rather a j3-P,C,C’-coordination by involving the aliphatic
ligand backbone. Nevertheless, 45 further exemplifies the general
tendency of carbodiphosphorane-based ligands to form bimetallic
complexes.

In their works, Schuh and co-workers also observed the forma-
tion of the free diprotonated carbodiphosphorane ligand 46 by
treatment of 38c hydrochlorid acid (Scheme 14) [87]. 46 can be
further transformed to its monoprotonated form 47 by aqueous
ammonia. 46 enabled access to a variety of gold(I)-(48,49) and
gold(III)-complexes (50,51 in Scheme 15).

The square-planar coordination of the gold(III)-complexes 50
and 51 is to be expected, whereas the trigonal-planar coordination
of 48 and linear coordination of 49 is without significant interac-
tion between carbon atom and the metal centre.

Based on the observed reactivities, it seems likely that in the
unprotonated complexes as well as their protonated counterparts,
the carbodiphosphorane mainly acts as a r-donor. Thus, the free
electron pair can form a bond to the proton or be delocated over
the phosphine groups. This is indicated by the planar geometry
of the carbon, which changes to a tetragonal geometry as soon as
it is protonated or acts as a binucleating ligand. It can be assumed
that the r-donor-abilities outweigh its p-donor-abilities, depend-
ing on the electron accumulation at the central metal atom. This
is seen in the marginal changes in C-M atom distances of deproto-
nated versus protonated complexes of late transition metal com-
plexes (Pd-C: 2.062(2)Å, Pd-CH: 2.102(3)Å; Pt-C: 2.054(4)-2.060
(4)Å, Pt-CH: 2.106(4)Å [84,87]). It is also important to note that
the protonation, though easily carried out with hydrochloric acid,
does not take place with water in the reaction mixture, as demon-
strated by the use of NiCl2�6 H2O as a starting material for the tem-
plate synthesis. Instead, the protonated complexes show a higher
acidity than water and revert to their unprotonated counterparts
when water is added (Scheme 11).

The ability for deprotonation at the donor atom is shared by the
already discussed amine-based pincer ligands, where it is an inte-
gral part in the versatility of the ligand system. In comparison to
amine-based pincer ligands, the carbodiphosphorane-based pincer
ligands are capable of delocalizing the free electron pair on the
phosphine groups as well as by p-donation to the metal
(Scheme 16). In contrast to amido- and alkyl-based pincer com-
plexes, b-hydride elimination can not take place, as the b-position
is occupied by tertiary phosphine donor moieties.

The first and second proton affinity (PA) of carbodiphospho-
ranes and their adducts have already attracted some attention, as
they can be used to distinguish between carbodiphosphoranes
and carbenes [63,90]. For carbodiphosphoranes, the calculated
values for the first proton affinity are in the order of 1100 kJ mol�1

PtC

Ph2P

Ph2P

ClHPtC

Ph3P

Ph2P

[(cod)PtX2] Ph3P
C

PPh3
3+

(i) (ii)

3940

Scheme 9. Formation of the protonated carbodiphosphorane-based platinum pincer complex 39 as reported by Petz and Neumüller. X = Cl, I; (i) = �2 (HC{PPh3}2) X;
(ii) = CH2Cl2 or CHCl3 [82].
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(1st PA hexaphenylcarbodiphosphorane: 1172 kJ mol�1) and the
second is about 450 kJ mol�1 lower (2nd PA hexaphenylcarbod-
iphosphorane: 654kJ mol�1) [63], which is equal to the first proton
affinity of carbodiphosphorane Lewis acid adducts [90]. Such as it
is, the calculated values for the first proton affinities of secondary
amines (e.g. Me2NH = 930 kJ mol�1, Et2NH = 955 kJ mol�1, iPr2NH
= 964kJ mol�1) [91] are significantly higher than those of proto-
nated carbodiphosphoranes, but still lower than those of carbod-
iphosphoranes [91–93]. This observation might be due to the
anionic form of the deprotonated amine versus the neutral charac-
ter of the carbodiphosphorane and the positive charge on a proto-
nated carbodiphosphorane. The easy protonation and lower proton
affinity nevertheless suggests that carbodiphosphoranes could be
better proton donors in cooperative ligands.

4. Boron-based pincer ligands

Boron containing pincer ligands represent a rather novel field in
organometallic chemistry. So far, only a few ligand types are
known, but the research on boron-based pincer ligands is rapidly
evolving. For the comparison of properties and reactivities it is use-
ful to make distinctions by the number of substituents at the boron
atom as well as by the bonding modes between the transition
metal and boron atom. In the following chapter, we will give an
overview on complexes with ligands based on bi- and tricoordinate
boron, their bonding situations and reactivity.

4.1. Boryl-based pincer complexes

Boryl groups with the general formula BR�
2 were used for the

first time as donor groups in a pincer-type ligand in 2009 in sem-
inal works of the groups of Nozaki and Yamashita on a pincer ligand
with an amidostabilized boryl group (I, Fig. 10) [94]. Following up
on the boryl-pincer-ligand design I, the groups of Yamashita, Noza-
ki, Murakami, Hill, Peters, López-Serrano and Rodriguez reported
complexes with different transition metals and numerous ancillary
ligands [5–7,9,95–104]. Until mid 2017, only two more motifs for
boryl pincer ligands were reported: The group of Ozerov employed
Bourissou’s borane-based pincer ligand in the reaction with iridium
precursors, which results in oxidative C-B-addition and formation
of complex II (Fig. 10) [105]. The utilization of a rhodium precursor
leads to a mixture of boryl-complexes and the corresponding bora-
trane complex, which can be converted to boryl complexes under
H2-atmosphere.

Boryl-based pincer complexes can react with two equivalents of
H2, as reported by the group of Peters. As pointed out in Scheme 1,
pincer ligands based on N-heterocyclic boryl groups can act as
cooperative ligands in small molecule activation. In this case, the
cobalt(I) boryl complex is able to cleave two equivalents of dihy-
drogen to give the cobalt(III) dihydride complex with a dihydrido
borate group. The remaining Lewis acidity at the boron atom in a
coordinated boryl ligand is believed to be responsible for this reac-
tivity [9].

Encouraged by these results, several boryl pincer complexes
were tested and optimized for catalytic reactions (Fig. 10). The
group of Peters reported the ability of cobalt boryl pincer
complex 52 to catalyze olefin hydrogenation, amine-borane
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dehydrogenation and transfer hydrogenation between amine-bor-
ane and styrene [9].

Yamashita and co-workers reported on the application of plat-
inum complex 53 with a PBP-boryl pincer ligand in the hydrosi-
lylation of 1-decene [96]. Although the performance was lower
than that of established homogeneous catalysts, it showed the
potential of boryl pincer complexes. Further catalytic applications
of the diamido-boryl pincer complexes were demonstrated by
Yamashita’s group with rhodium and iridium complexes. The
most active rhodium complex 54 from this study is obtained from
the PBP-ligand and a ruthenium-hydrido-acetato precursor by
subsequent ligand exchange of ½BH4�� [101]. The iridium com-
plexes were able to catalyze the dehydrogenation of cyclooctane
after exchange of the bulky tert-butyl phosphines for sterically
less demanding iso-propyl phosphines (complex 55) or expansion
of the alkyl bridge in the backbone (complex 56) [102,103]. Very
low catalyst loadings can be achieved, but the turn over numbers
are still moderate.

4.2. Carborane-based pincer complexes

In the same year as the first boryl-pincer ligands were reported,
the group of Mirkin introduced functionalized m-carboranes as
boron-containing pincer ligands (III, Fig. 11) [106]. Planas and co-
workers showed in 2014 that o-carboranes are also suitable for
use in pincer ligands (IV, Fig. 11) [107]. Further variants of m-
carborane based pincer complexes were reported by the groups
of Nakamura and Peryshkov, varying the backbone between carbo-
rane and donor atom [108,109].

From the group of Nakamura, the application of carborane based
pincer complexes 57 as chiral catalysts in asymmetric conjugated
reduction and reductive aldol reactions was reported in 2011.
The carborane structure provides good means to invoke chirality
and for electronic fine-tuning [108].

Planas and co-workers found the o-carborane 58 to be highly
active in Suzuki coupling reactions in water with very low catalyst
loadings [107].

4.3. Bonding and classification for ligands based on tricoordinate
boron

Pincer complexes based on tricoordinate boron can be assigned
to all three coordination types according to the covalent bond clas-
sification by Green (Fig. 12) [110]. Borane or boratrane complexes
with a central BR3-moiety in a pincer ligand act as Z-type ligand,
with a dative metal-boron bond which donates electron density
to the electron-deficient boron atom. In these complexes, the
boron atom can occupy an additional coordination site of the metal
complex. The palladium(II) complex 59 with a Z-type ligand group
adopts a square-planar coordination geometry for the X- and L-
type PR3- and Cl�-ligands, whereas the borane adopts the addi-
tional apical position. This class of compounds was the first to
incorporate boron as central atom in tridentate ligands and is
described very well in a review by Braunschweig and co-workers
[111].

Boryl complexes with a tricoordinate boron atom contain a
R2LB-group (60), which consists of the already described BR�

2 moi-
ety and an additional donor group, stabilizing the boron atom.
They thus possess an electron which participates in a covalent
bond with the metal. These complexes are classified as X-type
complexes and are strong r-donors.

If p-accepting and r-donating substituents are utilized on the
boron atom, an Umpolung of the boron atom to a Lewis-base is pos-
sible. Such a Lewis-base stabilized L2RB-group acts as a donor
ligand in transition metal complexes and is classified as L-type
ligand (61). So far, in boron chemistry, the Z-type ligands were
dominating, with X-type boryl ligands emerging in the last years,
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while for L-type borylene-based pincer complexes only very few
examples are known [4,112].

The assignment of complexes with boron-containing pincer
ligands as L-, X- or Z-type can often be ambiguous. Nonetheless,
different experimental and theoretical parameters show trends
for the different ligand types. Table 1 summarizes different param-
eters for palladium complexes of all three types, as shown in

Fig. 12. From experimental data, Pd-B and Pd-P bond lengths show
an increase when going from donating (L-type) via covalent (X-
type) to accepting (Z-type) boron ligands. The bond angle sum at
the boron atom (RBa) also becomes larger the more accepting the
ligand type. Another experimentally easy accessible value is the
11B NMR chemical shift. For the L-type borylene ligand, the signal
is shifted highfield, while the Z-type borane ligand gives a signal

Fig. 10. Known types of boryl-based pincer ligands and their application in homogeneous catalysis.
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lowfield compared to the X-type boryl ligand. Further insight can
be gained from quantum chemical calculations. One tool for bond-
ing analysis is the Quantum Theory of Atoms in Molecules (QTAIM)
method, which provides information on where bonds are located

and different values for the so called bond critical points (bcp).
From Table 1, it can be concluded that the electron and energy den-
sities (q and Hbcp) at the bcps both decrease when going from L- to
X- and Z-type ligands. Also, the charge at the boron atom (qB), as
derived from Natural Bond Orbital (NBO) analysis, is a good hint
for the ligand type.

Fig. 11. Complexes with carborane-based pincer ligands and their application in catalytic reactions.
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Fig. 12. Examples for L-, X- and Z-type boron-based pincer complexes based on
tricoordinate boron ligands [112–114].

Table 1
Comparison of different parameters derived from X-ray crystal structures and QTAIM
analysis for L-, X- and Z-type boron-containing palladium pincer complexes.

61 (L-type) 60 (X-type) 59 (Z-type)

Ligand formula L2BX LBX2 BX3

dPd�B/Å 2.129 2.196 2.650
dPd�P/Å 2.203–2.204 2.275–2.284 2.288–2.315
RBa/� 319–343 331 355
dB/ ppm �24.5 17 59
qB (NBO)/e �0.848 +0.434 +0.902
qB/ e�Å�3 0.091 0.086 0.020
Hbcp (Pd-B)/ Ha�Å�3 �0.037 �0.029 �0.009
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4.4. Pincer ligands based on tricoordinate boron (Z-type)

The first examples for tridentate ligands with tricoordinate
boron in the central position were borane or boratrane complexes.
Hill and co-workers reported the formation of the ruthenium bora-
trane complex 62 from a poly(azolyl)borate via B-H activation with
a ruthenium complex (Fig. 13) [115]. In the following years, metal-
laboratranes were explored further using similar ligand scaffolds
(for a more detailed review see [111]). In 2007 Bourissou, Maron
and co-workers found the first borane-based pincer-type ligand,
whose central BR3-group acts as a Z-type ligand for AuCl (complex
63) [116]. Interestingly, the formed complex exhibits a square-pla-
nar coordination geometry and at the same time the formal oxida-
tion state of the gold atom was demonstrated to be +I. This shows
the unusual bonding modes which are possible with borane-
ligands.

In these complexes, the metal-atom donates electron density
towards the boron atom, which has a pyramidalized coordination
sphere. Since a borane does not have any electrons left for bonding
with a metal, the metal-boron bond is solely a donor bond from the
metal to the borane atom, which is in line with the description of a
r-acceptor [111].

Complexes with Z-type ligands based on boron react with dihy-
drogen to hydrido hydridoborate complexes [117–119]. Mechanis-
tic investigations revealed a synergistic heterolytic cleavage as the
most likely pathway, in which a hydride is transfered to the borane
and oxidative protonation of the metal center occurs (Fig. 15)
[105].

4.5. Pincer ligands based on tricoordinate boron (L-type)

For the third complex type, the L-type borylenes, only few
examples are known so far. This is mostly owed to the high reactiv-
ity of borylenes.

So far, free borylenes RB: have not been isolated at ambient con-
ditions. A few examples were observed in the gas-phase or with
matrix isolation techniques at low temperatures [120–123]. Only
when r-donating and p-accepting substituents are installed at
the boron atom, borylenes can be isolated in synthetic amounts.
The first example was reported by Bertrand and co-workers with
cyclic (alkyl)(amino) carbenes [124]. Because of their filled pz-orbi-
tal, borylenes act as strong r-donors in transition metal com-
plexes. In 2014, the group of Kinjo was able to isolate the first
borylene (chromium) complex, using an oxazol-2-ylidenes to sta-
bilize a PhB: fragment [125].

For the incorporation of borylenes as strong r-donors in pincer
ligands, so far only one ligand type is known. Recently, our group
showed that phosphine-stabilized borylenes can be employed as
PBP-pincer complexes of type 64 for iron and palladium (Fig. 14)
[4,112]. Metal complexes containing a non-stabilized borylene
can react with H2 by a symmetric insertion into the boron-metal
bond to r-coordinated borane-ligands (Fig. 15) [126]. Recent stud-
ies on pincer-type complexes with a ligand-stabilized borylene as

central donor group showed that they are able to undergo
reversible intramolecular redox-processes by B-H reductive elimi-
nation between the ligand and the metal [4]. Since boryls and
borylenes are more reactive and even stronger donors than their
N- and C-based analogues, using them in pincer ligands seems very
attractive in order to control the reactivity.

5. Comparison

Although amines (A), ligand-stabilized borylenes (B) and proto-
nated carbodiphosphoranes (C) as well as carbanions are formally
isoelectronic, there are significant differences in the geometry and
the bonding (Fig. 16). In agreement with the VSEPR theory, amines
exhibit a trigonal pyramidal or pseudo-tetrahedral geometry,
which is best explained by hybridization of s- and p-orbitals to
sp3-orbitals. Ligand-stabilized borylenes and protonated carbod-
iphosphoranes in contrast, are trigonal planar and require p-
accepting substituents L to stabilize the occupied pz-orbital. A clo-
ser look on the bonding situation of B and C reveals that the high-
est occupied molecular orbital (HOMO) in these two compound
classes is of p-type symmetry [127], illustrating a significant
degree of p-back-bonding from the central boron or carbon atom
to the p-accepting substituent. The deprotonation of secondary
amines (C) is easily achieved with a number of bases, leading to
metal amides, an important class of compounds and bases. In a
similar manner, species like B can be deprotonated. The deprotona-
tion of ligand-stabilized borylenes B to species like D has not been
reported so far (Fig. 17). The proton affinity of secondary amines A
(930–980 kJ mol�1) is significantly lower than for neutral borylene
species B (1221 kJ mol�1, L = PPh3). With 779 kJ mol�1 the cationic
species C exhibits the lowest proton affinity among this series.
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However, the neutral carbodiphosphoranes (E) exhibit higher
proton affinities than secondary amines, but lower affinities than
the corresponding anionic amides F (1600–1700 kJ mol�1). When
employed as ligands in a transition metal complex, the metal-
bound atom E in the discussed ligands adopts a tetrahedral envi-
ronment (E = B, C, N). Representative examples of transition metal
complexes show fundamentally different reaction pathways for
boron- and nitrogen-based ligands: secondary amines are well
known to act as a proton source, which is capable of protonating
metal hydrides as well as binding substrates by hydrogen bonds
(Fig. 18). Boron based ligands act either as cooperative Lewis-acid,
like boranes, or they exhibit a distinct redox reactivity, which leads
to a reversible reduction of the coordinated metal center [4]. As
gap-bridging element, different carbon-based ligands show facets

of both types of reactivity: while protonated carbodiphosphoranes
are not known to be redox active, they can easily be deprotonated.
Like with amines, b-hydride elimination can occur with alkyl-
based pincer-type complexes. However, the formation of carbene
complexes is known as well, and a reductive elimination could
not be ruled out as an exchange pathway for iridium complexes.

6. Conclusion

The widespread applications of pincer-type complexes were
subjected in several reviews and the interest in this class of com-
pounds is continuously increasing. The key-feature of this ligand
class is the meridonal coordination mode with all donor groups
in one plane, leading to a trans-arrangement of the terminal donor
groups. Generally, this provides an enhanced stability of the corre-
sponding transition metal complexes and has led to major break-
throughs in organometallic chemistry and catalysis in the last
decades. The enhanced stability in combination with unusual
donor properties or cooperative behavior of the central donor
group developed into a fruitful concept in homogenous catalysis.
The ability of donor groups to participate in important reaction
steps lowers reaction barriers and can open entirely new directions
in catalysis. In this context, it is worth noting that novel reactivity
patterns between a coordinated ligand and the central metal atom
can be potentially applied in cooperative bond activation.

One of the most successfully applied, cooperative pincer-type
ligands are based on amines. In the current review, we compared
five different classes of pincer-type ligands based on the elements
nitrogen, carbon and boron. The isoelectronic donor groups in
these ligands show different reactivity patterns, ranging from pro-
ton transfer and b-hydride elimination for amines to redox activity
and Lewis-acid cooperativity of ligand-stabilized borylenes and
boranes. Numerous applications of pincer-type complexes with
different central groups as catalysts have been discussed in this
review, highlighting the enormous potential of cooperative pin-
cer-type ligands. Although detailed mechanistic information about
the catalytic reactions discussed herein is limited, the reviewed

HB

pz

L

L

HC

pz

L

L

+

H
N

sp3

R
R

L  = π-acceptor

B                             C                             A

Fig. 16. Structural differences between ligand-stabilized borylens, protonated
carbodiphosphoranes and amines.
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Fig. 17. Deprotonation products of A–C.
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Fig. 18. Comparison of reactivity patterns in metal complexes containing tricoordinated boron (left), carbodiphosphoranes or alkyls (middle) and secondary amines (right) as
ligands.
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examples show that the investigation of novel reactivity patterns
has the potential to open new directions in cooperative catalysis.
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ABSTRACT: Unusual binding properties, enabling the stabilization of
elusive species, and beneficial properties for homogeneous catalysts have
been predicted and demonstrated for ligand-stabilized main group
fragments, such as carbodiphosphoranes and -carbenes. However, the
quantification and comparison of their binding properties by experimental
means still represent major challenges. In this article, we describe a series
of iridium(III) pincer complexes of the type [(PEP)IrCl(CO)(H)]q

enabling the quantification of the donor strength of the central donor
group E (q = 0, +1, +2). Our investigations show that phosphine-
stabilized boron(I) and carbon(0) compounds are exceptionally strong
neutral donor groups in comparison to common spectator ligands in
homogeneous catalysis such as carbenes and phosphines. Our
experimental and computational results for the first time allow and
justify the comparison of the donor strength of cationic, neutral, and anionic ligands. On the basis of quantum chemical
investigations, we further demonstrate that the heavier homologues of phosphine-stabilized borylenes and carbon(0)
compounds exhibit slightly diminished donor properties.

■ INTRODUCTION

The nucleophilicity of electron-rich main group compounds
and fragments, often stabilized by supporting ligands or
substituents, can be illustrated by coordination to suitable
metal centers.1−8 All too often, their application as ligands in
transition-metal complexes is limited only to exemplify their
nucleophilic nature, whereas their coordination chemistry has
not yet been systematically explored. In homogeneous
catalysis, neutral ligands with tunable steric and electronic
properties can serve as versatile spectator ligands.9−11 Thus,
the investigation of the coordination properties of nucleophilic
main group compounds generally offers the potential to
replace common spectator ligands, such as phosphines and
carbenes. Substituting these by more powerful alternatives may
facilitate new catalytic reactions. In particular, increased donor
abilities of ancillary ligands can enable unusual bond
activations and speed up precatalyst activation.12−16

In this context, we became interested in the coordination
chemistry of nucleophilic boron compounds, specifically
phosphine-stabilized borylenes17−21 and their heavier homo-
logues. In recent years, it has been a matter of particular
interest as to whether neutral, tricoordinate boron compounds
can serve as electron-donating ligands rather than pure
acceptor ligands, as they are commonly viewed. Notably, a
majority of tricoordinate boron compounds of the type BR3 are
known to act as Lewis acids and σ-accepting or Z-type ligands
in transition-metal complexes.22−25 By manipulation of the R
substituents in BR3, it is possible to cause a dramatic change in
these properties: formally anionic substituents, such as

hydrides, alkyls, aryls, halogenides, and most anionic N-
heterocycles lead to classical Lewis acids or Z-type
ligands.22,26−58 In these cases, the vacant pz-orbital of the
trigonal planar boron compound is stabilized either by π-
donation of the substituents or by dimerization and the
formation of two-electron, three-center bonds. Replacing one
of the substituents R on boron by a neutral σ-donating and π-
accepting substituent L formally results in a partially filled pz-
orbital at the boron atom in BR2L. This ligand-stabilized boryl
ligand acts as an X-type ligand and contributes one electron to
a covalent bond. In the absence of a neutral, stabilizing
substituent, X-type boryl ligands BR2 result.

59−61 If a second
anionic substituent at boron is replaced by a neutral σ-donating
and π-accepting substituent, then the pz-orbital is filled and
stabilized by π-accepting substituents. The resulting boron
compounds BRL2 now act as Lewis bases or L-type
ligands.1,2,5,62−68

The direct coordination to transition metals was docu-
mented for only a few isolable nucleophilic boron com-
pounds.2,65 Based on chemical intuition, we expect these
ligand-stabilized main group fragments to be very strong donor
ligands, but quantification often represents a major challenge.
As the strong donor ability is accompanied by increased
reducing properties,69 the reaction with the metal complexes
may result in metal reduction rather than coordination of the
main group fragment. Drawing from our experience with iron
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and palladium complexes,70,71 we herein developed a simple
synthesis protocol that allows the stabilization of a number of
main group fragments as donor groups in iridium pincer
complexes by the oxidative addition of suitable preligands. The
analysis of these complexes by experimental and quantum
chemical methods reveals that ligands of the type BRL2 are
exceptionally strong and neutral donor ligands in comparison
to common spectator ligands in organometallic chemistry and
homogeneous catalysis (Chart 1). It is further demonstrated

that heavier homologues also act as strong donor ligands, but
because of the stabilization of s-orbitals with increasing atomic
number, the geometry of the donor fragment is less favorable
for efficient orbital overlap with the central metal atom.
Overall, our results suggest that neutral donor ligands based on
tricoordinate boron should be superb spectator ligands in
homogeneous catalysis.

■ RESULTS AND DISCUSSION
Preligands a−h exhibit two terminal PPh2 groups and a central
group with at least one E−H bond (Chart 2), which ranges
from simple ammonium (c), pyridinium (b), and imidazolium
ions (d) to mono- (e) and diprotonated carbodiphosphoranes
(a), a bisphosphino-boronium ion (f), and aryl (g) and alkyl
moieties (h). A series of isotypical iridium pincer complexes
with different central donor groups were synthesized by E−H
oxidative addition of preligands a−h to [IrCl(CO)(PPh3)2] or
[IrCl(CO)2(p-NH2−C6H4−CH3)]. In most cases, the reaction
with both complexes results in the formation of the desired
complexes (1a−h) as major products, but only the best
method is reported for each complex, respectively. The
resulting iridium(III) complexes of the type [(κ3P,E,P-
PEP)IrCl(CO)(H)]q (1a−h, q = 0, +1, +2) were characterized
by means of single-crystal XRD (Figure 1), mass spectrometry,
and multinuclear NMR and IR spectroscopy, clearly indicating
the presence of an iridium(III) complex for each investigated
ligand.
Resonances between −7.5 and 32.1 ppm are observed in the

31P{1H} NMR spectra for the two terminal, magnetically
equivalent PPh2 groups, which adopt a trans-orientation in
iridium complexes 1a−h. The E−H oxidative addition leads to
the formation of a hydrido ligand, which gives rise to specific

triplet resonances between −14.38 and −17.74 ppm in the 1H
NMR spectra of 1a−h.
Among this series of iridium complexes (1a−h), we

characterized the unusual iridium complex 1f with a neutral
central donor group based on tricoordinate boron. The 11B
chemical shift of −31.1 ppm and all other spectroscopic data
are in line with previously reported complexes of tricoordinate,
nucleophilic boron compounds.2,65,72 The molecular structures
of 1a−h in the solid state display an octahedral coordination
environment with a meridionally coordinated pincer ligand.
The carbonyl ligand is situated in the position trans to the
central donor group of the pincer ligand, while the hydrido and
the chlorido ligands occupy two opposing vertices. Further
evidence for the presence of iridium(III) and electron donors
in 1a−h is provided by the τ5 parameter of the pentacoordi-
nated iridium fragment [(R3P)2IrCl(CO)(H)] (= ML5)
without the central donor group (Table 1).73 If a Z-type
ligand is present, then no significant change to the
coordination geometry of the metal upon coordination of the
ML5 fragment is expected.22 Thus, a Z-type ligand would
bridge an edge of a trigonal bipyramid (τ5 ≈ 1) in an ML5Z
complex. With the observed τ5 values of 0.01−0.22, clearly a
square-pyramidal fragment ML5 is present, with the L-type
donor groups in 1a−h occupying a vertex of the octahedral
coordination polyhedron.
The Ir−P bond lengths to the terminal PPh2 groups in 1a−h

are found to be very similar (2.293−2.347 Å), along with the
Ir−Cl bond lengths (2.457−2.536 Å). The 31P NMR chemical
shifts assignable to the iridium-bound PPh2 groups for ligands
of the type (dppm)2E (E = CH+ (1a), C (1e) and BH (1f))
range between 0.8 and 10.2 ppm, and the corresponding values
of the remaining complexes are detected between 25.1 and
32.1 ppm. For complexes with a tetrahedral environment at the
central donor group E (1a, 1c, 1f, and 1h), two isomers can be
observed, differing in the relative orientation of the hydrido
ligand and the hydrogen atom bound to the central donor
atom E. As depicted in Chart 3, cis- and trans-isomers can be
defined, which are usually observed in solution and in the solid
state. In case of 1a, two independent molecules for cis- and
trans-1a were refined in the crystal structure, while NMR
spectra indicate the presence of an approximately 1:1 mixture

Chart 1. (Top) Common Spectator Ligands in Coordination
Chemistry and Homogeneous Catalysis, Ordered by Their
Donor Strength According to the Tolman Electronic
Parameter (TEP) and (Bottom) Reported Phosphine-
Stabilized Group 13 and 14 Fragments with Their
Approximate TEP Range

Chart 2. Synthesis of Iridium(III) Pincer-Type Complexes
1a−h (L1 = L2 = PPh3; L

1 = CO, L2 = p-H2N−C6H4−CH3, X
= Cl, Br)
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of both isomers in solution. In the crystal lattice of 1c and 1f,
only the cis-isomer was detected. However, the NMR
spectroscopic analysis of different crystalline samples always
indicates the presence of minor quantities of the corresponding
trans-isomer.
As isotypical complexes 1a−h are sufficiently similar in their

structural properties and mainly influenced by the properties of
the central donor group, we used the C−O stretching vibration
of the carbonyl ligand trans to the central donor group of
interest as a qualitative measure of the net donor properties of
the corresponding donor. With the ligand environment in 1a−
h, potential falsification by the coupling of vibrational modes
or symmetry breaking of various donor groups is avoided.
Although cis- and trans-isomers are detectable by NMR
spectroscopy for donor atoms with tetrahedral environments,
usually only one band is observed in the IR spectrum. This
indicates that the difference between the isomers is lower than
the resolution limit. Most importantly, the current setup allows
us to obtain experimental values for rare cationic, neutral, and
anionic ligands. For common electronic ligand parameters such
as the Tolman electronic ligand parameter (TEP),74 [LRhCl-
(CO)2]

75 and [LIrCl(CO)2]
76,77 are limited to neutral ligands

and are strongly affected by the coupling of vibrational modes
and the symmetry breaking of the different ligands.
A detailed comparison of IR spectra reveals that the formal

charge of the central donor group has the strongest influence
on the wavenumber corresponding to the C−O stretching
vibration. Iridium complex 1a with the cationic donor group
[(dppm)2CH]

+ exhibits the highest value (2049 cm−1) and
represents the weakest net donor. The iridium pincer
complexes with neutral central donor groups (1b−e) give
rise to lower values for νC̃O (2040 to 2015 cm−1), while the
complexes with anionic donor groups (1g−h) have the lowest
values (2012 and 1996 cm−1). Among the neutral pincer
ligands, the net donor ability is found to increase in the order
pyridine < R2NH < (R3P)2C ≈ (R3P)2BH. As the CDP-based
group (R3P)2C exhibits two lone pairs, enabling σ- and π-
donation, the assumption that (R3P)2BH with only one lone
pair is the stronger σ-donor is justified.
The chemical shift of the triplet resonance for the hydrido

ligand in the 1H NMR spectra of 1a−h can serve as an
additional measure for the donor properties of the investigated
central donor groups. These values range from −14.38 ppm for
the cationic pincer ligand in trans-1a to −17.74 ppm for the
anionic donor groups in 1g.
On the basis of the framework of eight experimentally

characterized iridium complexes (1a−h) and their measured
values for the C−O stretching vibration, we started to use
quantum chemical methods to (i) investigate the agreement
between theory and experiment, (ii) shed light on the meaning
of the obtained ligand parameter, and (iii) extend the number
of examples, which provides the possibility to predict unknown
molecules and to identify trends within the periodic table.

Figure 1. Selected molecular structures of cationic iridium pincer complexes in the solid state: 1a (a), 1c (b), 1d (c), 1e (d), and 1f (e). (Ellipsoids
are drawn at the 50% probability level, and hydrogen atoms of the CH2 and phenyl groups are omitted for clarity.)

Table 1. Structural and Spectroscopic Data for 1a−ha

complex donor group τ5
b dIr−P/Å dIr−Cl/ Å δP(Ir−P)/ppm δH(Ir−H)/ppm ν ̃CO/cm−1

cis-1ac (R3P)2CH
+ 0.05 2.335(3)−2.347(3) 2.500(3) 0.8 −15.88 2049

trans-1ac (R3P)2CH
+ 0.07 2.344(4) 2.479(5) 2.0 −14.38 2049

1b pyridine 0.02 2.305(5)−2.333(6) 2.466(6)−2.553(6) 21.6 −14.90 2040
cis-1c R2NH 0.09 2.335(1)−2.336(1) 2.457(1) 29.4 −16.12 2030
trans-1c R2NH 30.8 −15.48 2030
1d carbene 0.08−0.12 2.341(1)−2.355(1) 2.467(1)−2.477(1) −7.8 −16.69 2040
1e (R3P)2C 0.03 2.313(2)−2.337(2) 2.499(2) 7.8 −16.51 2015
cis-1f (R3P)2BH 0.01 2.293(2)−2.305(2) 2.536(1) 11.6 −17.73 2015
trans-1f (R3P)2BH 10.2 −16.66 2015
1g C6R2H3

− 0.22 2.307(1)−2.315(1)d 2.507(1)d 25.1d −17.74d 2012
1he R2CH

− 2.303(2)−2.306(2) 2.495(2) 32.1 −17.70 1992
aThe structural data is derived from single-crystal diffraction experiments. NMR spectroscopic data was acquired in CD2Cl2 or CH2Cl2.

bτ5
parameter for the IrL5 fragment (ref 73). cThe crystal structure of 1a contains two independent molecules of cis-1a and trans-1a. The latter is
disordered with respect to the chloride and the hydrido ligands. dReference 78. eReference 79.

Chart 3. cis- and trans-Isomers in Iridium(III) Pincer-Type
Complexes 1
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Quantum chemical investigations using density functional
theory (DFT) were performed to expand the scope of this
study and obtain meaningful insights into the vibration-based
ligand parameter. C−O stretching frequencies of the calculated
ground state structures are in good agreement with the
experimental values. Wavenumbers for C−O stretching
vibrations of additional iridium complexes (1i−q) were
calculated for well-known pincer-type ligands (Chart 4 and
Figure 2).80−86 In addition, we analyzed the ligand-stabilized
main group fragments of the heavier homologues (1an, 1en, 1fn,
and 1qn; n = 1−4). The experimentally observed trend that
ν ̃CO decreases in the order cationic > neutral > anionic ligand is
confirmed by the calculations for a series of 29 complexes. In
line with the weakest net donor ability, the complexes with
cationic ligands (1an and 1i) give rise to the highest values.
Within the series of neutral ligands, the boron-based ligand

in 1f is found to be a significantly stronger donor than carbenes
(1d, 1k, and 1l) and phosphines (1j), two of the most
common classes of spectator ligands in homogeneous catalysis.
The π-acceptance or π-donation ability of the donor group
seems to account for the value of νC̃O, resulting in higher values
for π-accepting phosphines and carbenes. These findings are
repeated for the anionic donor groups in 1g, 1h, and 1m−1q,
where the σ-donating and π-accepting boryl ligand gives rise to
a higher value (1994 cm−1) than the σ- and π-donating amide-
based ligand (1983 cm−1). Interestingly, an isomer of a related
boryl-based hydrido chloride iridium(III) pincer complex was
obtained by a different route.86,87 Although the boryl-based
ligand is known to be the stronger σ-donor, these findings
might be rationalized by the comparably high oxidation state of
the central iridium atom (+III) and the positive charge of the

diagnostic metal fragment in comparison to previously
reported vibration-based electronic ligand parameters.
The strongest net donor within this series was found to be

the deprotonated analogue of 1f, complex 1q (νC̃O = 1956
cm−1), whose central donor group can be described as a ligand-
stabilized boride ion. An analysis using CM5 charges shows
that the value of ν ̃CO is correlated with the charge transfer from
the central donor group to the carbonyl ligand, while the
charge at the central iridium atom is affected only to a minor
extent.88

While ligand-stabilized borylenes and other boron(I)
compounds as well as corresponding carbon(0) compounds
are sufficiently stabilized only by π-accepting substituents, their
heavier homologues are expected to be more stable as a result
of the subsequent stabilization of the valence s-orbital and
therewith oxidation state +I (group 13), 0 (group 14), or +II
(group 14). To investigate the influence of these changes
within a group on the donor properties, we performed DFT
calculations on complexes of the type cis-[{(dppm)2EH}IrCl-
(CO)(H)]q (E = B−Tl, q = +1; E = C−Pb, q = +2). Apart
from two complexes, the geometry optimizations resulted in
energetic minima, as confirmed by the absence of imaginary
frequencies. Only for E = Sn and E = Pb does the geometry
optimization lead to the cleavage of one E−P bond. In all
cases, the Ir−E distances are close to the sum of covalent radii,
and the determined τ5 parameters of the pentacoordinated
iridium fragments within these structures again indicated the
presence of a donor group (τ5 = 0.06−0.16).
As with the other complexes, we used the calculated value of

νC̃O to estimate their donor strength (Table 2). In the case of
the group 13 fragments, the following trend was found for νC̃O:

Chart 4. Iridium(III) Pincer-Type Complexes 1i−1q, 1a−1a4, 1e−1e2, 1f−1f4, and 1q−1q2 That Were Considered for
Quantum Chemical Investigations in Addition to 1a−1h

Figure 2. Calculated wavenumbers for the C−O stretching vibration of iridium(III) pincer-type complexes 1a−1q2 (G16 B97D/def2-TZVPP).
Only the central donor group and its connectivity for each complex is shown.
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B < Al < Ga ≈ In < Tl. It should be noted that there is a direct
correlation between νC̃O and the Ir−E−H angle (R2 = 0.84),
which increased from an almost ideal tetrahedral angle of
110.9° for E = B to close to linearity with 158.6° for E = Tl.
These findings suggest a decreasing contribution of the valence
s-orbital to the actual donor orbital, which in turn results in
less favorable overlap with metal-located orbitals (Figure 3).
The main contribution to the Ir−E bond is given by the
HOMO in all complexes, which contains an antibonding
component of the Ir−Cl bond. As a consequence, the
decreasing donor strength with increasing atomic number for
the group 13 fragments is reflected in shorter Ir−Cl bond
distances for the heavier homologues.
In addition to the C−O stretching vibration, we analyzed the

Ir−H stretching vibration for the hydrido ligand cis to the
central donor group. In line with recent reports on the empiric
influence of ligands on the wavenumber of terminal hydride
stretching vibrations in octahedral complexes,89 we observed
no systematic influence of the central donor in the cis-position.
Noticeably, the C−O stretching vibrations for reported

iridium complexes 1 (experimental values and those obtained
by DFT calculations) show an excellent correlation to the A1-
symmetric stretching vibrations ν ̃CO(A1) for the corresponding
monodentate ligands in [LNi(CO)3], the TEP.

74,90 The linear
dependence of the values (e.g., νC̃O in 1d and the TEP of the
corresponding carbene90) allowed us to extrapolate the TEP of
(Ph2MeP)2BH to be 2021 cm−1, which is an unprecedented
low value for a neutral ligand. Equally interesting is the TEP
range for the cationic ligands in this study (2080−2100 cm−1),
which is in the range of neutral ligands with significant π-
acceptor properties.
Next, we were interested in the relation between ν ̃CO and the

metal ligand bond in complexes of type 1. Previous attempts to
rationalize the TEP showed that corrected values for ν ̃CO(A1)
are correlated with the intrinsic bond strength of the Ni−L
bond.91−93 We therefore used energy decomposition analysis
(EDA) to analyze the metal−ligand interaction. During EDA,
the interaction between two fragments is analyzed. Because of
multiple bonding interactions, chelating ligands provide a
challenge. To mitigate this problem and to examine the central
donor−iridium bond on its own, we used Cs-symmetric

monodentate model complexes of type 2 (Chart 5). This
additionally allows for the separation of the orbital interactions

into σ- and π-type contributions. Donor groups E in these
complexes are bound to a [IrCl(CO)(H)(PPh2Me)2]

+ frag-
ment. To justify this simplification, we compared the
optimized structures for type 1 and 2 complexes, showing
only minor differences in the Ir−L bond length. Furthermore,
the C−O stretching vibrations in 2 display a strong correlation
to the values found for 1.
The EDA results confirm the trends seen in the CO

stretching frequencies. Complex 2a with a cationic ligand (E =
CH+) turned out to be unstable toward ligand dissociation
(dissociation energy De = −31.7 kcal·mol−1), showing the
importance of the pincer ligand for the stabilization of the
synthesized pincer analogue 1a. Neutral lutidine-coordinated
complex 2b also gave rise to just a marginally positive value for
the dissociation energy of 0.2 kcal·mol−1. Among the series of
neutral ligands, the dissociation energies rise in the order E =
Me2NH (2c, 21.1 kcal·mol−1) < BenzNHC (2l, 35.7 kcal·mol−1)
< PhMe2P (2j, 48.7 kcal·mol−1) < (Ph2MeP)2C (2e, 68.7 kcal·
mol−1) < (Ph2MeP)2BH (2f, 73.8 kcal·mol−1). Interestingly,
the calculated interaction energies (ΔEInt) for the lutidine-
(2b) and the amine-containing complex (2c) are similar, but
their dissociation energies differ significantly. This is due to a
much smaller preparation energy (Eprep) for the amine-
containing complexes, meaning fewer changes from the free
ligand to its state in the complex. Overall, the anionic phenyl-
(2g) and the iso-propyl-ligand (2o) have the highest De values
(133.1 and 169.3 73.8 kcal·mol−1 respectively).
A similar trend with an almost identical succession of the

investigated ligands is found for the interaction energy (ΔEInt)
of the ligand and metal fragment (−De = Eprep + ΔEInt). Again,
the ligand based on tricoordinated boron in 2f exhibits the
strongest interaction (ΔEInt) among the neutral ligands,
complementing the observations on the CO stretching
frequency.
An analysis of the different energy terms contributing to

ΔEInt reveals that a large interaction energy is usually caused by
high values for electrostatic (ΔEelstat) and orbital interactions
(ΔEorb), which are only partially compensated for by an
increased Pauli repulsion (ΔEPauli). Apart from the cationic
ligand in 2a, the electrostatic interaction ΔEelstat represents the

Table 2. Calculated ν̃CO Values for 1a−1a4, 1e−1e2, 1f−1f4,
and 1q−1q2 (G16, B97D/def2-TZVPP)

group 13 group 14

E = EH E E = EH E

B 2020 (1f) 1956 (1q) C 2058 (1a) 2021 (1e)
Al 2025 (1f1) 1960 (1q1) Si 2073 (1a1) 2024 (1e1)
Ga 2027 (1f2) 1964 (1q2) Ge 2069 (1a2) 2025 (1e2)
In 2026 (1f3) Sn 2066 (1a3)
Tl 2035 (1f4) Pb 2068 (1a4)

Figure 3. Highest occupied molecular orbitals for complexes of the type cis-[{(dppm)2EH}IrCl(CO)(H)]
+ (1e−1e4) with E = B, Al, Ga, In, Tl.

(Phenyl rings and nonrelevant hydrogen atoms were omitted for clarity.)

Chart 5. Pincer-Type Complexes 1 and Their Monodentate
Model Complexes 2 Used for the EDA Study
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dominating attractive energy term for the metal ligand
interaction in 2 (55.7−68.5%). Although the EDA might
overestimate electrostatic interactions between a ligand and the
cationic iridium fragment, given that a majority of metal
complexes contain a central metal atom with a positive formal
oxidation state and the interaction of ligands with cationic
metal fragments is generally far more common in coordination
chemistry than for neutral fragments, the relative values are still
meaningful. Keeping this in mind, the EDA gives useful
insights into metal−ligand bonding.
As expected, the anionic ligands in 2g (phenyl) and 2o (iso-

propyl) give rise to the strongest electrostatic (ΔEelstat) and
orbital interactions (ΔEorb), which are partially compensated
for by the strongest Pauli repulsion. For the neutral ligands, the
absolute values of the attractive (ΔEelstat and ΔEorb) and the
repulsive terms (ΔEPauli) are significantly reduced. The largest
interaction energy within the neutral ligands is obtained for the
borylene-containing ligand, further confirming the experimen-
tal observations that this is the strongest neutral σ-donor ligand
in the series investigated.
The extent of the dispersion energy (ΔEdisp) is closely

related to the number of atoms in the ligand L and therefore
higher for bulky ligands (up to −53.0 kcal·mol−1 in 2e). Even
though potential π-acceptors are among the studied ligands, π-
backbonding (ΔEorb(π)) seems to be an insignificant
contribution to ΔEorb, ranging from −6.0 to −16.5 kcal·mol−1.
Plotting the different energy terms versus the C−O

stretching vibration in pincer-type complexes 1 reveals a linear
dependence of the total interaction energy (Figure 4), ΔEint,

on ν ̃CO(1exp) and νC̃O(1DFT) (R2 = 0.95...0.99). Comparably
good correlations are observed for the major contributions to
the total interaction energy (ΔEelstat, ΔEorb, ΔEorb(σ), and
ΔEPauli). These findings have two important consequences: all
of the investigated metal-ligand-bonds show characteristic
contributions of energy terms, which are comparable to a
fingerprint. Furthermore, the intrinsic strength of the metal
ligand bond and the net charge donation are well reflected by
the newly developed ligand parameter based on the C−O
stretching vibration in type 1 complexes.
Finally, the quantum chemical investigations underline that

the experimentally obtained values are meaningful parameters
for comparing the net donor strength and suggest that both

mono- and tridentate ligands might be used for the comparison
of ligand properties in iridium(III) complexes. Considering the
simplicity of the reactions leading to 1a−h and the favored
oxidative addition of the utilized precursors, we believe that the
reported method represents a powerful synthesis tool for
evaluating the donor strength of ligands.

■ CONCLUSIONS
Using a newly developed ligand parameter based on the C−O
stretching vibration in iridium pincer complexes, we demon-
strated that neutral tricoordinated boron compounds with π-
accepting substituents are exceptionally strong donor ligands.
This allows, for the first time, to obtain and compare
experimental values for cationic, neutral, and anionic ligands.
The comparison with spectator ligands common in homoge-
neous catalysis revealed that the boron-based ligands reported
herein are stronger donors and exhibit stronger metal−ligand
bonds. This indicates that this new class of boron-based ligands
is expected to serve as superb spectator ligands. In
continuation of these results, we currently develop mono-
dentate versions of the reported ligands for applications in
homogeneous catalysis and bond activation reactions.
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Experimental Procedures and Spectra 

Materials and Methods 

All experiments were carried out under an atmosphere of purified argon or nitrogen in the MBraun glove boxes LABmaster 130 and 
UNIlab or using standard Schlenk techniques.  
THF and diethyl ether were dried over Na/K alloy, n-hexane was dried over LiAlH4, toluene was dried over sodium, dichloromethane 
was dried over CaH2, methanol was dried over magnesium and ethyl acetate was dried over potassium carbonate.  After drying, 
solvents were stored over appropriate molecular sieves. Deuterated solvents were degassed with freeze-pump-thaw cycles and stored 
over appropriate molecular sieves under argon atmosphere.  
1H, 13C, 11B and 31P NMR spectra were recorded using Bruker Avance  HD 250, 300 A, DRX 400, DRX 500 and Avance 500 NMR 
spectrometers at 300 K. 1H and 13C {1H}, 13C-APT (attached proton test) NMR chemical shifts are reported in ppm downfield from 
tetramethylsilane. The resonance of the residual protons in the deuterated solvent was used as internal standard for 1H NMR spectra. 
The solvent peak of the deuterated solvent was used as internal standard for 13C NMR spectra. The assignment of resonances in 1H 
and 13C NMR spectra was further supported by 1H COSY, 1H NOESY, 1H,13C HMQC and 1H,13C HMBC NMR spectra. 11B NMR chemical 
shifts are reported in ppm downfield from BF3·Et2O and referenced to an external solution of BF3·Et2O in CDCl3. 31P NMR chemical 
shifts are reported in ppm downfield from H3PO4 and referenced to an external 85 % solution of phosphoric acid in D2O. The following 
abbreviations are used for the description of NMR data: br (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m 
(multiplet). 
FT-IR spectra were recorded by attenuated total reflection of the solid samples on a Bruker Tensor IF37 spectrometer. The intensity of 
the absorption band is indicated as w (weak), m (medium), s (strong), vs (very strong) and br (broad).  
HR-ESI mass spectra were acquired with a LTQ-FT mass spectrometer (Thermo Fisher Scientific). The resolution was set to 100.000. 
Elemental analyses were done by combustion analysis in a vario Micro cube (Elementar). In a glovebox, samples were weighed in Sn-
crucibles of known mass and kept under exclusion of ambient air by cold pressure welding. Measurements were performed as double 
determinations, the values presented herein are the arithmetic mean.  
 
Bis(diphenylphosphino)methane (dppm) was synthesized following the procedure published by K. Sommer.1 Vaska’s complex ([trans-
Ir(PPh3)2(CO)Cl]) and [cis-Ir(CO)2Cl(para-toluidine)] were prepared according to literature procedures.2 [H2C(dppm)2]Cl2 and 
[HC(dppm)2]Cl were synthesized according to the literature by Peringer and coworkers.3 [H2B(dppm)2]Br was synthesized according to 
our previously published method.4 Bis(diphenylphosphinoethyl)amine (dpea) and its hydrochloride salt [H2N([CH2]2PPh2)2]Cl 
(dpea·HCl) were synthesized according to a procedure published by Kahn and Rao.5 1,3-Bis(diphenylphosphinomethyl)benzene 
(dpmb)  and 2,6-bis(diphenylphosphinomethyl)pyridine (dpmp) were synthesized according to the literature by Wu and coworkers.6 
1,3-Bis(2-diphenylphosphanylethyl)-3H-imidazol-1-ium chloride was prepared according to the literature.7 
 
 

Synthesis of [{k3P,C,P-HC(dppm)2}IrCl(CO)H]Cl2 (1a) 

1a can easily be synthesized by oxidative addition of [H2C(dppm)2]Cl2 to [IrCl(CO)(PPh3)], but the following procedure yields a purer 
product. 
To a yellow solution of 96.6 mg [{k3P,C,P-C(dppm)2}IrCl(CO)H]Cl (1e, 90.0 μmol, 1.0 eq.) in 5 ml CH2Cl2, a solution of HCl in DEE (2 M, 
0.13 ml, 26.0 μmol, 2.9 eq.) was added dropwise until complete discoloration. The volume of the solution was reduced to ~1 ml in vacuo 
and addition of 8 ml DEE lead to a colorless precipitate. Filtration and drying in vacuo yielded 87 mg (78.4 μmol, 87 %) of a mixture of 
the cis- and trans-isomers 1a in approx. 1:1 ratio. Single crystals suitable for X-ray diffraction experiments were obtained by layering a 
solution of [{k3P,C,P-HC(dppm)2}IrCl(CO)H]Cl2 in CH2Cl2 with n-hexane. Both isomers are observed in the crystal structure.  
 
1H NMR (300 MHz, CD2Cl2) δH: -15.88 (t, 1H, 2JH,P = 11.8 Hz, IrH cis-1a), -14.38 (t, 1H, 2JH,P = 11.7 Hz, IrH trans-1a), 5.13 (m, 4H, CH2 
cis- + trans 1a), 6.58 (t, superimposed, 1H, JH,P = 21.2 Hz, CH2 cis- + trans-1a), 6.62 (m, superimposed, 1H, CH2 cis- + trans-1a), 6.85 
(br s, 2H, CH2 cis- + trans-1a), 7.15 (td, 4H, JH,P = 7.6 Hz, JH,P = 2.7 Hz,  Harom.), 7.20–7.54 (m, 44H, Harom.), 7.63 (dd, 4H, JH,P = 13.2 Hz, 
JH,P = 7.9 Hz, Harom.), 7.67–7.77 (m, 8H, Harom.), 7.77–7.85 (m, 8H, Harom.), 7.96 (dd, 4H, JH,P = 12.9 Hz, JH,P = 7.3 Hz, Harom.), 8.09 (dd, 
4H, JH,P = 12.9 Hz, JH,P = 7.8 Hz, Harom.), 8.12–8.19 (m, 4H, Harom.) ppm.  
1H{31P} NMR (300 MHz, CD2Cl2) δH: (only additionally appearing resonances are listed) 3.69 (br s, 2H, CH) ppm. 13C APT NMR 
(126 MHz, CD2Cl2) δC: 1.4 (t, JC,P = 33.6 Hz, P-CH-P), 9.5 (t, JC,P = 37.8 Hz, P-CH-P), 33.3–34.2 (m, CH2), 35.7 (dt, JC,P = 61.3 Hz, JC,P 

= 14.0 Hz, CH2), 115.6 (dd, JC,P = 237.2 Hz, JC,P = 83.5 Hz, Carom), 119.6 (dd, JC,P = 81.4 Hz, JC,P = 12.2 Hz, Carom), 126.1 (td, JC,P = 
30.3 Hz, JC,P = 9.6 Hz, Carom), 127.3 (t, JC,P = 31.7 Hz, Carom), 128.1 (d, JC,P = 32.0 Hz, Carom), 128.4–129.0 (m, CHarom), 129.0–129.4 (m, 
CHarom), 129.9 (d, JC,P = 13.2 Hz, CHarom), 132.2 (dd, JC,P = 44.7 Hz, JC,P = 19.0 Hz, CHarom), 132.8–133.1 (m, CHarom), 133.2–133.5 (m, 
CHarom), 133.9 (dt, JC,P = 43.8 Hz, JC,P = 6.9 Hz, CHarom), 134.5–134.9 (m, CHarom), 134.9–135.2 (m, CHarom), 164.7 (d, JC,P = 25.7 Hz, 
Carom) ppm. The resonance corresponding to the carbonyl ligand was not observed. 31P{1H} NMR (121 MHz, CD2Cl2) δP: 0.8 (t, 2P, 2JP,P 

= 31.3 Hz, P-Ir-P, cis-1a), 2.0 (t, 2P, 2JP,P = 30.2 Hz, P-Ir-P, trans-1a), 44.0 (t, 2P, 2JP,P = 29.1 Hz, P-CH-P, trans-1a), 45.0 (t, 2P, 2JP,P 

= 32.0 Hz, P-CH-P, cis-1a) ppm. FT-IR 𝜈"/cm-1: 3054 (w), 2961 (w), 2792 (w), 2194 (w, IrH), 2049 (s, CO), 1586 (w), 1485 (w), 1435 (s), 
1361 (w), 1262 (m), 1099 (s), 1027 (w), 998 (m), 879 (w), 788 (m), 736 (vs), 687 (vs), 615 (w), 553 (s), 524 (s), 500 (s), 480 (s).  HRMS: 
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(ESI+, MeOH) 𝑚 𝑧⁄ : 1001.1969 [(HC{dppm}2)Ir(CO)]+ measured, 1001.1972 calculated, Δ = -0.30 ppm. Elemental analysis (measured 
[calculated] for C52H46Cl3IrOP4 / %): 57.33 [56.30] C, 4.34 [4.18] H, 0.17 [0.00] N. 
 

   
Figure S1. 1H NMR spectrum of  [{k3P,C,P-HC(dppm)2}IrCl(CO)H]Cl2 (1a) in CD2Cl2 (solvent resonance marked with asterisk). 
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Figure S2. 13C APT NMR spectrum of  [{k3P,C,P-HC(dppm)2}IrCl(CO)H]Cl2 (1a) in CD2Cl2 (solvent resonance marked with asterisk). 

 

Figure S3. 31P{1H} NMR spectrum of  [{k3P,C,P-HC(dppm)2}IrCl(CO)H]Cl2 (1a) in CD2Cl2. 

 

 
Figure S4. ATR IR spectrum of  [{k3P,C,P-HC(dppm)2}IrCl(CO)H]Cl2 (1a). 
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Synthesis of [(k3P,N,P- PhPNPyP)IrCl(CO)H]Cl (1b) 

50 mg dpmp (105 μmol, 1.0 eq.) were dissolved in 5 ml toluene. On addition of 0.05 ml of a solution of HCl in DEE (2 M, 100 μmol, 
1.0 eq.), a colorless precipitate formed. After drying in vacuo, the remaining colorless solid was suspended in 5 ml toluene. To the 
suspension, a solution of 42 mg [IrCl(CO)2(p-toluidine)] (108 μmol, 1.0 eq.) in 5 ml toluene were added. The orange suspension was 
heated to reflux. After cooling to room temperature, the solution was decanted and the remaining colorless solid was washed 2x with 
2 ml toluene. After drying in vacuo, 5 ml CH2Cl2 were added and the resulting solution was layered with 10 ml n-hexane. After 7 d, 
crystals suitable for X-ray diffraction could be obtained. 37 mg of [(k3P,N,P- PhPNPyP)IrCl(CO)H]Cl (48.2 μmol, 46 %) were isolated in 
the form of colorless needles. 
 
1H NMR (300 MHz, CD2Cl2) δH: -14.90 (t, 1H, 2JH,P = 11.5 Hz, Ir-H), 4.85 (dt, 2H, 2JH,H = 17.4 Hz, 2JH,P = 5.3 Hz, CH2), 5.35 (dt, 
superimposed on solvent resonance, 2H, 2JH,H = 17.6 Hz, 2JH,P = 5.3 Hz, CH2), 7.49–7.65 (m, 12H, phenyl ortho,para Harom.), 7.71–7.89 
(m, 8H, phenyl meta Harom.), 7.99 (t, 1H, 3JH,H = 7.8 Hz, pyridine para CH), 8.12 (d, 2H, 3JH,H = 7.8 Hz, pyridine meta CH) ppm. 13C{1H} 
NMR (75 MHz, CD2Cl2) δC: 44.8 (t, 1JC,P = 17.8 Hz, CH2), 124.4 (t, 3JC,P = 6.0 Hz, pyridine meta CH), 125.3 (t, 1JC,P = 31.0 Hz, PC), 
129.3 (t, 1JC,P = 31.7 Hz, PC), 129.5 (t, JC,P = 5.9 Hz, phenyl Carom.), 130.0 (t, JC,P = 5.8 Hz, phenyl Carom.), 132.9 (br s, phenyl Carom.), 
133.1 (br s, phenyl Carom.), 133.2 (t, JC,P = 6.7 Hz, phenyl Carom.), 133.7 (t, JC,P = 6.2 Hz, phenyl Carom.), 142.2 (s, pyridine para CH), 
162.1 (t, JC,P = 3.2 Hz, pyridine ortho C), 165.3 (t, JC,P = 7.7 Hz, Carom.) ppm. The resonance corresponding to the carbonyl ligand was 
not observed. 31P{1H} NMR (121 MHz, CD2Cl2) δP: 21.6 (s, 2P, PPh2) ppm.  FT-IR 𝜈"/cm-1: 3055 (w), 3020 (w), 2914 (w), 2872 (w), 2179 
(w, IrH), 2041 (vs, CO), 1967 (w), 1605 (w), 1589 (w), 1564 (w), 1485 (w), 1466 (m), 1435 (s), 1393 (w), 1337 (w), 1312 (w), 1261 (w), 
1190 (w), 1161 (w), 1144 (w), 1099 (s), 1074 (w), 1028 (w), 999 (m), 962 (w), 845 (m), 800 (m), 756 (m), 744 (m), 723 (m), 708 (s), 690 
(vs), 608 (m), 567 (w), 540 (m), 511, (vs), 478 (vs), 461 (s), 413 (w). HRMS: (ESI+, MeCN) 𝑚 𝑧⁄ : 732.0966 [(PhPNPyP)IrCl(CO)H]+ 
measured; 732.0952 calculated, Δ = 1.91 ppm. Elemental analysis (measured [calculated] for C32H28ClIrNOP2 · ½ CH2Cl2 / %): 48.82 
[48.19] C, 3.89 [3.61] H, 1.87 [1.73] N. 
 
 

  
Figure S5. 1H NMR spectrum of [(k3P,N,P- PhPNPyP)IrCl(CO)H]Cl (1b) in CD2Cl2 (solvent resonance marked with asterisk). 
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Figure S6. 13C{1H} NMR spectrum of [(k3P,N,P- PhPNPyP)IrCl(CO)H]Cl (1b) in CD2Cl2 (solvent resonance marked with asterisk). Resonances corresponding to 
residual n-hexane are marked with x. 

 

 
Figure S7. 31P{1H} NMR spectrum of [(k3P,N,P- PhPNPyP)IrCl(CO)H]Cl (1b) in CD2Cl2. 
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Figure S8. ATR IR spectrum of [(k3P,N,P- PhPNPyP)IrCl(CO)H]Cl (1b). 
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Synthesis of [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (1c) 

1c was synthesized based on the procedure by Khan and Rao.5 110 mg [IrCl(CO)(PPh3)2] (141 μmol, 1.0 eq.) and 100 mg 
[(Ph2PCH2CH2)NH2]Cl (209 μmol, 1.5 eq.) were suspended in 5 ml hot toluene and heated to reflux. After 6 h, the formed precipitate 
was collected by filtration, washed 3x with 5 ml toluene and dried in vacuo. 98.0 mg [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (128 μmol, 95 %) 
were isolated as a yellow solid, containing the trans-isomer as major product. Both the cis- and the trans-isomer were detected by NMR 
spectroscopy, and are assigned on the base of NOE-correlations in phase-sensitive 1H NOESY NMR spectra. Layering of a saturated 
solution of [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (1c) in CH2Cl2 with n-hexane resulted in the formation single crystals of cis-1c suitable for 
X-ray diffraction experiments.  
 
Major isomer (cis-1c) resonances listed below, observable resonances of the minor isomer (trans-1c) further down. 
1H NMR (300 MHz, CD2Cl2) δH: -15.48 (t, 1H, 2JH,P = 12.0 Hz, IrH), 3.12–3.34 (m, superimposed on resonance of minor isomer, 8H, 
N(CH2CH2P)2), 7.44–7.52 (m, 5H, Harom.), 7.54–7.62 (m, 5H, Harom.), 7.68–7.78 (m, 10H, Harom.), 10.26 (br s, 1H, NH) ppm. 13C{1H} NMR 
(75 MHz, CD2Cl2) δC: 32.7 (t, 1JC,P = 16.4 Hz, PCH2), 51.7 (t, 2JC,P = 2.2 Hz, NCH2), 125.5 (t, JC,P = 29.9 Hz, Carom.), 129.4 (t, JC,P = 
5.6 Hz, Carom.), 129.7 (t, JC,P = 5.7 Hz, Carom.), 132.3 (s, Carom.), 132.5 (s, Carom.), 133.2 (t, JC,P = 6.5 Hz, Carom.), 134.1 (t, JC,P = 5.8 Hz, 
Carom.) ppm. The resonance corresponding to the carbonyl ligand was not observed. 31P{1H} NMR (121 MHz, CD2Cl2) δP: 30.8 (s, 2P, 
PPh2) ppm.  
Observed minor isomer (trans-1c) resonances (marked with x in the spectra; due to low signal strength, complete assignment is not 
possible): 1H NMR (300 MHz, CD2Cl2) δH: -16.12 (t, 2JH,P = 10.4 Hz, IrH), 3.34–3.49 (m, superimposed on resonace of major isomer, 
N(CH2CH2P)2), 7.10–7.27 (m, Harom.), 7.29–7.37 (m, Harom.) ppm. (75 MHz, CD2Cl2) δC: 125.8 (Carom.), 128.7 (Carom.), 129.0 (Carom.), 129.3 
(Carom.), 131.8 (Carom.), 132.7 (Carom.), 133.8 (t, JC,P = 6.0 Hz, Carom.), 134.4 (Carom.) ppm. 31P{1H} NMR (121 MHz, CD2Cl2) δP: 29.4 (s, 2P, 
PPh2) ppm. 
FT-IR 𝜈"/cm-1: 3371 (w, br, NH), 3050 (w), 2936 (w), 2764 (w), 2707 (w), 2663 (w), 2605 (w), 2472 (w), 2350 (w), 2198 (w, IrH), 2030 (s, 
CO), 1666 (w), 1620 (w), 1586 (w), 1573 (w), 1482 (w), 1455 (w), 1434 (s), 1397 (w), 1340 (w), 1311 (w), 1270 (w), 1220 (w), 1179 (w), 
1150 (m), 1102 (s), 1066 (m), 1028 (w), 997 (m), 850 (m), 794 (m), 744 (s), 723 (s), 691 (vs), 617 (w), 577 (s), 557 (s), 546 (m), 534 
(s), 504 (vs), 489 (vs), 468 (s), 455 (s), 436 (m). HRMS: (ESI+, MeOH) 𝑚 𝑧⁄ : 662.1342 [(PhPNHP)Ir(CO)Cl]+ measured; 662.1349 
calculated, Δ = 1.06 ppm. Elemental analysis (measured [calculated] for C29H30Cl2IrNOP2 · C7H8 / %): 51.69 [52.36] C, 4.76 [4.64] H, 
2.35 [1.70] N. 
 

 
Figure S9. 1H NMR spectrum of [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (1c) in CD2Cl2 (solvent resonance marked with asterisk). Resonances corresponding to minor 
isomer are marked with x. 
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Figure S10. 13C{1H} NMR spectrum of [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (1c) in CD2Cl2 (solvent resonance marked with asterisk). Resonances corresponding to minor 
isomer are marked with x. 
 

 
Figure S11. 31P{1H} NMR spectrum of [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (1c) in CD2Cl2. Resonance corresponding to minor isomer is marked with x. 
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Figure S12. ATR IR spectrum of [(k3P,N,P-PhPNHP)IrCl(CO)H]Cl (1c). 
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Synthesis of [(k3P,C,P-PhPCimP)Ir(H)(CO)(Cl)]Cl (1d) 

59 mg 1,3-Bis(2-diphenylphosphanylethyl)-3H-imidazol-1-ium chloride (112 μmol, 1.0 eq.) and 50 mg [cis-Ir(CO)2Cl(para-toluidine)] 
(128 μmol, 1.1 eq.) were dissolved in 5 ml of toluene. After stirring over night, the solvent was removed in vacuo and to the resulting 
brown solids, 5 ml of dichloromethane were added. Filtration of the suspension yielded a yellow solution, which was layered with 10 ml 
n-hexane. After several weeks, 33.6 mg [(k3P,N,P- PhPCbimP)Ir(H)(CO)(Cl)]Cl (42.8 μmol, 38 %) were isolated as colorless needles. 
 
1H NMR (300 MHz, CD2Cl2) δH: -16.69 (t, 1H, 2JH,P = 10.8 Hz, Ir-H), 2.57–3.01 (m, 4H, CH2P), 4.24 (m, 2H, NCH2), 5.19 (m, 
superimposed on solvent, 2H, NCH2), 7.36–7.43 (m, 6H, Harom.), 7.43–7.52 (m, 10H, Harom.), 7.58–7.71 (m, 6H, NCH, Harom.) ppm. 
13C{1H} NMR (75 MHz, CD2Cl2) δC: 26.5 (s, PCH2), 47.4 (s, NCH2), 124.0 (s, NCH), 129.0 (t, JC,P = 5.4 Hz, Carom.), 129.9 (t, JC,P = 
11.0 Hz, Carom.), 131.3 (s, Carom.), 132.0 (s, Carom.), 133.1 (t, JC,P = 5.3 Hz, Carom.), 134.2 (t, JC,P = 6.1 Hz, Carom.) ppm. 31P{1H} NMR 
(121 MHz, CD2Cl2) δP: -7.8 (s, P-Ir-P) ppm. FT-IR 𝜈"/cm-1: 3082 (w), 3053 (w), 3026 (w), 2365 (w), 2203 (w, IrH), 2096 (w), 2041 (vs, 
CO), 2000 (w), 1967 (w), 1572 (w), 1481 (m), 1433 (s), 1402 (m), 1381 (w), 1352 (w), 1335 (m), 1310 (w), 1281(w), 1252 (w), 1238 (w), 
1192 (w), 1151 (w), 1096 (s), 1072 (w), 1057 (w), 1028 (w), 997 (m), 970 (w), 868 (m), 841 (w), 808 (m), 783 (m), 746 (s), 721 (vs), 
706 (vs), 689 (vs), 638 (w), 617 (w), 546 (vs), 530 (m), 515 (vs), 503 (s), 488 (s), 476 (s), 459 (s), 415 (m). HRMS (ESI+, MeCN) 𝑚 𝑧⁄ : 
749.1245 [(PhPCbimP)Ir(H)(CO)(Cl)]+ measured, 749.1229 calculated, Δ = 2.14 ppm. Elemental analysis (measured [calculated] for 
C32H31Cl2IrN2OP2 · CH2Cl2 / %): 45.73 [45.58] C, 3.93 [3.83] H, 3.38 [3.22] N.  
 
 

  
Figure S13. a) 1H NMR spectrum of [(k3P,N,P- PhPCimP)Ir(H)(CO)(Cl)]Cl (1d) in CD2Cl2 (solvent resonance marked with asterisk). b) Cutout of the hydride 
resonance of [(k3P,N,P- PhPCimP)Ir(H)(CO)(Cl)]Cl (1d) in CD2Cl2. 
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Figure S14. 13C{1H} NMR spectrum of [(k3P,N,P- PhPCimP)Ir(H)(CO)(Cl)]Cl (1d) in CD2Cl2 (solvent resonance marked with asterisk). 

 

 

Figure S15. 31P{1H} NMR spectrum of [(k3P,N,P- PhPCimP)Ir(H)(CO)(Cl)]Cl (1d) in CD2Cl2. 
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Figure S16. ATR IR spectrum of [(k3P,N,P- PhPCimP)Ir(H)(CO)(Cl)]Cl (1d). 
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Synthesis of [{k3P,C,P-C(dppm)2}IrCl(CO)H]Cl (1e)  

68.7 mg [IrCl(CO)(PPh3)] (88.0 μmol, 1.0 eq.) and 72.0 mg [HC(dppm)2]Cl (88.6 μmol, 1.0 eq.) were dissolved in 5 ml CHCl3. After 
stirring for 1 h, the solvent was removed in vacuo. The remaining yellow solid was dissolved in 5 ml CH2Cl2 and precipitated by adding 
10 ml ethyl acetate. After decanting the supernatant solution, the precipitate was washed 3x with 3 ml ethyl acetate. Drying in vacuo 
yielded 87.0 mg [{k3P,C,P-C(dppm)2}IrCl(CO)H]Cl (81.1 μmol, 89 %) as a yellow solid. Single crystals suitable for X-ray diffraction 
experiments were obtained by layering a solution of [{k3P,C,P-C(dppm)2}IrCl(CO)H]Cl in CH2Cl2 with n-hexane. 
 
1H NMR (300 MHz, CD2Cl2) δH: -16.51 (t, 1H, 2JH,P = 10.4 Hz, IrH), 4.33 (m, 2H, CH2), 4.55 (m, 2H, CH2), 7.02 (t, 4H, JH,P = 7.3 Hz, 
Harom.), 7.13 (q, JH,P = 7.5 Hz, 4H, Harom.), 7.20–7.43 (m, 20H, Harom.), 7.43–7.49 (m, 4H, Harom.), 7.65 (q, 4H, JH,P = 6.8 Hz, Harom.), 7.68–
7.73 (m, 4H, Harom.) ppm. 13C{1H} NMR (126 MHz, CD2Cl2) δC: 37.2–38.1 (m, CH2), 127.8 (t, JC,P = 30.8 Hz, Carom.),  128.8 (t, JC,P = 
5.9 Hz, Carom.), 129.0–129.4 (m, Carom.), 131.4 (s, Carom.), 131.9 (s, Carom.), 132.2–132.5 (m, Carom.), 132.6–132.8 (m, Carom.), 132.9 (t, 
JC,P = 4.9 Hz, Carom.), 133.3 (t, JC,P = 5.1 Hz, Carom.), 133.5 (t, JC,P = 7.1 Hz, Carom.), 134.3 (t, JC,P = 5.9 Hz, Carom.) ppm. Neither the 
carbonyl nor the carbodiphosphorane carbon resonances were observed. 31P{1H} NMR (121 MHz, CD2Cl2) δP: 7.8 (t, 2P, 2JP,P = 34.8 Hz, 
P-Ir-P) , 31.8 (t, 2P, 2JP,P = 35.2 Hz, P-CH2-P), ppm. FT-IR 𝜈"/cm-1: 3053 (w), 3014 (w), 2929 (w), 2844 (w), 2271 (w, IrH), 2015 (s, CO), 
1930 (w), 1728 (s), 1587 (w), 1484 (m), 1433 (s), 1370 (m), 1314 (w), 1242 (m), 1190 (w), 1157 (m), 1100 (vs), 1041(m), 998 (m), 939 
(w), 833 (m), 784 (s), 739 (s),690 (vs), 610 (vs), 559 (s), 538 (s), 504 (vs), 475 (vs). HRMS: (ESI+, CH2Cl2) 𝑚 𝑧⁄ : 1001.1986 
[{C(dppm)2}IrCl(CO)H]+ measured; 1001.1972 calculated, Δ = 1.40 ppm. Elemental analysis (measured [calculated] for C52H45Cl2IrOP4 
/ %): 57.49 [58.21] C, 4.45 [4.23] H, 0.00 [0.00] N. 
 

 
Figure S17. 1H NMR spectrum of [(k3P,C,P- C(dppm)2}IrCl(CO)H]Cl (1e) in CD2Cl2 (solvent resonance marked with asterisk). Residual ethyl acetate resonance 
marked with x. 
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Figure S18. 13C{1H} NMR spectrum of [(k3P,C,P- C(dppm)2}IrCl(CO)H]Cl (1e) in CD2Cl2 (solvent resonance marked with asterisk). Residual ethyl acetate resonance 
marked with x. 
 

 
Figure S19. 31P{1H} NMR spectrum of [(k3P,C,P- C(dppm)2}IrCl(CO)H]Cl (1e) in CD2Cl2. 
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Figure S20. ATR IR spectrum of [(k3P,C,P- C(dppm)2}IrCl(CO)H]Cl (1e). 
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Synthesis of [{k3P,B,P-HB(dppm)2}IrCl(CO)H]Br (1f) 

1f was synthesized by adaptation of the procedure for [{k3P,C,P-C(dppm)2}IrCl(CO)H]Cl (1e). 45.0 mg [Ir(Cl)(CO)(PPh3)2] (57.7 μmol, 
1.0 eq.) were dissolved in 5 ml CH2Cl2 and cooled to -74 °C. Dropwise addition of a solution of 50.0 mg [H2B(dppm)2]Br (58.0 μmol, 
1.0 eq.) in 5 ml CH2Cl2 led to a colorless precipitate. After stirring at -74 °C for 1 h, the precipitate was filtered and dried in vacuo. The 
resulting colorless solid was washed 3x with 5 ml n-hexane and dried in vacuo. 43.8 mg of [{k3P,B,P-HB(dppm)2}IrCl(CO)H]Br 
(39.2 μmol, 68 %) were obtained as a colorless solid, consisting of a mixture of the cis- and trans-isomer (approx. 9:1 ratio). Both the 
cis- and the trans-isomer were detected by NMR spectroscopy, and are assigned on the base of NOE-correlations in phase-sensitive 
1H NOESY NMR spectra. Single crystals of cis-1f suitable for X-ray diffraction experiments were obtained by layering a solution of 1f 
in CH2Cl2 with n-hexane. 
 
Main isomer (cis-1f ) resonances listed below, observable resonances of the minor isomer (trans-1f) are listed separately. 
1H NMR (300 MHz, CD2Cl2) δH: -17.73 (t, 1H, 2JH,P = 12.4 Hz, IrH,) 4.43 (m, 2H, CH2), 4.91 (m, 2H, CH2), 7.04 (td, 5H, JH,P = 11.7 Hz, 
JH,P = 2.8 Hz, Harom.), 7.11–7.49 (m, 26H, Harom.), 7.59–7.86 (m, 9H, Harom.) ppm. 1H{11B} NMR (300 MHz, CD2Cl2) δH: (only additionally 
observed resonances are listed) 3.84 (t, 1H, 2JH,P = 25.3 Hz, BH) ppm. 11B{1H} NMR (96 MHz, CD2Cl2, with reduced glass peak) δB: -
30.1 (br s, BH) ppm. 13C{1H} NMR (75 MHz, CD2Cl2) δC: 36.6–38.0 (m, CH2), 124.4–125.4 (m, Carom.), 127.1 (dd, 1JC,P = 61.9 Hz, 3JC,P 
= 3.4 Hz, Carom.), 128.7 (br s, Carom.), 128.8–129.2 (m, CHarom.), 129.2–129.6 (m, CHarom.), 131.4 (s, superimposed on minor isomer 
resonances, CHarom.), 131.9–132.3 (m, CHarom.), 132.5–133.0 (m, superimposed on minor isomer resonances, CHarom.), 133.3–133.5 
(m, superimposed on minor isomer resonances, CHarom.), 134.3 (t, superimposed on minor isomer resonances, JC,P = 6.9 Hz, CHarom.) 
ppm. 31P{1H} NMR (100 MHz, CD2Cl2) δP: 22.7 (br s, 2P, P-BH-P), 11.6 (t, 2P, 2JP,P = 51.5 Hz, P-Ir-P) ppm. 
Observed minor isomer (trans-1f) resonances (marked with x in the spectra; due to low signal strength, complete assignment is not 
possible): 1H NMR (300 MHz, CD2Cl2) δH: -16.66 (t, 1H, 2JH,P = 12.3 Hz, IrH,) 4.19–4.33 (m, 2H, CH2), 4.60–4.83 (m, 2H, CH2), 7.48–
7.60 (m, superimposed on major isomer resonances, Harom.), 7.95–8.05 (m, Harom.) ppm. 13C{1H} NMR (75 MHz, CD2Cl2) δC: 128.4 (s, 
Carom.), 129.7 (t, JC,P = 5.2 Hz, Carom.), 131.3–131.7 (m, superimposed on major isomer resonances, CHarom.), 132.8–133.3 (m, 
superimposed on major isomer resonances, CHarom.), 133.8–134.2 (m, superimposed on major isomer resonances, CHarom.), 134.3–
134.7 (m, superimposed on major isomer resonances, CHarom.), 134.8–135.2 (m, CHarom.) ppm. 31P{1H} NMR (100 MHz, CD2Cl2) δP: 
10.2 (t, 2JP,P = 51.1 Hz, P-Ir-P) ppm. 
 FT-IR 𝜈"/cm-1: 3051 (w), 3016 (w), 2917 (w), 2852 (w), 2234 (w, IrH), 2015 (s, CO), 1587 (w), 1574 (w), 1484 (m), 1434 (s), 1365 (w), 
1332 (w), 1310 (w), 1277 (w), 1190 (w), 1158 (m), 1097 (s), 1071 (m), 1027 (w), 999 (m), 793 (m), 739 (s), 728 (s), 687 (vs), 525 (s), 
482 (vs), 427 (m). HRMS: (ESI+, CH2Cl2) 𝑚 𝑧⁄ : 1037.1908 [{HB(dppm)2}IrCl(CO)H]+ measured, 1037.1908 calculated, Δ = 0.00 ppm. 
Elemental analysis (measured [calculated] for C51H46BBrClIrOP4 / %): 54.43 [54.07] C, 4.34 [4.15] H, 0.00 [0.00] N. 
 

 
Figure S21. 1H NMR spectrum of [(k3P,B,P- HB(dppm)2}IrCl(CO)H]Br (1f) in CD2Cl2 (solvent resonance marked with asterisk). Resonances corresponding to minor 
isomer are marked with x. 
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Figure S22. 11B{1H}  NMR spectrum of [(k3P,B,P- HB(dppm)2}IrCl(CO)H]Br (1f) in CD2Cl2, with reduced glas peak. 
 
 

 
Figure S23. 13C{1H} NMR spectrum of [(k3P,B,P- HB(dppm)2}IrCl(CO)H]Br (1f) in CD2Cl2 (solvent resonance marked with asterisk). Resonances corresponding to 
minor isomer are marked with x. 
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Figure S24. 31P{1H} NMR spectrum of [(k3P,B,P- HB(dppm)2}IrCl(CO)H]Br (1f) in CD2Cl2. Resonances corresponding to minor isomer are marked with x. 
Figure S25. ATR IR spectrum of [(k3P,B,P- HB(dppm)2}IrCl(CO)H]Br (1f) in CD2Cl2. 
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Synthesis of [(k3P,C,P-PhPCPhP)IrCl(CO)H] (1g) 

1g was synthesized following the general procedure by Li and coworkers.8 55.0 mg [Ir(Cl)(CO)(PPh3)2] (70.5 μmol, 1.0 eq.) and 30.0 mg 
dpmb (63.2 μmol, 0.9 eq.) were suspended in 5 ml toluene. After refluxing for 30 min, crystals formed upon cooling to RT. The 
supernatant solution was decanted, the crystalline precipitate washed with 2x 3 ml toluene and dried in vacuo. Single crystals suitable 
for X-ray diffraction were taken from the reaction mixture. 19.6 mg [(k3P,C,P-PhPCPhP)IrCl(CO)H] (26.8 μmol, 42.4 %) were isolated as 
crystalline solid. 
 
1H NMR (300 MHz, CDCl3) δH: -17.64 (t, 1H, 1JH,P = 13.3 Hz, Ir-H), 3.95 (td, 2H, 2JH,H = 16.2, 2JP,H = 4.9 Hz, CH2 (a)), 4.49 (td, 2H, 2JH,H 

= 16.2, 2JP,H = 4.7 Hz, CH2 (b)), 7.02 (t, 1H, 3JH,H = 7.4 Hz, aryl para CH), 7.19 (d, 2H, 3JH,H = 7.4 Hz, aryl meta CH), 7.35–7.48 (m, 12H, 
phenyl ortho, para CH), 7.56–7.65 (m, 4H, phenyl meta CH (a)), 7.67–7.77 (m, 4H, phenyl meta CH (b)) ppm. 13C{1H} NMR (122 MHz, 
CDCl3) δC: 46.0 (t, JC,P = 19.8 Hz, CH2), 122.2 (t, 3JC,P = 9.1 Hz, aryl meta HC), 125.5 (s, aryl para HC), 128.5 (t, JC,P = 5.3 Hz, phenyl 
ortho, meta HC (a)), 128.8 (t, JC,P = 5.2 Hz, phenyl ortho, meta HC (b)), 130.1 (t, 1JC,P = 26.9 Hz, phenyl PC (a)), 130.9 (br s, phenyl 
para HC), 132.6 (t, JC,P = 6.2 Hz, phenyl ortho, meta HC (a)), 133.2 (t, JC,P = 5.7 Hz, phenyl ortho, meta HC (b)), 134.9 (t, 1JC,P = 28.2 Hz, 
phenyl PC (b)), 147.1 (t, 2JC,P = 8.5 Hz, CCH2) ppm. 31P{1H} NMR (121 MHz, CDCl3) δP: 25.9 (s, PPh2) ppm. The resonance 
corresponding to the carbonyl ligand was not observed. A minor second set of resonances can be observed in the NMR spectra, 
indicating a second complex (resonances marked with x in the spectra). 1H NMR (300 MHz, CDCl3) δH: -16.70 (t, JH,P = 13.0 Hz), 4.03 
(t, superimposed, JH,P = 5.0 Hz), 4.55 (m, superimposed) ppm. 31P{1H} NMR (121 MHz, CDCl3) δP: 23.6 (s) ppm. Formation of a penta-
coordinate compound through either loss of the carbon monoxide ligand or expulsion of the chloride ligand from the coordination sphere 
seem likely possibilities, though formation of dimeric species can also occur. The high similarity in the chemical shifts of the resonances 
points to a rather small change. FT-IR 𝜈"/cm-1: 3076 (w), 3053 (w), 3020 (w), 2885 (w), 2829 (w), 2181 (w, IrH), 2012 (s, CO), 1967 (w), 
1574 (w), 1493 (w), 1485 (w), 1452 (w), 1435 (s), 1418 (m), 1398 (m), 1379 (w), 1356 (w), 1329 (w), 1304 (w), 1279 (w), 1248 (w), 
1194 (w), 1184 (w), 1161 (w), 1105 (m), 1082 (w), 1068 (w), 1028 (w), 999 (w), 964 (m), 897 (w), 843 (m), 793 (m), 771 (w), 756 (m), 
733 (vs), 717 (s), 708 (s), 689 (vs), 590 (s), 550 (w). Elemental analysis (measured [calculated] for C33H28ClIrOP2 / %): 54.12 [54.28] 
C, 4.24 [3.87] H, 0.00 [0.00] N. 
 

 
Figure S26. 1H NMR spectrum of [(k3P,C,P-PhPCPhP)IrCl(CO)H]Cl (1g) in CDCl3 (solvent resonance marked with asterisk). Resonances corresponding to minor 
complex are marked with x. 
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Figure S27. 13C{1H} NMR spectrum of [(k3P,C,P-PhPCPhP)IrCl(CO)H]Cl (1g) in CDCl3 (solvent resonance marked with asterisk). 
 
 

 

 
Figure S28. 31P{1H} NMR spectrum of [(k3P,C,P-PhPCPhP)IrCl(CO)H]Cl (1g)  in CDCl3. Resonances corresponding to minor complex are marked with x. 
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Figure S29. ATR IR spectrum of [(k3P,C,P-PhPCPhP)IrCl(CO)H]Cl (1g). 
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X-Ray Crystallography 

The single crystal X-ray diffraction data for the structural analysis were collected using graphite-monochromated Mo-Kα-radiation 
(λMoKα= 0.71073) on the imaging plate detector systems STOE IPDS2 and STOE IPDS2T or on the pixel detector system Bruker Quest 
D8. The structures were solved with the Olex2 software by direct methods with SHELXT and refined against F2 by full-matrix-least-
square techniques using SHELXL.9–12 Crystallographic data for 1a-1g was deposited at Cambridge Crystallographic Data Centre 
(CCDC 1879155-1879160) and can be obtained free of charge via www.ccdc.cam.ac.uk/. 
 
Table S1. Crystallographic data of complexes 1a-f. 
Complex 1a 1b 1c 1d 1e 1f 1g 

Formula C52H46Cl3IrOP4 

· 0.1 CH2Cl2 
C32H27ClIrNOP2 C29H30Cl2IrNOP2 C32H31Cl2IrN2OP2 

· CH2Cl2 
C55H51Cl8IrOP4 C52H48BBrCl3IrOP4 C33H28ClIrOP2 

· 5/4 C7H8 
M / g·mol-1 1117.81 731.13 733.58 869.55 1327.66 1202.05 845.31 

T/K 100(2) 100(2) 100(2) 100(2) 100(2) 110(2) 100(2) 

Crystal System monoclinic triclinic triclinic triclinic monoclinic orthorhombic triclinic 

Space Group C2/c P1 P1' P1' P21/c Pbca P1' 

a / Å 41.384(3) 15.2943(10) 10.603(2) 14.0605(6) 12.265(2) 23.3229(7) 9.6658(4) 

b / Å 12.1155(7) 16.0822(10) 11.764(2) 14.4113(6) 24.523(5) 16.5703(5) 14.2713(7) 

c / Å 32.393(2) 17.6097(12) 12.732(3) 19.6677(9) 22.176(6) 25.2090(7) 14.7670(7) 

α / ° 90 108.002(2) 97.860(7) 88.181(2) 90 90 107.989(2) 

β / ° 109.788(2) 92.021(2) 109.324(7) 79.515(2) 121.94(2) 90 96.128(2) 

γ / ° 90 109.2707(19) 107.162(5) 63.8870(10) 90 90 104.806(2) 

V / Å3 15282(2) 3842.8(4) 1382.7(4) 3513.5(3) 5660(2) 9742.5(5) 1834.52(15) 

Z 12  4 2 4 4 8 2 

rcalc. / g·cm-3 1.457 1.264 1.762 1.644 1.558 1.639 1.530 

μ / mm-1 2.950 3.647 5.161 4.224 2.888 3.896 3.830 

F(000) 6698 1432 720 1712 2648 4768 841 

Qmin/° 2.100 2.178 2.185 2.115 1.661 2.136 2.225 

Qmax/° 24.439 25.500 27.480 31.310 26.760 27.404 27.484 

Measured Refl. 172870 135821 61214 169650 41514 215064 43359 
Independent Refl. 12590  

(RInt = 0.0556) 
27324  
(RInt = 0.0701) 

6342  
(RInt = 0.0228) 

20487  
(RInt = 0.0380) 

11918 
 (RInt = 0.1514) 

11063 
 (RInt = 0.0820) 

8351 
 (RInt = 0.0337) 

Ind. Refl. (I>2s(I)) 11787 22938 6177 18107 8433 8582 7750 
Parameters/ 
Restraints 844/5 1214/1923 329/1 783/0 622/0 575/4 439/122 

R1 0.0648 0.0563 0.0132 0.0248 0.0693 0.0522 0.0273 

R1 (all data) 0.0697 0.0732 0.0140 0.0324 0.1044 0.0750 0.0312 

wR2 0.1532 0.1310 0.0332 0.0497 0.1415 0.1311 0.0662 

wR2 (all data) 0.1555 0.1421 0.0335 0.0519 0.1575 0.1492 0.0680 

GooF 1.249 1.046 1.039 1.033 1.017 1.159 1.056 
Max. peak + hole  
/ e·Å–3 1.982/-3.720 3.173/-3.218 1.114/-0.916 1.866/-1.392 2.338/-2.727 4.008/-2.222 1.857/-1.365 

CCDC 1879160 1879158 1879156 1901950 1879155 1879159 1879157 
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DFT Calculations 

DFT calculations were performed with Grimme’s B97D functional including dispersion13 and the def2TZVPP basis set after a 
preoptimisation with the def2SVP basis set14,15 in Gaussian16.16 For the EDA, the BP86 functional with a triple-zeta STO basis set 
TZ2P+17 in conjunction with the zero-order regular approximation (ZORA),18 and Grimme’s D3 dispersion correction together with 
Becke-Johnson damping as implemented in the ADF2016 program package was employed.19–23 In order to be able to separate 
interactions between the fragments in the EDA in σ- and π-bonding interactions, the pincer ligands where simplified into monodentate 
ligands and the complexes were optimized in Cs symmetry. Crystal structures were used as starting models, where possible. After 
optimization, a frequency calculation was run to ascertain that a ground state was found (no imaginary modes). From these calculations, 
C–O stretching frequencies were obtained. Hirshfeld and charge model 5 (CM5) charge analyses were also performed in Gaussian16.24 
Additional Population analysis calculations were done with NBO 6.0.25 Laplacian contour line plots were created with the program 
Multiwfn.26 
 

Table S2. Results of NPA, Hirshfeld and CM5 charge analyses. Donor and free donor values correspond to the central donor atom of the pincer ligand. 
 NPA charge Hirshfeld charge CM5 charge 

 Ir donor free 
donor 

Δcharge 
donor Ir donor free 

donor 
Δcharge 
donor Ir donor free 

donor 
Δcharge 
donor 

cis-1a -0.031 -1.224 -1.350 0.126 -0.040 -0.159 -0.250 -0.090 0.279 -0.171 -0.215 0.045 

trans-1a -0.027 -1.232 -1.350 0.118 -0.036 -0.161 -0.250 -0.088 0.286 -0.171 -0.215 0.044 

1b 0.039 -0.435 -0.435 0.000 -0.011 -0.031 -0.152 -0.121 0.364 -0.287 -0.336 0.049 

cis-1c 0.037 -0.558 -0.599 0.041 -0.013 -0.020 -0.127 -0.107 0.347 -0.438 -0.488 0.050 

trans-1c 0.031 -0.573 -0.599 0.026 -0.014 -0.023 -0.127 -0.104 0.347 -0.442 -0.488 0.046 

1d -0.053 0.223 0.068 0.155 -0.052 0.031 -0.126 -0.157 0.277 0.130 0.009 0.121 

1e -0.025 -1.400 -1.441 0.041 -0.038 -0.267 -0.355 -0.087 0.290 -0.214 -0.256 0.043 

cis-1f -0.122 -0.779 -1.010 0.231 -0.094 -0.129 -0.236 -0.107 0.272 -0.376 -0.425 0.049 

trans-1f -0.112 -0.832 -1.010 0.178 -0.088 -0.140 -0.236 -0.096 0.282 -0.399 -0.425 0.026 

1g -0.042 -0.173 -0.317 0.144 -0.058 -0.065 -0.202 -0.137 0.276 -0.065 -0.205 0.140 

1h -0.016 -0.427 -0.441 0.014 -0.050 -0.083 -0.173 -0.091 0.280 -0.163 -0.225 0.062 

1i 0.019 -0.039 0.011 -0.050 -0.016 0.056 -0.004 -0.060 0.347 -0.064 -0.050 -0.014 

cis-1j -0.192 1.167 0.758 0.409 -0.070 0.255 0.103 -0.152 0.295 0.017 -0.027 0.045 

trans-1j -0.186 1.159 0.758 0.401 -0.071 0.253 0.103 -0.150 0.294 0.016 -0.027 0.044 

1k -0.051 0.008 -0.168 0.176 -0.051 -0.031 -0.220 -0.189 0.282 0.010 -0.141 0.151 

1l -0.054 0.262 0.119 0.143 -0.052 0.044 -0.104 -0.148 0.277 0.143 0.032 0.111 

1m -0.035 -0.064 -0.211 0.147 -0.060 -0.059 -0.249 -0.190 0.276 -0.015 -0.168 0.153 

1n -0.181 0.661 0.344 0.317 -0.113 0.058 -0.115 -0.173 0.300 -0.105 -0.147 0.041 

cis-1o -0.035 -0.395 -0.450 0.055 -0.059 -0.076 -0.163 -0.087 0.266 -0.165 -0.222 0.057 

trans-1o -0.031 -0.406 -0.450 0.044 -0.057 -0.077 -0.163 -0.086 0.268 -0.167 -0.222 0.055 

1p 0.046 -0.653 -0.691 0.038 -0.026 -0.175 -0.239 -0.065 0.354 -0.441 -0.443 0.002 

1q -0.121 -0.948 -0.978 0.030 -0.088 -0.218 -0.302 -0.084 0.294 -0.407 -0.406 -0.001 
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Table S3. Comparision of calculated and experimentally determined wavenumbers for the CO stretching vibration 𝜈"CO and for the IrH stretching vibration 𝜈"IrH. 

 𝜈"CO (DFT) 𝜈"CO (exp) 𝜈"IrH (DFT) 𝜈"IrH (exp) 

cis-1a 2058 2049[a] 2291 2194[a] 

trans-1a 2046 2049[a] 2276 2194[a] 

1b 2045 2040 2228 2179 

cis-1c 2042 2030[b] 2194 2198[b] 

trans-1c 2045 2030[b] 2245 2198[b] 

1d 2040 2040 2235 2203 

1e 2021 2015 2313 2271 

cis-1f 2021 2015 2306 2234 

1g 1996 2012 2239 2181 

1h 1995 1992[c] 2229 2194[c] 

[a] cis- and trans-1a were measured as an approx. 1:1 mixture. [b] cis- and trans-1c were measured as an approx. 9:1 mixture. [c] Ref. 27. 
 

 
Figure S30. Left: correlation between calculated and experimental values of 𝜈"CO. Right: correlation between calculated and experimental values of 𝜈"IrH. 

 

 

Laplacian contour line plots 

The plane of the contour line plots is defined parallel to the donor-iridium bond (D-Ir) and normal to the plane defined by the donor atom 
and the two connected atoms A and B from the pincer ligand backbone. 
 

 
Figure S31. Cutting pattern for contour line plots. The plotted plane is depicted in red, the plane formed by A, B and D is depicted in blue. 
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Figure S32. Contour line diagrams of the Laplacian distribution ∇2r of cis-1a (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 

 
Figure S33. Contour line diagrams of the Laplacian distribution ∇2r of 1a1 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S34. Contour line diagrams of the Laplacian distribution ∇2r of 1a2 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  

 
Figure S35. Contour line diagrams of the Laplacian distribution ∇2r of 1a3 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S36. Contour line diagrams of the Laplacian distribution ∇2r of 1a4 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 
 

 
Figure S37. Contour line diagrams of the Laplacian distribution ∇2r of trans-1a (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S38. Contour line diagrams of the Laplacian distribution ∇2r of 1b (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

  

 
Figure S39. Contour line diagrams of the Laplacian distribution ∇2r of cis-1c (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S40. Contour line diagrams of the Laplacian distribution ∇2r of trans-1c (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

  
Figure S41. Contour line diagrams of the Laplacian distribution ∇2r of 1d (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S42. Contour line diagrams of the Laplacian distribution ∇2r of 1e (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 

Figure S43. Contour line diagrams of the Laplacian distribution ∇2r of 1e1 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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 Figure S44. Contour line diagrams of the Laplacian distribution ∇2r of 1e2 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 
  

 
Figure S45. Contour line diagrams of the Laplacian distribution ∇2r of cis-1f (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S46. Contour line diagrams of the Laplacian distribution ∇2r of 1f1 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 
 

 
 

Figure S47. Contour line diagrams of the Laplacian distribution ∇2r of 1f2 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S48. Contour line diagrams of the Laplacian distribution ∇2r of 1f3 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 
 

 
Figure S49. Contour line diagrams of the Laplacian distribution ∇2r of 1f4 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S50. Contour line diagrams of the Laplacian distribution ∇2r of trans-1f (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 
  
  

 
Figure S51. Contour line diagrams of the Laplacian distribution ∇2r of 1g (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S52. Contour line diagrams of the Laplacian distribution ∇2r of 1h (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 
  

   
Figure S53. Contour line diagrams of the Laplacian distribution ∇2r of 1i (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S54. Contour line diagrams of the Laplacian distribution ∇2r of cis-1j (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 
  
  

 
Figure S55. Contour line diagrams of the Laplacian distribution ∇2r of trans-1j (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S56. Contour line diagrams of the Laplacian distribution ∇2r of 1k (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 
  
  

 
Figure S57. Contour line diagrams of the Laplacian distribution ∇2r of 1l (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S58. Contour line diagrams of the Laplacian distribution ∇2r of 1m (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

   
  

 
Figure S59. Contour line diagrams of the Laplacian distribution ∇2r of 1n (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S60. Contour line diagrams of the Laplacian distribution ∇2r of cis-1o (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 

 
  

 
Figure S61. Contour line diagrams of the Laplacian distribution ∇2r of trans-1o (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S62. Contour line diagrams of the Laplacian distribution ∇2r of 1p (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 
 
 
 
  

 
Figure S63. Contour line diagrams of the Laplacian distribution ∇2r of 1q (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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Figure S64. Contour line diagrams of the Laplacian distribution ∇2r of 1q1 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
 
 

 
 

Figure S65. Contour line diagrams of the Laplacian distribution ∇2r of 1q2 (bond critical points are blue, charge accumulation is depicted as dashed red 
lines, charge depletion is depicted as blue lines).  
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EDA 

EDA (also known as extended transition-state method, ETS) was developed independently by Morokuma28 and Ziegler and Rauk.29 It 
analyses the interaction energy DEint of a bond in the molecule A-B with fragments A and B in the frozen geometry of AB and the 
particular electronic reference state. The interaction energy can be described as the sum of three interactions:  

∆𝐸int = ∆𝐸elstat + ∆𝐸Pauli + ∆𝐸orb +∆𝐸disp 

DEelstat describes the quasiclassical Coulomb interaction between the unperturbed charge distributions of the fragments A and B. DEPauli 
is the Pauli repulsion, which is destabilizing and describes the interaction between electrons of the same spin between the two 
fragments. The third interaction DEorb is the orbital interaction, which includes the charge transfer and polarization effects. Further 
details on the EDA method and examples on bond analysis using EDA can be found in the literature.30–32  
Table S4 shows the used cutting scheme and summarizes our EDA results for complexes of type 2. For complexes 1a, 1c, 1f and 1h, 
isomers with a cis- or trans-orientation of the hydrido ligand in respect to the hydrogen atom attached to the central donor group are 
possible and usually both isomers can be observed by NMR spectroscopy. However, the IR spectra of these mixtures gave rise to only 
one band for the C-O stretching vibration. Therefor, we analyzed the corresponding isomers of the model complexes 2a, 2c, 2f and 2h 
by EDA as well. For 2c, 2f and 2h we found very similar values of the different energy terms for the cis- and the trans-isomer, but cis-
2a turned out to be an unstable arrangement and could not be analyzed. For this reason, we analyzed trends between the 
experimentally observed C-O stretching vibration of 1 (mix of cis and trans) and the energy terms of the corresponding trans-isomers 
in 2 (if applicable). 
In case of complex 2f, we encountered problems with the geometry optimization, which resulted in either unstable or structurally not 
meaniningful complexes.To avoid potential falsification of the energy terms by the apparent steric overload, we analyzed the interaction 
with [(Ph2PH)2IrCl(CO)H]+ for 2e and 2f as well.  
 

Table S4. EDA results for 2a-h in kcal·mol-1 (BP86/TZ2P). 

 

 L = De EPrep DEint DEelstat [a] DEorb [a] DEPauli DEDisp DEorb(s) [b]  Eorb(p) [b] 

trans-2a (Ph2MeP)2CH+ -31.7 63.5 -31.8 -36.8 (34.6%) -69.4 (65.4%) 118.8 -44.4 -56.9 (82.0%) -12.5 (18.0%) 

2b lutidine 0.2 56.5 -56.7 -75.3 (58.3%) -53.7 (41.7%) 97.4 -25.2 -45.0 (83.8%) -8.7 (16.2%) 

trans-2c Me2NH 21.1 39.2 -60.7 -88.5 (60.8%) -57.1 (39.2%) 102.0 -17.3 -51.1 (89.5%) -6.0 (10.5%) 

cis-2c Me2NH 23.0 37.5 -60.6 -86.5 (61.4%) -54.5 (38.6%) 99.0 -18.6 -47.5 (87.3%) -6.9 (12.7%) 

2e (Ph2MeP)2C 41.8 67.0 -108.8 -121.4 (56.9%) -91.8 (43.1%) 147.8 -43.4 -77.5 (84.4%) -14.3 (15.6 %) 

2e[c] (Ph2MeP)2C 68.7 49.9 -118.6 -132.8 (56.7%) -101.4 (43.3%) 168.6 -53.0 -85.9 (84.7%) -15.5 (15.3%) 

trans-2f[c] (Ph2MeP)2BH 73.8 59.7 -133.5 -159.6 (55.7%) -127.1 (44.3%) 198.1 -44.8 -114.0 (89.7%) -13.1 (10.3%) 

cis-2f[c] (Ph2MeP)2BH 56.5 82.6 -139.1 -166.3 (55.8%) -131.8 (44.2%) 198.5 -39.6 -118.5 (89.9%) -13.2 (10.1%) 

2g o-Me2-C6H3- 133.1 62.6 -195.7 -278.9 (68.3%) -129.4 (31.7%) 239.3 -26.8 -112.9 (87.2%) -16.5 (12.8 %) 

trans-2o Me2HC- 169.3 41.4 -210.7 -228.3 (68.5%) -132.9 (31.5%) 228.6 -18.2 -119.2 (89.7%) -13.7 (10.3%) 

cis-2o Me2HC- 165.0 46.2 -211.2 -286.3 (68.1%) -134.4 (31.9%) 228.3 -18.8 -119.9 (89.2%) -14.5 (10.8%) 

2j PhMe2P 48.7 43.1 -91.8 -137.7 (59.7%) -92.8 (40.3%) 168.9 -30.2 -80.9 (87.2%) -11.9 (12.8%) 

2l BenzNHC 35.7 61.0 -96.7 -170.4 (60.1%) -95.6 (39.9%) 194.3 -25.0 -84.2 (88.1%) -11.4 (11.9%) 

[a] The percentage of contribution to DEelstat + DEorb is given in parenthesis. [b] The percentage of contribution to DEorb is given in parenthesis. [c] The [(Ph2PH)2IrCl(CO)H]+ 
fragment was used instead to avoid falsification due to steric overload. 

 
 
A comparison of the experimental and calculated values of 𝜈"CO (Table S3) reveals a rather big difference of 16 cm-1 for complex 1g, 
which seems not to be based on deviations between the experimentally derived and the optimized structure. In our analysis we 
observed that the experimental value 𝜈"CO(1gexp) substantially deviates from the observed trend and was therefor treated as an outlier. 
In the following figures we report two values for the coefficient of correlation R2 of our linear regression analysis, with and without the 
discussed outlier 𝜈"CO(1gexp). 
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Figure S66. Correlation between the interation energy DEint in 2 and the experimental value of 𝜈"CO in 1. 
 

 
Figure S67. Correlation between the interaction energy DEint in 2 and the calculated value of 𝜈"CO in 1. 
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Figure S68. Correlation between the electrostatic interaction energy term DEelstat in 2 and the experiment value of 𝜈"CO in 1. 
 
 

 
Figure S69. Correlation between the electrostatic interaction energy term DEelstat in 2 and the calculated value of 𝜈"CO in 1. 
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Figure S70. Correlation between the orbital interaction energy term DEorb in 2 and the experimental value of 𝜈"CO in 1. 

 
Figure S71. Correlation between the orbital interaction energy term DEorb in 2 and the calculated value of 𝜈"CO in 1. 
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Figure S72. Correlation between the Pauli repulsion energy term DEPauli in 2 and the experimental value of 𝜈"CO in 1. 
 

 
Figure S73. Correlation between the Pauli repulsion energy term DEPauli in 2 and the calculated value of 𝜈"CO in 1. 
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Figure S74. Correlation between the dispersion energy term DEdisp in 2 and the number of atoms in the ligand fragment. 

 
Figure S75. Correlation between the electronic Tolman parameter (TEP) and the ligand parameter reported herein, based on the value of 𝜈"CO in 1. 
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The molecular orbitals of the complexes corresponding to σ-donation and π-backdonation were selected by visual inspection of the 
complexes MOs and are depicted in the following. Additionally, for the ligand and iridium fragments the corresponding occupied and 
unoccupied MOs were identified which show matching symmetry and MO shape. Occupied MOs are depicted in blue and red, 
unoccupied MOs are depicted in orange and turquoise. 
 
a)                                                                                        b)                                                         c) 

                        
Figure S76. MO corresponding to the s-donor bond in trans-2a (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                              c) 

                          
Figure S77. MO corresponding to the p-acceptor bond in trans-2a (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of 
the [(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.01.  
 
 
a)                                                                                        b)                                                         c) 

                        
Figure S78. MO corresponding to the s-donor bond in 2b (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
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a)                                                                                        b)                                                              c) 

                          
Figure S79. MO corresponding to the p-acceptor bond in 2b (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.01.  
 
 
a)                                                                                        b)                                                         c) 

                        
Figure S80. MO corresponding to the s-donor bond in cis-2c (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                       c) 

                 
Figure S81. MO corresponding to the p-acceptor bond in cis-2c (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
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a)                                                                                        b)                                                   c) 

                            
Figure S82. MO corresponding to the s-donor bond in trans-2c (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                       c) 

                      
Figure S83. MO corresponding to the p-acceptor bond in trans-2c (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of 
the [(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                          b)                                                         c) 

         
Figure S84. MO corresponding to the s-donor bond in 2e (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
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a)                                                                                        b)                                                            c) 

                                 
Figure S85. MO corresponding to the p-acceptor bond in 2e (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.01 (a) or 0.03 (b and c).  
 
 
a)                                                                                          b)                                                         c) 

                                       
Figure S86. MO corresponding to the s-donor bond in 2e (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PH)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.015 (a) or 0.02 (b and c).  
 
 
a)                                                                                        b)                                                            c) 

                                       
Figure S87. MO corresponding to the p-acceptor bond in 2e (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PH)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.01 (a and c) or 0.02 (b).  
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a)                                                                                        b)                                                         c) 

                                 
Figure S88. MO corresponding to the s-donor bond in cis-2f (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.02 (a and c) or 0.03 (b).  
 
 
a)                                                                                        b)                                                   c) 

                              
Figure S89. MO corresponding to the p-acceptor bond in cis-2f (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.2 (c), 0.25 (b) or 0.3 (a).  
 
 
a)                                                                                        b)                                                        c) 

                                                           
Figure S90. MO corresponding to the s-donor bond in trans-2f (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
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a)                                                                                        b)                                                           c) 

                             
Figure S91. MO corresponding to the p-acceptor bond in trans-2f (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                         c) 

                                 
Figure S92. MO corresponding to the s-donor bond in 2g (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                   c) 

                               
Figure S93. MO corresponding to the p-acceptor bond in 2g (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.25.  
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 a)                                                                                        b)                                                         c) 

                                   
Figure S94. MO corresponding to the s-donor bond in cis-2o (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                   c) 

                              
Figure S95. MO corresponding to the p-acceptor bond in cis-2o (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.25.  
 
 
a)                                                                                        b)                                               c) 

                                                               
Figure S96. MO corresponding to the s-donor bond in trans-2o (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03 (b and c) or 0.035 (a).  
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a)                                                                                        b)                                                   c) 

                              
Figure S97. MO corresponding to the p-acceptor bond in trans-2o (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of 
the [(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                         c) 

                           
Figure S98. MO corresponding to the s-donor bond in 2j (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.025.  
 
 
a)                                                                                        b)                                                    c) 

                          
Figure S99. MO corresponding to the p-acceptor bond in 2j (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.02 (a and c) or 0.025 (b).  
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a)                                                                                        b)                                                         c) 

         
Figure S100. MO corresponding to the s-donor bond in 2l (a) with the corresponding occupied MO of the ligand fragment (b) and the unoccupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
 
 
a)                                                                                        b)                                                            c) 

                
Figure S101. MO corresponding to the p-acceptor bond in 2l (a) with the corresponding unoccupied MO of the ligand fragment (b) and the occupied MO of the 
[(Ph2PMe)2IrCl(CO)H]+ fragment (c). Contour values are set to 0.03.  
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Cartesian coordinates of all DFT-optimized geometries 

Complexes 

Table S5. Cartesian coordinates for the optimized geometry of cis-1a. 

Atomic 
Number X Y Z  

77 5.251429 16.072135 6.823380 

1 5.551045 17.591470 7.095322 

15 7.564166 15.649142 6.644729 

17 4.906966 13.659415 6.146426 

15 2.955336 16.558177 6.629087 

6 5.214121 16.658667 4.635992 

6 5.224563 15.731879 8.674892 

6 7.776423 15.258614 4.841157 

6 8.267999 14.241399 7.540034 

6 8.629397 17.062338 7.035268 

6 1.837130 15.900973 7.883787 

6 2.546412 18.305394 6.341284 

6 2.487061 15.716969 5.034820 

15 6.840412 16.470819 3.851474 

15 3.692645 16.169670 3.735506 

8 5.209063 15.547037 9.807536 

1 8.819739 15.212846 4.514178 

1 7.297164 14.281987 4.707259 

6 8.914531 14.487921 8.764840 

6 8.113853 12.921432 7.083395 

6 8.203958 17.988972 7.997911 

6 9.905007 17.187755 6.464055 

6 0.851355 16.701540 8.483490 

6 2.003877 14.561157 8.280932 

6 1.367868 18.653315 5.657633 

6 3.387725 19.322575 6.816028 

1 1.474016 15.954817 4.699407 

1 2.574837 14.642802 5.222021 

6 6.857393 15.935495 2.133770 

6 7.688472 18.059428 3.948310 

6 3.751360 14.840345 2.515302 

6 3.031492 17.628081 2.888994 

1 9.045988 15.504000 9.125035 

6 9.402527 13.421325 9.520214 

1 7.587865 12.709727 6.159624 

6 8.615179 11.863122 7.841684 

1 7.219167 17.891898 8.444513 

6 9.044305 19.036163 8.380830 

1 10.260535 16.461973 5.737557 

6 10.733322 18.247074 6.833501 

6 0.029073 16.156764 9.472545 

1 0.729695 17.739883 8.190424 

1 2.780805 13.946917 7.832271 

6 1.170585 14.027334 9.262788 

1 0.686172 17.885960 5.303262 
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6 1.054195 19.992965 5.431256 

6 3.069491 20.663651 6.591545 

1 4.284387 19.065731 7.370674 

6 6.670282 16.892838 1.120857 

6 7.061474 14.586745 1.800285 

6 7.318346 19.032130 4.891344 

6 8.806364 18.272901 3.121682 

6 3.738324 15.175146 1.149081 

6 3.723143 13.490816 2.907177 

6 3.753595 18.819153 2.733050 

6 1.732205 17.527908 2.358211 

6 9.256552 12.109670 9.059422 

1 9.902479 13.617285 10.464636 

1 8.498477 10.844383 7.482594 

1 8.715479 19.743910 9.137051 

6 10.305355 19.170300 7.794040 

1 11.716768 18.345223 6.382235 

1 -0.730309 16.776636 9.941101 

6 0.184722 14.822743 9.859065 

1 1.295984 12.992454 9.569090 

6 1.907105 21.000506 5.892812 

1 0.141892 20.249494 4.900187 

1 3.723614 21.444288 6.970689 

1 6.521982 17.938433 1.373689 

6 6.707926 16.501439 -0.216451 

1 7.193565 13.835703 2.572282 

6 7.093716 14.204876 0.459657 

6 8.049863 20.215024 4.989030 

1 6.495097 18.859981 5.576643 

1 9.102248 17.526338 2.390242 

6 9.532605 19.458330 3.228268 

1 3.749547 16.212407 0.834799 

6 3.701581 14.166587 0.188693 

6 3.687375 12.490499 1.935516 

1 3.737488 13.220290 3.956909 

1 4.763569 18.921364 3.117112 

6 3.174249 19.905068 2.072078 

6 1.159451 18.613894 1.700160 

1 1.170113 16.601380 2.446594 

1 9.642547 11.281367 9.647232 

1 10.958492 19.987077 8.089254 

1 -0.456920 14.403487 10.629264 

1 1.659681 22.044142 5.718395 

1 6.578762 17.243882 -0.999026 

6 6.926004 15.160205 -0.547117 

1 7.256098 13.162354 0.202637 

1 7.765413 20.962173 5.723953 

6 9.152708 20.431050 4.158301 

1 10.391102 19.622916 2.583326 

6 3.673348 12.824348 0.577998 

1 3.686305 14.431886 -0.864442 
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1 3.656886 11.449106 2.243707 

1 3.737824 20.826928 1.958983 

6 1.878907 19.806151 1.559520 

1 0.155263 18.529337 1.294298 

1 6.966867 14.859559 -1.590479 

1 9.719292 21.354697 4.238519 

1 3.632498 12.040980 -0.174119 

1 1.431065 20.653162 1.047110 

1 5.074135 17.742879 4.687071 

 

 Table S6. Cartesian coordinates for the optimized geometry of 1a1. 

Atomic 
Number X Y Z  

77 -0.883102 1.181158  -0.126932 

1  -1.172342 1.668276  1.339340 

15 -2.668939 -0.348047 0.029050 

17 -0.368270 0.228581  -2.459959 

15 1.085374  2.478569  -0.224207 

14 0.522802  -0.544099 0.690796 

6  -2.030972 2.622886  -0.788422 

6  -2.090057 -1.999206 -0.618270 

6  -4.097442 0.078498  -0.995095 

6  -3.278714 -0.743613 1.691443 

6  0.973187  3.982705  -1.225663 

6  1.871159  2.915619  1.353605 

6  2.393031  1.465862  -1.090745 

15 -0.520212 -2.555407 0.157774 

15 2.583969  -0.201545 -0.330933 

8  -2.706970 3.473090  -1.141913 

1  -2.866452 -2.762174 -0.506050 

1  -1.864735 -1.872403 -1.680763 

6  -5.180929 0.763428  -0.418933 

6  -4.055828 -0.128457 -2.384070 

6  -2.522311 -0.420489 2.825842 

6  -4.473656 -1.470983 1.837137 

6  1.166548  5.255508  -0.667679 

6  0.595209  3.851024  -2.574430 

6  3.162771  3.474052  1.345042 

6  1.220517  2.704589  2.576597 

1  3.360806  1.976526  -1.078446 

1  2.042749  1.348851  -2.118222 

6  0.239758  -3.747698 -0.971451 

6  -0.866385 -3.378790 1.728998 

6  3.099340  -1.397252 -1.585411 

6  3.932662  -0.090528 0.876868 

1  -5.212639 0.940846  0.652201 

6  -6.224471 1.216021  -1.227485 

1  -3.201940 -0.612041 -2.847998 

6  -5.106987 0.323412  -3.183099 

1  -1.606813 0.152041  2.718191 

6  -2.948487 -0.826305 4.092565 

1  -5.074428 -1.714799 0.964971 
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6  -4.901447 -1.864131 3.104427 

6  0.995293  6.391581  -1.463197 

1  1.444108  5.363468  0.376246 

1  0.406232  2.868342  -3.000021 

6  0.436075  4.991001  -3.360830 

1  3.674317  3.662839  0.405031 

6  3.792033  3.804911  2.543096 

6  1.852953  3.040182  3.776710 

1  0.220085  2.285778  2.588925 

6  0.639881  -5.007080 -0.494857 

6  0.371146  -3.424852 -2.333292 

6  0.168588  -3.486806 2.674801 

6  -2.112078 -3.971347 1.986289 

6  3.621167  -2.622308 -1.131132 

6  3.035912  -1.125035 -2.959259 

6  3.688882  0.137175  2.239545 

6  5.255534  -0.150564 0.399324 

6  -6.191374 0.993039  -2.607481 

1  -7.062834 1.741239  -0.778385 

1  -5.075830 0.156174  -4.256162 

1  -2.358602 -0.571362 4.968727 

6  -4.137105 -1.546116 4.233058 

1  -5.832714 -2.413600 3.212658 

1  1.142948  7.377048  -1.030193 

6  0.636051  6.261188  -2.807079 

1  0.148644  4.889402  -4.403745 

6  3.137936  3.587384  3.761381 

1  4.788956  4.236394  2.527375 

1  1.337810  2.882865  4.720542 

1  0.530365  -5.262028 0.554638 

6  1.155940  -5.947127 -1.389161 

1  0.084562  -2.443247 -2.699723 

6  0.877424  -4.377414 -3.214816 

6  -0.045204 -4.177706 3.867152 

1  1.138494  -3.034731 2.484909 

1  -2.922626 -3.903047 1.270008 

6  -2.321599 -4.651552 3.185854 

1  3.684941  -2.835004 -0.066923 

6  4.095597  -3.555779 -2.049408 

6  3.524986  -2.063089 -3.870623 

1  2.609905  -0.199600 -3.329288 

1  2.676576  0.213483  2.618831 

6  4.761086  0.296220  3.118821 

6  6.319690  0.014583  1.285100 

1  5.453753  -0.335873 -0.652752 

1  -7.007042 1.344017  -3.233549 

1  -4.474342 -1.851392 5.219917 

1  0.506042  7.147387  -3.422142 

1  3.627651  3.852546  4.694563 

1  1.454045  -6.926234 -1.024644 

6  1.266592  -5.637206 -2.746859 
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1  0.968109  -4.134615 -4.269313 

1  0.758230  -4.262263 4.593483 

6  -1.292042 -4.756277 4.125396 

1  -3.290161 -5.101297 3.383798 

6  4.057801  -3.272502 -3.418729 

1  4.503203  -4.498336 -1.696080 

1  3.491307  -1.842962 -4.933939 

1  4.567338  0.472213  4.172914 

6  6.074019  0.234551  2.645207 

1  7.339711  -0.034629 0.914319 

1  1.653854  -6.377630 -3.441600 

1  -1.460057 -5.289299 5.057164 

1  4.442809  -3.995767 -4.132332 

1  6.906378  0.355991  3.333072 

1  0.882290  -0.792195 2.106256 

 

Table S7. Cartesian coordinates for the optimized geometry of 1a2. 

Atomic 
Number X Y Z  

77 -0.898771 1.204145  -0.123289 

1  -1.191481 1.726210  1.330553 

15 -2.673148 -0.337267 0.065846 

17 -0.380321 0.208136  -2.432435 

15 1.075728  2.491438  -0.249087 

32 0.563655  -0.557411 0.791445 

6  -2.031454 2.602524  -0.812196 

6  -2.099066 -1.997701 -0.567278 

6  -4.110849 0.069305  -0.952637 

6  -3.264122 -0.714543 1.738783 

6  0.957270  3.986114  -1.262270 

6  1.873539  2.934915  1.320637 

6  2.381583  1.474812  -1.117701 

15 -0.547958 -2.597689 0.213364 

15 2.634054  -0.179913 -0.347324 

8  -2.710334 3.441830  -1.190578 

1  -2.890949 -2.745262 -0.457019 

1  -1.868499 -1.877794 -1.629319 

6  -5.198176 0.748109  -0.376728 

6  -4.072185 -0.146319 -2.340471 

6  -2.495958 -0.373833 2.860065 

6  -4.454065 -1.444799 1.907935 

6  1.137445  5.264962  -0.713843 

6  0.581944  3.840159  -2.610302 

6  3.150820  3.524867  1.298771 

6  1.250761  2.686364  2.551108 

1  3.338104  2.006919  -1.127087 

1  2.018244  1.337901  -2.138042 

6  0.200917  -3.785580 -0.925288 

6  -0.919341 -3.428252 1.773451 

6  3.116726  -1.385630 -1.602582 
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6  4.018155  -0.035040 0.812719 

1  -5.227014 0.933064  0.693177 

6  -6.249009 1.185425  -1.184344 

1  -3.214801 -0.624032 -2.804176 

6  -5.130572 0.290265  -3.138307 

1  -1.587144 0.205751  2.734411 

6  -2.904229 -0.766831 4.136702 

1  -5.064176 -1.701526 1.046030 

6  -4.864767 -1.824122 3.185001 

6  0.956798  6.393026  -1.518544 

1  1.411642  5.383654  0.329810 

1  0.401275  2.852463  -3.027933 

6  0.413228  4.972371  -3.405855 

1  3.640602  3.739970  0.352799 

6  3.792385  3.852781  2.491141 

6  1.896006  3.017804  3.745556 

1  0.261379  2.242417  2.573480 

6  0.592000  -5.052006 -0.459196 

6  0.346268  -3.447803 -2.282220 

6  0.106207  -3.554954 2.727225 

6  -2.174409 -4.007070 2.016804 

6  3.640344  -2.609113 -1.145375 

6  3.026266  -1.128551 -2.977867 

6  3.807081  0.210956  2.177511 

6  5.328478  -0.096378 0.302350 

6  -6.219133 0.953327  -2.562848 

1  -7.090329 1.706202  -0.735611 

1  -5.101752 0.116633  -4.210420 

1  -2.305326 -0.498146 5.002594 

6  -4.087712 -1.490280 4.300245 

1  -5.792400 -2.375874 3.311293 

1  1.094297  7.383245  -1.093114 

6  0.600862  6.248618  -2.861901 

1  0.127612  4.859941  -4.448142 

6  3.165784  3.598875  3.716823 

1  4.777776  4.309522  2.465399 

1  1.402274  2.831500  4.695542 

1  0.472855  -5.317529 0.586683 

6  1.110774  -5.984505 -1.359730 

1  0.069230  -2.460231 -2.639973 

6  0.853687  -4.393578 -3.170317 

6  -0.125678 -4.250915 3.913220 

1  1.083053  -3.113937 2.547250 

1  -2.977314 -3.926104 1.293066 

6  -2.401838 -4.692854 3.209966 

1  3.722677  -2.810840 -0.080123 

6  4.090890  -3.555417 -2.062377 

6  3.490838  -2.079934 -3.888330 
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1  2.599163  -0.204244 -3.349522 

1  2.803447  0.285326  2.580583 

6  4.899781  0.388485  3.027240 

6  6.413558  0.087417  1.158713 

1  5.500261  -0.297210 -0.751547 

1  -7.040410 1.292525  -3.188075 

1  -4.411249 -1.785587 5.294676 

1  0.463465  7.128689  -3.484108 

1  3.665000  3.861843  4.645580 

1  1.401569  -6.968951 -1.003773 

6  1.233165  -5.660309 -2.713241 

1  0.953575  -4.139739 -4.221314 

1  0.670595  -4.349870 4.645590 

6  -1.381404 -4.816270 4.157193 

1  -3.377055 -5.132970 3.396831 

6  4.026250  -3.287276 -3.433845 

1  4.500079  -4.496540 -1.706963 

1  3.436349  -1.871680 -4.953192 

1  4.731917  0.578189  4.083384 

6  6.200694  0.326498  2.521192 

1  7.424351  0.037486  0.763559 

1  1.622148  -6.395086 -3.413006 

1  -1.563476 -5.353769 5.083731 

1  4.392081  -4.020817 -4.147046 

1  7.049452  0.461927  3.186023 

1  0.988161  -0.844604 2.244868 

 

Table S8. Cartesian coordinates for the optimized geometry of 1a3. 

Atomic 
Number X Y Z 

77 -0.847277 1.272888  -0.132263 

1  -1.147357 1.955601  1.252305 

15 -2.621828 -0.250574 0.206669 

17 -0.280585 0.092722  -2.326241 

15 1.154215  2.514450  -0.341701 

50 0.660155  -0.542790 1.069021 

6  -1.941856 2.601344  -0.960073 

6  -2.154673 -1.927774 -0.470887 

6  -4.143330 0.153566  -0.683476 

6  -3.048173 -0.623578 1.932857 

6  1.031979  3.961864  -1.420764 

6  1.963387  3.024949  1.202839 

6  2.463761  1.472017  -1.176335 

15 -0.660876 -2.671274 0.319626 

15 2.799089  -0.153073 -0.363588 

8  -2.605789 3.413493  -1.418307 

1  -2.991803 -2.619742 -0.330541 

1  -1.958691 -1.801329 -1.537915 

6  -5.324386 0.495794  -0.008367 
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6  -4.086556 0.211873  -2.087789 

6  -2.422671 0.033671  3.001051 

6  -3.995313 -1.628633 2.201699 

6  1.180683  5.266508  -0.927096 

6  0.678413  3.749761  -2.765796 

6  3.222581  3.649518  1.144672 

6  1.376392  2.776697  2.451390 

1  3.400543  2.036737  -1.223637 

1  2.090130  1.285951  -2.184904 

6  0.069244  -3.843339 -0.851601 

6  -1.258753 -3.616678 1.743656 

6  3.186492  -1.403982 -1.607679 

6  4.266678  0.044229  0.679730 

1  -5.367212 0.466115  1.076144 

6  -6.450473 0.881090  -0.740606 

1  -3.160391 -0.014351 -2.611193 

6  -5.218791 0.589295  -2.808305 

1  -1.703680 0.820654  2.801215 

6  -2.733949 -0.308557 4.319545 

1  -4.499323 -2.139604 1.385988 

6  -4.301802 -1.969802 3.516960 

6  0.991724  6.354505  -1.783458 

1  1.437379  5.435887  0.114073 

1  0.519776  2.741310  -3.141150 

6  0.500939  4.842286  -3.613268 

1  3.685788  3.862696  0.185052 

6  3.881511  4.010796  2.318016 

6  2.040095  3.138340  3.627001 

1  0.396756  2.313668  2.502010 

6  0.584470  -5.059172 -0.367393 

6  0.131114  -3.544937 -2.223126 

6  -0.841217 -3.329931 3.049689 

6  -2.174762 -4.659750 1.511412 

6  3.570925  -2.669305 -1.126714 

6  3.162621  -1.154281 -2.986507 

6  4.138108  0.434495  2.021699 

6  5.543240  -0.149988 0.121545 

6  -6.400690 0.923283  -2.136408 

1  -7.364998 1.148076  -0.218288 

1  -5.177860 0.629807  -3.893314 

1  -2.251564 0.213457  5.141539 

6  -3.670620 -1.310824 4.578250 

1  -5.033941 -2.747352 3.715099 

1  1.105360  7.364929  -1.400644 

6  0.658194  6.144433  -3.123923 

1  0.232368  4.678927  -4.653338 

6  3.292177  3.753757  3.561311 

1  4.853287  4.493386  2.263575 
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1  1.574116  2.950021  4.590479 

1  0.536689  -5.296365 0.691289 

6  1.128307  -5.982654 -1.261038 

1  -0.228359 -2.593131 -2.600535 

6  0.669773  -4.480321 -3.105489 

6  -1.340999 -4.076964 4.119189 

1  -0.132648 -2.530644 3.242422 

1  -2.490165 -4.901784 0.499426 

6  -2.667376 -5.401527 2.582909 

1  3.597767  -2.869595 -0.057685 

6  3.950156  -3.665718 -2.022290 

6  3.546415  -2.160004 -3.876751 

1  2.855591  -0.191208 -3.378483 

1  3.160484  0.602536  2.462778 

6  5.279480  0.629257  2.800068 

6  6.678595  0.050611  0.906880 

1  5.648624  -0.465515 -0.912689 

1  -7.279571 1.221378  -2.701409 

1  -3.915289 -1.575738 5.603281 

1  0.514506  6.993497  -3.786448 

1  3.805918  4.040939  4.474810 

1  1.510444  -6.928831 -0.887764 

6  1.162291  -5.699205 -2.629301 

1  0.702927  -4.254817 -4.167395 

1  -1.015748 -3.851459 5.130786 

6  -2.250972 -5.110278 3.887703 

1  -3.370076 -6.209939 2.400669 

6  3.944171  -3.410039 -3.397712 

1  4.252250  -4.638977 -1.647481 

1  3.539559  -1.959852 -4.944535 

1  5.176014  0.929221  3.838832 

6  6.548049  0.437382  2.245379 

1  7.664123  -0.101417 0.475612 

1  1.572391  -6.427591 -3.323663 

1  -2.634226 -5.693090 4.720872 

1  4.248434  -4.186068 -4.094649 

1  7.435195  0.584174  2.855416 

1  1.284936  -0.945818 2.616866 

 

Table S9. Cartesian coordinates for the optimized geometry of 1a4. 

Atomic 
Number X Y Z 

77 -0.070304 -1.658150 -0.093046 

1  -0.018322 -2.266531 1.359641 

15 2.297769  -1.484468 -0.140628 

17 -0.174984 -0.567551 -2.380267 

15 -2.441003 -1.507940 0.003753 

82 -0.043385 0.851827  1.020215 

6  -0.085402 -3.420175 -0.747306 
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6  2.804944  0.050007  -1.067340 

6  3.109542  -2.819721 -1.049661 

6  3.123765  -1.292121 1.465108 

6  -3.290649 -2.850012 -0.862126 

6  -3.177338 -1.345407 1.655642 

6  -3.028195 0.024344  -0.887657 

15 2.205832  1.640674  -0.332367 

15 -2.269279 1.619769  -0.330118 

8  -0.093622 -4.508034 -1.106579 

1  3.898604  0.087468  -1.112093 

1  2.403163  -0.041471 -2.078426 

6  3.950172  -3.742259 -0.409451 

6  2.803070  -2.966288 -2.414689 

6  2.414550  -1.361976 2.672330 

6  4.504648  -1.024566 1.491709 

6  -4.051646 -3.804211 -0.170121 

6  -3.084961 -2.977744 -2.247876 

6  -4.563490 -1.134892 1.767584 

6  -2.391888 -1.385704 2.816225 

1  -4.115799 0.094785  -0.782784 

1  -2.764721 -0.128604 -1.936347 

6  2.161297  2.864439  -1.669759 

6  3.507145  2.155598  0.823488 

6  -2.016719 2.701690  -1.753308 

6  -3.454927 2.435644  0.773260 

1  4.178012  -3.638709 0.647116 

6  4.494120  -4.801688 -1.140475 

1  2.121370  -2.273826 -2.903300 

6  3.358021  -4.022489 -3.135719 

1  1.354364  -1.591691 2.662289 

6  3.070824  -1.157570 3.888821 

1  5.073294  -0.981022 0.567199 

6  5.156279  -0.820601 2.705893 

6  -4.618610 -4.873516 -0.868307 

1  -4.201139 -3.718006 0.901768 

1  -2.460561 -2.264251 -2.780350 

6  -3.661845 -4.044527 -2.935462 

1  -5.189463 -1.115396 0.879522 

6  -5.147299 -0.958805 3.020651 

6  -2.978948 -1.203660 4.071469 

1  -1.326474 -1.575049 2.738740 

6  2.552488  4.186982  -1.393001 

6  1.717750  2.516297  -2.956465 

6  3.242443  2.353295  2.185169 

6  4.810901  2.347184  0.329788 

6  -1.349595 3.914776  -1.504716 

6  -2.493553 2.414163  -3.039327 

6  -3.494141 2.088304  2.133890 

6  -4.340653 3.404386  0.269582 

6  4.203487  -4.939742 -2.500310 

1  5.144523  -5.517512 -0.645507 
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1  3.126589  -4.134271 -4.191406 

1  2.514855  -1.222327 4.820232 

6  4.439860  -0.883867 3.906359 

1  6.222372  -0.613260 2.716331 

1  -5.207926 -5.612314 -0.332332 

6  -4.429277 -4.991873 -2.247663 

1  -3.507513 -4.140938 -4.006643 

6  -4.355408 -0.988515 4.174230 

1  -6.218794 -0.797202 3.097662 

1  -2.364107 -1.242735 4.966588 

1  2.899066  4.463284  -0.401372 

6  2.529202  5.142604  -2.409734 

1  1.374429  1.510010  -3.172274 

6  1.706901  3.478508  -3.965591 

6  4.273797  2.729085  3.049613 

1  2.240424  2.221904  2.582224 

1  5.022745  2.217573  -0.728805 

6  5.834984  2.723808  1.196375 

1  -0.976440 4.145541  -0.508743 

6  -1.182070 4.839067  -2.532631 

6  -2.313246 3.343360  -4.066985 

1  -3.011383 1.484218  -3.250095 

1  -2.824597 1.333554  2.537279 

6  -4.416727 2.701781  2.981155 

6  -5.261383 4.011636  1.124866 

1  -4.305085 3.687889  -0.778333 

1  4.630797  -5.763865 -3.064878 

1  4.951325  -0.727181 4.852152 

1  -4.874265 -5.823716 -2.786645 

1  -4.813337 -0.853250 5.150362 

1  2.848677  6.159249  -2.197280 

6  2.116047  4.788216  -3.697406 

1  1.377050  3.202236  -4.963001 

1  4.063129  2.881124  4.104411 

6  5.567358  2.913567  2.557698 

1  6.839138  2.876299  0.810232 

6  -1.664798 4.554615  -3.814380 

1  -0.670439 5.775967  -2.335587 

1  -2.689737 3.121557  -5.061684 

1  -4.443071 2.431224  4.032827 

6  -5.299241 3.663277  2.479015 

1  -5.944863 4.760370  0.734130 

1  2.113009  5.531699  -4.489958 

1  6.367116  3.210999  3.230525 

1  -1.534186 5.276713  -4.615656 

1  -6.012339 4.144708  3.142652 

1  -0.068098 1.998965  2.377885 
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Table S10. Cartesian coordinates for the optimized geometry of trans-1a. 

Atomic 
Number X Y Z   

77 5.261934 16.150126 6.685450 

1 5.605606 17.658034 6.410380 

15 7.584551 15.711970 6.578045 

17 4.741512 13.672524 6.711351 

15 2.960582 16.586299 6.561972 

6 5.246731 15.819252 4.462296 

6 5.259838 16.457242 8.542720 

6 7.973564 15.383300 4.783653 

6 8.218303 14.257290 7.442560 

6 8.663336 17.116641 7.000007 

6 1.931954 15.788511 7.819798 

6 2.433243 18.325402 6.549978 

6 2.404722 15.876899 4.930994 

15 6.814349 16.339006 3.749625 

15 3.654202 16.053461 3.609833 

8 5.239463 16.688839 9.668424 

1 9.008580 15.631329 4.533702 

1 7.796541 14.321394 4.577880 

6 7.629602 13.884548 8.659925 

6 9.317530 13.534332 6.947464 

6 8.134891 18.317833 7.489221 

6 10.053863 16.985572 6.837121 

6 1.604956 16.527545 8.971758 

6 1.562363 14.436671 7.729993 

6 1.058242 18.613463 6.455715 

6 3.357117 19.375251 6.613462 

1 1.430719 16.255520 4.604563 

1 2.329038 14.794963 5.085666 

6 7.062061 15.832183 2.039100 

6 7.181626 18.078568 3.973471 

6 3.401286 14.686598 2.460373 

6 3.481927 17.625435 2.762752 

1 6.756701 14.407837 9.032355 

6 8.149694 12.812071 9.384491 

1 9.779214 13.798542 5.999702 

6 9.828241 12.457842 7.673602 

1 7.065303 18.421565 7.630238 

6 8.984520 19.383476 7.795350 

1 10.482959 16.046281 6.497260 

6 10.897993 18.053415 7.137777 

6 0.903755 15.920000 10.013082 

1 1.888883 17.572614 9.055489 

1 1.847412 13.834129 6.875311 

6 0.851117 13.840943 8.772254 

1 0.329320 17.806545 6.441716 

6 0.623068 19.936659 6.397414 

6 2.916205 20.700638 6.564327 

1 4.415075 19.157536 6.709989 

6 7.575374 16.720655 1.079443 
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6 6.736297 14.511600 1.680006 

6 6.179848 19.007198 4.287624 

6 8.520748 18.493452 3.869477 

6 2.991117 14.896293 1.135401 

6 3.602689 13.379192 2.945244 

6 4.300877 17.886813 1.647929 

6 2.571567 18.597622 3.204229 

6 9.248259 12.099899 8.894766 

1 7.687943 12.525714 10.325116 

1 10.676526 11.900217 7.286310 

1 8.568166 20.309911 8.181560 

6 10.363391 19.255919 7.615187 

1 11.972098 17.943612 7.015054 

1 0.652846 16.496138 10.899303 

6 0.521584 14.578666 9.912840 

1 0.562584 12.796512 8.694554 

6 1.553229 20.982835 6.448168 

1 -0.439420 20.153079 6.326957 

1 3.635975 21.512314 6.629805 

1 7.820902 17.741822 1.354840 

6 7.755178 16.286618 -0.234952 

1 6.328943 13.819846 2.412137 

6 6.918888 14.088636 0.364621 

6 6.515973 20.345440 4.486656 

1 5.150374 18.692014 4.392590 

1 9.308723 17.780132 3.643967 

6 8.849142 19.832429 4.073979 

1 2.813129 15.900035 0.764001 

6 2.808414 13.799613 0.289665 

6 3.411198 12.293254 2.093033 

1 3.900546 13.204070 3.978992 

1 4.982814 17.131320 1.275448 

6 4.226184 19.120079 1.005277 

6 2.505126 19.831633 2.555038 

1 1.921294 18.410299 4.048445 

1 9.647204 11.261294 9.458761 

1 11.023650 20.083866 7.859113 

1 -0.029639 14.109035 10.722869 

1 1.211256 22.013824 6.414670 

1 8.153746 16.971356 -0.978325 

6 7.426863 14.974719 -0.592492 

1 6.665165 13.069688 0.087227 

1 5.736404 21.062427 4.727812 

6 7.847105 20.758844 4.380281 

1 9.885316 20.149267 4.003470 

6 3.021247 12.502697 0.764008 

1 2.492408 13.960995 -0.737103 

1 3.560989 11.284280 2.467214 

1 4.857344 19.315857 0.142992 

6 3.335060 20.097553 1.463119 

1 1.798968 20.579601 2.903306 
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1 7.569725 14.641152 -1.616667 

1 8.106611 21.801654 4.541188 

1 2.872931 11.652874 0.103211 

1 3.278823 21.058772 0.959537 

1 5.348138 14.722750 4.441615 

 
Table S11. Cartesian coordinates for the optimized geometry of 1b. 

 Atomic 
Number X Y Z 

6 -0.892825 1.537961 4.406163 

6 -0.601241 0.192775 4.187922 

6 -0.113868 -0.210487 2.947070 

7 0.037357 0.686038 1.931076 

6 -0.139919 2.013555 2.167913 

6 -0.630606 2.459212 3.395242 

6 0.321710 2.992426 1.120587 

6 0.362026 -1.615473 2.701236 

77 0.499946 -0.024918 -0.065698 

17 2.870910 0.095053 0.777135 

15 0.423038 2.253454 -0.586459 

6 1.776853 3.083249 -1.439917 

6 2.863815 2.336202 -1.914362 

6 3.908699 2.982745 -2.579095 

6 3.872587 4.366896 -2.764879 

6 2.788924 5.114800 -2.288105 

6 1.738967 4.476952 -1.629257 

6 -1.119261 2.733613 -1.411398 

6 -1.132017 3.145943 -2.750991 

6 -2.348354 3.425665 -3.380722 

6 -3.549318 3.297352 -2.678750 

6 -3.538509 2.882098 -1.341636 

6 -2.329088 2.594324 -0.710810 

15 0.058501 -2.102366 0.940011 

6 1.046892 -3.572468 0.577349 

6 0.470932 -4.854497 0.605262 

6 1.257161 -5.972160 0.320356 

6 2.610504 -5.816367 0.005482 

6 3.180695 -4.539509 -0.029541 

6 2.404839 -3.414031 0.250102 

6 -1.689264 -2.580111 0.824838 

6 -2.353263 -2.413663 -0.400850 

6 -3.681478 -2.816655 -0.539601 

6 -4.360206 -3.379805 0.546253 

6 -3.705485 -3.545878 1.769763 

6 -2.371836 -3.153243 1.909007 

6 0.852073 -0.655105 -1.777970 

8 1.065373 -1.051887 -2.837541 

1 -1.285595 1.868320 5.363749 

1 -0.730458 -0.545110 4.972833 

1 -0.783587 3.522231 3.550845 

1 -0.282525 3.904512 1.126607 

1 1.357456 3.266090 1.366412 
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1 1.459356 -1.609432 2.779495 

1 -0.039888 -2.321270 3.432151 

1 -1.045913 -0.002281 -0.401481 

1 2.906482 1.267274 -1.736453 

1 4.752420 2.403795 -2.944240 

1 4.688671 4.866624 -3.280207 

1 2.761210 6.191333 -2.433750 

1 0.889985 5.057822 -1.276514 

1 -0.199695 3.252193 -3.297779 

1 -2.354237 3.746116 -4.419069 

1 -4.492721 3.519664 -3.170190 

1 -4.471675 2.780981 -0.793717 

1 -2.329522 2.252312 0.321849 

1 -0.582801 -4.979191 0.836471 

1 0.810493 -6.962666 0.339465 

1 3.218432 -6.688913 -0.219118 

1 4.230651 -4.416570 -0.281331 

1 2.846142 -2.421714 0.218062 

1 -1.833657 -1.959801 -1.239544 

1 -4.187451 -2.686796 -1.492485 

1 -5.396910 -3.687695 0.439144 

1 -4.229332 -3.983837 2.615207 

1 -1.871667 -3.303478 2.861455 

 
Table S12. Cartesian coordinates for the optimized geometry of cis-1c. 

 Atomic 
Number X Y Z 

6 -2.549113 -0.073643 2.237966 

6 -1.345668 -0.802528 2.834812 

7 -0.084263 -0.133873 2.375117 

77 -0.017744 0.040035 0.159595 

6 1.150130 -0.786789 2.922088 

6 2.389507 -0.065615 2.389277 

6 0.050066 0.289097 -1.675892 

1 -0.067604 1.612186 0.375670 

17 0.057055 -2.456674 0.160946 

8 0.101525 0.459625 -2.814063 

1 -0.101524 0.822460 2.731699 

15 -2.367120 0.039070 0.381183 

6 -3.195233 1.585873 -0.094608 

6 -4.301119 1.594468 -0.957304 

6 -4.894904 2.808062 -1.317002 

6 -4.395417 4.012013 -0.816020 

6 -3.290063 4.007203 0.043423 

6 -2.687570 2.800936 0.395855 

6 -3.308804 -1.314918 -0.355027 

6 -2.812041 -1.953848 -1.500011 

6 -3.564998 -2.950269 -2.122897 

6 -4.809833 -3.316667 -1.603963 

6 -5.309331 -2.681543 -0.461854 

6 -4.564433 -1.679163 0.160186 

15 2.309752 0.086340 0.529005 
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6 3.197091 1.608974 0.102332 

6 4.584812 1.676926 0.323756 

6 5.282089 2.845925 0.021673 

6 4.604669 3.948086 -0.513477 

6 3.228827 3.879687 -0.745605 

6 2.523265 2.713283 -0.437305 

6 3.281902 -1.263701 -0.172428 

6 3.511836 -2.450587 0.537166 

6 4.206067 -3.499754 -0.067253 

6 4.659611 -3.373860 -1.382939 

6 4.421110 -2.194875 -2.097419 

6 3.733473 -1.140987 -1.496841 

1 -2.609364 0.955439 2.612981 

1 -3.479838 -0.582959 2.503812 

1 -1.381204 -0.792686 3.931662 

1 -1.292565 -1.834578 2.478811 

1 1.117308 -0.757282 4.018646 

1 1.118634 -1.824466 2.582624 

1 2.439416 0.959291 2.776739 

1 3.304433 -0.584337 2.692237 

1 -4.696213 0.661837 -1.347796 

1 -5.748910 2.808546 -1.988953 

1 -4.860630 4.953190 -1.096541 

1 -2.895088 4.942933 0.430288 

1 -1.809913 2.804713 1.038524 

1 -1.832202 -1.694994 -1.884330 

1 -3.172362 -3.447539 -3.005419 

1 -5.390561 -4.098575 -2.086186 

1 -6.278126 -2.963194 -0.058200 

1 -4.972557 -1.176979 1.033655 

1 5.118749 0.814554 0.715362 

1 6.353687 2.895194 0.195324 

1 5.152097 4.855244 -0.755400 

1 2.703997 4.730199 -1.172439 

1 1.455176 2.656846 -0.620743 

1 3.145381 -2.568269 1.551998 

1 4.384746 -4.416938 0.487185 

1 5.196859 -4.193582 -1.852346 

1 4.772999 -2.094960 -3.120614 

1 3.557712 -0.223400 -2.053009 
  
Table S13. Cartesian coordinates for the optimized geometry of trans-1c. 

 Atomic 
Number X Y Z 

6 -1.165347 1.116744 2.859330 

6 -2.295205 0.671304 1.928237 

7 -1.843731 -0.517257 1.140791 

77 0.115353 -0.225233 0.174206 

6 -2.887540 -1.044026 0.208224 

6 -2.333545 -2.265703 -0.528156 

6 1.765284 0.025576 -0.643779 

17 0.779523 -2.045220 1.766062 
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1 -0.549933 0.897161 -0.719771 

8 2.782897 0.189256 -1.156885 

1 -1.616399 -1.264571 1.808127 

15 0.362808 1.423165 1.844312 

6 1.782676 1.382966 2.962447 

6 2.825542 2.310438 2.792245 

6 3.960238 2.238194 3.601033 

6 4.061725 1.245870 4.580602 

6 3.028427 0.318760 4.747368 

6 1.893237 0.377977 3.938777 

6 0.223299 3.137232 1.258671 

6 0.411316 3.458988 -0.092287 

6 0.338573 4.789418 -0.513614 

6 0.074150 5.802954 0.410632 

6 -0.108459 5.488550 1.762407 

6 -0.027581 4.162914 2.187417 

15 -0.744569 -1.789904 -1.369624 

6 0.161268 -3.312222 -1.729886 

6 0.266427 -4.324949 -0.760976 

6 1.025683 -5.464211 -1.028406 

6 1.693197 -5.595561 -2.249987 

6 1.601364 -4.583434 -3.210046 

6 0.838408 -3.443344 -2.955006 

6 -1.233381 -1.094221 -2.975094 

6 -2.096398 -1.827486 -3.808762 

6 -2.460288 -1.323534 -5.057012 

6 -1.955246 -0.091627 -5.489244 

6 -1.085487 0.633537 -4.671255 

6 -0.726166 0.135535 -3.415984 

1 -0.928318 0.323093 3.576149 

1 -1.445731 2.016253 3.415289 

1 -2.548503 1.457784 1.210203 

1 -3.195310 0.409653 2.498820 

1 -3.788407 -1.303224 0.778716 

1 -3.132025 -0.238584 -0.491610 

1 -3.056029 -2.647158 -1.255674 

1 -2.099910 -3.064839 0.183625 

1 2.749678 3.088900 2.038557 

1 4.762189 2.959148 3.467193 

1 4.945460 1.193233 5.210933 

1 3.108095 -0.458522 5.502415 

1 1.117078 -0.370854 4.050755 

1 0.614521 2.670844 -0.809376 

1 0.489799 5.032479 -1.561967 

1 0.014658 6.837042 0.081742 

1 -0.306637 6.275984 2.484573 

1 -0.144263 3.930719 3.243315 

1 -0.213741 -4.216680 0.205182 

1 1.101799 -6.245529 -0.277167 

1 2.285971 -6.483734 -2.452074 

1 2.120387 -4.681204 -4.159711 
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1 0.764782 -2.664437 -3.708425 

1 -2.472504 -2.797422 -3.492198 

1 -3.131004 -1.893133 -5.694628 

1 -2.236930 0.297831 -6.463935 

1 -0.685064 1.585714 -5.008907 

1 -0.052879 0.698726 -2.778626 

 
Table S14. Cartesian coordinates for the optimized geometry of 1e. 

Atomic 
Number X Y Z 

77 -1.001168 1.021618 -0.140407 

1 -0.958169 0.860049 1.416847 

15 -2.561017 -0.737908 -0.205298 

17 -0.990229 1.080374 -2.715560 

15 0.838902 2.458191 -0.002480 

6 0.574513 -0.507382 -0.260443 

6 -2.323817 2.362748 -0.033049 

6 -1.627405 -2.221802 -0.795576 

6 -3.996017 -0.579704 -1.307508 

6 -3.259140 -1.171693 1.419577 

6 0.629654 4.181747 -0.538986 

6 1.650236 2.516017 1.626729 

6 2.077282 1.700173 -1.148131 

15 0.059629 -2.114941 -0.063045 

15 2.155593 -0.094512 -0.759421 

8 -3.128575 3.184306 0.049493 

1 -2.131467 -3.165311 -0.568872 

1 -1.522051 -2.101332 -1.878112 

6 -5.244938 -0.221162 -0.772700 

6 -3.850453 -0.728565 -2.696551 

6 -3.372661 -0.180376 2.404005 

6 -3.754860 -2.457963 1.678044 

6 1.194427 5.252727 0.172347 

6 -0.140384 4.431303 -1.688514 

6 3.030460 2.744755 1.738487 

6 0.885392 2.363844 2.791728 

1 3.065020 2.168047 -1.119175 

1 1.640824 1.798552 -2.147796 

6 1.092634 -3.387316 -0.832171 

6 -0.211145 -2.657653 1.658230 

6 2.805375 -0.906431 -2.259655 

6 3.484068 -0.247155 0.484603 

1 -5.369572 -0.103943 0.299816 

6 -6.335801 -0.020989 -1.620138 

1 -2.882615 -0.959118 -3.127385 

6 -4.947992 -0.533655 -3.535572 

1 -2.990572 0.815903 2.208942 

6 -3.965623 -0.473061 3.633525 

1 -3.697997 -3.233137 0.919274 

6 -4.329459 -2.754182 2.914019 

6 0.995106 6.562913 -0.269258 

1 1.777371 5.069713 1.069690 
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1 -0.591525 3.606021 -2.233250 

6 -0.327810 5.743022 -2.124379 

1 3.639868 2.877323 0.850808 

6 3.638759 2.790824 2.992845 

6 1.493548 2.418464 4.047110 

1 -0.185000 2.201136 2.713926 

6 2.092588 -4.025175 -0.081694 

6 0.949605 -3.680833 -2.197081 

6 -0.200721 -1.704494 2.683277 

6 -0.515768 -3.995972 1.951491 

6 3.910028 -1.768625 -2.224545 

6 2.141328 -0.670719 -3.475534 

6 3.189040 -0.774083 1.745262 

6 4.783271 0.211199 0.209415 

6 -6.190304 -0.179551 -3.001147 

1 -7.298998 0.254887 -1.199051 

1 -4.827830 -0.648883 -4.609508 

1 -4.054832 0.304568 4.387730 

6 -4.437453 -1.761927 3.893361 

1 -4.697477 -3.757748 3.110127 

1 1.429322 7.389303 0.287534 

6 0.237580 6.809572 -1.417413 

1 -0.924159 5.931073 -3.013363 

6 2.872082 2.624549 4.149592 

1 4.710600 2.952291 3.064632 

1 0.890634 2.301196 4.944051 

1 2.207365 -3.800739 0.974730 

6 2.933584 -4.957876 -0.691368 

1 0.197460 -3.173228 -2.793418 

6 1.787970 -4.617590 -2.798732 

6 -0.498755 -2.084259 3.993285 

1 0.028496 -0.670676 2.442898 

1 -0.517834 -4.742240 1.160443 

6 -0.804334 -4.374258 3.262555 

1 4.417806 -1.971670 -1.287932 

6 4.355249 -2.379717 -3.398778 

6 2.598983 -1.275994 -4.645586 

1 1.261415 -0.031932 -3.501759 

1 2.179904 -1.109820 1.957106 

6 4.179197 -0.842560 2.728205 

6 5.770155 0.146846 1.192528 

1 5.024977 0.612634 -0.771931 

1 -7.041599 -0.025446 -3.659139 

1 -4.891056 -1.993372 4.853645 

1 0.082492 7.830524 -1.756853 

1 3.347160 2.659479 5.126624 

1 3.705407 -5.451199 -0.106434 

6 2.777604 -5.258828 -2.046761 

1 1.673986 -4.841296 -3.855489 

1 -0.500073 -1.339298 4.784672 

6 -0.800712 -3.416969 4.283436 

Nachdrucke der diskutierten Publikationen

335



S78 
 

1 -1.032888 -5.412450 3.489242 

6 3.707913 -2.128729 -4.610386 

1 5.208138 -3.052452 -3.363495 

1 2.088684 -1.080436 -5.585335 

1 3.940445 -1.248225 3.707949 

6 5.468317 -0.380499 2.454032 

1 6.773801 0.504185 0.976396 

1 3.428844 -5.989500 -2.519336 

1 -1.032567 -3.712198 5.303546 

1 4.062415 -2.599162 -5.524166 

1 6.238732 -0.428559 3.219441 

 
Table S15. Cartesian coordinates for the optimized geometry of 1e1. 

Atomic 
Number 

X Y Z 

77 -0.989676 1.166457  -0.162721 

1  -1.212891 1.698408  1.296679 

15 -2.669585 -0.414972 0.217252 

17 -0.578988 0.188096  -2.517351 

15 0.969802  2.421400  -0.348820 

14 0.443154  -0.499094 1.075712 

6  -2.148736 2.577537  -0.828839 

6  -2.112765 -2.036663 -0.476697 

6  -4.264302 -0.137078 -0.617168 

6  -3.060811 -0.714249 1.969067 

6  0.878688  3.875343  -1.438098 

6  1.750874  2.987629  1.197820 

6  2.275099  1.352614  -1.117370 

15 -0.393377 -2.470170 0.055985 

15 2.457916  -0.184001 -0.105486 

8  -2.822597 3.445566  -1.164833 

1  -2.810376 -2.853572 -0.266378 

1  -2.092346 -1.852365 -1.553187 

6  -4.242778 0.302012  -1.951815 

6  -5.489594 -0.351565 0.031426 

6  -3.341243 -1.996526 2.463907 

6  -3.132100 0.387692  2.836455 

6  1.014221  5.180282  -0.942006 

6  0.564442  3.669947  -2.792942 

6  3.039535  3.547879  1.148490 

6  1.111921  2.847478  2.435318 

1  3.232933  1.873283  -1.219885 

1  1.892300  1.067347  -2.100931 

6  0.308420  -3.477721 -1.301154 

6  -0.656328 -3.722634 1.371804 

6  3.213943  -1.422914 -1.203521 

6  3.785489  0.241953  1.080493 

1  -3.292765 0.478662  -2.450312 

6  -5.442456 0.514721  -2.630779 

1  -5.510891 -0.682227 1.065783 

6  -6.686720 -0.127163 -0.653826 
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1  -3.295779 -2.864317 1.815643 

6  -3.665684 -2.176163 3.810517 

1  -2.921466 1.383954  2.458458 

6  -3.468791 0.207629  4.177609 

6  0.850592  6.271628  -1.799482 

1  1.243468  5.346499  0.106167 

1  0.413375  2.662619  -3.172306 

6  0.411301  4.764873  -3.643015 

1  3.546252  3.668836  0.194998 

6  3.676472  3.953411  2.318784 

6  1.749118  3.261393  3.608102 

1  0.123102  2.405420  2.482038 

6  -0.111494 -3.352076 -2.633477 

6  1.281486  -4.436466 -0.969809 

6  -0.195835 -3.524727 2.678078 

6  -1.373417 -4.891184 1.057823 

6  4.236101  -2.256783 -0.719734 

6  2.775895  -1.551643 -2.531257 

6  3.580581  0.183447  2.463115 

6  5.033757  0.652058  0.579225 

6  -6.664761 0.302984  -1.983179 

1  -5.422810 0.855165  -3.662807 

1  -7.634775 -0.286029 -0.146468 

1  -3.865057 -3.176762 4.184280 

6  -3.730137 -1.076247 4.668853 

1  -3.524894 1.067652  4.839881 

1  0.954191  7.281000  -1.409819 

6  0.554572  6.066348  -3.149189 

1  0.170772  4.601656  -4.690350 

6  3.030692  3.811154  3.552022 

1  4.675941  4.376660  2.270245 

1  1.243600  3.148194  4.563582 

1  -0.814766 -2.580947 -2.925993 

6  0.396909  -4.212391 -3.608351 

1  1.614771  -4.545067 0.058624 

6  1.799263  -5.277825 -1.952961 

6  -0.455933 -4.480538 3.665349 

1  0.346319  -2.614858 2.924355 

1  -1.712529 -5.066497 0.039535 

6  -1.642123 -5.835771 2.046793 

1  4.578407  -2.164272 0.306589 

6  4.839592  -3.183673 -1.570746 

6  3.394682  -2.471680 -3.376225 

1  1.950371  -0.949037 -2.899184 

1  2.613591  -0.127284 2.851074 

6  4.611598  0.537944  3.338200 

6  6.059430  1.002556  1.454529 

1  5.208063  0.683699  -0.493504 

1  -7.597733 0.478899  -2.512459 

1  -3.984165 -1.216861 5.716333 

1  0.429041  6.917173  -3.813803 
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1  3.528829  4.127270  4.464968 

1  0.049958  -4.119407 -4.634234 

6  1.346147  -5.179565 -3.271411 

1  2.549879  -6.016401 -1.685255 

1  -0.094626 -4.319627 4.677781 

6  -1.183713 -5.630452 3.354643 

1  -2.201177 -6.734223 1.798285 

6  4.429184  -3.283345 -2.902222 

1  5.637601  -3.818339 -1.194123 

1  3.059117  -2.560429 -4.405285 

1  4.443267  0.496078  4.411040 

6  5.848731  0.946222  2.837608 

1  7.022791  1.315560  1.060254 

1  1.738546  -5.847863 -4.033484 

1  -1.391043 -6.369612 4.124314 

1  4.907908  -3.997350 -3.567251 

1  6.649347  1.220100  3.520025 

 
Table S16. Cartesian coordinates for the optimized geometry of 1e2. 

Atomic 
Number 

X Y Z 

77 -0.910265 1.254765  -0.193614 

1  -1.192411 1.864345  1.227179 

15 -2.631483 -0.291464 0.106314 

17 -0.415327 0.217800  -2.504621 

15 1.091228  2.454241  -0.303608 

32 0.527905  -0.438384 1.208833 

6  -2.027708 2.634465  -0.966622 

6  -2.103198 -1.938106 -0.567184 

6  -4.173289 0.070897  -0.789057 

6  -3.110465 -0.685294 1.821063 

6  1.049512  3.967419  -1.312420 

6  1.910564  2.887369  1.266732 

6  2.360411  1.405194  -1.151557 

15 -0.545297 -2.468452 0.275311 

15 2.509157  -0.223418 -0.287149 

8  -2.707344 3.469561  -1.368089 

1  -2.886588 -2.695341 -0.456771 

1  -1.882546 -1.779693 -1.625805 

6  -5.370200 0.366886  -0.121288 

6  -4.115738 0.147922  -2.191684 

6  -2.578865 0.020610  2.906679 

6  -3.999800 -1.747205 2.061750 

6  1.353091  5.232123  -0.789869 

6  0.622690  3.842617  -2.646363 

6  3.239870  3.345406  1.250199 

6  1.255628  2.732839  2.494657 

1  3.334257  1.901377  -1.208671 

1  1.965877  1.238817  -2.155162 

6  0.255315  -3.667342 -0.836245 

6  -1.139635 -3.478717 1.680061 
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6  3.087599  -1.421976 -1.533223 

6  3.975692  0.014003  0.786732 

1  -5.417312 0.323532  0.962635 

6  -6.506108 0.723434  -0.853549 

1  -3.178244 -0.036156 -2.710669 

6  -5.256194 0.496010  -2.914749 

1  -1.889677 0.837834  2.726418 

6  -2.927782 -0.327423 4.214257 

1  -4.425356 -2.301533 1.229957 

6  -4.343953 -2.096391 3.365407 

6  1.241581  6.364804  -1.601771 

1  1.669635  5.335730  0.243626 

1  0.348399  2.867022  -3.042229 

6  0.524174  4.976295  -3.451902 

1  3.761797  3.476298  0.306576 

6  3.900912  3.634656  2.441823 

6  1.918353  3.026115  3.689509 

1  0.230921  2.378209  2.512004 

6  0.828691  -4.836147 -0.306480 

6  0.318601  -3.422680 -2.217220 

6  -0.774901 -3.186147 2.999042 

6  -1.984847 -4.572286 1.420663 

6  3.761377  -2.566066 -1.071435 

6  2.910182  -1.231884 -2.911249 

6  3.880964  -0.049949 2.181707 

6  5.213215  0.310424  0.188185 

6  -6.452696 0.783382  -2.248154 

1  -7.430906 0.955077  -0.331508 

1  -5.208176 0.552352  -3.999149 

1  -2.509995 0.228495  5.049604 

6  -3.807074 -1.386305 4.445095 

1  -5.026064 -2.923766 3.540089 

1  1.472871  7.344574  -1.191908 

6  0.833282  6.238471  -2.931615 

1  0.195570  4.876269  -4.483104 

6  3.240676  3.473346  3.664906 

1  4.930770  3.979902  2.417157 

1  1.400682  2.902625  4.637205 

1  0.786920  -5.031390 0.760863 

6  1.425347  -5.766955 -1.157709 

1  -0.077277 -2.499593 -2.630400 

6  0.907398  -4.364899 -3.059791 

6  -1.258613 -3.971557 4.049681 

1  -0.122134 -2.342413 3.206738 

1  -2.257478 -4.820515 0.397828 

6  -2.463395 -5.354061 2.469850 

1  3.904504  -2.723000 -0.005233 

6  4.278399  -3.487801 -1.979740 

6  3.447697  -2.150416 -3.815042 

1  2.345273  -0.387372 -3.288918 

1  2.927057  -0.274232 2.651650 
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6  5.008870  0.190170  2.972057 

6  6.334623  0.552870  0.979326 

1  5.301214  0.340547  -0.895376 

1  -7.337981 1.060069  -2.814785 

1  -4.074919 -1.660896 5.462119 

1  0.748229  7.121078  -3.560205 

1  3.757831  3.696410  4.594605 

1  1.856370  -6.674536 -0.742940 

6  1.455612  -5.538661 -2.535700 

1  0.944442  -4.175015 -4.128607 

1  -0.975714 -3.734067 5.071759 

6  -2.101098 -5.053001 3.788323 

1  -3.114115 -6.199258 2.260742 

6  4.135798  -3.274395 -3.353996 

1  4.799389  -4.368207 -1.613584 

1  3.320718  -1.985863 -4.881923 

1  4.925720  0.142219  4.054634 

6  6.233091  0.494349  2.374901 

1  7.288117  0.780774  0.509738 

1  1.911310  -6.269530 -3.198636 

1  -2.474830 -5.663023 4.606759 

1  4.551996  -3.986980 -4.061269 

1  7.108936  0.681527  2.991005 

  
Table S17. Cartesian coordinates for the optimized geometry of cis-1f. 

Atomic 
Number X Y Z 

77 0.356271 -1.481411 -0.014788 

1 0.430695 -1.595966 1.545580 

15 2.563508 -0.759932 -0.007323 

17 0.230896 -0.989052 -2.549469 

15 -1.941880 -1.821519 0.123778 

5 -0.198200 0.715048 0.292445 

6 0.818427 -3.352127 -0.203569 

6 2.620150 0.848681 -0.915231 

6 3.740746 -1.850992 -0.854290 

6 3.305771 -0.342299 1.604330 

6 -2.574765 -3.393578 -0.540396 

6 -2.734960 -1.590355 1.749884 

6 -2.720353 -0.523460 -0.939445 

15 1.265592 1.906173 -0.266735 

15 -1.973365 1.088658 -0.460972 

8 1.099969 -4.464827 -0.280599 

1 3.599787 1.334205 -0.896585 

1 2.339594 0.631528 -1.950188 

6 4.445408 -2.818394 -0.119348 

6 3.827364 -1.842705 -2.255297 

6 2.484793 -0.083635 2.709398 

6 4.693523 -0.153013 1.715501 

6 -3.416863 -4.239873 0.195253 

6 -2.136524 -3.778833 -1.819924 

6 -4.117991 -1.350703 1.824697 
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6 -1.989796 -1.662436 2.933043 

1 -3.812517 -0.494479 -0.896005 

1 -2.386798 -0.768231 -1.950702 

6 1.073747 3.172758 -1.564696 

6 1.896630 2.797884 1.189022 

6 -2.179546 2.185477 -1.899970 

6 -3.137881 1.760624 0.780832 

1 4.367833 -2.843929 0.963958 

6 5.247389 -3.750442 -0.779052 

1 3.245188 -1.136816 -2.838898 

6 4.634167 -2.776236 -2.908483 

1 1.411086 -0.204496 2.616156 

6 3.042786 0.355030 3.911767 

1 5.338939 -0.351489 0.864117 

6 5.249272 0.275400 2.921187 

6 -3.826225 -5.459876 -0.350463 

1 -3.745983 -3.956350 1.190185 

1 -1.455522 -3.140006 -2.377856 

6 -2.558719 -4.992801 -2.360498 

1 -4.716391 -1.304968 0.919488 

6 -4.738147 -1.170185 3.059688 

6 -2.612285 -1.485032 4.171104 

1 -0.923409 -1.855639 2.883215 

6 1.169621 4.539310 -1.262982 

6 0.880363 2.759761 -2.893585 

6 0.976787 3.268684 2.138515 

6 3.259352 3.085131 1.349025 

6 -2.237130 3.571686 -1.680152 

6 -2.295474 1.685725 -3.204669 

6 -2.817791 1.828372 2.142354 

6 -4.420159 2.150136 0.353876 

6 5.347373 -3.727691 -2.173513 

1 5.791339 -4.494874 -0.203565 

1 4.698382 -2.763651 -3.993324 

1 2.397277 0.561524 4.761414 

6 4.423814 0.531439 4.021287 

1 6.325023 0.409011 3.002008 

1 -4.473358 -6.116145 0.225768 

6 -3.402725 -5.835220 -1.627548 

1 -2.218471 -5.287138 -3.349949 

6 -3.985042 -1.235033 4.236505 

1 -5.806496 -0.976708 3.103375 

1 -2.024067 -1.545671 5.083273 

1 1.323550 4.865413 -0.238995 

6 1.089242 5.485550 -2.287455 

1 0.778896 1.703445 -3.131209 

6 0.807608 3.711238 -3.909062 

6 1.417014 4.004928 3.239497 

1 -0.080808 3.052312 2.022186 

1 3.987775 2.740064 0.623468 

6 3.698499 3.806619 2.459282 
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1 -2.147924 3.969536 -0.672990 

6 -2.430179 4.442569 -2.750353 

6 -2.504162 2.562827 -4.271074 

1 -2.202757 0.624167 -3.404148 

1 -1.845364 1.501181 2.489838 

6 -3.763085 2.284624 3.064177 

6 -5.362813 2.599903 1.277244 

1 -4.677386 2.113184 -0.701551 

1 5.973219 -4.453763 -2.685759 

1 4.857628 0.867484 4.959617 

1 -3.721745 -6.785138 -2.048724 

1 -4.468432 -1.093753 5.199853 

1 1.173200 6.542879 -2.049867 

6 0.916057 5.073249 -3.610065 

1 0.661065 3.387446 -4.935584 

1 0.696649 4.367736 3.968170 

6 2.779513 4.268339 3.405748 

1 4.759112 4.006493 2.584161 

6 -2.576762 3.938764 -4.046218 

1 -2.469985 5.513395 -2.571849 

1 -2.604471 2.166157 -5.277898 

1 -3.505794 2.326272 4.119114 

6 -5.034241 2.670824 2.635631 

1 -6.350493 2.899961 0.936854 

1 0.862596 5.810264 -4.407238 

1 3.124411 4.831438 4.269065 

1 -2.738970 4.618897 -4.878337 

1 -5.768587 3.024660 3.354727 

1 -0.300285 0.973846 1.461552 

 
Table S18. Cartesian coordinates for the optimized geometry of 1f1. 

Atomic 
Number X Y Z 

77 -0.885806 1.278288 -0.203946 

1 -1.128114 1.878129 1.227788 

15 -2.612965 -0.248602 0.129384 

17 -0.373682 0.163025 -2.469564 

15 1.132687 2.432652 -0.331431 

13 0.520772 -0.468063 0.929063 

6 -2.013856 2.703808 -0.964279 

6 -2.162956 -1.928930 -0.539944 

6 -4.155595 0.141033 -0.759078 

6 -3.098080 -0.625257 1.847908 

6 1.087688 3.949511 -1.339735 

6 1.982914 2.865586 1.223903 

6 2.413723 1.405240 -1.205883 

15 -0.634852 -2.554746 0.293044 

15 2.630226 -0.216146 -0.343189 

8 -2.688958 3.565060 -1.311545 

1 -2.986846 -2.639253 -0.419791 

1 -1.944120 -1.791243 -1.601931 

6 -5.341351 0.475817 -0.090468 
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6 -4.101773 0.204315 -2.162509 

6 -2.527911 0.055063 2.929984 

6 -4.033791 -1.645402 2.095393 

6 1.360790 5.219489 -0.814112 

6 0.673436 3.818749 -2.677044 

6 3.288377 3.387513 1.179198 

6 1.378747 2.641695 2.466445 

1 3.370307 1.931624 -1.274116 

1 2.012305 1.230183 -2.205191 

6 0.116819 -3.770965 -0.838583 

6 -1.250276 -3.520168 1.711041 

6 3.172226 -1.430047 -1.592625 

6 4.094208 0.039675 0.717183 

1 -5.385636 0.444839 0.993987 

6 -6.469931 0.857068 -0.822030 

1 -3.171267 -0.008959 -2.683192 

6 -5.234842 0.576379 -2.885242 

1 -1.801116 0.837915 2.744274 

6 -2.885075 -0.274976 4.240118 

1 -4.490310 -2.179307 1.266666 

6 -4.385701 -1.977595 3.401352 

6 1.233025 6.350889 -1.625753 

1 1.665447 5.328995 0.222315 

1 0.418083 2.838927 -3.075326 

6 0.558932 4.950727 -3.482845 

1 3.770127 3.572369 0.223195 

6 3.974071 3.673131 2.357306 

6 2.066082 2.931484 3.648424 

1 0.375382 2.232069 2.504335 

6 0.638555 -4.972063 -0.329579 

6 0.225272 -3.488487 -2.209674 

6 -0.870401 -3.191844 3.018157 

6 -2.125754 -4.597247 1.487450 

6 3.812457 -2.591875 -1.127138 

6 2.972038 -1.254111 -2.968673 

6 3.978748 0.005790 2.112521 

6 5.338676 0.316391 0.124775 

6 -6.420624 0.902574 -2.217232 

1 -7.385770 1.119508 -0.298700 

1 -5.189380 0.621396 -3.970322 

1 -2.437037 0.261814 5.072321 

6 -3.811284 -1.291504 4.477342 

1 -5.103875 -2.772854 3.580913 

1 1.440505 7.334638 -1.212612 

6 0.838686 6.218343 -2.959086 

1 0.240423 4.845283 -4.516712 

6 3.363096 3.444529 3.595529 

1 4.985176 4.068227 2.310994 

1 1.587271 2.753230 4.607773 

1 0.560250 -5.198054 0.729738 

6 1.239280 -5.891475 -1.191468 
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1 -0.136431 -2.544875 -2.607580 

6 0.818499 -4.418426 -3.063306 

6 -1.368267 -3.931757 4.094635 

1 -0.198692 -2.356423 3.193142 

1 -2.412296 -4.866867 0.473823 

6 -2.617030 -5.333060 2.563916 

1 3.975176 -2.737786 -0.061772 

6 4.265752 -3.551518 -2.030634 

6 3.441759 -2.213514 -3.868734 

1 2.440017 -0.389189 -3.348125 

1 3.017352 -0.201915 2.572919 

6 5.098913 0.255760 2.910420 

6 6.451824 0.566939 0.925320 

1 5.437630 0.325070 -0.958263 

1 -7.300104 1.198427 -2.783214 

1 -4.086190 -1.552180 5.496155 

1 0.741083 7.099800 -3.587446 

1 3.899740 3.665768 4.514566 

1 1.632403 -6.823061 -0.792548 

6 1.322648 -5.620408 -2.559432 

1 0.892437 -4.197013 -4.124070 

1 -1.075860 -3.669162 5.107773 

6 -2.238249 -4.999956 3.870133 

1 -3.291142 -6.166960 2.385970 

6 4.091040 -3.358853 -3.404337 

1 4.760072 -4.445980 -1.661516 

1 3.293623 -2.062758 -4.934916 

1 5.003121 0.232747 3.992666 

6 6.332245 0.537573 2.320501 

1 7.412820 0.779092 0.463777 

1 1.783047 -6.341321 -3.230025 

1 -2.622323 -5.574762 4.709001 

1 4.453857 -4.103015 -4.108481 

1 7.202232 0.731050 2.942889 

1 0.937617 -0.674579 2.450416 

 

Table S19. Cartesian coordinates for the optimized geometry of 1f2. 

Atomic 
Number X Y Z 

77 -0.890465 1.286113  -0.209618 

1  -1.142324 1.894755  1.216269 

15 -2.619603 -0.244340 0.122156 

17 -0.382856 0.181438  -2.479883 

15 1.136453  2.435407  -0.331070 

31 0.516703  -0.469527 0.957728 

6  -1.993625 2.685273  -0.978671 

6  -2.153071 -1.919839 -0.543607 

6  -4.160846 0.140639  -0.766497 

6  -3.093650 -0.618761 1.842796 

6  1.104048  3.947094  -1.344324 

6  1.974122  2.862755  1.230956 
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6  2.409706  1.389045  -1.191155 

15 -0.628858 -2.550304 0.291976 

15 2.619560  -0.232963 -0.328241 

8  -2.661915 3.537293  -1.363091 

1  -2.976290 -2.631349 -0.425272 

1  -1.931922 -1.782143 -1.605039 

6  -5.343582 0.485690  -0.097461 

6  -4.109882 0.192079  -2.170527 

6  -2.496458 0.043397  2.921409 

6  -4.041530 -1.626197 2.095095 

6  1.370527  5.218315  -0.817826 

6  0.704632  3.813400  -2.685883 

6  3.276273  3.392995  1.196117 

6  1.366715  2.620609  2.468296 

1  3.369800  1.909785  -1.255278 

1  2.012245  1.215119  -2.192232 

6  0.116796  -3.764450 -0.842857 

6  -1.253153 -3.517570 1.704426 

6  3.164187  -1.442579 -1.578404 

6  4.082426  0.023377  0.733398 

1  -5.384904 0.463975  0.987334 

6  -6.472536 0.864569  -0.829414 

1  -3.181374 -0.028477 -2.691677 

6  -5.243401 0.562562  -2.893384 

1  -1.755896 0.811796  2.730834 

6  -2.842005 -0.289705 4.233628 

1  -4.516222 -2.147575 1.268471 

6  -4.381564 -1.961678 3.403506 

6  1.251965  6.347907  -1.633131 

1  1.663182  5.329825  0.221813 

1  0.453508  2.832927  -3.085060 

6  0.598644  4.943940  -3.494877 

1  3.760430  3.589611  0.243599 

6  3.955343  3.671374  2.379984 

6  2.047313  2.903175  3.655646 

1  0.367488  2.200636  2.497140 

6  0.629027  -4.972069 -0.339335 

6  0.232339  -3.474373 -2.211879 

6  -0.872120 -3.197151 3.012767 

6  -2.133791 -4.589683 1.476708 

6  3.798571  -2.607513 -1.112281 

6  2.971799  -1.263507 -2.955298 

6  3.962068  0.008536  2.128283 

6  5.331584  0.282654  0.142680 

6  -6.426333 0.898256  -2.225133 

1  -7.386240 1.134426  -0.306164 

1  -5.200384 0.598812  -3.978862 

1  -2.373484 0.232902  5.063598 

6  -3.782412 -1.291979 4.476162 

1  -5.109645 -2.746884 3.587328 

1  1.454880  7.332487  -1.219751 
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6  0.872610  6.212530  -2.970581 

1  0.291312  4.836422  -4.531883 

6  3.340793  3.426429  3.613134 

1  4.964104  4.073261  2.341820 

1  1.566360  2.711472  4.611357 

1  0.546587  -5.203283 0.718523 

6  1.225264  -5.890846 -1.204852 

1  -0.120406 -2.525312 -2.605019 

6  0.820630  -4.403841 -3.069194 

6  -1.372658 -3.939355 4.086346 

1  -0.196574 -2.365947 3.190955 

1  -2.421326 -4.853962 0.461974 

6  -2.628511 -5.327830 2.550032 

1  3.952894  -2.757100 -0.046200 

6  4.255761  -3.565416 -2.015407 

6  3.445420  -2.221246 -3.854972 

1  2.443224  -0.397065 -3.336131 

1  2.997772  -0.185730 2.587312 

6  5.080914  0.259183  2.927611 

6  6.443806  0.534273  0.944313 

1  5.434713  0.276622  -0.939946 

1  -7.306186 1.192399  -2.791414 

1  -4.048386 -1.554965 5.496740 

1  0.782110  7.092701  -3.601791 

1  3.872066  3.642320  4.536544 

1  1.610687  -6.827490 -0.810250 

6  1.314031  -5.612724 -2.571079 

1  0.899997  -4.176516 -4.128303 

1  -1.078585 -3.682623 5.100520 

6  -2.247713 -5.002459 3.857581 

1  -3.306584 -6.157763 2.368570 

6  4.090209  -3.368764 -3.389741 

1  4.745518  -4.462104 -1.645597 

1  3.303621  -2.067648 -4.921624 

1  4.980663  0.250496  4.009665 

6  6.318884  0.523307  2.339241 

1  7.408216  0.732724  0.483771 

1  1.770869  -6.333144 -3.244626 

1  -2.634090 -5.579209 4.694056 

1  4.455979  -4.111752 -4.093587 

1  7.188104  0.717164  2.962586 

1  0.948961  -0.705392 2.456140 

 

Table S20. Cartesian coordinates for the optimized geometry of 1f3. 

Atomic 
Number X Y Z 

77 -0.889052 1.271982  -0.183644 

1  -1.116988 1.945717  1.219074 

15 -2.615673 -0.248840 0.237071 

17 -0.423639 0.068299  -2.398831 

15 1.141978  2.410538  -0.408763 
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49 0.609816  -0.502315 1.197204 

6  -1.996944 2.624832  -0.986997 

6  -2.220309 -1.951189 -0.411595 

6  -4.176831 0.150976  -0.609108 

6  -3.038611 -0.579599 1.980135 

6  1.054247  3.896361  -1.456771 

6  2.026223  2.890653  1.112741 

6  2.406216  1.370610  -1.292991 

15 -0.741158 -2.689927 0.421340 

15 2.768315  -0.212945 -0.402156 

8  -2.673931 3.463210  -1.387917 

1  -3.089099 -2.607062 -0.294001 

1  -1.991326 -1.833612 -1.473918 

6  -5.327568 0.544866  0.087737 

6  -4.170991 0.161350  -2.014896 

6  -2.372436 0.070557  3.025533 

6  -4.011045 -1.548326 2.284188 

6  1.313058  5.184210  -0.968607 

6  0.620755  3.722950  -2.782974 

6  3.321588  3.430112  1.021370 

6  1.461710  2.680150  2.376333 

1  3.330743  1.940041  -1.430029 

1  1.969362  1.143280  -2.266715 

6  -0.059379 -3.924208 -0.731564 

6  -1.419460 -3.629186 1.825811 

6  3.304430  -1.418862 -1.661292 

6  4.268804  0.164787  0.565263 

1  -5.333169 0.554882  1.173510 

6  -6.470572 0.931401  -0.618007 

1  -3.265926 -0.097756 -2.559200 

6  -5.318291 0.540039  -2.711220 

1  -1.621566 0.818163  2.794562 

6  -2.668262 -0.240855 4.355187 

1  -4.539618 -2.059340 1.484520 

6  -4.304226 -1.860389 3.609626 

6  1.151926  6.291331  -1.807126 

1  1.632977  5.325891  0.059304 

1  0.376799  2.728730  -3.151378 

6  0.472252  4.831291  -3.615631 

1  3.773213  3.604571  0.049015 

6  4.037529  3.742795  2.174679 

6  2.179543  2.995058  3.533210 

1  0.461450  2.266884  2.449376 

6  0.369519  -5.173314 -0.250667 

6  0.136649  -3.592892 -2.082453 

6  -0.967122 -3.360164 3.123696 

6  -2.393993 -4.620457 1.618156 

6  4.129206  -2.477203 -1.239595 

6  2.877982  -1.365235 -2.996523 

6  4.229821  0.105530  1.963975 

6  5.455160  0.548480  -0.083597 
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6  -6.469794 0.924360  -2.014895 

1  -7.359596 1.239132  -0.073587 

1  -5.310483 0.544470  -3.798102 

1  -2.144704 0.271161  5.158349 

6  -3.631927 -1.206955 4.648276 

1  -5.050759 -2.617363 3.832903 

1  1.348939  7.289053  -1.423476 

6  0.737924  6.116785  -3.129683 

1  0.138658  4.693228  -4.640819 

6  3.467761  3.523527  3.433730 

1  5.041632  4.149360  2.092250 

1  1.731222  2.826159  4.508802 

1  0.226249  -5.436823 0.793152 

6  0.969589  -6.086412 -1.119917 

1  -0.153390 -2.615470 -2.457113 

6  0.727610  -4.516819 -2.944269 

6  -1.490476 -4.071572 4.207116 

1  -0.213999 -2.593785 3.288175 

1  -2.737287 -4.845436 0.611177 

6  -2.912031 -5.328598 2.701025 

1  4.467305  -2.528545 -0.207387 

6  4.535647  -3.454395 -2.147718 

6  3.302215  -2.339209 -3.902974 

1  2.201377  -0.587526 -3.333133 

1  3.314985  -0.188996 2.471212 

6  5.364869  0.436197  2.709730 

6  6.584431  0.878971  0.663843 

1  5.496867  0.577642  -1.169987 

1  -7.360493 1.224529  -2.560654 

1  -3.859777 -1.453681 5.682001 

1  0.614384  6.979555  -3.779033 

1  4.029016  3.764203  4.332899 

1  1.292674  -7.053232 -0.742461 

6  1.145059  -5.762770 -2.468076 

1  0.870304  -4.255715 -3.988747 

1  -1.139726 -3.855667 5.212774 

6  -2.460279 -5.053647 3.997659 

1  -3.663165 -6.096773 2.535765 

6  4.129691  -3.383223 -3.483836 

1  5.175947  -4.266094 -1.812492 

1  2.977595  -2.280889 -4.938796 

1  5.327315  0.391754  3.794925 

6  6.539524  0.823883  2.062757 

1  7.500658  1.173307  0.158311 

1  1.607554  -6.477501 -3.143843 

1  -2.864698 -5.607545 4.841044 

1  4.454766  -4.140209 -4.192774 

1  7.422183  1.079497  2.643519 

1  1.233989  -0.905245 2.769208 
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Table S21. Cartesian coordinates for the optimized geometry of 1f4. 

Atomic 
Number X Y Z 

77 -0.816310 1.145904  -0.078078 

1  -0.997720 1.859891  1.313780 

15 -2.596801 -0.325723 0.400545 

17 -0.481025 -0.063322 -2.306949 

15 1.181352  2.336101  -0.472182 

81 0.745605  -0.602755 1.343319 

6  -1.932951 2.477562  -0.843099 

6  -2.280856 -2.027579 -0.268301 

6  -4.154498 0.151280  -0.410149 

6  -2.998686 -0.620028 2.153468 

6  0.959241  3.755128  -1.589697 

6  2.091314  2.960527  0.978070 

6  2.436204  1.297466  -1.361514 

15 -0.787613 -2.847162 0.479749 

15 2.966759  -0.203147 -0.398377 

8  -2.615339 3.314292  -1.237250 

1  -3.169666 -2.649241 -0.119446 

1  -2.102454 -1.903115 -1.338971 

6  -5.271558 0.581515  0.319423 

6  -4.185491 0.168168  -1.815439 

6  -2.368446 0.093876  3.179879 

6  -3.942713 -1.607948 2.483973 

6  1.128606  5.077933  -1.157782 

6  0.518564  3.495722  -2.899174 

6  3.366447  3.524302  0.797469 

6  1.562623  2.866128  2.271137 

1  3.305650  1.912838  -1.614477 

1  1.952533  0.961676  -2.281664 

6  -0.283715 -4.104999 -0.744083 

6  -1.487220 -3.787495 1.882396 

6  3.592794  -1.370145 -1.655439 

6  4.448572  0.380245  0.499251 

1  -5.249017 0.581563  1.405069 

6  -6.417637 1.013889  -0.353799 

1  -3.306609 -0.124224 -2.384852 

6  -5.335855 0.593454  -2.478962 

1  -1.647013 0.864395  2.929984 

6  -2.664817 -0.181607 4.517405 

1  -4.447670 -2.165315 1.700762 

6  -4.236254 -1.883441 3.817455 

6  0.870930  6.134666  -2.035696 

1  1.457256  5.284547  -0.143704 

1  0.345198  2.472761  -3.224507 

6  0.271733  4.555667  -3.770924 

1  3.788621  3.613638  -0.198894 

6  4.101441  3.969391  1.893843 

6  2.299691  3.314438  3.370409 

1  0.574537  2.442216  2.414809 

6  0.115937  -5.382376 -0.314475 
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6  -0.175242 -3.766562 -2.103304 

6  -0.999446 -3.569629 3.177545 

6  -2.524535 -4.714215 1.680679 

6  4.753796  -2.119516 -1.396748 

6  2.858126  -1.615461 -2.827441 

6  4.498856  0.282982  1.895969 

6  5.532782  0.944993  -0.194286 

6  -6.453338 1.016115  -1.750292 

1  -7.280794 1.348945  0.215475 

1  -5.356977 0.602916  -3.565607 

1  -2.169435 0.378744  5.306045 

6  -3.595014 -1.172233 4.837326 

1  -4.958689 -2.657169 4.060867 

1  1.000964  7.158966  -1.696162 

6  0.447897  5.875948  -3.341640 

1  -0.066638 4.351161  -4.783353 

6  3.570169  3.862175  3.183582 

1  5.090569  4.392075  1.742927 

1  1.879472  3.235947  4.369713 

1  0.040643  -5.654678 0.734414 

6  0.599525  -6.311727 -1.237527 

1  -0.442558 -2.770814 -2.444810 

6  0.299982  -4.705281 -3.019933 

6  -1.550872 -4.259727 4.261068 

1  -0.192271 -2.861616 3.344817 

1  -2.895583 -4.904393 0.676321 

6  -3.071217 -5.403013 2.762247 

1  5.328918  -1.941554 -0.492508 

6  5.180257  -3.087177 -2.308383 

6  3.297851  -2.577423 -3.737814 

1  1.937696  -1.073493 -3.023511 

1  3.670789  -0.160264 2.442471 

6  5.613666  0.757529  2.593412 

6  6.644302  1.415512  0.502983 

1  5.511124  1.005419  -1.279868 

1  -7.346522 1.351722  -2.270744 

1  -3.822229 -1.390866 5.877490 

1  0.249657  6.699890  -4.022157 

1  4.146407  4.206078  4.038596 

1  0.900608  -7.299059 -0.896680 

6  0.689045  -5.977817 -2.591940 

1  0.370672  -4.437482 -4.070939 

1  -1.169973 -4.081643 5.263227 

6  -2.585715 -5.173867 4.055551 

1  -3.870883 -6.121030 2.598399 

6  4.456722  -3.315930 -3.482346 

1  6.082430  -3.657423 -2.102119 

1  2.728523  -2.752120 -4.647075 

1  5.643000  0.682378  3.677217 

6  6.684312  1.324443  1.899784 

1  7.480839  1.847940  -0.040220 

Anhang

350



S93 
 

1  1.061171  -6.704976 -3.308966 

1  -3.012385 -5.711849 4.898315 

1  4.793983  -4.066071 -4.192906 

1  7.551822  1.691127  2.442639 

1  1.564618  -1.311418 2.724215 
 
Table S22. Cartesian coordinates for the optimized geometry of trans-1f. 

Atomic 
Number X Y Z 

77 -1.150570 0.742021 -0.103871 

1 -0.781908 0.257464 1.346118 

15 -2.328392 -1.271521 -0.311905 

17 -1.380296 1.360587 -2.569274 

15 0.311331 2.538845 0.081554 

5 0.613605 -0.490722 -0.801407 

6 -2.657705 1.775624 0.528994 

6 -1.184517 -2.688439 -0.727726 

6 -3.618047 -1.368873 -1.588910 

6 -3.119007 -1.867556 1.231173 

6 -0.348823 4.145224 -0.461493 

6 1.028301 2.906530 1.721644 

6 1.783016 2.219445 -1.006717 

15 0.471989 -2.246278 -0.074368 

15 2.287459 0.459172 -0.873758 

8 -3.523362 2.386763 0.983448 

1 -1.555756 -3.644398 -0.349453 

1 -1.081792 -2.738625 -1.816542 

6 -4.333126 -0.204301 -1.901609 

6 -3.935205 -2.573896 -2.236820 

6 -3.008472 -1.147418 2.425848 

6 -3.828685 -3.080123 1.222771 

6 -0.999712 4.952740 0.486960 

6 -0.338289 4.532257 -1.809692 

6 1.859375 4.032172 1.865972 

6 0.785206 2.087853 2.828863 

1 2.605587 2.929024 -0.872890 

1 1.396937 2.296106 -2.030188 

6 1.664714 -3.472340 -0.691421 

6 0.359092 -2.404554 1.723484 

6 3.190900 0.094255 -2.409428 

6 3.442167 0.248888 0.504652 

1 -4.058534 0.738870 -1.443624 

6 -5.368594 -0.250848 -2.835797 

1 -3.379297 -3.482427 -2.020164 

6 -4.967052 -2.614374 -3.175999 

1 -2.466716 -0.209216 2.438023 

6 -3.583497 -1.639140 3.600339 

1 -3.952510 -3.633959 0.295534 

6 -4.398548 -3.572341 2.396462 

6 -1.619054 6.138396 0.092231 

1 -1.023268 4.657984 1.532556 

1 0.112020 3.897808 -2.564126 
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6 -0.952985 5.724807 -2.197044 

1 2.025501 4.695696 1.020613 

6 2.458954 4.312658 3.092858 

6 1.383077 2.372745 4.059949 

1 0.126951 1.232533 2.727041 

6 2.178549 -4.496773 0.118427 

6 2.125404 -3.325020 -2.012233 

6 0.933793 -1.419589 2.537331 

6 -0.332728 -3.474910 2.310619 

6 4.552510 -0.236422 -2.419643 

6 2.461061 0.121784 -3.611805 

6 3.846747 -1.059505 0.824690 

6 3.925948 1.325845 1.258340 

6 -5.688156 -1.453464 -3.472054 

1 -5.913439 0.657635 -3.077702 

1 -5.205313 -3.549436 -3.676427 

1 -3.490697 -1.070933 4.522312 

6 -4.273511 -2.852686 3.590554 

1 -4.948629 -4.509804 2.377916 

1 -2.120986 6.755432 0.832852 

6 -1.592674 6.528889 -1.250311 

1 -0.940491 6.017372 -3.243573 

6 2.224568 3.478516 4.193070 

1 3.098777 5.185441 3.195105 

1 1.182258 1.735116 4.917120 

1 1.838511 -4.601319 1.144662 

6 3.142284 -5.369651 -0.392827 

1 1.751058 -2.515193 -2.632522 

6 3.085930 -4.201972 -2.516074 

6 0.825005 -1.510186 3.925142 

1 1.449190 -0.578347 2.089981 

1 -0.801125 -4.233284 1.690433 

6 -0.446917 -3.558707 3.698105 

1 5.118814 -0.254405 -1.493302 

6 5.180529 -0.552717 -3.627684 

6 3.098683 -0.186867 -4.813230 

1 1.401590 0.372706 -3.605799 

1 3.492065 -1.902662 0.239231 

6 4.706107 -1.283508 1.898731 

6 4.778652 1.095847 2.340457 

1 3.628959 2.340432 1.023974 

1 -6.490007 -1.485130 -4.205199 

1 -4.721868 -3.233782 4.504592 

1 -2.073838 7.453804 -1.557579 

1 2.686511 3.700758 5.151649 

1 3.540567 -6.161071 0.236826 

6 3.595677 -5.223789 -1.707466 

1 3.442830 -4.079403 -3.535141 

1 1.276624 -0.743777 4.548946 

6 0.133639 -2.576993 4.506615 

1 -0.998083 -4.381173 4.144880 
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6 4.456170 -0.530301 -4.822106 

1 6.235733 -0.813077 -3.633073 

1 2.534826 -0.161643 -5.742077 

1 5.011510 -2.298133 2.139889 

6 5.166225 -0.206522 2.664482 

1 5.136181 1.937146 2.927420 

1 4.348358 -5.902572 -2.100001 

1 0.041074 -2.641066 5.587725 

1 4.947707 -0.775114 -5.760214 

1 5.828730 -0.383070 3.507848 

1 0.416663 -0.741847 -1.968950 

 
Table S23. Cartesian coordinates for the optimized geometry of 1d. 

 Atomic 
Number X Y Z 

6 2.520060 2.472098 -0.496915 

6 1.786139 2.771974 -1.600489 

7 0.747065 1.861933 -1.645677 

6 0.804093 0.995861 -0.598088 

7 1.899752 1.392183 0.106239 

6 2.425823 0.708058 1.290461 

6 2.774213 -0.753182 0.973936 

6 -0.290833 1.856670 -2.683599 

6 -1.675467 2.092233 -2.070947 

77 -0.485779 -0.619241 -0.198729 

6 -1.673524 -2.045138 0.240617 

17 0.334238 -1.548844 -2.406975 

1 -0.844305 0.127283 1.149600 

15 1.233763 -1.765059 0.944763 

6 1.681598 -3.383410 0.271404 

6 2.558557 -3.487660 -0.819631 

6 2.830998 -4.737758 -1.376246 

6 2.218385 -5.884397 -0.863165 

6 1.329482 -5.781644 0.211427 

6 1.059989 -4.536312 0.779560 

6 0.904035 -2.049487 2.716367 

6 1.877032 -2.727153 3.475030 

6 1.675051 -2.957843 4.834533 

6 0.497337 -2.519323 5.451848 

6 -0.474522 -1.852306 4.703859 

6 -0.273491 -1.617130 3.340159 

15 -2.272684 0.597305 -1.155375 

6 -3.344016 -0.271010 -2.335263 

6 -4.436682 0.421205 -2.891765 

6 -5.286278 -0.219567 -3.791434 

6 -5.052124 -1.554474 -4.143960 

6 -3.966729 -2.241865 -3.597602 

6 -3.110774 -1.604401 -2.694751 

6 -3.365247 1.244258 0.150692 

6 -4.621666 0.674990 0.399311 

6 -5.390671 1.122814 1.477796 

6 -4.912421 2.137657 2.309608 
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6 -3.654587 2.702946 2.068664 

6 -2.880683 2.252821 0.999854 

1 3.318742 1.254310 1.605246 

1 1.685673 0.773174 2.096527 

1 3.441862 -1.157152 1.741410 

1 3.273983 -0.818454 0.002825 

1 -0.240213 0.896881 -3.207535 

1 -0.045174 2.659678 -3.383671 

1 -1.648380 2.944883 -1.384602 

1 -2.399010 2.311366 -2.862574 

1 3.007725 -2.601098 -1.254055 

1 3.512942 -4.812767 -2.218804 

1 2.430064 -6.855842 -1.302107 

1 0.848655 -6.670498 0.611055 

1 0.376321 -4.464332 1.620725 

1 2.784044 -3.091615 2.998650 

1 2.431240 -3.484205 5.410877 

1 0.338896 -2.702860 6.511291 

1 -1.393182 -1.515839 5.177037 

1 -1.033402 -1.100169 2.765462 

1 -4.634771 1.452754 -2.609673 

1 -6.130486 0.318552 -4.214295 

1 -5.714837 -2.053343 -4.846326 

1 -3.775970 -3.274381 -3.877048 

1 -2.247533 -2.130785 -2.306115 

1 -5.001095 -0.111497 -0.245913 

1 -6.364886 0.678202 1.663048 

1 -5.514798 2.487779 3.143622 

1 -3.277262 3.491167 2.715015 

1 -1.893227 2.679006 0.837545 

8 -2.388775 -2.887455 0.557135 

1 1.910617 3.535748 -2.352735 

1 3.413694 2.920399 -0.090563 
 
Table S24. Cartesian coordinates for the optimized geometry of 1g. 

Atomic 
Number X Y Z 

6 -0.768102 1.455417 4.512734 

6 -0.642093 0.093597 4.231491 

6 -0.220411 -0.331233 2.965308 

6 0.048440 0.601230 1.934716 

6 0.005142 1.975280 2.272562 

6 -0.416959 2.394122 3.540590 

6 0.527745 2.987371 1.276383 

6 0.060553 -1.796579 2.713558 

77 0.497466 -0.039000 -0.051506 

17 2.946354 -0.057169 0.684627 

15 0.461418 2.249962 -0.419550 

6 1.738350 3.074868 -1.413791 

6 2.816451 2.330926 -1.910760 

6 3.810150 2.964889 -2.662432 

6 3.732447 4.336229 -2.917522 
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6 2.658410 5.082818 -2.418156 

6 1.663198 4.455094 -1.668953 

6 -1.130975 2.801614 -1.117340 

6 -1.271646 3.095955 -2.480306 

6 -2.527746 3.415841 -3.002817 

6 -3.649031 3.443289 -2.169141 

6 -3.512509 3.144996 -0.808783 

6 -2.261263 2.819853 -0.284126 

15 0.036630 -2.107845 0.889635 

6 1.092781 -3.552363 0.577589 

6 0.761878 -4.807746 1.116333 

6 1.589118 -5.907130 0.886520 

6 2.749315 -5.759528 0.116769 

6 3.080917 -4.511954 -0.417332 

6 2.256461 -3.406354 -0.188631 

6 -1.662527 -2.659621 0.522012 

6 -1.923621 -3.615505 -0.469137 

6 -3.241828 -3.941486 -0.799394 

6 -4.305531 -3.315779 -0.143540 

6 -4.048016 -2.357480 0.843098 

6 -2.733444 -2.025252 1.172184 

6 0.817409 -0.611187 -1.852843 

8 0.968253 -0.954355 -2.946130 

1 -1.108403 1.782925 5.492319 

1 -0.859763 -0.643276 5.003033 

1 -0.458501 3.457424 3.771439 

1 0.005381 3.950658 1.314309 

1 1.595115 3.166595 1.466182 

1 1.087641 -2.028874 3.027467 

1 -0.621810 -2.471689 3.243491 

1 -1.056915 0.026039 -0.336638 

1 2.889225 1.273117 -1.679031 

1 4.647075 2.384565 -3.042673 

1 4.507297 4.826101 -3.502727 

1 2.596097 6.150518 -2.614789 

1 0.821967 5.033023 -1.293523 

1 -0.401632 3.077394 -3.130939 

1 -2.628408 3.642782 -4.061526 

1 -4.625561 3.693033 -2.577028 

1 -4.382487 3.160646 -0.156481 

1 -2.162985 2.564335 0.768057 

1 -0.146525 -4.926284 1.702343 

1 1.329249 -6.877122 1.303795 

1 3.393061 -6.617476 -0.063076 

1 3.985113 -4.393337 -1.009070 

1 2.526410 -2.427055 -0.570729 

1 -1.099021 -4.105361 -0.979739 

1 -3.435828 -4.684151 -1.569660 

1 -5.330659 -3.570953 -0.401126 

1 -4.872017 -1.864569 1.353654 

1 -2.537371 -1.262596 1.921797 
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Table S25. Cartesian coordinates for the optimized geometry of 1h. 

 Atomic 
Number X Y Z 

6 -0.723649 -1.062884 -4.617648 

77 0.732737 -0.123611 -1.875938 

1 -1.489412 0.875557 -5.346241 

15 0.410589 -1.805911 -0.320200 

6 -0.905866 -2.784328 -1.155386 

6 -0.578391 -2.983266 -2.660408 

6 0.006603 -1.663298 -3.332340 

6 -1.166980 0.409626 -4.406707 

15 0.152420 1.362228 -3.550070 

1 0.974551 -1.987097 -3.722208 

1 -1.789700 -2.143041 -1.047507 

1 -1.119676 -3.737059 -0.654592 

1 -2.008466 0.448067 -3.705079 

6 -0.681390 2.862212 -2.902151 

6 -1.788090 2.709975 -2.050047 

6 -0.214567 4.153857 -3.185012 

6 -2.422094 3.825000 -1.503640 

6 -0.844285 5.270841 -2.626731 

6 -1.949338 5.111132 -1.788490 

1 -2.143664 1.713606 -1.802118 

1 0.642587 4.289948 -3.837334 

1 -3.280373 3.690630 -0.849278 

1 -0.466971 6.266031 -2.849613 

1 -2.437742 5.980669 -1.355342 

6 1.328301 2.006818 -4.776007 

6 2.678204 2.124201 -4.418569 

6 0.901714 2.435001 -6.043213 

6 3.594248 2.660824 -5.328025 

6 1.819757 2.966919 -6.948640 

6 3.168599 3.080056 -6.590862 

1 3.011313 1.762449 -3.451093 

1 -0.145203 2.353646 -6.323165 

1 4.642322 2.738629 -5.050052 

1 1.485348 3.292252 -7.930958 

1 3.884793 3.490602 -7.298926 

6 -0.351083 -1.259231 1.261178 

6 -1.083505 -0.062449 1.311285 

6 -0.245431 -2.039583 2.424328 

6 -1.707564 0.337972 2.494186 

6 -0.869531 -1.636136 3.607232 

6 -1.604275 -0.447992 3.645459 

1 -1.147274 0.563425 0.427699 

1 0.334505 -2.957576 2.411588 

1 -2.263679 1.272286 2.517869 

1 -0.775083 -2.249434 4.500321 

1 -2.083961 -0.131521 4.568652 

6 1.760659 -2.902669 0.204986 

6 1.564282 -4.266756 0.468972 

6 3.030519 -2.336303 0.387599 
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6 2.625844 -5.056128 0.914251 

6 4.089380 -3.128074 0.836740 

6 3.889785 -4.486122 1.100265 

1 0.587069 -4.715996 0.318950 

1 2.467585 -6.113735 1.111720 

1 5.073848 -2.685182 0.964498 

1 4.718279 -5.102354 1.441726 

6 -2.010839 -1.812202 -5.064266 

1 -2.869221 -1.381367 -4.526971 

1 -2.182428 -1.611204 -6.131983 

6 -2.076418 -3.329245 -4.806160 

6 -1.890709 -3.514830 -3.291537 

17 3.073157 -0.747302 -2.588354 

1 -0.801803 0.102975 -1.548637 

6 1.365764 1.206758 -0.652089 

8 1.706386 2.026194 0.087792 

1 3.193899 -1.291769 0.143148 

1 -2.736461 -2.985100 -2.826609 

1 -2.002555 -4.575574 -3.025919 

6 -1.077332 -4.118795 -5.665394 

1 -0.047256 -3.815175 -5.486130 

1 -1.154613 -5.192107 -5.452566 

1 -1.297818 -3.959833 -6.729200 

6 -3.511796 -3.776421 -5.190444 

1 -4.239487 -3.176402 -4.630888 

1 -3.669622 -3.571814 -6.256585 

15 -3.910303 -5.607993 -4.903383 

6 -5.463591 -5.483129 -3.914129 

6 -6.562070 -6.326179 -4.160657 

6 -5.517579 -4.629232 -2.796920 

6 -7.683394 -6.301831 -3.327762 

6 -6.639193 -4.604851 -1.965235 

6 -7.729343 -5.440156 -2.227656 

1 -6.545159 -6.996871 -5.015653 

1 -4.675877 -3.978785 -2.571988 

1 -8.525425 -6.956197 -3.543240 

1 -6.660253 -3.931629 -1.110756 

1 -8.603826 -5.420462 -1.581741 

6 -4.561570 -6.088597 -6.566011 

6 -3.996228 -7.196667 -7.213748 

6 -5.585056 -5.375126 -7.214671 

6 -4.438180 -7.583761 -8.484419 

6 -6.028313 -5.759265 -8.480540 

6 -5.453879 -6.865734 -9.119009 

1 -3.204912 -7.757275 -6.719907 

1 -6.040625 -4.521457 -6.718482 

1 -3.989239 -8.444429 -8.974990 

1 -6.821969 -5.199083 -8.970317 

1 -5.799375 -7.164907 -10.105912 

6 0.522127 -4.069077 -2.735306 

1 1.455650 -3.694494 -2.305005 
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1 0.217153 -4.970116 -2.186554 

1 0.732722 -4.354807 -3.766291 

6 0.309951 -1.048563 -5.770502 

1 1.226838 -0.541476 -5.453719 

1 0.587895 -2.059270 -6.072450 

1 -0.093557 -0.525841 -6.648405 

 
Table S26. Cartesian coordinates for the optimized geometry of 1i. 

 Atomic 
Number X Y Z 

15 2.395086 -0.360284 -0.112193 

77 0.004076 -0.279640 -0.110703 

6 3.070884 1.313789 -0.569900 

6 3.136929 -1.561488 -1.246007 

6 3.068761 -0.710394 1.535954 

15 -2.367307 -0.251376 0.198958 

7 0.133583 1.886435 0.036277 

6 -0.080695 -2.122063 -0.246020 

6 2.098917 2.136173 -1.419998 

1 3.329460 1.858688 0.344006 

1 3.987088 1.165834 -1.150689 

6 2.460944 -1.940341 -2.417408 

6 4.405299 -2.099213 -0.956497 

6 4.254748 -0.112487 1.994588 

6 2.438029 -1.685753 2.326463 

6 -2.863647 1.507721 0.483017 

6 -2.924648 -1.093132 1.707817 

6 -3.374767 -0.885937 -1.150931 

7 0.991875 2.681231 -0.606835 

7 -0.701604 2.711870 0.669069 

1 2.597069 3.009747 -1.844575 

1 1.634492 1.544917 -2.218529 

1 1.482629 -1.530818 -2.645300 

6 3.057996 -2.845638 -3.297089 

6 4.990869 -3.002847 -1.842917 

1 4.923607 -1.832178 -0.040081 

1 4.780435 0.621680 1.390784 

6 4.789219 -0.474694 3.233817 

6 2.980033 -2.050734 3.558332 

1 1.528140 -2.164469 1.978652 

6 -1.859372 2.196770 1.421405 

1 -2.930277 2.041075 -0.470054 

1 -3.852449 1.514784 0.952059 

6 -4.306805 -1.095038 1.982536 

6 -2.045217 -1.738269 2.589211 

6 -3.740103 -2.244245 -1.131195 

6 -3.717135 -0.082578 -2.251167 

6 0.708816 3.990553 -0.399916 

6 -0.396748 4.011666 0.433600 

1 2.532581 -3.138680 -4.201769 

6 4.319663 -3.375694 -3.012964 

1 5.966500 -3.423098 -1.614990 
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1 5.706197 -0.006781 3.581100 

6 4.153637 -1.442220 4.016344 

1 2.489317 -2.810635 4.160249 

1 -2.300106 3.069005 1.907603 

1 -1.480396 1.516606 2.192058 

1 -5.004650 -0.626920 1.292223 

6 -4.792381 -1.723934 3.127167 

6 -2.537989 -2.370729 3.734155 

1 -0.980740 -1.754949 2.386010 

1 -3.483791 -2.871950 -0.282307 

6 -4.453365 -2.785410 -2.200342 

6 -4.440755 -0.630346 -3.310289 

1 -3.410941 0.957157 -2.299073 

6 1.401127 5.198615 -0.934724 

6 -1.073280 5.243026 0.933856 

1 4.777816 -4.084550 -3.697274 

1 4.573632 -1.725207 4.977500 

1 -5.859628 -1.724357 3.330358 

6 -3.907862 -2.362672 4.005168 

1 -1.851424 -2.873387 4.409702 

1 -4.738515 -3.833452 -2.180625 

6 -4.807303 -1.979419 -3.287339 

1 -4.712057 -0.005185 -4.156176 

1 1.637905 5.068957 -1.997110 

1 2.354047 5.334885 -0.403733 

6 0.483547 6.430190 -0.721164 

1 -1.317402 5.147750 1.998594 

1 -2.021909 5.377391 0.394556 

6 -0.138263 6.455240 0.687572 

1 -4.289353 -2.857677 4.893944 

1 -5.368480 -2.402514 -4.115889 

1 1.071648 7.336951 -0.886182 

1 -0.312297 6.416317 -1.476449 

1 -0.713749 7.374445 0.826186 

1 0.657099 6.451569 1.443591 

8 -0.142532 -3.264191 -0.331270 

1 0.161960 -0.366494 1.460315 

17 -0.369130 0.216393 -2.547425 

 
Table S27. Cartesian coordinates for the optimized geometry of cis-1j. 

Atomic 
Number X Y Z 

6 0.476843 -0.035856 -3.818114 

77 1.785425 0.691691 -0.809822 

1 1.257087 1.642132 -4.980442 

15 1.205482 -0.965213 0.776297 

6 -0.035649 -2.120595 -0.031271 

6 0.037673 -2.068481 -1.569465 

15 0.062004 -0.294063 -2.041182 

6 0.797400 1.459527 -4.003852 

15 1.921056 2.144432 -2.664876 

1 -1.026818 -1.799923 0.306971 
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1 0.138206 -3.139585 0.328076 

1 -0.798405 -2.611367 -2.022776 

1 0.982214 -2.485833 -1.933559 

1 -0.354040 -0.341385 -4.464071 

1 1.354899 -0.657662 -4.019389 

1 -0.121628 2.053042 -3.946135 

1 0.742228 1.633186 -0.094491 

17 3.293735 -0.939044 -2.045255 

6 3.208007 1.541222 0.167028 

6 1.331438 3.842254 -2.389097 

6 1.058467 4.317551 -1.100039 

6 1.165607 4.696067 -3.493841 

6 0.613469 5.629768 -0.915451 

6 0.714148 6.002083 -3.306969 

6 0.436871 6.470241 -2.017070 

1 1.193825 3.662072 -0.245794 

1 1.398593 4.346050 -4.496621 

1 0.408457 5.993800 0.087918 

1 0.584971 6.656583 -4.164819 

1 0.089612 7.489995 -1.873324 

6 0.327278 -0.311365 2.233698 

6 0.650134 0.967436 2.710176 

6 -0.622887 -1.083107 2.922070 

6 0.035221 1.466512 3.859773 

6 -1.241968 -0.578824 4.067187 

6 -0.912443 0.695411 4.538885 

1 1.375341 1.573713 2.177354 

1 -0.887519 -2.076492 2.570481 

1 0.294288 2.457634 4.222888 

1 -1.979770 -1.181343 4.590409 

1 -1.394092 1.085788 5.431412 

6 -1.608435 0.366942 -1.796550 

6 -2.735530 -0.416222 -2.100849 

6 -1.783169 1.689390 -1.360857 

6 -4.017922 0.115908 -1.958560 

6 -3.067410 2.221107 -1.230154 

6 -4.185042 1.435040 -1.524074 

1 -2.619926 -1.440030 -2.447592 

1 -0.918476 2.299273 -1.120590 

1 -4.884896 -0.497853 -2.187795 

1 -3.192987 3.246680 -0.893330 

1 -5.184617 1.847105 -1.414163 

6 2.527621 -2.020772 1.440874 

6 2.189736 -3.130367 2.235434 

6 3.874681 -1.708672 1.219603 

6 3.192345 -3.920051 2.796220 

6 4.875722 -2.500477 1.787685 

6 4.537644 -3.604313 2.573397 

1 1.148418 -3.373641 2.431405 

1 4.142308 -0.875541 0.581839 

1 2.925358 -4.776801 3.409213 
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1 5.918935 -2.256848 1.606080 

1 5.318573 -4.220432 3.011313 

6 3.563752 2.323586 -3.401489 

6 4.014827 1.429430 -4.383271 

6 4.423665 3.320637 -2.912847 

6 5.312680 1.543695 -4.883636 

6 5.721537 3.425570 -3.413120 

6 6.166338 2.538740 -4.399270 

1 3.367975 0.636952 -4.744991 

1 4.077925 4.018884 -2.154839 

1 5.658395 0.849956 -5.645106 

1 6.382630 4.201798 -3.037189 

1 7.177209 2.623463 -4.789183 

8 4.034670 2.093261 0.742232 

 
Table S28. Cartesian coordinates for the optimized geometry of trans-1j. 

Atomic 
Number X Y Z 

6 0.634961 -0.183731 -3.578103 

77 1.441765 0.961507 -0.556096 

1 1.502518 1.384389 -4.827810 

15 1.142220 -0.791878 1.010751 

6 -0.203656 -1.876656 0.313511 

6 -0.062587 -1.970513 -1.217437 

15 -0.067013 -0.248614 -1.869632 

6 0.893194 1.294876 -3.922767 

15 1.729684 2.229376 -2.522638 

1 -1.162673 -1.421685 0.584460 

1 -0.150742 -2.865903 0.779380 

1 -0.849998 -2.588883 -1.658880 

1 0.905947 -2.408078 -1.489164 

1 -0.045626 -0.639924 -4.305764 

1 1.571738 -0.752374 -3.557936 

1 -0.061247 1.801336 -4.099468 

17 -0.308813 2.337769 0.588078 

1 2.507264 0.008618 -1.250713 

6 2.824723 1.864053 0.440209 

6 1.067249 3.910971 -2.592261 

6 1.063635 4.681407 -1.419919 

6 0.611883 4.469372 -3.799112 

6 0.605560 5.999825 -1.456007 

6 0.148671 5.785228 -3.826722 

6 0.146072 6.550801 -2.655334 

1 1.385384 4.244335 -0.481212 

1 0.623812 3.888113 -4.717106 

1 0.596709 6.589612 -0.543608 

1 -0.204502 6.213381 -4.761068 

1 -0.216521 7.575169 -2.678917 

6 0.646163 -0.389313 2.702455 

6 1.601447 -0.394746 3.732771 

6 -0.670260 0.020148 2.972460 

6 1.235605 -0.011930 5.023824 

Nachdrucke der diskutierten Publikationen

361



S104 
 

6 -1.029735 0.392196 4.267818 

6 -0.079976 0.376840 5.293599 

1 2.623054 -0.703862 3.531149 

1 -1.404325 0.079834 2.176185 

1 1.977373 -0.021218 5.817937 

1 -2.049713 0.706229 4.471866 

1 -0.363446 0.671951 6.300458 

6 -1.777735 0.318186 -2.002942 

6 -2.860446 -0.576187 -2.034727 

6 -2.012729 1.698468 -2.128788 

6 -4.160746 -0.094592 -2.198811 

6 -3.312638 2.171299 -2.306368 

6 -4.387119 1.277734 -2.339920 

1 -2.704332 -1.646230 -1.935114 

1 -1.193828 2.403971 -2.048526 

1 -4.994086 -0.791702 -2.218328 

1 -3.485388 3.240141 -2.397171 

1 -5.400365 1.649711 -2.466885 

6 2.577495 -1.903889 1.162429 

6 2.424361 -3.114355 1.862828 

6 3.831890 -1.570276 0.634180 

6 3.505366 -3.981926 2.013446 

6 4.915805 -2.438657 0.792791 

6 4.753627 -3.645244 1.477034 

1 1.465972 -3.372588 2.306538 

1 3.963708 -0.635179 0.101453 

1 3.376630 -4.915600 2.554429 

1 5.885883 -2.168406 0.384029 

1 5.596620 -4.320334 1.598520 

6 3.485133 2.346696 -2.999142 

6 4.233422 1.165960 -3.142115 

6 4.104063 3.587652 -3.207208 

6 5.579079 1.226544 -3.501520 

6 5.457636 3.643401 -3.553557 

6 6.194999 2.467203 -3.703986 

1 3.769010 0.199960 -2.960947 

1 3.535639 4.506178 -3.097829 

1 6.149357 0.308424 -3.617291 

1 5.932264 4.608947 -3.706578 

1 7.246327 2.514186 -3.975020 

8 3.668621 2.385932 1.014602 

 
Table S29. Cartesian coordinates for the optimized geometry of 1k. 

Atomic 
Number X Y Z 

77 2.823570 2.294117 9.404679 

15 1.803577 0.268428 10.045102 

15 3.557242 4.529257 9.658139 

6 2.718760 2.554420 11.401839 

6 1.459097 0.511414 11.905594 

6 0.123606 -0.107215 9.348291 

6 2.740140 -1.321398 9.859795 
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6 4.103810 4.626871 11.474730 

6 4.896013 5.306794 8.646411 

6 2.143169 5.722619 9.550858 

7 2.192153 1.708950 12.318630 

6 3.335614 3.539182 12.146287 

1 0.387818 0.675225 12.056688 

1 1.781565 -0.344149 12.501253 

6 -0.735270 1.152644 9.171967 

1 0.358920 -0.517355 8.355848 

6 -0.635911 -1.175697 10.158014 

1 1.979199 -2.111485 9.890045 

6 3.391923 -1.320571 8.464156 

6 3.764465 -1.579115 10.975608 

1 5.180599 4.417450 11.504350 

1 3.925415 5.627319 11.884197 

1 4.363664 5.587620 7.726923 

6 6.025607 4.337606 8.275561 

6 5.443925 6.583743 9.309883 

1 2.577266 6.718644 9.711331 

6 1.516221 5.662654 8.148394 

6 1.083813 5.460089 10.630561 

7 2.421283 2.072381 13.579430 

7 3.128138 3.195529 13.448988 

1 -0.281562 1.854276 8.468086 

1 -0.881017 1.671442 10.128512 

1 -1.723735 0.865437 8.794800 

1 -0.050024 -2.083824 10.331147 

1 -1.540107 -1.461472 9.608715 

1 -0.957435 -0.779539 11.128688 

1 2.662907 -1.130250 7.666472 

1 3.837864 -2.305035 8.281521 

1 4.179225 -0.562919 8.416109 

1 3.282987 -1.746752 11.945801 

1 4.475479 -0.753205 11.058356 

1 4.323937 -2.489095 10.728007 

1 5.646140 3.435876 7.789397 

1 6.583730 4.019454 9.161197 

1 6.714866 4.849971 7.593591 

1 4.658648 7.303764 9.565428 

1 6.136270 7.074484 8.616241 

1 6.006040 6.338002 10.218335 

1 2.239835 5.876438 7.354377 

1 0.711163 6.403232 8.078779 

1 1.089394 4.669462 7.969641 

1 1.488563 5.556430 11.643949 

1 0.665451 4.454220 10.517114 

1 0.270236 6.186392 10.520833 

6 3.605243 3.887744 14.647975 

1 3.242551 3.345695 15.522249 

1 3.218129 4.910918 14.649069 

1 4.699253 3.902279 14.638106 
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6 2.991172 2.051502 7.498919 

8 3.082112 1.913583 6.361962 

1 1.366752 2.871859 9.218048 

17 5.192884 1.511972 9.922505 

 
Table S30. Cartesian coordinates for the optimized geometry of 1l. 

 Atomic 
Number X Y Z 

6 2.492407 2.488018 -0.450647 

6 1.774881 2.761030 -1.625927 

7 0.753631 1.817599 -1.684754 

6 0.800746 0.983098 -0.610873 

7 1.855347 1.401892 0.144047 

6 2.328045 0.733096 1.355571 

6 2.737449 -0.717494 1.060079 

6 -0.264124 1.767044 -2.737989 

6 -1.658048 2.036156 -2.160165 

77 -0.485968 -0.630596 -0.208218 

6 3.604850 3.245397 -0.079244 

6 3.969981 4.289232 -0.929217 

6 3.248745 4.565245 -2.107219 

6 2.138887 3.806235 -2.477285 

6 -1.678532 -2.053506 0.236993 

17 0.325759 -1.605350 -2.397852 

1 -0.844551 0.125271 1.135764 

15 1.227436 -1.769094 0.955212 

6 1.731584 -3.359154 0.256433 

6 2.655807 -3.418526 -0.797938 

6 2.969281 -4.646922 -1.380603 

6 2.350539 -5.816420 -0.930601 

6 1.414308 -5.758220 0.106516 

6 1.103583 -4.534760 0.700310 

6 0.850293 -2.102700 2.708921 

6 1.795645 -2.817288 3.468738 

6 1.563185 -3.076732 4.818168 

6 0.383355 -2.628760 5.424518 

6 -0.559944 -1.922830 4.675744 

6 -0.328856 -1.659609 3.321988 

15 -2.266448 0.590098 -1.175360 

6 -3.379224 -0.299948 -2.299792 

6 -4.500738 0.377656 -2.815466 

6 -5.374631 -0.275452 -3.682388 

6 -5.135599 -1.607253 -4.043536 

6 -4.020639 -2.279174 -3.539117 

6 -3.140257 -1.629676 -2.668769 

6 -3.317096 1.300451 0.131853 

6 -4.553458 0.727006 0.459863 

6 -5.286322 1.218271 1.544227 

6 -4.791427 2.280397 2.304536 

6 -3.553315 2.849738 1.985008 

6 -2.815429 2.357272 0.909122 

1 3.183985 1.300126 1.726518 
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1 1.540070 0.776837 2.116559 

1 3.375359 -1.104954 1.860737 

1 3.288878 -0.765157 0.116308 

1 -0.209116 0.785113 -3.217813 

1 -0.008524 2.533763 -3.472072 

1 -1.640002 2.925767 -1.522333 

1 -2.372051 2.209401 -2.971670 

1 4.165467 3.039964 0.827311 

1 4.830132 4.902343 -0.677179 

1 3.565574 5.386352 -2.743368 

1 1.592219 4.021492 -3.389797 

1 3.112972 -2.513786 -1.184329 

1 3.687946 -4.687042 -2.194526 

1 2.593992 -6.770897 -1.389805 

1 0.928266 -6.664927 0.456684 

1 0.382507 -4.497263 1.512007 

1 2.704533 -3.186920 3.000093 

1 2.297632 -3.632373 5.395164 

1 0.201182 -2.834698 6.476004 

1 -1.479702 -1.577625 5.140428 

1 -1.066564 -1.111769 2.747036 

1 -4.700618 1.406960 -2.526728 

1 -6.241495 0.250743 -4.073257 

1 -5.817681 -2.115664 -4.720054 

1 -3.826179 -3.309015 -3.825866 

1 -2.255161 -2.143524 -2.313241 

1 -4.945778 -0.096466 -0.129158 

1 -6.245699 0.770756 1.790111 

1 -5.365926 2.664286 3.143345 

1 -3.163107 3.674983 2.575029 

1 -1.842784 2.789965 0.686236 

8 -2.395576 -2.893317 0.554935 

  
Table S31. Cartesian coordinates for the optimized geometry of 1m. 

Atomic 
Number X Y Z 

7 2.461218 0.944932 0.536616 

7 1.799019 2.027053 0.190574 

6 1.598185 -0.111584 0.583544 

6 0.331410 0.323070 0.253717 

7 0.493403 1.643239 0.016357 

6 -0.617084 2.474344 -0.403862 

15 -2.007519 1.274716 -0.908156 

6 1.828004 -1.577523 0.802764 

15 0.098561 -2.271025 1.087665 

77 -1.366167 -0.774279 -0.000183 

17 -0.345727 -1.637196 -2.168725 

6 -3.522086 2.069911 -0.289484 

6 -3.898935 3.343597 -0.749669 

6 -5.048064 3.956079 -0.249639 

6 -5.831788 3.299814 0.707063 

6 -5.462619 2.032108 1.163614 
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6 -4.308538 1.417723 0.668859 

6 -2.074565 1.409628 -2.714739 

6 -3.299741 1.384180 -3.397087 

6 -0.010068 -2.308142 2.913034 

6 -2.936231 -1.867224 -0.226446 

8 -3.879817 -2.519851 -0.343129 

6 0.414532 -3.428726 3.645992 

6 0.415552 -3.397489 5.042047 

6 0.008637 -2.243829 5.719178 

6 -0.398398 -1.120365 4.994217 

6 -0.411150 -1.151883 3.598089 

6 -3.320027 1.391649 -4.793016 

6 -2.120623 1.418323 -5.511172 

6 -0.898701 1.427677 -4.832002 

6 -0.871201 1.413770 -3.437449 

6 0.026987 -3.997836 0.540847 

6 -0.980164 -4.823384 1.070264 

6 -1.149556 -6.121966 0.591859 

6 -0.320599 -6.606790 -0.425621 

6 0.670106 -5.784098 -0.966407 

6 0.842213 -4.481430 -0.492069 

1 -0.331535 3.111948 -1.245775 

1 -0.984296 3.098789 0.419662 

1 2.249220 -2.049654 -0.092254 

1 2.460642 -1.819980 1.664059 

1 -1.904963 -0.235629 1.388281 

1 -3.301878 3.846706 -1.506344 

1 -5.334972 4.941651 -0.607930 

1 -6.729448 3.777104 1.092633 

1 -6.071541 1.519024 1.903757 

1 -4.007293 0.436606 1.023192 

1 -4.233025 1.363663 -2.840982 

1 0.737772 -4.326017 3.126494 

1 0.737335 -4.273970 5.599396 

1 0.010861 -2.220554 6.806297 

1 -0.708456 -0.217286 5.514339 

1 -0.726260 -0.279225 3.035613 

1 -4.272033 1.376264 -5.317962 

1 -2.138215 1.423203 -6.598326 

1 0.035969 1.428724 -5.386577 

1 0.080981 1.380509 -2.916670 

1 -1.631759 -4.449250 1.855847 

1 -1.931096 -6.752237 1.008956 

1 -0.454351 -7.618314 -0.801309 

1 1.304908 -6.148764 -1.769906 

1 1.585808 -3.840027 -0.950791 
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Table S32. Cartesian coordinates for the optimized geometry of 1n. 

Atomic 
Number X Y Z 

77 2.664193 0.935536 10.806587 

5 2.584962 -1.109653 10.392841 

15 4.894839 0.418242 10.388538 

15 0.393178 0.451080 10.861167 

7 3.704129 -1.974863 10.139428 

7 1.434320 -1.965072 10.528236 

6 5.053160 -1.465351 10.158397 

6 6.119085 0.813169 11.679169 

6 5.620845 1.113444 8.861869 

6 0.202908 -1.422640 11.055485 

6 -0.438609 0.797419 9.273217 

6 -0.695116 1.165387 12.130199 

6 3.267636 -3.296706 10.208807 

6 1.858519 -3.291387 10.458897 

1 5.599789 -1.663987 9.226074 

1 5.632532 -1.876581 10.996027 

6 6.933926 1.951199 11.568431 

6 6.163982 0.040726 12.851315 

6 4.957177 2.124281 8.156479 

6 6.870342 0.660167 8.405392 

1 0.084562 -1.637865 12.126684 

1 -0.688596 -1.766044 10.513129 

6 -1.158226 1.984978 9.081260 

6 -0.261322 -0.086805 8.197391 

6 -0.152800 1.993324 13.120954 

6 -2.071996 0.883426 12.129080 

6 3.962872 -4.496708 10.092639 

6 1.158489 -4.485869 10.596371 

1 6.897643 2.561279 10.670182 

6 7.797219 2.299896 12.608744 

6 7.031758 0.392536 13.886348 

1 5.499584 -0.808624 12.970593 

1 3.992379 2.472527 8.511240 

6 5.530218 2.670859 7.003960 

6 7.438246 1.201659 7.252236 

1 7.405606 -0.108093 8.958436 

1 -1.296397 2.674131 9.910077 

6 -1.702140 2.280933 7.828757 

6 -0.810819 0.209975 6.949205 

1 0.317670 -0.996698 8.334408 

1 0.915993 2.179484 13.134265 

6 -0.984789 2.539387 14.102489 

6 -2.897578 1.427902 13.112984 

1 -2.498549 0.252700 11.352524 

1 5.034414 -4.501913 9.908034 

6 3.246897 -5.696853 10.231204 

1 0.090387 -4.482930 10.799724 

6 1.869189 -5.691515 10.479535 

1 8.427740 3.180585 12.512381 
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6 7.850699 1.519144 13.767484 

1 7.056440 -0.208885 14.791580 

1 5.006995 3.455520 6.462947 

6 6.767428 2.209229 6.548981 

1 8.403739 0.842193 6.904460 

1 -2.260412 3.203571 7.688666 

6 -1.531314 1.394479 6.761495 

1 -0.672626 -0.482183 6.121962 

1 -0.559220 3.178922 14.871650 

6 -2.353452 2.258603 14.099877 

1 -3.962668 1.208717 13.108589 

1 3.773816 -6.644077 10.148391 

1 1.339710 -6.634613 10.588686 

1 8.523613 1.791503 14.577147 

1 7.210847 2.632281 5.650713 

1 -1.956370 1.625328 5.787646 

1 -2.997953 2.684184 14.865564 

6 2.763681 2.866554 11.179291 

8 2.829183 4.008592 11.329482 

17 2.836695 0.189795 13.252900 

1 2.484691 1.209608 9.258343 

 
Table S33. Cartesian coordinates for the optimized geometry of cis-1o. 

Atomic 
Number X Y Z 

6 -3.219086 0.981603 -0.312982 

6 -3.108995 -0.546593 -0.215363 

6 -1.924143 -0.942893 0.679616 

77 -0.046823 0.022281 -0.010907 

6 -1.761892 -2.468860 0.763381 

6 -0.545194 -2.832372 1.626062 

6 1.574626 0.892292 -0.535655 

17 -0.307757 -1.265060 -2.180573 

1 -0.069233 0.729526 1.407096 

8 2.555849 1.440934 -0.809628 

1 -2.124847 -0.566616 1.695141 

15 -1.541245 1.631473 -0.766898 

6 -1.427938 3.304520 -0.042655 

6 -0.456758 3.601731 0.921163 

6 -0.388658 4.881499 1.480730 

6 -1.292178 5.869576 1.082440 

6 -2.264004 5.579118 0.117392 

6 -2.329051 4.304726 -0.446172 

6 -1.562237 1.942316 -2.558436 

6 -2.392352 1.199545 -3.408785 

6 -2.333066 1.393376 -4.790285 

6 -1.437335 2.318796 -5.332048 

6 -0.596719 3.051810 -4.487730 

6 -0.656868 2.863500 -3.106791 

15 0.895947 -1.842712 1.002808 

6 1.870605 -2.944588 -0.065907 

6 3.232779 -2.677519 -0.271073 
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6 3.976065 -3.459469 -1.155577 

6 3.363943 -4.511604 -1.844833 

6 2.005388 -4.774167 -1.650568 

6 1.257841 -3.990358 -0.769492 

6 1.984985 -1.567928 2.443370 

6 2.256884 -0.271516 2.897018 

6 3.079150 -0.073253 4.010646 

6 3.631107 -1.169063 4.678317 

6 3.364667 -2.467726 4.228137 

6 2.549832 -2.666614 3.113507 

1 -3.977417 1.327119 -1.024982 

1 -3.448786 1.409541 0.671024 

1 -4.053020 -0.956086 0.180416 

1 -2.949434 -0.973880 -1.212581 

1 -2.664695 -2.935445 1.190907 

1 -1.630477 -2.861383 -0.251998 

1 -0.309993 -3.902891 1.632189 

1 -0.703690 -2.507679 2.662212 

1 0.239007 2.825710 1.225000 

1 0.372223 5.105499 2.224679 

1 -1.238686 6.864847 1.517417 

1 -2.965791 6.347209 -0.199001 

1 -3.071727 4.087721 -1.210339 

1 -3.068883 0.457555 -2.997450 

1 -2.977630 0.810017 -5.443227 

1 -1.388424 2.463759 -6.408657 

1 0.107103 3.768382 -4.904324 

1 -0.000502 3.433749 -2.453961 

1 3.711731 -1.859795 0.261909 

1 5.031438 -3.246427 -1.307887 

1 3.942900 -5.119456 -2.536082 

1 1.521391 -5.580951 -2.195492 

1 0.196657 -4.180561 -0.646720 

1 1.820582 0.572890 2.372409 

1 3.289613 0.937191 4.353112 

1 4.270724 -1.014552 5.544138 

1 3.796618 -3.323094 4.742279 

1 2.361025 -3.675328 2.753687 

  
Table S34. Cartesian coordinates for the optimized geometry of trans-1o. 

 Atomic 
Number X Y Z 

6 -3.263631 0.906779 -0.178942 

6 -3.061796 -0.611552 -0.316308 

6 -1.908260 -1.066585 0.590566 

77 -0.080141 0.163406 0.352125 

6 -1.619846 -2.569027 0.459699 

6 -0.469939 -2.957609 1.399672 

6 1.510678 1.191248 0.079247 

1 -0.057275 -0.411559 -1.122182 

17 -0.428397 0.892154 2.764753 

8 2.477148 1.785275 -0.152123 
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1 -2.206868 -0.870427 1.631044 

15 -1.619875 1.675940 -0.499459 

6 -1.681277 3.404906 0.068743 

6 -0.764884 3.867110 1.021473 

6 -0.807978 5.202026 1.435538 

6 -1.761539 6.073820 0.904472 

6 -2.677946 5.613906 -0.049147 

6 -2.635853 4.284733 -0.469592 

6 -1.475091 1.845547 -2.315227 

6 -2.433735 1.350413 -3.208088 

6 -2.240248 1.469523 -4.588760 

6 -1.090556 2.086378 -5.085830 

6 -0.129601 2.584263 -4.197304 

6 -0.318433 2.460686 -2.821804 

15 0.937361 -1.826567 0.997141 

6 1.868705 -2.688336 -0.321428 

6 2.209290 -2.034390 -1.511925 

6 2.936491 -2.703596 -2.501209 

6 3.326505 -4.030903 -2.308788 

6 2.993424 -4.689718 -1.119538 

6 2.272957 -4.020437 -0.130108 

6 2.069140 -1.833699 2.422389 

6 3.460629 -1.884728 2.238244 

6 4.319115 -1.803268 3.336175 

6 3.797068 -1.667732 4.626080 

6 2.413190 -1.604719 4.813106 

6 1.550035 -1.680376 3.718813 

1 -4.047928 1.318904 -0.824607 

1 -3.501300 1.157997 0.862077 

1 -3.996678 -1.130827 -0.049489 

1 -2.836039 -0.866565 -1.361183 

1 -2.512936 -3.164473 0.710623 

1 -1.349666 -2.811044 -0.578318 

1 -0.165328 -4.007076 1.321189 

1 -0.753069 -2.749055 2.437881 

1 -0.046554 3.177869 1.452672 

1 -0.097227 5.555657 2.178371 

1 -1.792766 7.111082 1.230152 

1 -3.418549 6.291578 -0.467453 

1 -3.335086 3.934098 -1.225755 

1 -3.329360 0.862944 -2.835392 

1 -2.990057 1.078898 -5.272838 

1 -0.941372 2.179047 -6.158898 

1 0.768194 3.065974 -4.577318 

1 0.435298 2.841678 -2.136931 

1 1.895966 -1.006570 -1.661704 

1 3.195275 -2.185766 -3.421654 

1 3.889074 -4.551910 -3.079953 

1 3.297721 -5.721863 -0.962727 

1 2.032725 -4.531873 0.798908 

1 3.873074 -1.991722 1.238937 
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1 5.394827 -1.846001 3.182569 

1 4.466257 -1.604587 5.481001 

1 2.001494 -1.482582 5.811892 

1 0.480596 -1.583328 3.869573 
 
Table S35. Cartesian coordinates for the optimized geometry of 1p. 

 Atomic 
Number X Y Z 

6 -1.693314 -0.016134 2.971599 

6 -2.782661 -0.279332 1.926145 

7 -2.245217 -1.128318 0.867332 

77 -0.480900 -0.349602 -0.056472 

6 -3.298177 -1.488898 -0.077115 

6 -2.741887 -2.476009 -1.109134 

6 1.108816 0.271130 -0.839473 

17 -1.910457 1.613805 -0.863769 

1 0.266942 -1.618130 0.511946 

8 2.071688 0.684649 -1.336286 

15 -0.199850 0.591493 2.058561 

6 1.243457 -0.051622 2.976593 

6 2.251207 0.778362 3.485362 

6 3.356663 0.221486 4.137262 

6 3.459350 -1.162700 4.289873 

6 2.454984 -1.995555 3.781491 

6 1.357458 -1.444396 3.122176 

6 -0.118217 2.396832 2.239976 

6 0.275614 3.183272 1.149428 

6 0.397138 4.567255 1.295001 

6 0.122148 5.172033 2.524237 

6 -0.273920 4.390971 3.615529 

6 -0.391109 3.007393 3.474705 

15 -1.196333 -1.723562 -1.799893 

6 -1.591930 -0.995243 -3.416120 

6 -1.008220 0.224223 -3.783728 

6 -1.259305 0.765616 -5.046670 

6 -2.095952 0.097555 -5.944521 

6 -2.683278 -1.119240 -5.580982 

6 -2.429940 -1.665450 -4.321829 

6 -0.077775 -3.122754 -2.161296 

6 0.292731 -3.956196 -1.092639 

6 1.168307 -5.020636 -1.300986 

6 1.696051 -5.256082 -2.576466 

6 1.340404 -4.423356 -3.639428 

6 0.453770 -3.360592 -3.435795 

1 -2.004577 0.704294 3.734794 

1 -1.401526 -0.953388 3.457888 

1 -3.629013 -0.795233 2.413284 

1 -3.160907 0.686284 1.541032 

1 -4.128401 -1.971254 0.468615 

1 -3.714423 -0.608048 -0.601486 

1 -3.457327 -2.703045 -1.905915 

1 -2.441835 -3.407917 -0.617496 
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1 2.175450 1.855685 3.371355 

1 4.136476 0.873083 4.524311 

1 4.319184 -1.593512 4.797284 

1 2.533047 -3.074647 3.891644 

1 0.591613 -2.091599 2.701056 

1 0.450343 2.716461 0.187133 

1 0.693419 5.172343 0.441966 

1 0.210211 6.250588 2.632504 

1 -0.490227 4.857843 4.573473 

1 -0.686804 2.403883 4.329404 

1 -0.391459 0.759572 -3.071410 

1 -0.811081 1.717092 -5.321183 

1 -2.295977 0.525293 -6.924208 

1 -3.336226 -1.641588 -6.276129 

1 -2.879001 -2.617513 -4.049772 

1 -0.094750 -3.754659 -0.096699 

1 1.447101 -5.661783 -0.468004 

1 2.385050 -6.081850 -2.736978 

1 1.751860 -4.597193 -4.630882 

1 0.178953 -2.717494 -4.266599 

 
Table S36. Cartesian coordinates for the optimized geometry of 1q. 

 Atomic 
Number X Y Z 

77 5.336188 16.049329 6.849367 

1 5.690062 17.569327 6.728209 

15 7.592143 15.567966 6.479565 

17 4.747135 13.508149 6.776810 

15 3.116917 16.617611 6.561833 

5 5.155142 16.264281 4.638951 

6 5.399846 16.130703 8.771810 

6 7.998297 15.508324 4.666867 

6 8.247400 13.993856 7.138554 

6 8.792851 16.819789 7.092555 

6 1.968481 16.261565 7.952030 

6 2.834083 18.380632 6.192377 

6 2.412424 15.656279 5.147168 

15 6.747694 16.615074 3.852833 

15 3.605204 15.918064 3.761070 

8 5.409792 16.309366 9.918322 

1 9.046012 15.768552 4.479366 

1 7.789352 14.496464 4.305025 

6 7.755521 13.523073 8.363130 

6 9.243008 13.266808 6.470350 

6 8.350552 18.006336 7.687294 

6 10.172206 16.606016 6.935160 

6 0.903521 17.114448 8.283268 

6 2.182473 15.095676 8.704908 

6 1.820864 18.817536 5.325408 

6 3.621587 19.338456 6.853379 

1 1.380784 15.926579 4.900102 

1 2.460124 14.606562 5.457536 
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6 6.886466 16.359780 2.057254 

6 7.453366 18.282493 4.209959 

6 3.468617 14.419301 2.685870 

6 2.850746 17.227935 2.703264 

1 6.950900 14.055124 8.857763 

6 8.270936 12.353199 8.921880 

1 9.618794 13.609268 5.509788 

6 9.753230 12.091671 7.027396 

1 7.286845 18.172228 7.815668 

6 9.269984 18.974645 8.099233 

1 10.530758 15.676716 6.499751 

6 11.089992 17.571897 7.347246 

6 0.062171 16.803200 9.355155 

1 0.738283 18.026268 7.716185 

1 3.009744 14.436642 8.451837 

6 1.333425 14.786418 9.768793 

1 1.194484 18.100266 4.807895 

6 1.630647 20.179278 5.085251 

6 3.420984 20.699419 6.624060 

1 4.401827 19.008463 7.532651 

6 7.090357 17.422332 1.164522 

6 6.669680 15.064683 1.557748 

6 6.583789 19.237737 4.749500 

6 8.807915 18.599877 4.034787 

6 3.261850 14.494150 1.300126 

6 3.749636 13.172310 3.272403 

6 3.598839 18.369342 2.405393 

6 1.520161 17.143736 2.263927 

6 9.270691 11.636258 8.257507 

1 7.876937 11.991952 9.868571 

1 10.521983 11.532381 6.499153 

1 8.912040 19.896495 8.551100 

6 10.639095 18.762629 7.927667 

1 12.155534 17.394403 7.220263 

1 -0.754612 17.474434 9.611211 

6 0.274378 15.638625 10.098347 

1 1.506408 13.881174 10.346164 

6 2.431332 21.125708 5.731147 

1 0.860655 20.495996 4.386600 

1 4.040109 21.428553 7.142058 

1 7.258299 18.424977 1.548043 

6 7.069718 17.192447 -0.213871 

1 6.473939 14.244244 2.243661 

6 6.658939 14.838194 0.180793 

6 7.059114 20.503086 5.101612 

1 5.543452 18.960725 4.909983 

1 9.494054 17.860618 3.627839 

6 9.284863 19.862095 4.390760 

1 3.067752 15.452324 0.828230 

6 3.323703 13.339322 0.512907 

6 3.792414 12.021485 2.486395 
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1 3.966181 13.111276 4.338141 

1 4.616203 18.437681 2.783677 

6 3.033429 19.417050 1.675506 

6 0.941856 18.202184 1.559611 

1 0.936127 16.249058 2.469891 

1 9.663772 10.719465 8.690821 

1 11.353553 19.517586 8.247689 

1 -0.378978 15.399814 10.934577 

1 2.284138 22.186581 5.543071 

1 7.217452 18.021713 -0.901829 

6 6.855962 15.901423 -0.706348 

1 6.478979 13.835165 -0.196280 

1 6.375847 21.236083 5.524253 

6 8.409482 20.815565 4.923731 

1 10.338250 20.100035 4.263091 

6 3.583221 12.100679 1.102016 

1 3.172032 13.412970 -0.562008 

1 3.999072 11.061478 2.954495 

1 3.626960 20.299136 1.445893 

6 1.699596 19.340950 1.262562 

1 -0.095562 18.137914 1.238257 

1 6.838116 15.724823 -1.779377 

1 8.785374 21.795900 5.208094 

1 3.628529 11.202464 0.489954 

1 1.249526 20.165185 0.713721 

 

Table S37. Cartesian coordinates for the optimized geometry of 1q1. 

Atomic 
Number X Y Z 

77 -0.947303 1.325521  -0.168129 

1  -1.085635 1.859123  1.301942 

15 -2.575289 -0.257386 0.236307 

17 -0.541329 0.302370  -2.516899 

15 1.091135  2.407389  -0.302441 

13 0.575256  -0.335074 1.386299 

6  -2.133954 2.775701  -0.735915 

6  -2.091024 -1.917066 -0.429900 

6  -4.174995 0.061655  -0.600645 

6  -3.031360 -0.639446 1.967967 

6  1.150309  3.892629  -1.383203 

6  1.792637  2.988792  1.280843 

6  2.389798  1.354593  -1.092056 

15 -0.515131 -2.438983 0.403102 

15 2.499498  -0.343812 -0.339420 

8  -2.867356 3.668396  -0.804777 

1  -2.886706 -2.664121 -0.325184 

1  -1.872787 -1.751192 -1.488458 

6  -5.353859 0.351809  0.099953 

6  -4.173606 0.119704  -2.005353 

6  -2.483436 0.078170  3.037333 

6  -3.909164 -1.703439 2.236317 
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6  1.942878  5.010604  -1.084462 

6  0.382949  3.880005  -2.558776 

6  3.156176  2.892855  1.590134 

6  0.921613  3.589436  2.203829 

1  3.365807  1.852459  -1.132117 

1  2.012835  1.242752  -2.111523 

6  0.217569  -3.660282 -0.747239 

6  -1.144626 -3.505643 1.770507 

6  3.057935  -1.407071 -1.741271 

6  4.086029  -0.226338 0.610048 

1  -5.361635 0.327284  1.185544 

6  -6.522153 0.680169  -0.594945 

1  -3.250056 -0.050983 -2.553317 

6  -5.344535 0.437680  -2.693309 

1  -1.794645 0.891359  2.836785 

6  -2.811225 -0.258138 4.354833 

1  -4.338328 -2.271845 1.416035 

6  -4.233412 -2.041412 3.548327 

6  1.964121  6.107246  -1.951226 

1  2.531930  5.031217  -0.171587 

1  -0.235858 3.015647  -2.785825 

6  0.416589  4.972930  -3.426400 

1  3.848922  2.431151  0.895670 

6  3.637672  3.365323  2.814301 

6  1.405184  4.074245  3.418097 

1  -0.137378 3.657983  1.970096 

6  0.263487  -3.394684 -2.126751 

6  0.819228  -4.831577 -0.253757 

6  -0.793484 -3.226970 3.095110 

6  -1.992275 -4.592509 1.497321 

6  3.821068  -2.550252 -1.438012 

6  2.706304  -1.166229 -3.078789 

6  4.112262  -0.500428 1.981146 

6  5.269987  0.174685  -0.032394 

6  -6.522428 0.717472  -1.991057 

1  -7.430209 0.908745  -0.041623 

1  -5.333692 0.478978  -3.780015 

1  -2.373226 0.303097  5.176553 

6  -3.682676 -1.317005 4.611727 

1  -4.903350 -2.874957 3.741880 

1  2.571819  6.975651  -1.706926 

6  1.203442  6.089359  -3.123586 

1  -0.180864 4.955780  -4.334906 

6  2.764900  3.956888  3.729705 

1  4.693845  3.260643  3.049602 

1  0.720531  4.535685  4.125866 

1  -0.137365 -2.463736 -2.518912 

6  0.851157  -4.312556 -2.995714 

1  0.797791  -5.046245 0.811061 

6  1.420897  -5.737496 -1.129685 

6  -1.289512 -4.016948 4.137016 
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1  -0.144013 -2.375974 3.302991 

1  -2.254563 -4.827842 0.468480 

6  -2.488424 -5.379007 2.535920 

1  4.094434  -2.761388 -0.407195 

6  4.256521  -3.403470 -2.450499 

6  3.161867  -2.013361 -4.091479 

1  2.057070  -0.337620 -3.340146 

1  3.185826  -0.786423 2.480518 

6  5.300418  -0.364056 2.707084 

6  6.451454  0.328472  0.693668 

1  5.266444  0.358959  -1.104345 

1  -7.431955 0.972412  -2.530013 

1  -3.928661 -1.585131 5.636623 

1  1.218514  6.944427  -3.795601 

1  3.139207  4.322348  4.683152 

1  0.877485  -4.096013 -4.059800 

6  1.427542  -5.487628 -2.504091 

1  1.876871  -6.643008 -0.735379 

1  -1.016604 -3.786021 5.164064 

6  -2.137376 -5.090759 3.860800 

1  -3.144879 -6.217675 2.314713 

6  3.943551  -3.129630 -3.785133 

1  4.844854  -4.281631 -2.195234 

1  2.893252  -1.800091 -5.123787 

1  5.308342  -0.581194 3.772927 

6  6.467616  0.061379  2.068618 

1  7.359611  0.650693  0.189048 

1  1.892122  -6.194992 -3.186724 

1  -2.525856 -5.703131 4.671576 

1  4.292329  -3.789338 -4.576086 

1  7.388619  0.181097  2.634989 

 

Table S38. Cartesian coordinates for the optimized geometry of 1q2. 

Atomic 
Number X Y Z 

77 -1.019667 1.295185  -0.238847 

1  -1.253689 1.926969  1.180918 

15 -2.622949 -0.304148 0.231143 

17 -0.544090 0.148325  -2.521555 

15 1.014729  2.375051  -0.379862 

31 0.466079  -0.373747 1.518898 

6  -2.154594 2.687493  -0.985688 

6  -2.175541 -1.946286 -0.500478 

6  -4.257752 0.007824  -0.543562 

6  -3.002780 -0.719662 1.974111 

6  1.007798  3.848460  -1.474648 

6  1.824053  2.952109  1.158804 

6  2.330863  1.323296  -1.159414 

15 -0.529395 -2.502032 0.160598 

15 2.587142  -0.186107 -0.107269 

8  -2.830358 3.596821  -1.220873 
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1  -2.955951 -2.701195 -0.353801 

1  -2.067468 -1.736398 -1.566366 

6  -4.262379 0.258703  -1.927019 

6  -5.460712 0.065121  0.172103 

6  -3.741504 -1.873626 2.284301 

6  -2.527137 0.082572  3.018387 

6  1.244209  5.150087  -1.012508 

6  0.648027  3.647466  -2.818927 

6  3.128960  3.471519  1.113661 

6  1.180349  2.839810  2.396165 

1  3.260616  1.877917  -1.333452 

1  1.912359  0.998270  -2.115893 

6  0.124623  -3.628218 -1.136610 

6  -1.055366 -3.714923 1.452773 

6  3.328639  -1.413181 -1.248965 

6  4.021872  0.310141  0.936949 

1  -3.323975 0.256788  -2.478050 

6  -5.460428 0.537957  -2.583522 

1  -5.466159 -0.111317 1.243595 

6  -6.657931 0.360707  -0.489092 

1  -4.115132 -2.511311 1.489026 

6  -3.995597 -2.219215 3.610610 

1  -1.947688 0.968392  2.780827 

6  -2.785326 -0.259152 4.348734 

6  1.137286  6.237221  -1.886251 

1  1.504492  5.319507  0.028018 

1  0.411979  2.645851  -3.171321 

6  0.554655  4.733672  -3.688557 

1  3.643331  3.561707  0.161304 

6  3.775131  3.869145  2.281911 

6  1.826260  3.240693  3.569647 

1  0.177077  2.429647  2.434032 

6  1.053558  -4.609764 -0.744745 

6  -0.206990 -3.513969 -2.495345 

6  -0.676871 -3.523828 2.786335 

6  -1.866543 -4.813563 1.121349 

6  4.396740  -2.226012 -0.829626 

6  2.761785  -1.628396 -2.516820 

6  3.925407  0.235334  2.331057 

6  5.213970  0.774605  0.355819 

6  -6.661708 0.590726  -1.866430 

1  -5.454506 0.729278  -3.654064 

1  -7.585652 0.412982  0.076361 

1  -4.555253 -3.123591 3.834301 

6  -3.515444 -1.411542 4.646919 

1  -2.404271 0.369875  5.149577 

1  1.315947  7.244132  -1.515672 

6  0.799746  6.031771  -3.225618 

1  0.276734  4.567564  -4.726800 

6  3.123259  3.752995  3.514720 

1  4.789451  4.256105  2.233131 

Nachdrucke der diskutierten Publikationen
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1  1.316371  3.142473  4.524975 

1  1.330481  -4.705230 0.302703 

6  1.608960  -5.476837 -1.684211 

1  -0.868827 -2.726292 -2.838434 

6  0.339556  -4.396351 -3.430455 

6  -1.112358 -4.408077 3.778597 

1  -0.058225 -2.666099 3.047730 

1  -2.147250 -4.982616 0.084108 

6  -2.306365 -5.692112 2.110950 

1  4.840066  -2.077396 0.151015 

6  4.907160  -3.212508 -1.675707 

6  3.285748  -2.607290 -3.360759 

1  1.899281  -1.049111 -2.835343 

1  2.998813  -0.115858 2.783151 

6  4.999418  0.629785  3.135149 

6  6.284612  1.168847  1.157029 

1  5.304962  0.818464  -0.726962 

1  -7.593238 0.820201  -2.378655 

1  -3.705652 -1.684489 5.682377 

1  0.717383  6.877957  -3.903798 

1  3.630247  4.054995  4.428242 

1  2.326835  -6.227968 -1.363465 

6  1.243580  -5.382355 -3.030599 

1  0.062238  -4.301057 -4.477925 

1  -0.816935 -4.244461 4.812399 

6  -1.930626 -5.488617 3.445074 

1  -2.937077 -6.537355 1.844160 

6  4.359630  -3.400504 -2.947365 

1  5.737911  -3.829672 -1.340491 

1  2.838059  -2.761739 -4.338603 

1  4.909311  0.576238  4.217526 

6  6.177756  1.098043  2.551619 

1  7.202558  1.528087  0.697029 

1  1.672199  -6.062629 -3.762647 

1  -2.273918 -6.173635 4.217215 

1  4.758462  -4.167496 -3.606955 

1  7.011865  1.407817  3.177302 

Free ligands 

Table S39. Cartesian coordinates for the optimized geometry of the free ligand of 1a. 

Atomic 
Number X Y Z 

15 7.877647 15.228534 6.349021 

15 2.451407 17.776146 6.854422 

6 5.192981 17.240307 5.009554 

6 7.718653 15.703688 4.531171 

6 8.468150 13.488362 6.170566 

6 9.436885 16.122411 6.782468 

6 0.993625 17.270012 7.866583 

6 1.703980 18.825343 5.537422 

Anhang
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6 2.683972 16.150745 5.901977 

15 6.754487 17.246329 4.301359 

15 3.891999 16.228737 4.534270 

1 8.689529 15.787927 4.028507 

1 7.144204 14.906500 4.045913 

6 8.412989 12.693453 7.329339 

6 8.922229 12.906348 4.977037 

6 9.371988 17.124297 7.761444 

6 10.667686 15.844604 6.166792 

6 -0.158459 18.068546 7.955189 

6 1.083002 16.119037 8.670783 

6 0.601088 18.419486 4.767911 

6 2.279844 20.080264 5.292232 

1 1.737555 15.801047 5.473204 

1 3.035589 15.396555 6.613334 

6 6.684131 17.498791 2.501032 

6 7.730965 18.595770 5.002902 

6 4.417478 14.510773 4.194910 

6 2.995391 16.783127 3.057755 

1 8.054677 13.124144 8.262992 

6 8.806659 11.354356 7.296128 

1 8.973126 13.491436 4.063187 

6 9.306928 11.563140 4.940127 

1 8.423802 17.342073 8.247975 

6 10.515450 17.849418 8.108445 

1 10.735753 15.048975 5.427989 

6 11.809657 16.567919 6.513043 

6 -1.201495 17.713809 8.815539 

1 -0.245729 18.965610 7.349189 

1 1.975717 15.496978 8.642651 

6 0.035914 15.762040 9.521714 

1 0.134940 17.455862 4.956504 

6 0.089875 19.248636 3.771280 

6 1.765291 20.916042 4.295796 

1 3.132042 20.404744 5.885839 

6 6.648657 18.809757 1.999143 

6 6.576642 16.414312 1.619360 

6 7.153279 19.560641 5.838954 

6 9.094364 18.676321 4.675786 

6 4.489390 13.989585 2.894811 

6 4.894250 13.744384 5.273784 

6 3.304952 18.019369 2.482999 

6 1.966074 15.994239 2.517232 

6 9.250014 10.783518 6.098429 

1 8.761129 10.755458 8.202316 

1 9.654705 11.127683 4.006263 

1 10.453608 18.626057 8.866475 

6 11.733936 17.573665 7.484119 

1 12.760302 16.341485 6.035959 

1 -2.087247 18.341926 8.870968 

6 -1.111169 16.558875 9.596291 
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1 0.118246 14.864891 10.130375 

6 0.671704 20.499605 3.534329 

1 -0.761003 18.922332 3.178950 

1 2.214908 21.890136 4.119361 

1 6.743480 19.653449 2.677923 

6 6.495249 19.029378 0.630683 

1 6.607789 15.395959 1.992686 

6 6.414365 16.639340 0.250203 

6 7.941712 20.591703 6.356230 

1 6.095859 19.513030 6.079526 

1 9.551524 17.931972 4.030657 

6 9.873775 19.709156 5.190526 

1 4.133924 14.575441 2.053686 

6 5.031327 12.718569 2.678437 

6 5.428500 12.475908 5.054551 

1 4.885813 14.152052 6.281259 

1 4.082449 18.630090 2.927760 

6 2.604018 18.458743 1.359368 

6 1.264478 16.439710 1.397878 

1 1.718154 15.033812 2.962748 

1 9.550028 9.739193 6.069382 

1 12.625350 18.132601 7.757940 

1 -1.925233 16.283011 10.261412 

1 0.269078 21.147309 2.759514 

1 6.475778 20.045866 0.246411 

6 6.371062 17.944888 -0.244763 

1 6.326757 15.794804 -0.428381 

1 7.493445 21.335917 7.009072 

6 9.298541 20.666331 6.033065 

1 10.930176 19.760228 4.944350 

6 5.499682 11.961879 3.755039 

1 5.084821 12.322053 1.667622 

1 5.811491 11.899546 5.891098 

1 2.846894 19.420374 0.916073 

6 1.588160 17.670220 0.814632 

1 0.468488 15.829020 0.979940 

1 6.249122 18.118176 -1.310717 

1 9.909705 21.468549 6.438285 

1 5.926724 10.977285 3.585634 

1 1.041547 18.014768 -0.059531 

1 5.123726 17.615403 6.026059 

 
Table S40. Cartesian coordinates for the optimized geometry of the free ligand of 1b. 

Atomic 
Number X Y Z 

6 -0.806300 1.235672 3.133088 

6 -0.547003 -0.127254 2.994459 

6 0.521366 -0.531446 2.182602 

7 1.303384 0.347955 1.534059 

6 1.040974 1.658727 1.653079 

6 -0.006405 2.146211 2.449470 
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6 1.854557 2.594904 0.807627 

6 0.825813 -1.988526 1.964563 

15 1.320295 2.441255 -1.022436 

6 1.642648 4.151777 -1.629020 

6 2.651802 4.967406 -1.088660 

6 2.946148 6.213007 -1.652847 

6 2.235724 6.668251 -2.765794 

6 1.231743 5.863557 -3.317009 

6 0.944038 4.617508 -2.759868 

6 -0.514912 2.449639 -0.781856 

6 -1.150443 1.197815 -0.743651 

6 -2.508169 1.095771 -0.431363 

6 -3.253384 2.250184 -0.177421 

6 -2.635209 3.504631 -0.232970 

6 -1.273173 3.603371 -0.525882 

15 0.497741 -2.529636 0.177493 

6 0.834565 -4.338540 0.398519 

6 -0.155458 -5.333703 0.431972 

6 0.194304 -6.680473 0.575097 

6 1.535302 -7.053136 0.696285 

6 2.530488 -6.069988 0.662592 

6 2.183437 -4.727464 0.504203 

6 -1.346826 -2.499622 0.070486 

6 -1.903654 -2.416674 -1.217247 

6 -3.288479 -2.413425 -1.402248 

6 -4.141723 -2.470879 -0.296211 

6 -3.601207 -2.542222 0.991527 

6 -2.215767 -2.564784 1.170677 

1 -1.629689 1.581140 3.753935 

1 -1.158019 -0.867602 3.502269 

1 -0.194532 3.214124 2.505431 

1 1.718094 3.631207 1.135648 

1 2.916623 2.329869 0.853403 

1 1.898053 -2.169816 2.103550 

1 0.278219 -2.623976 2.669330 

1 3.216850 4.634679 -0.221925 

1 3.730225 6.828267 -1.216684 

1 2.461634 7.638513 -3.201550 

1 0.671507 6.207513 -4.183768 

1 0.161269 4.002409 -3.198462 

1 -0.573410 0.295890 -0.933901 

1 -2.975609 0.116302 -0.388022 

1 -4.312174 2.174613 0.060843 

1 -3.212424 4.406409 -0.038525 

1 -0.794808 4.579096 -0.553923 

1 -1.202874 -5.058654 0.345879 

1 -0.586016 -7.438377 0.595457 

1 1.804863 -8.100488 0.809961 

1 3.578086 -6.349946 0.748895 

1 2.968573 -3.974108 0.455321 

1 -1.244770 -2.348760 -2.081083 
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1 -3.699658 -2.350782 -2.406947 

1 -5.220017 -2.455038 -0.436060 

1 -4.258888 -2.586012 1.856951 

1 -1.813070 -2.640832 2.175503 

  
Table S41. Cartesian coordinates for the optimized geometry of the free ligand of 1c. 

Atomic 
Number X Y Z 

6 3.279245 0.715998 0.447518 

6 2.415458 -0.221297 1.294942 

7 1.525282 -1.033971 0.474261 

6 0.622122 -1.867915 1.254119 

6 -0.259460 -2.750514 0.363407 

1 2.058837 -1.598257 -0.181368 

15 2.250809 1.755107 -0.755293 

6 3.336377 3.237717 -0.936982 

6 4.735074 3.176919 -0.811561 

6 5.529447 4.299177 -1.070319 

6 4.940859 5.505781 -1.454857 

6 3.548992 5.579787 -1.586607 

6 2.758517 4.457756 -1.338567 

6 0.971844 2.376288 0.430850 

6 1.236476 3.336671 1.421187 

6 0.250864 3.693562 2.344575 

6 -1.009557 3.086979 2.295042 

6 -1.283395 2.129805 1.313899 

6 -0.299486 1.782624 0.383411 

15 -1.311975 -1.816364 -0.884432 

6 -2.215782 -3.278162 -1.584956 

6 -3.392527 -3.814171 -1.036454 

6 -3.999970 -4.933439 -1.612314 

6 -3.436508 -5.539545 -2.739582 

6 -2.265423 -5.014593 -3.294596 

6 -1.666243 -3.887136 -2.726772 

6 -2.621142 -1.061750 0.179768 

6 -2.780947 -1.299801 1.553695 

6 -3.793882 -0.663940 2.278543 

6 -4.674688 0.210873 1.637625 

6 -4.531045 0.453129 0.267002 

6 -3.506936 -0.168138 -0.449308 

1 3.999238 0.135160 -0.145869 

1 3.852127 1.373937 1.113194 

1 3.074173 -0.834162 1.944673 

1 1.783285 0.379944 1.960780 

1 1.160901 -2.524624 1.969740 

1 -0.002155 -1.193720 1.855421 

1 0.372435 -3.419194 -0.238104 

1 -0.891676 -3.397502 0.985275 

1 5.215287 2.250304 -0.508145 

1 6.610052 4.228438 -0.964572 

1 5.557697 6.379554 -1.651072 
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1 3.078489 6.514544 -1.884101 

1 1.678019 4.529834 -1.444758 

1 2.215331 3.807995 1.465219 

1 0.467921 4.440567 3.105511 

1 -1.775263 3.361137 3.017664 

1 -2.257145 1.650856 1.269866 

1 -0.508675 1.030155 -0.372667 

1 -3.838464 -3.350948 -0.159998 

1 -4.914035 -5.333471 -1.178430 

1 -3.910653 -6.410199 -3.186667 

1 -1.824982 -5.474755 -4.176414 

1 -0.767388 -3.469604 -3.178356 

1 -2.116134 -1.984977 2.070541 

1 -3.895008 -0.855767 3.344513 

1 -5.462480 0.704981 2.201186 

1 -5.207267 1.137224 -0.240352 

1 -3.388594 0.044323 -1.510536 

 
Table S42. Cartesian coordinates for the optimized geometry of the free ligand of 1d. 

Atomic 
Number X Y Z 

6 2.484664 0.942622 -1.769864 

6 1.594816 1.352772 -2.711679 

7 0.425185 1.660994 -2.028514 

6 0.529697 1.463271 -0.679183 

7 1.815941 1.014453 -0.553972 

6 2.404236 0.635873 0.730905 

6 3.085175 -0.738505 0.705709 

6 -0.781131 2.141522 -2.712102 

6 -2.015900 2.161605 -1.812070 

15 1.918969 -2.137406 0.217821 

6 2.950377 -3.598257 0.680587 

6 4.355512 -3.584024 0.670838 

6 5.086946 -4.747748 0.932559 

6 4.428045 -5.946755 1.211698 

6 3.028455 -5.974956 1.222916 

6 2.299583 -4.816580 0.955078 

6 0.751598 -2.059771 1.649964 

6 1.145901 -2.357220 2.966323 

6 0.234154 -2.255811 4.017787 

6 -1.084055 -1.855173 3.765291 

6 -1.484716 -1.554895 2.462200 

6 -0.570271 -1.656558 1.408164 

15 -2.569341 0.431399 -1.282323 

6 -4.146726 0.279183 -2.247450 

6 -5.169606 1.243242 -2.202495 

6 -6.330058 1.088589 -2.961378 

6 -6.487961 -0.037600 -3.779364 

6 -5.481850 -1.004472 -3.831123 

6 -4.318742 -0.845685 -3.067848 

6 -3.212537 0.777985 0.414186 

6 -4.421063 0.218514 0.866082 
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6 -4.831117 0.381902 2.192184 

6 -4.042079 1.107865 3.089652 

6 -2.833534 1.657565 2.651517 

6 -2.414369 1.488241 1.330570 

1 3.140058 1.396445 1.028190 

1 1.586404 0.648043 1.456366 

1 3.506517 -0.935774 1.699622 

1 3.917749 -0.729639 -0.008849 

1 -0.951497 1.494874 -3.583624 

1 -0.586996 3.156585 -3.086817 

1 -1.806616 2.747658 -0.914530 

1 -2.830346 2.647294 -2.361200 

1 4.892637 -2.662522 0.463702 

1 6.174323 -4.711738 0.923459 

1 4.996669 -6.850092 1.419120 

1 2.503415 -6.902195 1.442012 

1 1.212294 -4.851779 0.972302 

1 2.165085 -2.682666 3.162537 

1 0.549239 -2.490537 5.032558 

1 -1.795643 -1.774102 4.584079 

1 -2.500740 -1.227947 2.263891 

1 -0.883218 -1.406317 0.396765 

1 -5.058323 2.111875 -1.557400 

1 -7.113779 1.841782 -2.914293 

1 -7.392997 -0.158875 -4.370275 

1 -5.600054 -1.882339 -4.462413 

1 -3.536148 -1.601241 -3.106674 

1 -5.049134 -0.341617 0.178316 

1 -5.771290 -0.055916 2.521034 

1 -4.363238 1.237662 4.120627 

1 -2.202276 2.207959 3.345881 

1 -1.444798 1.865325 1.010859 

1 1.690671 1.440243 -3.784885 

1 3.503288 0.597566 -1.868072 

 
Table S43. Cartesian coordinates for the optimized geometry of the free ligand of 1e. 

Atomic 
Number X Y Z 

15 7.339191 14.731706 6.278273 

15 3.072191 17.055268 7.061160 

6 5.375878 16.884992 4.590461 

6 7.786915 15.144177 4.501713 

6 8.719328 13.565852 6.679030 

6 7.892560 16.257262 7.161401 

6 1.475607 16.765982 7.948901 

6 2.724844 18.672464 6.235785 

6 2.868507 15.837796 5.642284 

15 6.855072 16.637805 3.911192 

15 3.929905 16.219214 4.179957 

1 8.866589 15.286920 4.372414 

1 7.477521 14.290174 3.890232 
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6 9.173550 13.461867 8.007403 

6 9.243483 12.673358 5.726906 

6 6.929392 17.006044 7.851447 

6 9.223223 16.703823 7.143844 

6 0.920410 17.804291 8.720739 

6 0.857365 15.504086 7.990385 

6 1.490894 18.987434 5.646233 

6 3.763727 19.612331 6.182835 

1 1.821438 15.761847 5.325210 

1 3.186040 14.855892 6.012389 

6 6.951190 16.504409 2.072636 

6 7.997403 18.021299 4.286870 

6 3.975104 14.605608 3.283663 

6 2.847026 17.280574 3.132921 

1 8.787807 14.144603 8.760992 

6 10.125725 12.507184 8.367176 

1 8.915243 12.726486 4.691876 

6 10.194498 11.714163 6.088160 

1 5.890075 16.687963 7.845253 

6 7.292223 18.181289 8.516181 

1 9.977397 16.129001 6.612246 

6 9.584817 17.878539 7.803023 

6 -0.220529 17.590837 9.494857 

1 1.377889 18.790899 8.701767 

1 1.262760 14.679263 7.410049 

6 -0.283390 15.288856 8.770146 

1 0.676845 18.268708 5.686258 

6 1.302746 20.213342 5.008056 

6 3.577772 20.841701 5.544609 

1 4.722647 19.367774 6.631486 

6 7.060361 17.676600 1.303933 

6 6.743426 15.282285 1.413848 

6 7.518155 19.122959 5.000687 

6 9.328245 18.005420 3.845875 

6 3.585242 14.458912 1.945447 

6 4.590996 13.522616 3.937287 

6 3.392575 18.457731 2.613620 

6 1.519350 16.942263 2.830846 

6 10.641553 11.627396 7.409074 

1 10.468790 12.452618 9.398192 

1 10.590282 11.038769 5.332443 

1 6.534615 18.754410 9.046497 

6 8.618445 18.618905 8.492939 

1 10.616013 18.222193 7.770932 

1 -0.637737 18.411267 10.074906 

6 -0.828984 16.330837 9.523726 

1 -0.747027 14.304699 8.783162 

6 2.347586 21.142144 4.954534 

1 0.347350 20.439124 4.540835 

1 4.393767 21.559977 5.503796 

1 7.218475 18.630898 1.800115 
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6 6.973014 17.626381 -0.087783 

1 6.616547 14.363894 1.979101 

6 6.658225 15.232373 0.020486 

6 8.364912 20.197744 5.282591 

1 6.482860 19.109638 5.329624 

1 9.702197 17.157836 3.275580 

6 10.173352 19.080308 4.123395 

1 3.127213 15.291583 1.420499 

6 3.806775 13.253207 1.271898 

6 4.811248 12.320882 3.264847 

1 4.931049 13.634458 4.965589 

1 4.418541 18.708650 2.872756 

6 2.620753 19.293456 1.802803 

6 0.747058 17.775516 2.020540 

1 1.088018 16.023541 3.222272 

1 11.385043 10.885026 7.689332 

1 8.900348 19.536713 9.004417 

1 -1.718606 16.164843 10.126561 

1 2.202300 22.095363 4.451113 

1 7.063233 18.542323 -0.667693 

6 6.774126 16.401917 -0.735216 

1 6.491754 14.276729 -0.470979 

1 7.990952 21.046575 5.850624 

6 9.691691 20.178735 4.844946 

1 11.204639 19.063493 3.778113 

6 4.420268 12.183082 1.926119 

1 3.508066 13.157043 0.230433 

1 5.290017 11.492731 3.783085 

1 3.049157 20.212916 1.410508 

6 1.298576 18.954526 1.505428 

1 -0.281991 17.508032 1.790661 

1 6.707581 16.361302 -1.819969 

1 10.351309 21.015042 5.065668 

1 4.595116 11.247471 1.399908 

1 0.695800 19.606464 0.877025 

  
Table S44. Cartesian coordinates for the optimized geometry of the free ligand of 1f. 

Atomic 
Number X Y Z 

15 8.129127 15.188073 6.305233 

15 1.979101 17.776000 6.976069 

5 5.114000 17.446268 5.431142 

6 7.656853 15.796612 4.600465 

6 8.810663 13.518248 5.872352 

6 9.724376 16.105886 6.558513 

6 0.325805 17.304347 7.657745 

6 1.470472 18.740865 5.480243 

6 2.464145 16.132411 6.192107 

15 6.732879 17.405244 4.587308 

15 3.814799 16.265903 4.938354 

1 8.529265 15.881069 3.940369 
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1 6.981482 15.043763 4.179958 

6 9.152610 12.685344 6.953232 

6 8.973064 13.018036 4.571523 

6 9.799196 17.033205 7.607009 

6 10.853783 15.902480 5.749729 

6 -0.650723 18.303418 7.832092 

6 0.042744 16.009470 8.125366 

6 0.392279 18.369436 4.661035 

6 2.220281 19.876711 5.142958 

1 1.594025 15.651246 5.728803 

1 2.838344 15.486150 6.993711 

6 6.746898 17.777943 2.766501 

6 7.858826 18.668530 5.267301 

6 4.459769 14.558821 4.735532 

6 2.857574 16.512072 3.362707 

1 9.024257 13.049747 7.971566 

6 9.647719 11.398011 6.741316 

1 8.710661 13.629565 3.713791 

6 9.460105 11.724989 4.355822 

1 8.927786 17.202890 8.234832 

6 10.975650 17.751913 7.836796 

1 10.814388 15.171331 4.945272 

6 12.030646 16.616092 5.980128 

6 -1.872210 18.013068 8.440329 

1 -0.456809 19.312127 7.474367 

1 0.775211 15.214791 8.010059 

6 -1.180035 15.719610 8.739233 

1 -0.198518 17.493470 4.915463 

6 0.074597 19.113844 3.526000 

6 1.900993 20.626713 4.006696 

1 3.065984 20.162111 5.762961 

6 6.652645 19.115462 2.339492 

6 6.597495 16.758998 1.809934 

6 7.493751 19.424807 6.388245 

6 9.113558 18.872104 4.673179 

6 4.633241 13.971402 3.474006 

6 4.916034 13.880344 5.877059 

6 3.232201 17.567730 2.528710 

6 1.814953 15.657908 2.970086 

6 9.799934 10.910273 5.438211 

1 9.908182 10.772336 7.592225 

1 9.573755 11.356128 3.338459 

1 11.014939 18.477950 8.645129 

6 12.093501 17.543261 7.026356 

1 12.900133 16.446399 5.348355 

1 -2.615691 18.798947 8.555065 

6 -2.143513 16.718426 8.897551 

1 -1.378759 14.708801 9.089153 

6 0.829531 20.245255 3.197137 

1 -0.752478 18.806251 2.890833 

1 2.493716 21.502668 3.752970 
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1 6.754077 19.917217 3.067838 

6 6.420352 19.422535 0.999984 

1 6.647923 15.716378 2.112146 

6 6.354787 17.066441 0.468756 

6 8.367784 20.388807 6.896303 

1 6.530948 19.244622 6.857061 

1 9.401871 18.288890 3.802667 

6 9.991108 19.824182 5.191867 

1 4.287640 14.488985 2.584453 

6 5.262434 12.726044 3.357460 

6 5.518731 12.627316 5.760685 

1 4.835587 14.355264 6.851333 

1 4.041040 18.221935 2.843899 

6 2.574099 17.773797 1.313268 

6 1.154012 15.863818 1.759054 

1 1.525900 14.823134 3.605500 

1 10.178496 9.904705 5.270302 

1 13.010153 18.100324 7.206784 

1 -3.095880 16.492138 9.371009 

1 0.584555 20.822459 2.308400 

1 6.360571 20.463553 0.688791 

6 6.264914 18.398031 0.055787 

1 6.233250 16.262270 -0.254049 

1 8.074602 20.979183 7.761451 

6 9.616870 20.588980 6.300469 

1 10.968116 19.963081 4.736220 

6 5.700337 12.051126 4.498514 

1 5.410016 12.287318 2.373012 

1 5.877824 12.115169 6.648881 

1 2.877504 18.597062 0.671252 

6 1.536145 16.923882 0.926914 

1 0.345542 15.199520 1.460686 

1 6.075486 18.637583 -0.987734 

1 10.301468 21.331282 6.704610 

1 6.199931 11.090425 4.408440 

1 1.022264 17.083600 -0.018569 

1 4.766456 18.477964 5.930069 

  
Table S45. Cartesian coordinates for the optimized geometry of the free ligand of 1g. 

 Atomic 
Number X Y Z 

6 1.952481 1.297237 4.050070 

6 1.554927 -0.039382 3.942460 

6 0.826677 -0.455697 2.812722 

6 0.466809 0.413630 1.763169 

6 0.861136 1.760173 1.923931 

6 1.606424 2.197295 3.036413 

6 0.486445 2.789872 0.873514 

6 0.408651 -1.906644 2.683712 

15 1.490546 2.675702 -0.734503 

6 1.250953 4.432447 -1.314295 

Anhang

388



S131 
 

6 2.335063 5.320607 -1.213790 

6 2.200879 6.668706 -1.564801 

6 0.974804 7.152201 -2.030046 

6 -0.114242 6.278408 -2.138666 

6 0.023600 4.934859 -1.783796 

6 0.331759 1.807257 -1.884112 

6 0.408925 2.052549 -3.268761 

6 -0.416639 1.367081 -4.162260 

6 -1.329302 0.417186 -3.686523 

6 -1.399149 0.154842 -2.315309 

6 -0.572561 0.838484 -1.416847 

15 0.186986 -2.330567 0.863622 

6 0.150978 -4.203672 1.111875 

6 -0.914258 -4.914296 1.695596 

6 -0.844653 -6.296768 1.886253 

6 0.299694 -7.005086 1.499711 

6 1.368906 -6.316275 0.919417 

6 1.288710 -4.932506 0.725373 

6 -1.619751 -2.085727 0.558914 

6 -2.261187 -2.854086 -0.430145 

6 -3.592244 -2.614674 -0.782488 

6 -4.312677 -1.596226 -0.146955 

6 -3.689917 -0.832955 0.845064 

6 -2.356763 -1.074298 1.198476 

1 2.526781 1.634803 4.912890 

1 1.820414 -0.748835 4.731003 

1 1.916190 3.243138 3.115734 

1 -0.572888 2.703456 0.598618 

1 0.661676 3.809732 1.242554 

1 1.153826 -2.600412 3.100196 

1 -0.540927 -2.112965 3.205266 

1 3.293632 4.946381 -0.856990 

1 3.055246 7.338450 -1.480245 

1 0.867695 8.198957 -2.308843 

1 -1.073759 6.646695 -2.498690 

1 -0.823295 4.259955 -1.877917 

1 1.106239 2.797537 -3.648681 

1 -0.349229 1.577202 -5.229053 

1 -1.975083 -0.117569 -4.381684 

1 -2.093116 -0.588550 -1.931708 

1 -0.585099 0.589830 -0.350984 

1 -1.809836 -4.375237 1.995268 

1 -1.683071 -6.823730 2.340470 

1 0.354176 -8.082535 1.646056 

1 2.262838 -6.856541 0.610711 

1 2.120770 -4.402582 0.262437 

1 -1.709852 -3.645531 -0.933947 

1 -4.062666 -3.216281 -1.558817 

1 -5.346131 -1.398314 -0.426548 

1 -4.239502 -0.035842 1.343431 

1 -1.852784 -0.445379 1.927322 
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Table S46. Cartesian coordinates for the optimized geometry of the free ligand of 1h. 

Atomic 
Number X Y Z 

6 -0.112167 1.720223 -1.181233 

6 -0.712353 2.246625 0.162014 

6 -0.074557 1.504207 1.325389 

6 1.435628 1.396709 1.381299 

6 1.978062 0.852445 0.022407 

6 1.428622 1.526143 -1.261479 

6 1.631474 0.563764 -2.466318 

6 2.148582 2.845990 -1.600475 

6 1.716437 0.336936 2.471271 

6 2.180106 2.682141 1.807143 

6 -2.216207 1.849551 0.232445 

6 -0.641717 3.785407 0.267000 

15 -3.370597 2.374962 -1.144416 

6 -2.954465 1.109397 -2.439846 

6 -2.442882 1.535266 -3.676080 

6 -2.000941 0.609926 -4.627357 

6 -2.071092 -0.759918 -4.358477 

6 -2.593522 -1.197776 -3.133259 

6 -3.032330 -0.271398 -2.187264 

6 -4.962792 1.634197 -0.536609 

6 -6.092291 1.752870 -1.369255 

6 -7.328010 1.227801 -0.990339 

6 -7.467256 0.579976 0.243901 

6 -6.357440 0.461160 1.083115 

6 -5.115563 0.979722 0.698015 

15 0.645477 0.719722 3.978714 

6 1.479319 -0.464941 5.177837 

6 0.771460 -1.381461 5.981260 

6 1.412364 -2.129481 6.973485 

6 2.785619 -1.984541 7.197981 

6 3.505807 -1.070517 6.418783 

6 2.860326 -0.322328 5.432951 

6 -0.929178 -0.193330 3.673936 

6 -2.143950 0.432721 4.006359 

6 -3.367699 -0.193657 3.773532 

6 -3.407011 -1.466643 3.177234 

6 -2.208610 -2.103771 2.849235 

6 -0.980706 -1.481747 3.108394 

15 3.370412 -0.014193 -2.862380 

6 3.028852 -1.033301 -4.380840 

6 4.108113 -1.759963 -4.920459 

6 3.955910 -2.536932 -6.068577 

6 2.716794 -2.595873 -6.718792 

6 1.638377 -1.876952 -6.199435 

6 1.789509 -1.106698 -5.040133 

6 3.579636 -1.396416 -1.642894 

6 2.687741 -2.480557 -1.583160 

6 2.816108 -3.454752 -0.591449 
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6 3.845943 -3.366549 0.351533 

6 4.753852 -2.303738 0.287173 

6 4.621183 -1.329788 -0.706197 

1 -0.564662 0.734320 -1.338016 

1 -0.416596 2.340886 -2.040281 

1 -0.471521 0.481676 1.312484 

1 1.690724 -0.205514 -0.021549 

1 3.079691 0.880763 -0.012368 

1 1.005566 -0.326998 -2.325398 

1 1.266769 1.076849 -3.368230 

1 3.231265 2.683443 -1.678342 

1 1.787398 3.224310 -2.567683 

1 1.973874 3.621908 -0.856546 

1 1.456621 -0.661763 2.097003 

1 2.772540 0.313992 2.768245 

1 3.260684 2.479960 1.880085 

1 2.046908 3.509819 1.111006 

1 1.813793 3.009914 2.787385 

1 -2.286951 0.757634 0.320806 

1 -2.617489 2.271541 1.163776 

1 -1.182234 4.258995 -0.565926 

1 -1.100752 4.099213 1.213161 

1 0.381112 4.162947 0.258149 

1 -2.369229 2.601654 -3.881474 

1 -1.593330 0.959609 -5.574278 

1 -1.718258 -1.482137 -5.091604 

1 -2.649513 -2.262516 -2.914289 

1 -3.423978 -0.617949 -1.233441 

1 -5.995159 2.258147 -2.329488 

1 -8.184554 1.326604 -1.655123 

1 -8.430872 0.173191 0.544598 

1 -6.446874 -0.046081 2.041952 

1 -4.269212 0.852427 1.365089 

1 -0.294825 -1.516880 5.818663 

1 0.835358 -2.836333 7.569020 

1 3.286050 -2.570298 7.966869 

1 4.575489 -0.940537 6.580280 

1 3.439696 0.392491 4.850260 

1 -2.117105 1.437213 4.424891 

1 -4.294156 0.313692 4.037858 

1 -4.360656 -1.948464 2.970518 

1 -2.225889 -3.091540 2.390004 

1 -0.055958 -1.999152 2.865514 

1 5.077381 -1.719495 -4.425210 

1 4.804699 -3.095178 -6.459567 

1 2.596091 -3.196628 -7.617948 

1 0.667341 -1.918824 -6.689975 

1 0.925257 -0.579638 -4.648926 

1 1.879080 -2.549514 -2.307344 

1 2.105204 -4.277665 -0.546178 

1 3.935663 -4.115464 1.135241 
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1 5.554441 -2.225448 1.019724 

1 5.312700 -0.489823 -0.739084 

 
Table S47. Cartesian coordinates for the optimized geometry of the free ligand of 1i. 

Atomic 
Number X Y Z 

15 -0.691631 3.589301 6.993483 

6 0.878666 2.675950 7.540788 

6 -0.200507 5.304185 7.465068 

6 -0.415057 3.551457 5.172718 

15 -0.656863 3.650899 13.863805 

7 -0.718239 3.366458 10.443122 

6 1.167062 2.820361 9.038426 

1 0.769945 1.619239 7.273314 

1 1.750451 3.062109 7.000563 

6 1.029936 5.871856 7.090932 

6 -1.078113 6.052334 8.263870 

6 -0.544725 4.708104 4.386540 

6 -0.178184 2.320892 4.533646 

6 -2.427444 3.218611 13.336627 

6 -0.662425 5.442464 13.422178 

6 -0.906754 3.660428 15.689098 

7 0.008658 2.429434 9.862731 

7 -1.719374 2.713543 11.003811 

1 2.005609 2.187186 9.347722 

1 1.384295 3.858964 9.297817 

1 1.710199 5.315409 6.450337 

6 1.376427 7.155766 7.514510 

6 -0.734687 7.339913 8.687001 

1 -2.034278 5.622874 8.555105 

1 -0.732125 5.667995 4.859471 

6 -0.424503 4.636052 2.996018 

6 -0.050081 2.253328 3.145114 

1 -0.095392 1.405313 5.116416 

6 -2.682305 3.448252 11.843759 

1 -2.617530 2.171821 13.598235 

1 -3.147786 3.831052 13.890679 

6 -1.680160 6.322205 13.830866 

6 0.373380 5.932304 12.612742 

6 -0.449816 4.722082 16.487126 

6 -1.465645 2.532739 16.317439 

6 -0.511110 1.183470 10.038163 

6 -1.645770 1.369985 10.797496 

1 2.328531 7.586963 7.214821 

6 0.493337 7.891066 8.314870 

1 -1.422639 7.907817 9.307553 

1 -0.524435 5.541041 2.401867 

6 -0.172797 3.411778 2.371483 

1 0.142050 1.295705 2.667482 

1 -3.681390 3.107957 11.551303 

1 -2.569449 4.503223 11.583350 
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1 -2.476489 5.964628 14.479603 

6 -1.664407 7.659274 13.431290 

6 0.393504 7.272549 12.214610 

1 1.166582 5.260137 12.292821 

1 -0.010628 5.600508 16.022758 

6 -0.564355 4.662081 17.878709 

6 -1.586535 2.479184 17.707217 

1 -1.807297 1.685822 15.725189 

6 -0.015379 -0.130455 9.539297 

6 -2.557901 0.287775 11.264253 

1 0.762146 8.893118 8.639998 

1 -0.075877 3.358897 1.290357 

1 -2.453993 8.331871 13.757513 

6 -0.626176 8.135793 12.621142 

1 1.201381 7.638430 11.586715 

1 -0.208494 5.493579 18.482023 

6 -1.136053 3.544786 18.492766 

1 -2.029194 1.603977 18.176452 

1 1.072617 -0.206438 9.654791 

1 -0.232386 -0.217683 8.465689 

6 -0.736998 -1.255037 10.323972 

1 -3.607078 0.585563 11.148328 

1 -2.391511 0.106299 12.335168 

6 -2.252074 -0.994509 10.449644 

1 -0.611918 9.179069 12.315374 

1 -1.227518 3.502112 19.574819 

1 -0.563517 -2.210036 9.819126 

1 -0.295408 -1.329353 11.326206 

1 -2.738618 -1.847777 10.931498 

1 -2.688301 -0.891438 9.447638 

 
Table S48. Cartesian coordinates for the optimized geometry of the free ligand of 1j. 

Atomic 
Number X Y Z 

6 0.393204 0.919285 -2.821451 

1 0.492532 2.295580 -4.490093 

15 0.395831 -0.697134 2.054195 

6 -0.277845 -1.580292 0.528554 

6 0.269085 -1.029240 -0.795695 

15 0.160311 0.838624 -0.959504 

6 0.348012 2.339889 -3.402282 

15 1.651745 3.491448 -2.663396 

1 -1.367836 -1.458319 0.552464 

1 -0.058983 -2.653469 0.605226 

1 -0.256298 -1.509284 -1.633900 

1 1.334472 -1.276253 -0.889755 

1 -0.372357 0.300032 -3.309125 

1 1.368190 0.461413 -3.029753 

1 -0.634678 2.791286 -3.211708 

6 1.767330 4.780405 -3.976515 

6 2.919346 5.588827 -4.027884 
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6 0.712785 5.068199 -4.859385 

6 3.020669 6.635275 -4.944132 

6 0.809560 6.125625 -5.770557 

6 1.963641 6.910132 -5.820196 

1 3.747207 5.387681 -3.350778 

1 -0.192135 4.467142 -4.842842 

1 3.924771 7.239571 -4.973742 

1 -0.018859 6.330275 -6.445457 

1 2.040297 7.728903 -6.531631 

6 0.108107 -1.997749 3.332025 

6 0.974928 -2.101658 4.435784 

6 -1.030259 -2.822411 3.297904 

6 0.719242 -3.010564 5.463326 

6 -1.288088 -3.729893 4.329903 

6 -0.414335 -3.829703 5.415531 

1 1.862949 -1.475375 4.482524 

1 -1.722369 -2.761309 2.461967 

1 1.407945 -3.081115 6.302527 

1 -2.172453 -4.361705 4.281177 

1 -0.613381 -4.537733 6.216433 

6 -1.671130 1.084176 -0.844749 

6 -2.590321 0.319172 -1.581760 

6 -2.161465 2.068134 0.027159 

6 -3.964094 0.532196 -1.453868 

6 -3.537174 2.287781 0.155785 

6 -4.440310 1.520201 -0.583772 

1 -2.230373 -0.452195 -2.259954 

1 -1.458495 2.659173 0.610337 

1 -4.663550 -0.069993 -2.030072 

1 -3.901639 3.054909 0.835222 

1 -5.510243 1.687717 -0.483296 

6 2.213600 -0.884314 1.757816 

6 2.833522 -2.136228 1.609596 

6 2.995444 0.275547 1.651486 

6 4.204266 -2.226301 1.361659 

6 4.370318 0.188190 1.408258 

6 4.976185 -1.062220 1.262964 

1 2.239461 -3.042595 1.701799 

1 2.521045 1.248848 1.753971 

1 4.672561 -3.201868 1.249767 

1 4.964461 1.095525 1.328983 

1 6.045481 -1.132137 1.075843 

6 3.151094 2.459939 -3.009561 

6 3.662975 1.683578 -1.955891 

6 3.741520 2.348844 -4.279373 

6 4.728484 0.804265 -2.169441 

6 4.816886 1.482451 -4.489848 

6 5.309967 0.704267 -3.436435 

1 3.212044 1.752629 -0.968530 

1 3.359427 2.945941 -5.103486 

1 5.096122 0.200365 -1.343806 
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1 5.266119 1.409682 -5.478176 

1 6.143124 0.025207 -3.603593 

 
Table S49. Cartesian coordinates for the optimized geometry of the free ligand of 1k. 

Atomic 
Number X Y Z 

15 0.121653 -0.179798 10.913591 

15 5.191518 5.242565 10.510692 

6 2.552727 2.421122 9.937133 

6 1.970754 0.045778 10.546664 

6 0.143675 -2.013608 11.373711 

6 -0.531646 -0.240373 9.148730 

6 3.333029 4.858960 10.482250 

6 5.115200 7.131006 10.543784 

6 5.625730 4.910847 8.710629 

7 2.453521 1.391392 10.842130 

6 2.997601 3.440291 10.791225 

1 2.535864 -0.663840 11.157979 

1 2.181353 -0.133407 9.490012 

6 0.743870 -2.188080 12.779109 

1 -0.921960 -2.276589 11.428657 

6 0.822262 -2.948746 10.362330 

1 0.153273 -0.860543 8.553366 

6 -1.931854 -0.869939 9.111910 

6 -0.545465 1.180203 8.560044 

1 2.868232 5.535691 11.212134 

1 2.920138 5.095239 9.496618 

1 6.158610 7.436414 10.384951 

6 4.696126 7.612236 11.943340 

6 4.246002 7.777786 9.456507 

1 4.832725 5.347342 8.087668 

6 6.965158 5.573287 8.352577 

6 5.674248 3.396334 8.447817 

7 2.771270 1.652414 12.119144 

7 3.111176 2.929336 12.062268 

1 0.232297 -1.557644 13.516098 

1 1.809013 -1.922514 12.792387 

1 0.661160 -3.236138 13.097461 

1 0.366803 -2.875620 9.368784 

1 0.741003 -3.992309 10.697683 

1 1.890213 -2.715942 10.266262 

1 -1.921081 -1.918154 9.432918 

1 -2.332557 -0.830019 8.089962 

1 -2.623353 -0.318622 9.763798 

1 0.446951 1.648272 8.590326 

1 -1.238672 1.819112 9.123865 

1 -0.889020 1.144799 7.516494 

1 5.331781 7.180133 12.726120 

1 3.654290 7.340559 12.159292 

1 4.766924 8.706529 12.004952 

1 4.567944 7.487203 8.450645 
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1 4.301906 8.873068 9.528113 

1 3.194084 7.490686 9.574140 

1 6.919315 6.665848 8.428009 

1 7.243196 5.314282 7.322064 

1 7.765951 5.216773 9.014844 

1 4.703826 2.920138 8.627851 

1 6.423993 2.916902 9.091837 

1 5.960527 3.214476 7.402307 

6 3.523877 3.618642 13.279708 

1 3.593701 2.885961 14.085578 

1 2.783225 4.384853 13.536314 

1 4.494413 4.094507 13.105921 

 
Table S50. Cartesian coordinates for the optimized geometry of the free ligand of 1l. 

Atomic 
Number X Y Z 

6 2.698542 1.688870 -0.817925 

6 1.858500 2.182613 -1.832641 

7 0.578790 2.199976 -1.285456 

6 0.551861 1.746917 0.005858 

7 1.861492 1.438593 0.266505 

6 2.302432 0.823726 1.514477 

6 2.858045 -0.596260 1.327835 

6 -0.582789 2.670584 -2.043125 

6 -1.901589 2.517886 -1.287903 

6 4.074634 1.563552 -1.016302 

6 4.580231 1.937180 -2.265798 

6 3.737032 2.420814 -3.282290 

6 2.359554 2.554885 -3.080321 

15 1.646176 -1.772514 0.486220 

6 2.633981 -3.328097 0.644004 

6 3.932980 -3.370598 0.102267 

6 4.678722 -4.550621 0.116209 

6 4.135370 -5.720572 0.657357 

6 2.840004 -5.696544 1.181017 

6 2.096332 -4.512851 1.175667 

6 0.399591 -1.949158 1.836985 

6 0.745333 -2.252302 3.165593 

6 -0.238142 -2.342539 4.151335 

6 -1.582483 -2.128883 3.820314 

6 -1.936951 -1.826923 2.504674 

6 -0.949429 -1.738902 1.518274 

15 -2.429695 0.712754 -1.083193 

6 -3.849462 0.646578 -2.275080 

6 -4.914213 1.565074 -2.255751 

6 -5.949565 1.477373 -3.186818 

6 -5.937618 0.465320 -4.155247 

6 -4.888165 -0.455343 -4.184341 

6 -3.851148 -0.364204 -3.248010 

6 -3.310096 0.801682 0.538183 

6 -4.560689 0.190778 0.736309 
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6 -5.150758 0.168402 2.003428 

6 -4.501755 0.755097 3.093808 

6 -3.250681 1.351414 2.908477 

6 -2.653074 1.367362 1.647223 

1 3.074755 1.459798 1.970122 

1 1.431086 0.809998 2.174824 

1 3.143216 -0.990479 2.310769 

1 3.760201 -0.574054 0.708485 

1 -0.613478 2.115657 -2.991722 

1 -0.420391 3.729532 -2.291135 

1 -1.812679 2.966590 -0.295914 

1 -2.676827 3.056914 -1.843609 

1 4.731273 1.196978 -0.233229 

1 5.647161 1.851933 -2.455275 

1 4.165263 2.698507 -4.241916 

1 1.708845 2.934764 -3.862720 

1 4.365871 -2.476780 -0.343018 

1 5.683579 -4.557373 -0.300807 

1 4.714444 -6.640927 0.666077 

1 2.404748 -6.600998 1.600869 

1 1.094083 -4.507881 1.594879 

1 1.786230 -2.431225 3.425571 

1 0.041234 -2.578406 5.176220 

1 -2.348992 -2.189250 4.589789 

1 -2.973965 -1.632467 2.246969 

1 -1.223760 -1.478690 0.498718 

1 -4.936201 2.343541 -1.496418 

1 -6.767955 2.193675 -3.157561 

1 -6.744998 0.396356 -4.880733 

1 -4.874596 -1.244584 -4.932667 

1 -3.034492 -1.083495 -3.270131 

1 -5.081750 -0.261195 -0.103497 

1 -6.122039 -0.304022 2.134799 

1 -4.963302 0.741258 4.078522 

1 -2.727366 1.792964 3.753846 

1 -1.655698 1.783593 1.518713 

 
Table S51. Cartesian coordinates for the optimized geometry of the free ligand of 1m. 

Atomic 
Number X Y Z 

7 1.636278 0.083727 -1.610328 

7 1.034634 1.189328 -1.946594 

6 1.304021 -0.221906 -0.310786 

6 0.432363 0.727496 0.253193 

7 0.327645 1.574019 -0.811820 

6 -0.590581 2.686132 -0.918907 

15 -1.957409 2.507134 0.363090 

6 1.810033 -1.474194 0.330475 

15 0.959383 -3.044460 -0.300954 

6 -3.020018 3.886373 -0.349679 

6 -3.878303 3.741156 -1.453938 
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6 -4.619273 4.823395 -1.936454 

6 -4.508955 6.080348 -1.330748 

6 -3.655395 6.243181 -0.235383 

6 -2.926602 5.153240 0.252093 

6 -2.909923 1.046191 -0.253355 

6 -4.174468 0.826853 0.322938 

6 -0.671987 -3.047091 0.562653 

6 -1.496878 -4.173972 0.379935 

6 -2.754513 -4.250015 0.980278 

6 -3.223977 -3.182749 1.754764 

6 -2.424051 -2.050953 1.921635 

6 -1.154390 -1.980094 1.339066 

6 -4.947387 -0.279828 -0.032136 

6 -4.459526 -1.203502 -0.962030 

6 -3.203929 -0.999485 -1.537460 

6 -2.435068 0.117053 -1.193949 

6 1.898124 -4.288966 0.712673 

6 3.164606 -4.677806 0.233838 

6 3.960075 -5.581171 0.942164 

6 3.498930 -6.132586 2.142979 

6 2.240482 -5.761706 2.627611 

6 1.451677 -4.846325 1.923992 

1 -1.006550 2.713162 -1.934064 

1 -0.099243 3.653114 -0.727661 

1 2.872981 -1.642786 0.109002 

1 1.690669 -1.421466 1.419064 

1 -3.968332 2.769236 -1.933014 

1 -5.280637 4.687123 -2.790879 

1 -5.085526 6.923308 -1.707324 

1 -3.563153 7.216062 0.245012 

1 -2.277283 5.281881 1.117809 

1 -4.556871 1.531903 1.060514 

1 -1.145231 -5.001747 -0.235463 

1 -3.372897 -5.134227 0.832345 

1 -4.214796 -3.225536 2.203476 

1 -2.791739 -1.200410 2.490736 

1 -0.573105 -1.066230 1.447720 

1 -5.921361 -0.430553 0.430830 

1 -5.043430 -2.084848 -1.218585 

1 -2.802521 -1.722150 -2.244222 

1 -1.457627 0.241005 -1.645338 

1 3.526617 -4.266775 -0.708002 

1 4.937584 -5.861206 0.552607 

1 4.112677 -6.843742 2.692727 

1 1.872150 -6.180630 3.563006 

1 0.479899 -4.560073 2.317120 
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Table S52. Cartesian coordinates for the optimized geometry of the free ligand of 1n. 

Atomic 
Number X Y Z 

5 2.643785 -0.610633 10.450139 

15 4.934057 0.674139 9.019382 

15 0.353959 0.675690 11.880202 

7 3.661341 -1.557882 9.948054 

7 1.625930 -1.557269 10.952774 

6 4.910573 -1.189353 9.333916 

6 5.517999 1.355519 10.633383 

6 6.605560 0.608133 8.131769 

6 0.376822 -1.187984 11.566710 

6 -0.229810 1.356360 10.265837 

6 -1.317550 0.610733 12.767885 

6 3.284698 -2.877182 10.138037 

6 2.002156 -2.876798 10.763559 

1 5.039559 -1.678496 8.354654 

1 5.777693 -1.471860 9.956421 

6 6.083843 2.641402 10.644573 

6 5.359245 0.681948 11.855269 

6 6.585055 0.609015 6.726049 

6 7.857467 0.549832 8.770667 

1 0.247680 -1.676536 12.546246 

1 -0.490395 -1.470553 10.944368 

6 -0.795286 2.642398 10.253956 

6 -0.071265 0.682081 9.044314 

6 -1.297034 0.612548 14.173603 

6 -2.569477 0.552334 12.129034 

6 3.925063 -4.078948 9.833778 

6 1.361415 -4.078187 11.068516 

1 6.220590 3.174705 9.705102 

6 6.470646 3.248703 11.844410 

6 5.754016 1.284130 13.055942 

1 4.899640 -0.301052 11.867646 

1 5.625543 0.668256 6.212060 

6 7.766499 0.544468 5.980635 

6 9.043451 0.501559 8.031120 

1 7.901311 0.549426 9.856945 

1 -0.931870 3.176249 11.193140 

6 -1.181933 3.249158 9.053796 

6 -0.465880 1.283726 7.843319 

1 0.388058 -0.301058 9.032465 

1 -0.337502 0.671877 14.687545 

6 -2.478491 0.548813 14.919068 

6 -3.755468 0.504866 12.868620 

1 -2.613327 0.551218 11.042756 

1 4.905979 -4.078356 9.363218 

6 3.273929 -5.286835 10.147938 

1 0.380499 -4.077017 11.539075 

6 2.012171 -5.286460 10.755056 

1 6.896900 4.250599 11.831323 

6 6.304564 2.569958 13.055943 

Nachdrucke der diskutierten Publikationen

399



S142 
 

1 5.613769 0.750616 13.994343 

1 7.722370 0.540960 4.892438 

6 9.003571 0.495773 6.632561 

1 10.001495 0.462135 8.548188 

1 -1.607902 4.251183 9.066346 

6 -1.016062 2.569709 7.842628 

1 -0.325800 0.749662 6.905206 

1 -2.434356 0.546022 16.007267 

6 -3.715579 0.500006 14.267183 

1 -4.713526 0.465348 12.351586 

1 3.759360 -6.233109 9.914828 

1 1.526443 -6.232447 10.988716 

1 6.596418 3.041638 13.992842 

1 9.926756 0.457699 6.056942 

1 -1.307794 3.040964 6.905478 

1 -4.638770 0.462561 14.842834 

 
Table S53. Cartesian coordinates for the optimized geometry of the free ligand of 1o. 

Atomic 
Number X Y Z 

6 -3.017810 1.302521 0.176187 

6 -2.995229 -0.232275 0.134423 

6 -1.868516 -0.794699 0.956245 

6 -1.521786 -2.232290 0.726625 

6 -0.558127 -2.778649 1.789270 

1 -1.958101 -0.530459 2.017191 

15 -1.279964 1.903521 -0.233901 

6 -1.606273 3.694917 -0.605513 

6 -0.626474 4.439811 -1.299681 

6 -0.738433 5.818324 -1.466245 

6 -1.827823 6.513311 -0.916775 

6 -2.800510 5.797884 -0.212485 

6 -2.696622 4.409871 -0.067163 

6 -1.125500 1.225297 -1.953635 

6 -0.527043 -0.037134 -2.100789 

6 -0.417152 -0.635118 -3.357833 

6 -0.904825 0.016520 -4.496889 

6 -1.508067 1.271683 -4.362979 

6 -1.623877 1.866831 -3.103106 

15 0.746550 -1.481759 2.227141 

6 1.539808 -1.144397 0.610119 

6 1.814656 -2.165317 -0.324443 

6 2.455588 -1.870608 -1.532334 

6 2.839919 -0.560065 -1.826393 

6 2.566222 0.464370 -0.905443 

6 1.919868 0.172289 0.295586 

6 2.015223 -2.634022 2.975305 

6 3.395223 -2.466883 2.741786 

6 4.345718 -3.236280 3.416235 

6 3.946705 -4.197093 4.354004 

6 2.581258 -4.374672 4.603494 
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6 1.632851 -3.605067 3.924595 

1 -3.766563 1.738047 -0.503019 

1 -3.241315 1.644634 1.197635 

1 -4.008024 -0.591475 0.451498 

1 -2.892720 -0.552792 -0.913751 

1 -2.407684 -2.918548 0.707223 

1 -1.050501 -2.362027 -0.267817 

1 -0.080355 -3.716272 1.474468 

1 -1.105081 -2.984944 2.719592 

1 0.232156 3.917070 -1.719560 

1 0.026815 6.358123 -2.022892 

1 -1.912431 7.591714 -1.036698 

1 -3.655235 6.319997 0.216836 

1 -3.476896 3.874195 0.467419 

1 -0.168969 -0.551199 -1.216290 

1 0.058948 -1.609534 -3.440707 

1 -0.819780 -0.449693 -5.477482 

1 -1.899716 1.786393 -5.239876 

1 -2.103342 2.837928 -3.011859 

1 1.537028 -3.190730 -0.093191 

1 2.653621 -2.668324 -2.247582 

1 3.327386 -0.331364 -2.771883 

1 2.837270 1.492764 -1.135713 

1 1.672809 0.972038 0.988917 

1 3.721449 -1.731031 2.009934 

1 5.404241 -3.090738 3.203230 

1 4.686914 -4.798130 4.879036 

1 2.252238 -5.121141 5.325964 

1 0.576187 -3.763670 4.131370 

 
Table S54. Cartesian coordinates for the optimized geometry of the free ligand of 1p. 

Atomic 
Number X Y Z 

6 -0.961674 2.239754 1.296767 

6 -2.113901 1.376868 0.768087 

7 -1.546513 0.340282 -0.030760 

6 -2.440809 -0.748696 -0.215044 

6 -1.856964 -1.791976 -1.177209 

15 0.404801 0.997479 1.693593 

6 -0.492189 -0.278225 2.672556 

6 -0.408598 -1.622786 2.280699 

6 -1.108238 -2.617326 2.965760 

6 -1.907799 -2.282219 4.071897 

6 -2.010735 -0.946847 4.464092 

6 -1.311943 0.049378 3.768731 

6 1.251004 1.917353 3.088225 

6 1.447489 3.312697 3.033568 

6 2.219232 3.980699 3.989367 

6 2.816147 3.272280 5.037397 

6 2.632041 1.885327 5.110501 

6 1.867322 1.222104 4.149317 
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15 -1.612448 -1.100645 -2.912367 

6 -1.727820 -2.706577 -3.863458 

6 -2.795507 -2.891193 -4.755530 

6 -2.959079 -4.096111 -5.450700 

6 -2.049035 -5.139512 -5.264572 

6 -0.976270 -4.970131 -4.379635 

6 -0.819533 -3.766854 -3.689371 

6 0.213529 -0.825144 -3.015171 

6 0.903736 -0.282708 -1.915866 

6 2.267612 0.010552 -2.016411 

6 2.962071 -0.222157 -3.208339 

6 2.278187 -0.748646 -4.310797 

6 0.915802 -1.045387 -4.215161 

1 -0.577172 2.902639 0.509911 

1 -1.240393 2.852041 2.165127 

1 -2.671427 0.986976 1.657809 

1 -2.853595 2.018949 0.224623 

1 -2.681446 -1.284128 0.742842 

1 -3.436926 -0.435569 -0.622071 

1 -2.535133 -2.651243 -1.271075 

1 -0.892329 -2.155480 -0.798073 

1 0.186185 -1.876541 1.406203 

1 -1.033288 -3.653287 2.639484 

1 -2.457385 -3.055691 4.605826 

1 -2.641475 -0.674265 5.309716 

1 -1.384281 1.086075 4.088614 

1 0.984650 3.885476 2.232432 

1 2.347151 5.060655 3.919825 

1 3.411569 3.791048 5.786608 

1 3.082909 1.319083 5.924968 

1 1.728779 0.145088 4.224262 

1 -3.504873 -2.078207 -4.904054 

1 -3.794468 -4.216701 -6.138701 

1 -2.170709 -6.076795 -5.804690 

1 -0.262698 -5.778748 -4.228246 

1 0.020503 -3.637156 -3.011367 

1 0.347985 -0.063198 -1.002181 

1 2.779174 0.425270 -1.149587 

1 4.024529 0.005916 -3.281389 

1 2.805699 -0.932268 -5.246155 

1 0.398437 -1.463818 -5.076457 

 
Table S55. Cartesian coordinates for the optimized geometry of the free ligand of 1q. 

Atomic 
Number X Y Z 

15 7.774498 14.630654 6.441642 

15 2.911510 16.588374 6.877741 

5 5.315571 16.108083 4.804811 

6 8.188509 15.030207 4.658479 

6 9.387328 13.850219 6.944569 

6 7.968540 16.290037 7.242080 
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6 1.290667 16.484453 7.795841 

6 2.860673 18.363770 6.361071 

6 2.386837 15.726461 5.298063 

15 6.889967 16.213294 4.002343 

15 3.735156 15.964060 4.034063 

1 9.208321 15.421529 4.547113 

1 8.109507 14.098063 4.087447 

6 9.845865 13.963033 8.274237 

6 10.095909 12.986173 6.084973 

6 6.877513 16.823516 7.944476 

6 9.159539 17.028468 7.170227 

6 0.846276 17.545762 8.611115 

6 0.562086 15.278071 7.846235 

6 1.764734 18.926752 5.687548 

6 3.956375 19.182919 6.668779 

1 1.416145 16.085603 4.933689 

1 2.301635 14.655773 5.510632 

6 6.993500 15.957154 2.176976 

6 7.784719 17.833854 4.224118 

6 3.419670 14.572849 2.843687 

6 3.054146 17.415943 3.060282 

1 9.324629 14.626549 8.960813 

6 10.964008 13.256873 8.718548 

1 9.777147 12.875763 5.051207 

6 11.212117 12.272651 6.530236 

1 5.935010 16.281544 7.956052 

6 6.987549 18.062950 8.582988 

1 10.006948 16.626348 6.621016 

6 9.263704 18.277030 7.789603 

6 -0.277787 17.411338 9.428085 

1 1.382178 18.491908 8.590927 

1 0.874360 14.434891 7.234020 

6 -0.561962 15.141170 8.663995 

1 0.907533 18.305503 5.444113 

6 1.772242 20.272935 5.313494 

6 3.961788 20.532845 6.308842 

1 4.818844 18.749741 7.167222 

6 6.910573 17.051962 1.292689 

6 6.916868 14.659388 1.635464 

6 7.109420 18.861095 4.887483 

6 9.075857 18.068892 3.730656 

6 3.474033 14.768624 1.452816 

6 3.343407 13.251411 3.326997 

6 3.896627 18.509307 2.853365 

6 1.745413 17.459233 2.558417 

6 11.657327 12.404287 7.849862 

1 11.300081 13.376414 9.747568 

1 11.741877 11.619085 5.838588 

1 6.136016 18.464287 9.128719 

6 8.178762 18.793910 8.502346 

1 10.184313 18.850283 7.701550 
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1 -0.601772 18.253905 10.037476 

6 -0.992457 16.207974 9.460952 

1 -1.107564 14.198663 8.673290 

6 2.869558 21.080292 5.624246 

1 0.928724 20.685183 4.764013 

1 4.824438 21.151168 6.548779 

1 6.958668 18.062824 1.689083 

6 6.761313 16.854870 -0.080528 

1 6.932007 13.796588 2.297154 

6 6.770640 14.462889 0.261734 

6 7.713822 20.107803 5.066010 

1 6.109032 18.647175 5.261030 

1 9.604910 17.276296 3.204829 

6 9.681131 19.317674 3.897014 

1 3.564624 15.775588 1.055046 

6 3.435725 13.681857 0.574301 

6 3.289787 12.167654 2.451789 

1 3.354977 13.073924 4.400858 

1 4.903841 18.457983 3.264374 

6 3.446412 19.635526 2.160299 

6 1.286300 18.583647 1.867491 

1 1.085287 16.605141 2.699890 

1 12.531413 11.855845 8.195131 

1 8.255610 19.767992 8.982350 

1 -1.871095 16.104303 10.094400 

1 2.880165 22.126367 5.323824 

1 6.696379 17.716805 -0.743067 

6 6.695209 15.557859 -0.607115 

1 6.696758 13.449850 -0.128791 

1 7.182933 20.895533 5.596829 

6 9.000848 20.339707 4.569553 

1 10.681718 19.494942 3.505000 

6 3.334141 12.377324 1.064280 

1 3.498072 13.859436 -0.497988 

1 3.219445 11.155882 2.848878 

1 4.112075 20.484482 2.014246 

6 2.137767 19.677215 1.669276 

1 0.266952 18.609989 1.484060 

1 6.572857 15.403596 -1.677434 

1 9.474309 21.310734 4.706046 

1 3.303083 11.531891 0.379384 

1 1.779380 20.557232 1.137491 
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Monodentate complexes in Cs symmetry 

 
Table S56. Cartesian coordinates for the optimized geometry of trans-2a. 

Atomic 
Number X Y Z 

6   0.371466  1.436013  0.000000 

1   1.465856  1.280209  0.000000 

15  0.182340  2.325719  1.560312 

15  0.182340  2.325719 -1.560312 

6   0.488025  4.122552 -1.592050 

6   1.799774  4.622111 -1.670915 

1   2.658521  3.961061 -1.615503 

6   2.022376  5.989696 -1.826072 

1   3.040387  6.361774 -1.899246 

6   0.942671  6.873925 -1.896292 

1   1.118767  7.937329 -2.033231 

6  -0.362574  6.388351 -1.786258 

1  -1.205996  7.071933 -1.827078 

6  -0.591236  5.022079 -1.631025 

1  -1.611171  4.658753 -1.562012 

6  -1.442872  2.142368 -2.324990 

6  -2.443315  1.350806 -1.755825 

1  -2.219593  0.770050 -0.874764 

6  -3.693387  1.244786 -2.368894 

1  -4.466965  0.629891 -1.916847 

6  -3.938915  1.909479 -3.572308 

1  -4.908450  1.823244 -4.055142 

6  -2.930618  2.681836 -4.163059 

1  -3.114950  3.192635 -5.103886 

6  -1.690815  2.808508 -3.540118 

1  -0.925356  3.432227 -3.993616 

6   1.492231  1.631062 -2.613494 

1   2.449709  2.061934 -2.313531 

1   1.571798  0.555467 -2.465403 

1   1.299223  1.876775 -3.661043 

6   1.492231  1.631062  2.613494 

1   1.299223  1.876775  3.661043 

1   1.571798  0.555467  2.465403 

1   2.449709  2.061934  2.313531 

6   0.488025  4.122552  1.592050 

6   1.799774  4.622111  1.670915 

1   2.658521  3.961061  1.615503 

6   2.022376  5.989696  1.826072 

1   3.040387  6.361774  1.899246 

6   0.942671  6.873925  1.896292 

1   1.118767  7.937329  2.033231 

6  -0.362574  6.388351  1.786258 

1  -1.205996  7.071933  1.827079 

6  -0.591236  5.022079  1.631025 

1  -1.611171  4.658753  1.562012 

6  -1.442872  2.142368  2.324990 
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6  -1.690815  2.808508  3.540118 

1  -0.925356  3.432227  3.993616 

6  -2.930618  2.681836  4.163059 

1  -3.114950  3.192635  5.103886 

6  -3.938915  1.909479  3.572308 

1  -4.908450  1.823243  4.055143 

6  -3.693387  1.244785  2.368894 

1  -4.466965  0.629890  1.916847 

6  -2.443315  1.350806  1.755825 

1  -2.219593  0.770050  0.874764 

77  0.141997 -1.025228  0.000000 

1  -1.441039 -1.006809  0.000000 

6   0.224334 -2.868716  0.000000 

8   0.343848 -4.013313  0.000000 

17  2.634791 -0.732208  0.000000 

15  0.005020 -1.531966  2.434332 

6   1.625289 -1.931714  3.163289 

6   2.483798 -2.833157  2.511989 

6   3.709824 -3.175469  3.078812 

6   4.107471 -2.609038  4.293561 

6   3.267111 -1.702712  4.943797 

6   2.031102 -1.368705  4.386120 

15  0.005019 -1.531966 -2.434332 

6   1.625288 -1.931714 -3.163289 

6   2.031101 -1.368705 -4.386120 

6   3.267111 -1.702712 -4.943798 

6   4.107470 -2.609038 -4.293562 

6   3.709823 -3.175469 -3.078813 

6   2.483797 -2.833157 -2.511989 

6  -0.845042 -0.561350  3.743995 

6  -1.013251 -3.049760  2.569696 

6  -2.270763 -3.074940  1.947262 

6  -3.102229 -4.184831  2.092239 

6  -2.679462 -5.281293  2.851156 

6  -1.427512 -5.258690  3.470840 

6  -0.594407 -4.144447  3.337059 

6  -0.845043 -0.561350 -3.743995 

6  -1.013251 -3.049760 -2.569696 

6  -2.270763 -3.074939 -1.947262 

6  -3.102229 -4.184831 -2.092239 

6  -2.679462 -5.281292 -2.851156 

6  -1.427512 -5.258690 -3.470841 

6  -0.594407 -4.144447 -3.337059 

1  -0.799592 -1.184748  4.643256 

1  -0.390656  0.405762  3.944958 

1  -1.889071 -0.427558  3.462724 

1  -1.889072 -0.427558 -3.462724 

1  -0.390657  0.405762 -3.944958 

1  -0.799593 -1.184748 -4.643256 

1  -2.589393 -2.235054  1.335694 

1   0.377880 -4.135620  3.819783 
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1  -4.075526 -4.199427  1.608807 

1  -1.094382 -6.109306  4.059124 

1  -3.322665 -6.150668  2.956269 

1   2.208550 -3.272133  1.562659 

1   1.390470 -0.675532  4.920329 

1   4.358888 -3.879372  2.565646 

1   3.565225 -1.261596  5.891039 

1   5.066597 -2.873156  4.730514 

1  -2.589394 -2.235054 -1.335694 

1   0.377880 -4.135620 -3.819783 

1  -4.075526 -4.199427 -1.608807 

1  -1.094382 -6.109306 -4.059125 

1  -3.322665 -6.150668 -2.956269 

1   1.390469 -0.675532 -4.920329 

1   2.208549 -3.272133 -1.562659 

1   3.565225 -1.261596 -5.891040 

1   4.358887 -3.879372 -2.565647 

1   5.066597 -2.873156 -4.730515 

 
Table S57. Cartesian coordinates for the optimized geometry of 2b. 

Atomic 
Number X Y Z 

7  -2.552950 -0.781539  0.000000 

6  -3.162789 -1.156208 -1.168071 

6  -3.052058 -0.238042 -2.355524 

1  -4.079264  0.116992 -2.571013 

1  -2.688187 -0.718055 -3.278859 

1  -2.447644  0.647510 -2.113836 

6  -4.055022 -2.242314 -1.198214 

1  -4.488585 -2.546959 -2.158008 

6  -4.437576 -2.858637  0.000000 

1  -5.108996 -3.726189  0.000000 

6  -4.055022 -2.242314  1.198214 

1  -4.488585 -2.546959  2.158008 

6  -3.162789 -1.156208  1.168071 

6  -3.052058 -0.238042  2.355524 

1  -4.079264  0.116992  2.571013 

1  -2.688187 -0.718055  3.278859 

1  -2.447644  0.647510  2.113836 

77 -0.342139 -0.037250  0.000000 

6   1.304754  0.805456  0.000000 

8   2.276073  1.427379  0.000000 

17 -1.393815  2.234231 -0.000001 

15  0.125390 -0.468617  2.357176 

6  -0.351765  0.680862  3.692142 

6  -0.421295  2.056899  3.389264 

6  -0.709617  2.978948  4.409133 

6  -0.932459  2.534542  5.723776 

6  -0.864260  1.161855  6.023872 

6  -0.570459  0.233399  5.012716 

15  0.125390 -0.468618 -2.357176 

6  -0.351765  0.680861 -3.692142 
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6  -0.570459  0.233398 -5.012716 

6  -0.864260  1.161852 -6.023872 

6  -0.932459  2.534540 -5.723778 

6  -0.709617  2.978947 -4.409135 

6  -0.421295  2.056898 -3.389265 

6  -0.375162 -2.184756  2.825601 

6   1.961810 -0.576881  2.511636 

6   2.690444  0.342293  3.293144 

6   4.092086  0.255942  3.351550 

6   4.771417 -0.746499  2.640633 

6   4.045866 -1.665114  1.860917 

6   2.648941 -1.575464  1.788801 

6  -0.375162 -2.184757 -2.825601 

6   1.961810 -0.576883 -2.511636 

6   2.648941 -1.575465 -1.788801 

6   4.045866 -1.665115 -1.860917 

6   4.771417 -0.746500 -2.640633 

6   4.092086  0.255941 -3.351550 

6   2.690444  0.342291 -3.293144 

1   0.205478 -1.538356  0.000000 

1  -0.059858 -2.404342  3.860986 

1  -1.456971 -2.348543  2.709796 

1   0.158168 -2.865494  2.141381 

1   0.158168 -2.865495 -2.141380 

1  -1.456971 -2.348544 -2.709796 

1  -0.059858 -2.404343 -3.860986 

1   2.169921  1.126256  3.853916 

1   2.092446 -2.276420  1.155838 

1   4.652672  0.976997  3.958904 

1   4.570861 -2.450646  1.304352 

1   5.865157 -0.812200  2.691533 

1  -0.284574  2.403729  2.358361 

1  -0.510480 -0.832190  5.262881 

1  -0.768526  4.047727  4.169846 

1  -1.036414  0.812068  7.049263 

1  -1.162616  3.257078  6.516535 

1   2.092446 -2.276420 -1.155838 

1   2.169921  1.126254 -3.853916 

1   4.570861 -2.450647 -1.304352 

1   4.652672  0.976995 -3.958904 

1   5.865157 -0.812202 -2.691533 

1  -0.510480 -0.832191 -5.262881 

1  -0.284574  2.403728 -2.358363 

1  -1.036414  0.812065 -7.049263 

1  -0.768526  4.047726 -4.169848 

1  -1.162616  3.257075 -6.516537 
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Table S58. Cartesian coordinates for the optimized geometry of cis-2c.  

Atomic 
Number X Y Z 

7  -1.642844 -2.125837  0.000000 

1  -2.632870 -1.857184  0.000000 

6  -1.407801 -2.977579  1.205575 

1  -1.742355 -2.461786  2.113939 

1  -0.325606 -3.168914  1.278596 

1  -1.960410 -3.931717  1.108049 

6  -1.407801 -2.977579 -1.205575 

1  -0.325606 -3.168914 -1.278596 

1  -1.960410 -3.931717 -1.108049 

1  -1.742355 -2.461786 -2.113939 

77 -0.418470 -0.185701  0.000000 

17  1.559440 -1.723797  0.000000 

1  -1.745774  0.706696  0.000000 

6   0.766423  1.248080  0.000000 

8   1.575062  2.069615 -0.000001 

15 -0.658686  0.060121  2.391808 

6   0.174468 -1.111927  3.506860 

6  -0.522870 -1.795229  4.527408 

6   0.161264 -2.691100  5.364602 

6   1.540672 -2.902681  5.193184 

6   2.237176 -2.218952  4.181103 

6   1.559631 -1.329026  3.333440 

15 -0.658686  0.060121 -2.391808 

6   0.174468 -1.111928 -3.506860 

6   1.559631 -1.329027 -3.333440 

6   2.237176 -2.218952 -4.181103 

6   1.540672 -2.902682 -5.193184 

6   0.161264 -2.691101 -5.364602 

6  -0.522870 -1.795230 -4.527408 

6  -2.452088  0.078683  2.842730 

6  -0.120613  1.741788  2.897873 

6  -0.692654  2.848428  2.231012 

6  -0.316320  4.152294  2.581551 

6   0.639107  4.360840  3.593317 

6   1.210357  3.262053  4.255720 

6   0.831455  1.951682  3.914949 

6  -2.452088  0.078682 -2.842731 

6  -0.120614  1.741788 -2.897874 

6   0.831454  1.951681 -3.914950 

6   1.210356  3.262052 -4.255721 

6   0.639107  4.360839 -3.593319 

6  -0.316320  4.152293 -2.581553 

6  -0.692654  2.848428 -2.231013 

1  -2.956216 -0.863586 -2.566957 

1  -2.913888  0.908626 -2.281619 

1  -2.570319  0.262985 -3.925563 

1  -2.570319  0.262986  3.925562 

1  -2.913887  0.908627  2.281618 

1  -2.956216 -0.863585  2.566956 
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1   1.276555  1.099189 -4.439921 

1  -1.418259  2.687656 -1.423377 

1   1.954970  3.421237 -5.045229 

1  -0.763713  5.007958 -2.060868 

1   0.938886  5.380968 -3.862807 

1   2.101745 -0.821689 -2.528977 

1  -1.596583 -1.635426 -4.678523 

1   3.312146 -2.385482 -4.041594 

1  -0.384575 -3.220041 -6.155472 

1   2.072841 -3.602714 -5.849066 

1  -1.418259  2.687656  1.423376 

1   1.276555  1.099190  4.439920 

1  -0.763713  5.007958  2.060866 

1   1.954970  3.421238  5.045228 

1   0.938886  5.380969  3.862805 

1  -1.596583 -1.635425  4.678523 

1   2.101745 -0.821689  2.528977 

1  -0.384575 -3.220040  6.155472 

1   3.312146 -2.385482  4.041594 

1   2.072841 -3.602714  5.849066 
 
Table S59. Cartesian coordinates for the optimized geometry of trans-2c. 

Atomic 
Number X Y Z 

7  -2.351196 -1.192343  0.000000 

1  -2.743025 -0.233455  0.000000 

6  -2.878766 -1.875881  1.205682 

1  -3.979049 -1.979648  1.130559 

1  -2.436116 -2.883733  1.275877 

1  -2.644458 -1.288164  2.104655 

6  -2.878766 -1.875881 -1.205682 

1  -2.644458 -1.288164 -2.104655 

1  -3.979049 -1.979648 -1.130559 

1  -2.436116 -2.883733 -1.275877 

77 -0.195480 -0.417855  0.000000 

17 -1.514743  1.734913  0.000000 

1   0.508780 -1.847727  0.000000 

6   1.377243  0.577232  0.000000 

8   2.279308  1.294742  0.000000 

15  0.033758 -0.638729  2.409564 

6  -1.138543  0.219137  3.512604 

6  -1.337813  1.608640  3.347215 

6  -2.221451  2.293192  4.195902 

6  -2.917594  1.601488  5.202583 

6  -2.724833  0.218685  5.367029 

6  -1.835961 -0.473449  4.528934 

15  0.033758 -0.638729 -2.409564 

6  -1.138543  0.219137 -3.512604 

6  -1.835962 -0.473447 -4.528934 

6  -2.724834  0.218686 -5.367028 

6  -2.917595  1.601489 -5.202582 

6  -2.221451  2.293193 -4.195901 
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6  -1.337813  1.608641 -3.347215 

6   0.039672 -2.415137  2.915581 

6   1.718261 -0.111745  2.925381 

6   1.937867  0.927958  3.849898 

6   3.252064  1.287198  4.197192 

6   4.345655  0.610336  3.633265 

6   4.127507 -0.432500  2.714429 

6   2.820169 -0.791039  2.358293 

6   0.039672 -2.415136 -2.915581 

6   1.718261 -0.111744 -2.925381 

6   2.820169 -0.791038 -2.358293 

6   4.127507 -0.432499 -2.714429 

6   4.345655  0.610337 -3.633265 

6   3.252063  1.287199 -4.197192 

6   1.937866  0.927959 -3.849898 

1  -0.943030 -2.883992  2.755496 

1   0.792239 -2.931374  2.296481 

1   0.325501 -2.492473  3.979894 

1   0.325501 -2.492472 -3.979894 

1   0.792239 -2.931374 -2.296481 

1  -0.943031 -2.883992 -2.755497 

1   1.091323  1.454704  4.303322 

1   2.657743 -1.588593  1.621758 

1   3.417750  2.099385  4.915528 

1   4.978459 -0.964198  2.271113 

1   5.368830  0.894601  3.907923 

1  -0.817522  2.149355  2.550771 

1  -1.691188 -1.549368  4.676877 

1  -2.371443  3.371398  4.062282 

1  -3.262473 -0.324341  6.153966 

1  -3.611656  2.139822  5.859778 

1   2.657743 -1.588593 -1.621758 

1   1.091322  1.454705 -4.303322 

1   4.978459 -0.964197 -2.271113 

1   3.417749  2.099386 -4.915528 

1   5.368829  0.894602 -3.907923 

1  -1.691189 -1.549367 -4.676877 

1  -0.817522  2.149356 -2.550771 

1  -3.262474 -0.324340 -6.153965 

1  -2.371443  3.371399 -4.062281 

1  -3.611657  2.139823 -5.859777 

 

Table S60. Cartesian coordinates for the optimized geometry of 2e. 

Atomic 
Number X Y Z 

77  0.225508 -1.002177  0.000000 

 6  0.859470 -2.766641  0.000000 

 8  1.371881 -3.798770  0.000000 

 1 -1.336659 -1.273624  0.000000 

17  2.695364 -0.348795  0.000000 

15 -0.135329 -1.576875  2.334228 
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15 -0.135329 -1.576875 -2.334228 

 6 -1.501385 -0.835904  3.312613 

 1 -1.729029 -1.523293  4.133179 

 1 -1.265296  0.149382  3.708360 

 1 -2.376505 -0.752753  2.666440 

 6 -1.501385 -0.835904 -3.312613 

 1 -2.376505 -0.752753 -2.666440 

 1 -1.265296  0.149382 -3.708360 

 1 -1.729029 -1.523293 -4.133179 

 6 -0.780483 -3.305094  2.319636 

 6 -2.022071 -3.545790  1.713855 

 6 -0.100308 -4.362431  2.936631 

 6 -2.585454 -4.820247  1.742300 

 6 -0.658217 -5.644215  2.945072 

 6 -1.902465 -5.875170  2.355277 

 1 -2.545123 -2.736245  1.212120 

 1  0.863180 -4.193245  3.406165 

 1 -3.553155 -4.993005  1.279587 

 1 -0.117759 -6.459915  3.418201 

 1 -2.337369 -6.871113  2.369700 

 6  1.290042 -1.671997  3.464372 

 6  2.544026 -2.039207  2.955906 

 6  1.145741 -1.434523  4.841493 

 6  3.638233 -2.165968  3.814081 

 6  2.244187 -1.555244  5.694144 

 6  3.492628 -1.922306  5.182170 

 1  2.679959 -2.197622  1.893287 

 1  0.182780 -1.155190  5.257696 

 1  4.606221 -2.446055  3.407289 

 1  2.122816 -1.366143  6.757664 

 1  4.347333 -2.015293  5.847250 

 6 -0.780483 -3.305094 -2.319636 

 6 -2.022071 -3.545790 -1.713855 

 6 -0.100308 -4.362431 -2.936631 

 6 -2.585454 -4.820247 -1.742300 

 6 -0.658217 -5.644215 -2.945072 

 6 -1.902465 -5.875170 -2.355277 

 1 -2.545123 -2.736245 -1.212120 

 1  0.863180 -4.193245 -3.406165 

 1 -3.553155 -4.993005 -1.279587 

 1 -0.117759 -6.459915 -3.418201 

 1 -2.337369 -6.871113 -2.369700 

 6  1.290042 -1.671997 -3.464372 

 6  1.145741 -1.434523 -4.841493 

 6  2.544026 -2.039207 -2.955906 

 6  2.244187 -1.555244 -5.694144 

 6  3.638233 -2.165968 -3.814081 

 6  3.492628 -1.922306 -5.182170 

 1  0.182780 -1.155190 -5.257696 

 1  2.679959 -2.197622 -1.893287 

 1  2.122816 -1.366143 -6.757664 
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 1  4.606221 -2.446055 -3.407289 

 1  4.347333 -2.015293 -5.847250 

 6 -0.098013  1.286185 -0.000000 

15 -0.003581  2.155317  1.483460 

15 -0.003581  2.155317 -1.483460 

 6  1.194838  1.430123  2.678373 

 1  0.680350  0.871018  3.457042 

 1  1.882215  0.776120  2.137527 

 1  1.752099  2.233074  3.165164 

 6  1.194838  1.430123 -2.678373 

 1  1.752099  2.233074 -3.165164 

 1  1.882215  0.776120 -2.137527 

 1  0.680350  0.871018 -3.457042 

 6 -1.571544  2.238808 -2.443696 

 6 -2.768104  1.771695 -1.901460 

 6 -1.567027  2.771157 -3.744053 

 6 -3.954954  1.829588 -2.638030 

 6 -2.746671  2.822880 -4.485966 

 6 -3.945010  2.352922 -3.932587 

 1 -2.748264  1.328628 -0.913604 

 1 -0.643382  3.150017 -4.174367 

 1 -4.882054  1.460627 -2.205833 

 1 -2.736084  3.234497 -5.492050 

 1 -4.864354  2.397432 -4.510779 

 6  0.493624  3.926309 -1.513000 

 6  1.855682  4.256002 -1.580283 

 6 -0.462598  4.944651 -1.620159 

 6  2.252520  5.577437 -1.778756 

 6 -0.064091  6.268285 -1.813546 

 6  1.292641  6.586040 -1.903826 

 1  2.609406  3.479065 -1.482976 

 1 -1.520455  4.705504 -1.571857 

 1  3.310685  5.818929 -1.836027 

 1 -0.815542  7.048888 -1.899472 

 1  1.602048  7.615101 -2.067383 

 6 -1.571544  2.238808  2.443696 

 6 -1.567027  2.771157  3.744053 

 6 -2.768104  1.771695  1.901460 

 6 -2.746671  2.822880  4.485966 

 6 -3.954954  1.829588  2.638030 

 6 -3.945010  2.352922  3.932587 

 1 -0.643382  3.150017  4.174367 

 1 -2.748264  1.328628  0.913604 

 1 -2.736084  3.234497  5.492050 

 1 -4.882054  1.460627  2.205833 

 1 -4.864354  2.397432  4.510779 

 6  0.493624  3.926309  1.513000 

 6  1.855682  4.256002  1.580283 

 6 -0.462598  4.944651  1.620159 

 6  2.252520  5.577437  1.778756 

 6 -0.064091  6.268285  1.813546 
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 6  1.292641  6.586040  1.903826 

 1  2.609406  3.479065  1.482976 

 1 -1.520455  4.705504  1.571857 

 1  3.310685  5.818929  1.836027 

 1 -0.815542  7.048888  1.899472 

 1  1.602048  7.615101  2.067383 

 

Table S61. Cartesian coordinates for the optimized geometry of 2e with the [(Ph2PH)2IrCl(CO)H]+ fragment. 

77  0.261411 -1.025317 -0.000000 

 6 -0.051515 -2.873932 -0.000000 

 8 -0.302565 -3.999146 -0.000000 

 1 -1.277138 -0.695195 -0.000000 

17  2.793278 -1.174417 -0.000000 

15  0.200000 -1.352414  2.355345 

15  0.200000 -1.352414 -2.355345 

 6 -1.449886 -1.658712  3.049585 

 6 -1.615706 -1.601430  4.441787 

 6 -2.535898 -2.004440  2.236958 

 6 -2.860365 -1.871366  5.009855 

 6 -3.779123 -2.282546  2.807985 

 6 -3.943977 -2.212353  4.193990 

 1 -0.775009 -1.343939  5.080744 

 1 -2.409459 -2.041719  1.160745 

 1 -2.984439 -1.816723  6.088176 

 1 -4.617796 -2.553591  2.171670 

 1 -4.912550 -2.426413  4.638501 

 6  1.198887 -2.776134  2.893622 

 6  2.587214 -2.625965  3.039445 

 6  0.603148 -4.024434  3.127832 

 6  3.367905 -3.717407  3.420829 

 6  1.391276 -5.113726  3.502841 

 6  2.772980 -4.961816  3.650014 

 1  3.060871 -1.671497  2.835777 

 1 -0.471016 -4.145907  3.024196 

 1  4.442040 -3.595867  3.532306 

 1  0.924398 -6.078504  3.682933 

 1  3.384842 -5.810780  3.943906 

 6 -1.449886 -1.658712 -3.049585 

 6 -1.615706 -1.601430 -4.441787 

 6 -2.535898 -2.004440 -2.236958 

 6 -2.860365 -1.871366 -5.009855 

 6 -3.779123 -2.282546 -2.807985 

 6 -3.943977 -2.212353 -4.193990 

 1 -0.775009 -1.343939 -5.080744 

 1 -2.409459 -2.041719 -1.160745 

 1 -2.984439 -1.816723 -6.088176 

 1 -4.617796 -2.553591 -2.171670 

 1 -4.912550 -2.426413 -4.638501 

 6  1.198887 -2.776134 -2.893622 

 6  0.603148 -4.024434 -3.127832 

 6  2.587214 -2.625965 -3.039445 
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 6  1.391276 -5.113726 -3.502841 

 6  3.367905 -3.717407 -3.420829 

 6  2.772980 -4.961816 -3.650014 

 1 -0.471016 -4.145907 -3.024196 

 1  3.060871 -1.671497 -2.835777 

 1  0.924398 -6.078504 -3.682933 

 1  4.442040 -3.595867 -3.532306 

 1  3.384842 -5.810780 -3.943906 

 6  0.458364  1.259211  0.000000 

15  0.742102  2.052771  1.485954 

15  0.742102  2.052771 -1.485954 

 6  2.287803  1.514908  2.313450 

 1  2.306706  1.759006  3.380374 

 1  2.414143  0.445119  2.141655 

 1  3.129136  2.002525  1.813367 

 6  2.287803  1.514908 -2.313450 

 1  2.414143  0.445119 -2.141655 

 1  2.306706  1.759006 -3.380374 

 1  3.129136  2.002525 -1.813367 

 6 -0.635896  1.752617 -2.656277 

 6 -1.887582  1.400471 -2.141358 

 6 -0.505176  2.031653 -4.025850 

 6 -3.003444  1.337785 -2.979542 

 6 -1.616605  1.956320 -4.864228 

 6 -2.869568  1.615178 -4.339839 

 1 -1.966813  1.171038 -1.083811 

 1  0.455794  2.329925 -4.436724 

 1 -3.970726  1.056722 -2.572733 

 1 -1.509880  2.173633 -5.923905 

 1 -3.735019  1.560582 -4.994642 

 6  0.817994  3.883402 -1.560018 

 6  2.034453  4.573116 -1.661133 

 6 -0.383589  4.606031 -1.637972 

 6  2.048691  5.957241 -1.845283 

 6 -0.367499  5.987632 -1.817420 

 6  0.849299  6.666624 -1.928106 

 1  2.980162  4.045362 -1.600412 

 1 -1.334276  4.084806 -1.575988 

 1  2.999236  6.478056 -1.925499 

 1 -1.305523  6.533235 -1.878255 

 1  0.861921  7.742985 -2.078690 

 6 -0.635896  1.752617  2.656277 

 6 -0.505176  2.031653  4.025850 

 6 -1.887582  1.400471  2.141358 

 6 -1.616605  1.956320  4.864228 

 6 -3.003444  1.337785  2.979542 

 6 -2.869568  1.615178  4.339839 

 1  0.455794  2.329925  4.436724 

 1 -1.966813  1.171038  1.083811 

 1 -1.509880  2.173633  5.923905 

 1 -3.970726  1.056722  2.572733 
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 1 -3.735019  1.560582  4.994642 

 6  0.817994  3.883402  1.560018 

 6  2.034453  4.573116  1.661133 

 6 -0.383589  4.606031  1.637972 

 6  2.048691  5.957241  1.845283 

 6 -0.367499  5.987632  1.817420 

 6  0.849299  6.666624  1.928106 

 1  2.980162  4.045362  1.600412 

 1 -1.334276  4.084806  1.575988 

 1  2.999236  6.478056  1.925499 

 1 -1.305523  6.533235  1.878255 

 1  0.861921  7.742985  2.078690 

 1  0.690794 -0.353747  3.207227 

 1  0.690794 -0.353747 -3.207227 

 

Table S62. Cartesian coordinates for the optimized geometry of cis-2f. 

Atomic 
Number X Y Z 

5  -0.896863 0.990218  0.000000 

1  -2.125109 1.008758  0.000000 

15 -0.481779 2.162173 -1.598989 

6  -0.946325 1.462119 -3.249563 

1  -1.981812 1.084184 -3.211054 

1  -0.250311 0.683173 -3.588235 

1  -0.897189 2.308772 -3.956518 

6   1.260372 2.661393 -1.891332 

6   2.105820 1.716674 -2.512842 

1   1.733785 0.728378 -2.788256 

6   3.449056 2.023225 -2.766784 

1   4.088027 1.269432 -3.242026 

6   3.969647 3.276203 -2.403887 

1   5.021211 3.516767 -2.603834 

6   3.137162 4.220014 -1.781952 

1   3.533031 5.200618 -1.491040 

6   1.792107 3.913128 -1.523365 

1   1.163201 4.659816 -1.035834 

6  -1.589395 3.647030 -1.727221 

6  -1.194137 4.889700 -2.268222 

1  -0.154284 5.078063 -2.546359 

6  -2.146711 5.896682 -2.501996 

1  -1.820405 6.861105 -2.910670 

6  -3.506222 5.665599 -2.237428 

1  -4.247009 6.452352 -2.426272 

6  -3.912930 4.412286 -1.751686 

1  -4.974692 4.210589 -1.563652 

6  -2.962463 3.412654 -1.499931 

1  -3.292377 2.437864 -1.125688 

15 -0.481779 2.162173  1.598989 

6  -0.946325 1.462119  3.249563 

1  -1.981812 1.084184  3.211054 

1  -0.250311 0.683173  3.588235 

6   1.260372 2.661394  1.891332 
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1  -0.897190 2.308772  3.956518 

6   2.105820 1.716674  2.512842 

1   1.733785 0.728378  2.788256 

6   3.449056 2.023225  2.766784 

1   4.088027 1.269432  3.242025 

6   3.969646 3.276203  2.403887 

1   5.021210 3.516768  2.603834 

6   3.137161 4.220014  1.781952 

1   3.533030 5.200618  1.491040 

6   1.792106 3.913128  1.523365 

1   1.163200 4.659817  1.035834 

6  -1.589395 3.647030  1.727221 

6  -1.194137 4.889700  2.268222 

1  -0.154283 5.078063  2.546359 

6  -2.146711 5.896682  2.501995 

1  -1.820405 6.861105  2.910669 

6  -3.506222 5.665599  2.237427 

1  -4.247009 6.452352  2.426271 

6  -3.912931 4.412286  1.751685 

1  -4.974693 4.210589  1.563651 

6  -2.962463 3.412654  1.499931 

1  -3.292377 2.437864  1.125688 

77 -0.140677 1.199074  0.000000 

15 -0.538370 1.675513 -2.272319 

6  -1.193813 3.398363 -2.374401 

6  -2.460208 3.670844 -1.817362 

6  -2.969559 4.976953 -1.836007 

6  -2.210663 6.022026 -2.394084 

6  -0.945772 5.753238 -2.941692 

6  -0.436424 4.442794 -2.938688 

17  2.232902 0.288332  0.000000 

15 -0.538371 1.675513  2.272319 

6   0.784817 1.628497  3.532727 

6   2.126325 1.785663  3.125342 

6   3.147612 1.800155  4.091074 

6   2.837386 1.653559  5.453851 

6   1.498641 1.498840  5.860403 

6   0.471709 1.494222  4.904363 

6   0.707505 2.975891  0.000001 

8   1.332490 3.945687  0.000001 

6  -1.193814 3.398363  2.374403 

6  -2.460209 3.670843  1.817363 

6  -2.969559 4.976951  1.836008 

6  -2.210664 6.022025  2.394087 

6  -0.945773 5.753237  2.941695 

6  -0.436425 4.442793  2.938690 

6   0.784818 1.628499 -3.532725 

6   0.471711 1.494224 -4.904362 

6   1.498644 1.498843 -5.860401 

6   2.837389 1.653562 -5.453849 

6   3.147613 1.800158 -4.091072 
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6   2.126326 1.785665 -3.125340 

1  -1.682657 1.587203  0.000000 

1  -1.602773 0.988926  2.902673 

1  -3.042058 2.862238  1.356475 

1   0.549799 4.238374  3.371460 

1  -3.959128 5.182105  1.409604 

1  -0.349606 6.564935  3.376649 

1  -2.606454 7.045168  2.400883 

1   2.374282 1.845937  2.059755 

1  -0.572956 1.387821  5.224729 

1   4.190510 1.918922  3.771985 

1   1.254626 1.387682  6.924172 

1   3.638623 1.658836  6.203448 

1  -3.042057 2.862240 -1.356475 

1   0.549799 4.238376 -3.371457 

1  -3.959128 5.182106 -1.409603 

1  -0.349605 6.564936 -3.376645 

1  -2.606453 7.045169 -2.400880 

1  -0.572953 1.387823 -5.224727 

1   2.374283 1.845940 -2.059753 

1   1.254628 1.387685 -6.924170 

1   4.190511 1.918925 -3.771982 

1   3.638625 1.658840 -6.203445 

1  -1.602772 0.988926 -2.902673 

 
Table S63. Cartesian coordinates for the optimized geometry of trans-2f. 

Atomic 
Number X Y Z 

5   0.657200  1.199584  0.000000 

1   1.879275  1.308308  0.000000 

15  0.374775  2.166618 -1.661924 

6   1.782822  1.611716 -2.729075 

1   2.612689  2.329595 -2.627457 

1   1.481134  1.556986 -3.788727 

1   2.139206  0.632695 -2.363230 

6   0.478055  4.008890 -1.682825 

6   1.727263  4.662869 -1.638815 

6   1.795536  6.062201 -1.710851 

6   0.619341  6.823206 -1.809566 

6  -0.628948  6.179483 -1.823233 

6  -0.702179  4.779694 -1.760510 

1   2.657090  4.089893 -1.543627 

1   2.773313  6.558632 -1.685095 

1   0.675452  7.917040 -1.869981 

1  -1.552388  6.767864 -1.890031 

1  -1.680919  4.287017 -1.790857 

6  -1.169607  1.850024 -2.603360 

6  -1.280009  2.301797 -3.937522 

1  -0.460252  2.866808 -4.399156 

6  -2.443639  2.036510 -4.674196 

1  -2.523500  2.384693 -5.711412 

6  -3.506641  1.326877 -4.083591 
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1  -4.413285  1.115131 -4.663642 

6  -3.404126  0.888403 -2.753753 

1  -4.226335  0.327607 -2.293793 

6  -2.238075  1.149883 -2.015363 

1  -2.130391  0.771283 -0.996607 

15  0.374775  2.166618  1.661924 

6   0.478055  4.008890  1.682825 

6  -0.702179  4.779694  1.760510 

1  -1.680919  4.287017  1.790857 

6  -0.628948  6.179483  1.823233 

1  -1.552388  6.767864  1.890031 

6   0.619341  6.823206  1.809566 

1   0.675452  7.917040  1.869981 

1   2.773313  6.558632  1.685095 

6   1.795536  6.062201  1.710851 

6   1.727263  4.662869  1.638815 

1   2.657090  4.089893  1.543627 

6   1.782822  1.611716  2.729075 

1   2.612689  2.329595  2.627457 

1   1.481134  1.556986  3.788727 

1   2.139206  0.632695  2.363230 

6  -1.169607  1.850024  2.603360 

6  -1.280009  2.301797  3.937522 

1  -0.460252  2.866808  4.399156 

6  -2.443639  2.036510  4.674196 

1  -2.523501  2.384692  5.711412 

6  -3.506641  1.326877  4.083591 

1  -4.413285  1.115131  4.663642 

6  -3.404126  0.888403  2.753753 

1  -4.226335  0.327607  2.293793 

1  -2.130391  0.771283  0.996607 

6  -2.238075  1.149883  2.015363 

77  0.312035 -1.105247  0.000000 

1  -1.231603 -0.768502  0.000000 

6   0.051380 -3.024067  0.000000 

8  -0.146015 -4.163585  0.000000 

17  2.842224 -1.224720  0.000000 

15  0.167483 -1.342893  2.361210 

6   1.608471 -2.054340  3.225734 

6   2.348438 -3.107416  2.650933 

6   3.414869 -3.678539  3.361275 

6   3.756192 -3.197092  4.637665 

6   3.026321 -2.141175  5.210662 

6   1.952311 -1.571730  4.507346 

15  0.167483 -1.342893 -2.361210 

6   1.608471 -2.054340 -3.225734 

6   1.952313 -1.571729 -4.507346 

6   3.026323 -2.141175 -5.210662 

6   3.756193 -3.197092 -4.637665 

6   3.414870 -3.678539 -3.361275 

6   2.348438 -3.107415 -2.650933 
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6  -1.265465 -2.402495  2.854439 

6  -2.429761 -2.446036  2.060693 

6  -3.533572 -3.214239  2.462325 

6  -3.482430 -3.951286  3.657767 

6  -2.321470 -3.917414  4.449544 

6  -1.216036 -3.147516  4.052434 

6  -1.265465 -2.402495 -2.854439 

6  -2.429761 -2.446036 -2.060694 

6  -3.533572 -3.214239 -2.462326 

6  -3.482430 -3.951286 -3.657768 

6  -2.321468 -3.917414 -4.449545 

6  -1.216035 -3.147516 -4.052434 

1  -2.461732 -1.885770  1.121853 

1  -0.311034 -3.135919  4.671133 

1  -4.432616 -3.245554  1.833647 

1  -2.271078 -4.498644  5.378656 

1  -4.341880 -4.558859  3.967548 

1   2.110265 -3.461103  1.644321 

1   1.375701 -0.754641  4.960440 

1   3.990889 -4.495009  2.909095 

1   3.290783 -1.761783  6.205525 

1   4.596197 -3.642510  5.185203 

1  -2.461732 -1.885770 -1.121854 

1  -0.311033 -3.135919 -4.671133 

1  -4.432616 -3.245554 -1.833648 

1  -2.271076 -4.498644 -5.378657 

1  -4.341879 -4.558859 -3.967549 

1   1.375702 -0.754640 -4.960440 

1   2.110265 -3.461104 -1.644321 

1   3.290785 -1.761783 -6.205525 

1   3.990890 -4.495009 -2.909095 

1   4.596198 -3.642510 -5.185203 

1  -0.066362 -0.215203 -3.181781 

1  -0.066363 -0.215203  3.181781 

 
Table S64. Cartesian coordinates for the optimized geometry of 2g. 

Atomic 
Number X Y Z 

6  -2.417102 -0.868846  0.000000 

6  -3.141523 -1.177522 -1.191806 

6  -3.023195 -0.330105 -2.442070 

1  -4.035901 -0.047205 -2.757070 

1  -2.562425 -0.825977 -3.304847 

1  -2.486729  0.594062 -2.226863 

6  -4.173361 -2.131041 -1.187427 

1  -4.663404 -2.371837 -2.130808 

6  -4.631448 -2.695826  0.000000 

1  -5.409786 -3.455706  0.000000 

6  -4.173361 -2.131041  1.187427 

1  -4.663404 -2.371837  2.130808 

6  -3.141523 -1.177522  1.191806 

6  -3.023195 -0.330105  2.442070 
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1  -4.035901 -0.047205  2.757070 

1  -2.562425 -0.825977  3.304847 

1  -2.486729  0.594062  2.226863 

77 -0.380541 -0.014452  0.000000 

1   0.203529 -1.494294  0.000000 

17 -1.574277  2.208678  0.000000 

6   1.262548  0.993058  0.000000 

8   2.147920  1.730360  0.000000 

15  0.104751 -0.484178 -2.275722 

6  -0.300615  0.648468 -3.649962 

6  -0.379792  0.225673 -4.984578 

6  -0.620053  1.152598 -6.000451 

6  -0.771885  2.508680 -5.691161 

6  -0.685543  2.932866 -4.362636 

6  -0.452371  2.007450 -3.341991 

15  0.104751 -0.484178  2.275722 

6  -0.300615  0.648468  3.649962 

6  -0.452371  2.007450  3.341991 

6  -0.685544  2.932866  4.362636 

6  -0.771886  2.508680  5.691161 

6  -0.620053  1.152599  6.000451 

6  -0.379792  0.225673  4.984578 

6  -0.387527 -2.193535 -2.745927 

6   1.941835 -0.601889 -2.439735 

6   2.624498 -1.610114 -1.742756 

6   4.012141 -1.715381 -1.817707 

6   4.744813 -0.798713 -2.578131 

6   4.076179  0.217487 -3.262922 

6   2.682942  0.314213 -3.199433 

6  -0.387527 -2.193535  2.745927 

6   1.941835 -0.601889  2.439735 

6   2.682942  0.314214  3.199433 

6   4.076179  0.217488  3.262923 

6   4.744813 -0.798712  2.578132 

6   4.012141 -1.715380  1.817708 

6   2.624498 -1.610114  1.742757 

1  -0.269748 -2.368653  3.819427 

1  -1.410916 -2.395230  2.427992 

1   0.280219 -2.870568  2.206867 

1   0.280219 -2.870568 -2.206867 

1  -1.410916 -2.395230 -2.427992 

1  -0.269747 -2.368653 -3.819427 

1   2.178017  1.108820  3.738831 

1   2.069169 -2.305270  1.120668 

1   4.636169  0.940753  3.850748 

1   4.522939 -2.506370  1.274827 

1   5.828200 -0.874070  2.630436 

1  -0.424190  2.333462  2.305705 

1  -0.251725 -0.821842  5.241789 

1  -0.810754  3.983537  4.113076 

1  -0.686602  0.816380  7.032533 
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1  -0.961205  3.228906  6.483652 

1   2.069169 -2.305270 -1.120667 

1   2.178017  1.108819 -3.738831 

1   4.522939 -2.506371 -1.274825 

1   4.636169  0.940752 -3.850747 

1   5.828200 -0.874071 -2.630435 

1  -0.251725 -0.821842 -5.241789 

1  -0.424190  2.333462 -2.305705 

1  -0.686602  0.816379 -7.032533 

1  -0.810753  3.983537 -4.113076 

1  -0.961204  3.228905 -6.483652 

 

Table S65. Cartesian coordinates for the optimized geometry of cis-2h. 

Atomic 
Number X Y Z 

6   2.022570  1.688995  0.000000 

1   1.659970  2.740432  0.000000 

6   2.930028  1.474659 -1.229425 

1   3.206800  0.407908 -1.312855 

1   2.478853  1.775468 -2.189436 

1   3.867419  2.064044 -1.123825 

6   2.930028  1.474659  1.229425 

1   3.206800  0.407908  1.312855 

1   2.478853  1.775468  2.189436 

1   3.867419  2.064044  1.123825 

77  0.199664  0.366397  0.000000 

1  -0.728574  1.662811  0.000000 

6  -1.194458 -0.989180  0.000000 

8  -1.914603 -1.894769  0.000000 

17  1.820258 -1.599935  0.000000 

15 -0.026835  0.676323  2.331615 

6   1.105896 -0.128522  3.521884 

6   1.376085 -1.501978  3.340809 

6   2.219774 -2.172860  4.240473 

6   2.804918 -1.481367  5.315337 

6   2.543225 -0.111356  5.492633 

6   1.694079  0.563713  4.600774 

15 -0.026835  0.676323 -2.331615 

6   1.105896 -0.128522 -3.521884 

6   1.694079  0.563713 -4.600774 

6   2.543225 -0.111356 -5.492633 

6   2.804918 -1.481367 -5.315337 

6   2.219774 -2.172860 -4.240473 

6   1.376085 -1.501978 -3.340809 

6  -0.077644  2.476453  2.758033 

6  -1.710614  0.148671  2.890988 

6  -1.919949 -0.671027  4.017467 

6  -3.225919 -1.038307  4.388952 

6  -4.328706 -0.584280  3.647337 

6  -4.124026  0.239292  2.525085 

6  -2.822942  0.599276  2.146554 

6  -0.077644  2.476453 -2.758033 
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6  -1.710614  0.148671 -2.890988 

6  -2.822942  0.599276 -2.146554 

6  -4.124026  0.239292 -2.525085 

6  -4.328707 -0.584279 -3.647337 

6  -3.225919 -1.038307 -4.388952 

6  -1.919949 -0.671027 -4.017467 

1  -0.230384  2.628989  3.841654 

1   0.843414  2.977005  2.416814 

1  -0.935913  2.896322  2.206488 

1  -0.935913  2.896322 -2.206488 

1   0.843414  2.977005 -2.416814 

1  -0.230384  2.628989 -3.841654 

1  -1.064276 -1.029411  4.601084 

1  -2.657578  1.211990  1.251842 

1  -3.378496 -1.684786  5.262727 

1  -4.980526  0.591911  1.936052 

1  -5.346063 -0.875578  3.938330 

1   0.956773 -2.033672  2.479878 

1   1.501869  1.632696  4.747058 

1   2.431742 -3.238679  4.088642 

1   3.001850  0.435330  6.326564 

1   3.470976 -2.007460  6.011398 

1  -2.657578  1.211990 -1.251842 

1  -1.064276 -1.029411 -4.601084 

1  -4.980526  0.591911 -1.936051 

1  -3.378496 -1.684785 -5.262727 

1  -5.346064 -0.875578 -3.938329 

1   1.501869  1.632696 -4.747058 

1   0.956773 -2.033672 -2.479878 

1   3.001850  0.435330 -6.326564 

1   2.431743 -3.238679 -4.088641 

1   3.470976 -2.007459 -6.011397 

 
Table S66. Cartesian coordinates for the optimized geometry of trans-2h. 

Atomic 
Number X Y Z 

6  -2.360549 -1.065100  0.000000 

1  -2.816833 -0.053042  0.000000 

6  -2.906339 -1.833681  1.220421 

1  -2.707383 -1.352935  2.190834 

1  -4.010632 -1.943703  1.144043 

1  -2.486218 -2.859454  1.247783 

6  -2.906339 -1.833681 -1.220421 

1  -4.010632 -1.943703 -1.144043 

1  -2.486218 -2.859454 -1.247783 

1  -2.707383 -1.352935 -2.190834 

77 -0.148431 -0.665409  0.000000 

17 -0.475140  1.896252  0.000000 

6   1.791330 -0.596022  0.000000 

8   2.941036 -0.738490  0.000000 

1  -0.117259 -2.250204  0.000000 

15 -0.036347 -0.678114  2.375460 
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6  -1.230847  0.292091  3.394099 

6  -2.213176  1.106330  2.798937 

6  -3.094815  1.841062  3.609641 

6  -3.002231  1.768182  5.009611 

6  -2.015440  0.961996  5.605898 

6  -1.129030  0.229996  4.801125 

15 -0.036347 -0.678114 -2.375460 

6  -1.230847  0.292091 -3.394099 

6  -1.129030  0.229997 -4.801125 

6  -2.015440  0.961997 -5.605898 

6  -3.002232  1.768182 -5.009610 

6  -3.094816  1.841062 -3.609640 

6  -2.213176  1.106330 -2.798937 

6  -0.078835 -2.380670  3.087357 

6   1.573792  0.007623  2.957977 

6   1.847282  1.363976  2.672141 

6   3.073639  1.925399  3.055461 

6   4.036940  1.144603  3.720648 

6   3.768786 -0.204921  4.000546 

6   2.540203 -0.774371  3.621040 

6  -0.078836 -2.380670 -3.087357 

6   1.573792  0.007623 -2.957977 

6   2.540203 -0.774370 -3.621040 

6   3.768786 -0.204921 -4.000546 

6   4.036939  1.144603 -3.720648 

6   3.073638  1.925399 -3.055461 

6   1.847281  1.363976 -2.672141 

1   0.075209 -2.371987  4.181135 

1  -1.057366 -2.824745  2.847997 

1   0.713229 -2.974059  2.597607 

1   0.713229 -2.974059 -2.597607 

1  -1.057366 -2.824745 -2.847997 

1   0.075209 -2.371987 -4.181135 

1   1.109418  1.962898  2.123311 

1   2.350716 -1.831108  3.840040 

1   3.280869  2.978540  2.826263 

1   4.517748 -0.822090  4.513416 

1   4.997409  1.586709  4.015418 

1  -2.264781  1.178123  1.709056 

1  -0.347298 -0.379818  5.272231 

1  -3.856017  2.476943  3.139947 

1  -1.931543  0.907962  6.698980 

1  -3.693900  2.343821  5.638374 

1   2.350715 -1.831107 -3.840040 

1   1.109417  1.962898 -2.123311 

1   4.517748 -0.822090 -4.513416 

1   3.280868  2.978540 -2.826263 

1   4.997408  1.586709 -4.015418 

1  -0.347298 -0.379818 -5.272231 

1  -2.264781  1.178123 -1.709056 

1  -1.931543  0.907963 -6.698980 
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1  -3.856017  2.476943 -3.139946 

1  -3.693901  2.343821 -5.638373 

 

Table S67. Cartesian coordinates for the optimized geometry of 2j. 

Atomic 
Number X Y Z 

15 -2.248834  0.217539  0.000000 

6  -2.847636  1.198526  1.421084 

1  -2.707361  0.666799  2.362798 

1  -2.265916  2.123125  1.454846 

1  -3.911468  1.415776  1.277348 

6  -2.847636  1.198526 -1.421084 

1  -2.265916  2.123125 -1.454846 

1  -2.707361  0.666799 -2.362798 

1  -3.911468  1.415776 -1.277348 

6  -3.325374 -1.261824  0.000000 

6  -3.764021 -1.831045  1.206986 

1  -3.509785 -1.367729  2.155166 

6  -4.572909 -2.969089  1.207783 

1  -4.906120 -3.391511  2.152142 

6  -4.968344 -3.550028  0.000000 

1  -5.599363 -4.434586  0.000000 

6  -4.572909 -2.969089 -1.207783 

1  -4.906120 -3.391510 -2.152142 

6  -3.764021 -1.831045 -1.206986 

1  -3.509785 -1.367729 -2.155166 

77  0.160742  0.019368  0.000000 

1   0.153537 -1.566608  0.000000 

17  0.070831  2.551290  0.000000 

6   2.061469  0.281990  0.000000 

8   3.166057  0.581577  0.000000 

15  0.286245 -0.366996  2.361501 

6  -0.357211  0.854660  3.534568 

6   0.036313  2.195582  3.393340 

6  -0.455250  3.162784  4.271092 

6  -1.345836  2.803870  5.287591 

6  -1.736637  1.469488  5.434403 

6  -1.241965  0.495334  4.564978 

15  0.286245 -0.366996 -2.361501 

6  -0.357211  0.854660 -3.534568 

6  -1.241966  0.495334 -4.564978 

6  -1.736639  1.469488 -5.434403 

6  -1.345838  2.803870 -5.287591 

6  -0.455251  3.162784 -4.271093 

6   0.036313  2.195582 -3.393341 

6  -0.506220 -1.967314  2.771886 

6   2.017017 -0.683676  2.861020 

6   2.685786  0.104489  3.805960 

6   4.014771 -0.179080  4.136075 

6   4.677487 -1.250814  3.534695 

6   4.010041 -2.044138  2.594763 

6   2.688951 -1.759324  2.255287 
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6  -0.506221 -1.967314 -2.771886 

6   2.017016 -0.683676 -2.861020 

6   2.688950 -1.759325 -2.255287 

6   4.010040 -2.044138 -2.594764 

6   4.677486 -1.250814 -3.534696 

6   4.014770 -0.179080 -4.136075 

6   2.685786  0.104488 -3.805960 

1  -0.365050 -2.204877  3.830949 

1  -1.566860 -1.959931  2.519607 

1  -0.015241 -2.730837  2.163554 

1  -0.015242 -2.730837 -2.163554 

1  -1.566861 -1.959931 -2.519607 

1  -0.365051 -2.204877 -3.830949 

1   2.176880  0.934258  4.285654 

1   2.184807 -2.364300  1.505403 

1   4.528467  0.439765  4.866920 

1   4.520778 -2.880199  2.124094 

1   5.709857 -1.468401  3.794973 

1   0.703971  2.485556  2.589286 

1  -1.552237 -0.537025  4.695011 

1  -0.147752  4.198370  4.153521 

1  -2.422719  1.184629  6.227730 

1  -1.732899  3.560671  5.964824 

1   2.184806 -2.364300 -1.505403 

1   2.176880  0.934257 -4.285654 

1   4.520777 -2.880199 -2.124095 

1   4.528467  0.439765 -4.866920 

1   5.709856 -1.468401 -3.794974 

1  -1.552238 -0.537025 -4.695011 

1   0.703971  2.485556 -2.589288 

1  -2.422721  1.184629 -6.227730 

1  -0.147753  4.198369 -4.153523 

1  -1.732901  3.560671 -5.964824 

 

Table S68. Cartesian coordinates for the optimized geometry of 2k. 

Atomic 
Number X Y Z 

6  -0.099767  1.284692  0.000000 

15 -0.011382  2.155951 -1.483373 

6  -1.580682  2.245614 -2.440447 

6  -2.778018  1.781372 -1.897278 

6  -3.964811  1.839919 -2.633676 

6  -3.954067  2.360615 -3.929343 

6  -2.755099  2.827134 -4.483896 

6  -1.575308  2.774911 -3.742002 

1  -2.758737  1.339782 -0.908953 

1  -4.892461  1.473323 -2.200840 

1  -4.873358  2.405482 -4.507463 

1  -2.743980  3.236527 -5.490806 

1  -0.651107  3.150893 -4.173327 

6   1.182134  1.431703 -2.684565 

1   1.720942  2.238067 -3.186042 
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1   0.667772  0.857638 -3.451681 

1   1.884645  0.793236 -2.144658 

15 -0.011382  2.155951  1.483373 

6   1.182134  1.431703  2.684565 

1   1.720942  2.238067  3.186042 

1   0.667772  0.857638  3.451681 

1   1.884645  0.793236  2.144658 

6  -1.580682  2.245614  2.440447 

6  -1.575307  2.774911  3.742002 

6  -2.755099  2.827134  4.483896 

6  -3.954066  2.360615  3.929343 

6  -3.964811  1.839919  2.633676 

6  -2.778018  1.781373  1.897278 

1  -0.651107  3.150893  4.173327 

1  -2.743980  3.236527  5.490806 

1  -4.873357  2.405482  4.507463 

1  -4.892461  1.473324  2.200840 

1  -2.758737  1.339782  0.908953 

6   0.495646  3.924156  1.514245 

6   1.860751  4.242445  1.580092 

6   2.268140  5.560548  1.778343 

6   1.316210  6.576694  1.904660 

6  -0.043057  6.269917  1.816446 

6  -0.452427  4.949345  1.623432 

1   2.607633  3.459261  1.481298 

1   3.328115  5.794026  1.834102 

1   1.633831  7.603307  2.067427 

1  -0.787928  7.056591  1.903509 

1  -1.512022  4.718047  1.575879 

6   0.495646  3.924156 -1.514245 

6   1.860751  4.242445 -1.580092 

1   2.607633  3.459261 -1.481298 

6   2.268139  5.560548 -1.778343 

6   1.316210  6.576694 -1.904660 

6  -0.043057  6.269917 -1.816446 

6  -0.452428  4.949345 -1.623432 

1  -1.512023  4.718047 -1.575879 

1  -0.787927  7.056591 -1.903509 

1   1.633831  7.603307 -2.067428 

1   3.328114  5.794026 -1.834101 

77  0.230137 -1.002077  0.000000 

17  2.696467 -0.335399  0.000000 

1  -1.330919 -1.278874  0.000000 

6   0.874171 -2.763367  0.000000 

8   1.391392 -3.792963  0.000000 

15 -0.135784 -1.578291 -2.331540 

6  -0.774520 -3.308971 -2.316012 

6  -2.017790 -3.553314 -1.714966 

6  -2.575542 -4.830239 -1.742222 

6  -1.885124 -5.883987 -2.348799 

6  -0.639097 -5.649463 -2.933346 
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6  -0.086870 -4.365263 -2.926388 

15 -0.135785 -1.578291  2.331540 

6  -0.774520 -3.308971  2.316014 

6  -2.017790 -3.553313  1.714968 

6  -2.575542 -4.830238  1.742223 

6  -1.885125 -5.883987  2.348800 

6  -0.639098 -5.649463  2.933347 

6  -0.086871 -4.365263  2.926390 

6   1.281571 -1.670174 -3.471341 

6   1.123042 -1.449807 -4.849588 

6   2.215574 -1.570068 -5.709905 

6   3.471421 -1.919841 -5.203894 

6   3.630678 -2.146867 -3.834423 

6   2.542500 -2.020439 -2.968471 

6  -1.511850 -0.836980 -3.296170 

6   1.281570 -1.670173  3.471341 

6   2.542499 -2.020437  2.968472 

6   3.630677 -2.146865  3.834424 

6   3.471421 -1.919840  5.203895 

6   2.215574 -1.570067  5.709905 

6   1.123042 -1.449805  4.849588 

6  -1.511850 -0.836979  3.296170 

1  -1.749291 -1.522521  4.115273 

1  -1.279984  0.148943  3.693341 

1  -2.379515 -0.753144  2.640398 

1  -2.379515 -0.753145 -2.640398 

1  -1.279984  0.148942 -3.693341 

1  -1.749290 -1.522522 -4.115273 

1  -2.546772 -2.744708  1.218099 

1   0.877591 -4.193087  3.392709 

1  -3.544791 -5.005775  1.283999 

1  -0.093006 -6.464193  3.401497 

1  -2.315385 -6.881883  2.361939 

1   2.687585 -2.165494  1.905075 

1   0.153610 -1.184561  5.259962 

1   4.604544 -2.413836  3.433024 

1   2.084072 -1.394089  6.774396 

1   4.321498 -2.012332  5.874836 

1  -2.546772 -2.744709 -1.218097 

1   0.877592 -4.193087 -3.392707 

1  -3.544791 -5.005775 -1.283998 

1  -0.093004 -6.464193 -3.401496 

1  -2.315383 -6.881884 -2.361938 

1   0.153610 -1.184562 -5.259962 

1   2.687586 -2.165496 -1.905074 

1   2.084072 -1.394090 -6.774396 

1   4.604544 -2.413839 -3.433022 

1   4.321498 -2.012334 -5.874835 
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Abstract: In the current manuscript, we describe the reactivity of a series of iridium(III) pincer
complexes with the general formulae [(PEP)IrCl(CO)(H)]n (n = +1, +2) towards base, where PEP is
a pincer-type ligand with different central donor groups, and E is the ligating atom of this group
(E = B, C, N). The donor groups encompass a secondary amine, a phosphine-stabilised borylene and
a protonated carbodiphosphorane. As all ligating atoms E exhibit an E–H bond, we addressed the
question of wether the coordinated donor group can be deprotonated in competition to the reductive
elimination of HCl from the iridium(III) centre. Based on experimental and quantum chemical
investigations, it is shown that the ability for deprotonation of the coordinated ligand decreases in the
order of (R3P)2CH+ > R2NH > (R3P)2BH. The initial product of the reductive elimination of HCl from
[(PBP)IrCl(CO)(H)]n (1c), the square planar iridium(I) complex, [(PBP)Ir(CO)]+ (3c), was found to be
unstable and further reacts to [(PBP)Ir(CO)2]+ (5c). Comparing the C–O stretching vibrations of the
latter with those of related complexes, it is demonstrated that neutral ligands based on tricoordinate
boron are very strong donors.

Keywords: boron; iridium; pincer; carbodiphosphorane

1. Introduction

Tricoordinate boron compounds, BR3, are typically Lewis acids and stabilise their electron
deficiency by π-donating substituents, hyperconjugation or dimerisation and formation of two-electron
three-centre bonds. In consequence, they can accept electron donation from electron rich metal centres
and serve as Z-type ligands [1,2]. More recently, several groups demonstrated that the introduction of
π-accepting substituents allows to stabilise an occupied pz-orbital and therewith of a trigonal planar
Lewis-base with the general formulae L2BR (III) [3–9]. Consequently, such compounds are able to
serve as electron-donating or L-type ligands, but the coordination chemistry of such nucleophilic boron
compounds is rather unexplored [8–10].

In particular, the similarity to related carbon compounds of the type L2CH+ (II) and secondary
amines (I) caught our attention. Pseudo-tetrahedral, secondary amines (I) can serve as cooperative
ligands in homogeneous catalysts (Figure 1), by providing a proton in concerted proton hydride
transfers or simply by pre-coordination of the substrate via hydrogen bridge bonds (e.g., in Figure 1,
cycle A) [11]. Protonated carbodiphosphoranes of the type (R3P)2CH+ (II) can be deprotonated by
strong bases and easily form their deprotonated analogues when coordinated to a metal centre [12].
For the corresponding boron compounds, (R3P)2BH (III), previous studies indicated that the
boron-bound hydrogen atom in such ligands is not hydridic [13,14]. Due to the π-accepting nature of
the cyanido substituents in compounds like [HB(CN)3]−, they can be deprotonated [15], which stands
in contrast to the reactivity of the majority of hydrogen-containing boron compounds.
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Figure 1. (a) Secondary amines (I), protonated carbodiphosphoranes (II) and phosphine-stabilized
borylenes (III) in comparison; (b) Secondary amine ligands and their role in cooperative catalysis in
comparison to the analogous metal complexes with II and III as ligands.

Motivated by these observations, we began to study a series of isotypical iridium complexes in
their reactivity towards base. Herein, we demonstrate that among this series I–III the carbon-based
ligand II is the most acidic ligand, while for the other ligands a competitive reductive elimination is
observed. In case of the boron-based ligand, this leads to an unique iridium(I) complex. The comparison
with related iridium dicarbonyl complexes reveals strong electron donating properties of donor groups
akin to III.

2. Results and Discussion

As the starting point for our study, we choose the isotypical iridium(III) pincer complexes
1a–1c to investigate. In this context, we compare the amine based pincer-type complex
[{(PPh2CH2CH2)2NH}IrCl(CO)(H)]+ Cl– (1a) with the formally carbon(0)- and boron(I)-based
complexes [{(dppm)2CH}IrCl(CO)(H)]2+ 2 Cl– (1b) and [{(dppm)2BH}IrCl(CO)(H)]+ Br– (1c) [16].
In principle, the deprotonation of 1a–1c can take place at several positions in the complex, but
commonly either the central donor group E is deprotonated or the hydrido ligand is abstracted in a
reductive elimination (Figure 2).
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Figure 2. Cooperative ligand site vs. redox reactivity—principle reaction pathways of octahedral
iridium(III) complexes 1a–1c towards base (n = +, 2+). X− = Cl− (a,b), Br− (c)

2.1. Deprotonation vs. Reductive Elimination

The reaction of the cationic complex 1a with one equivalent of LiN(SiMe3)2 results in the formation
of a new complex 2a (Figure 3), as judged by the observation of a single resonance at 55.5 ppm in the
31P{1H} NMR spectrum of the reaction mixture. The resonance at−16.12 ppm in the 1H NMR spectrum,
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corresponding to the hydrido ligand in 1a disappears and the absence of a resonance in this region
(0 to −40 ppm) suggests that no hydrido ligand is present in the newly formed 2a (Supplementary
Materials). By comparison of NMR spectroscopic data with analogues isopropyl-substituted iridium
pincer complexes [17], we concluded that the reductive elimination of HCl is the preferred reaction
pathway. Addition of a second equivalent of LiN(SiMe3)2 resulted in the formation of a mixture of
complexes and the 31P{1H} NMR spectrum displayed several new singlet resonances as well as a new
AB spin system (Supplementary Materials). The latter finding either indicates a conformational change
to a facially coordinated ligand with different ligands in trans-position, but this seems to be unlikely for
a square pyramidal iridium(I) complex that is already formed with the first equivalent of base. A second
possibility involves a β-hydride elimination from the amide ligands and subsequent tautomerisation,
as previously observed for different noble metal complexes with this type of ligand [18].

IrN

PPh2

PPh2

CO
Cl

H

+

H
IrN

PPh2

PPh2

CO

+

H

+ LiN(SiMe3)2

- HN(SiMe3)2

- LiCl

1a                                                       2a
Cl- Cl-

Figure 3. Reactivity of 1a towards base.

The NMR spectra of the iridium(III) complex 1b at ambient temperature show the presence of
the cis- and the trans-isomers (ca. 1:1) as well as small quantities of 3b (ca. 1%) [16]. The 1H NOESY
NMR spectrum of 1b at ambient temperature displays exchange correlations between the hydride
resonances of cis- and trans-1b, as well as between the resonances of trans-1b and 3b (Figure 4a).
These findings suggests the presence of an equilibrium between the two isomers of 1b (Figure 4b).
Furthermore one of the isomers (trans-1b) seems to be in an equilibrium with the deprotonated species
1b, even though no additional base is present in the mixture. A broad resonance at 3.51 ppm in the 1H
NMR spectrum is assigned to HCl [19], which provides further support for reversible (de)protonation
equilibrium. To get further insights about the solution behaviour of 1b, we acquired 1H and 1H{31P}
NMR spectra at different temperatures. The ratio of integrals for the hydride resonances enables to
estimate the equilibrium constant Kcis/trans at different temperatures. The corresponding Van’t Hoff
plot (Figure 4c) displays two regions of linearity between 300 and 270 K (R2 = 0.995) as well as between
260 and 230 K (R2 = 0.937), which might be related to the presence of a second equilibrium or solubility
issues at low temperatures. However, a reliable quantification of 3b turned out to be difficult, due to
the low concentration at ambient temperature, which decreases even further at lower temperatures.
The corresponding exchange rates were accessed by line-shape-analysis of the hydride resonances in
the 1H{31P} NMR spectra at different temperatures. An Eyring analysis (Figure 4d) revealed an Gibbs
enthalpy of activation ∆G=|

298 = 69.23 kJ·mol−1 for the cis-/trans-isomerisation process.
In view of the primary question, these observations suggest that 1b gets selectively deprotonated

at the coordinated donor group. The iridium(III) complex 3b is indeed observed by NMR spectroscopy
in reactions with base. As complex 1b, in contrast to 1a and 1c, is dicationic, one would expect a higher
acidity of the coordinated donor group, but the acidity of hydrido ligands was previously demonstrated
to be increased by several orders of magnitude with an increasing charge of the complex [20].

Addition of an excess base (DBU) to 1b results in the formation of the iridium(I) complex
4b as major product according to the 31P{1H} NMR spectrum of the reaction mixture (Figure 5),
which displayed new triplet resonances at 23.4 ppm (2JP,P = 48.5 Hz) and 38.3 ppm (2JP,P = 49.3 Hz).
A broad multiplet resonance at 4.01–4.12 ppm with an integral of four in combination with multiplet
resonances between 6.9 and 7.8 ppm with an overall integral of 40 protons are observed in the 1H NMR
spectrum (Supplementary Materials), while the absence of resonances corresponding to a hydrido
ligand or a protonated CDP moiety indicate that a deprotonated pincer ligand is coordinated in 4b.
The observation of one band at 1925 cm−1 for the C–O stretching vibration of a carbonyl ligand
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is in line with an electron-rich mono-carbonyl complex. The composition of the cationic complex
[{(dppm)2C}Ir(CO)]+ Cl– in 4b was further confirmed by high resolution ESI-MS.
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Figure 4. (a) Hydride region in the 1H NOESY NMR spectrum at ambient temperature, showing
chemical exchange correlations; (b) Equilibrium of the complexes in solution; (c) Van’t Hoff plot for the
cis-/trans-isomerisation of 1b; (d) Eyring plot for the cis-/trans-isomerisation of 1b.
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Figure 5. Reactivity of 1b towards base.

A similar observation to the reaction of 1a is made for the boron-based iridium pincer
complex (1c). Treatment of complex 1c with one equivalent LiN(SiMe3)2 leads to the formation of
two species according to the 31P{1H} NMR spectrum of the reaction mixture, broadened resonance
at −5.6 ppm, as well as a broad resonance at 24.9 and a multiplet at 2.9 ppm, both assignable to the
newly formed complex 5c (Figure 6). After removal of all volatiles and washing of the residue with
n-hexane, complex 5c is obtained in analytically pure form. The 1H NMR spectrum of 5c shows a
complete set of resonances for the dppm arms of the coordinated ligand (Supplementary Materials),
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while resonances corresponding to a boron-bound hydrogen atom and potential hydrido ligands are
absent (Figure 7b). Upon 11B-decoupling a triplet resonance at 3.20 ppm (2JP,H = 23.2 Hz) is observed
in the 1H{11B} NMR spectrum, assignable to a boron-bound hydrogen atom, clearly indicating that a
reductive elimination is favoured over of the ligand deprotonation. The 11B{1H} NMR spectrum of 5c
gives rise to a broadened resonance at −35.4 ppm, which is in agreement with previously reported
boron-based donor ligands [8–10,13,21]. The identity of 5c was finally confirmed by single crystal
X-Ray diffraction experiments (Figure 7a), which revealed a cationic iridium(I) complex with a trigonal
bipyramidal environment (τ5 = 0.70) [22]. In addition to the facially coordinated PBP-ligand, two
carbonyl ligands are observed, one occupying an equatorial and one an axial coordination site. The
Ir–B bond in 5c is with 2.276 Å slightly shorter than in the octahedral iridium(III) complex 1c (dIr−B =
2.285 Å) [16].

As the yield of the dicarbonyl complex 5c was below 50% and no other potential source of carbon
monoxide was present in the reaction mixture, we assumed that the formation of 5c proceeds via a
square planar iridium(I) intermediate 2c that subsequently reacts in carbonyl transfer step to 5c and
unidentified decomposition products (Figure 6). This hypothesis is further verified by an increased
yield of 59% in the deprotonation reaction in the presence of carbon monoxide.

IrB
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Ph2P
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+

H
IrB
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1c                                       2c (not observed)                                               5c
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- LiCl

H
Ir C

P

P

B

C
O

O

P

P

+H

1/2

P = PPh2

Br- Br-

+

Br-

Figure 6. Reactivity of 1c towards base.

P

O

C

P

Ir
P

C

B

O

P

3.20           3.10           3.00 2.903.303.403.50

δ
H
 / ppm

1H NMR

a)                                                              b)
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B
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Figure 7. (a) Molecular structure of the cationic complex in 5c in the solid state (ellipsoids are drawn at
50% probability level; carbon atoms of the phenyl rings, carbon-bound hydrogen atoms, co-crystallized
solvent molecules and counter ion are omitted for clarity); (b) Selected NMR spectra of complex 5c.

2.2. Proton Affinities and Deprotonation Pathways

Quantum chemical investigations using density functional theory (DFT) were performed to
get further insights about the reactivity of the reported iridium complexes towards bases. First we
confirmed that deprotonation of the coordinated donor group results in an energetic minimum (3a–3c)
according to the frequency calculation (no imaginary modes) and calculated the proton affinities (PAs)
for 3a–3c (Table 1 and Figure 8). In agreement with the experimental results, complex 3b exhibits the
lowest proton affinity (PA, represents the energy difference between complexes calculated without
solvation and counter ions; the energy of free proton is not considered) with 864 kJ·mol−1, while
the PAs of the neutral complexes 3a (1129 kJ·mol−1) and 3c (1257 kJ·mol−1) are significantly higher.
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The low PA of the CDP-group in the coordinated pincer-type ligand indicates that it might be less
efficient as internal base in a potential catalyst, but in turn it suggests that protonated CDPs might be
potential cooperative groups that facilitate an efficient proton-hydride-transfer from or to the catalyst.

In comparison, the value of 1257 kJ·mol−1 is too high to expect metal-ligand-cooperativity
via proton-hydride-transfer, but it clearly suggests that deprotonation of coordinated (R3P)2BH
groups should be facile with strong bases in the absence of more acidic sites, which would yield
an unprecedented phosphine-stabilized boride.

Table 1. Calculated Proton affinities of complexes 3a–3c and 6a–6c (G16, B97D/def2-TZVPP).

Donor in 1 Reactivity PA(3)/kJ·mol−1 Reactivity PA(6)/kJ·mol−1 ∆PA/kJ·mol−1

R2NH 1a→3a 1129 1a→6a 1126 3
(Ph2RP)2CH 1b→3b 864 1b→6b 900 −36
(Ph2RP)2BH 1c→3c 1257 1c→6c 1175 82

To elucidate the reductive elimination pathway, we removed a proton from the metal-coordinated
hydrido ligand in 1a–1c in a gedankenexperiment and performed geometry optimisations. The resulting
complexes (6a–6c) exhibit elongated iridium chloride distances (Figure 8), but were confirmed as
energetic minima by frequency calculations. Although the Ir–Cl distances in 6a–6c are in range
between a weak bond (2.737 Å) and non-bonding (4.181 Å), the resulting proton affinities may be used
as estimate in comparison to 3a–3c.
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0.0

3b

864

900

6b

3a

3c

1257

1175

1129 1126

6a

6c

P
A

 /
 k

J
 m

o
l-1

[Ir]E

H H
- H+- H+

[Ir]E

H

[Ir]E

H

Figure 8. Proton affinities and DFT-optimized structures of 3a–3c and 6a–6c (G16, B97D/def2-TZVPP).

It becomes evident that in case of the amine-based ligand product of ligand- (3a) and
metal-deprotonation (6a) exhibit very similar proton affinities (∆PA = 3 kJ·mol−1), which suggests that
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both pathways are in principle favourable. The experimentally observed selectivity for the reductive
elimination might be kinetically favoured. In case of the protonated CDP-based ligand in 1b the
ligand deprotonation is favoured 36 kJ·mol−1 over the deprotonation at the metal site, which again is
in line with the experimental observations. Notably, both PAs, of 3b and 6b, are rather low. For the
boron-based pincer-type ligand in 1c the deprotonation at the metal centre is clearly favoured.

2.3. Comparison with Related Iridium(I) Dicarbonyl Complexes

In comparison to related trigonal bipyramidal iridium(I) dicarbonyl complexes, 5c exhibits
very similar structural features (Table 2). All complexes with two Ph2RP-groups and one carbonyl
ligand in the equatorial plane differ in the ligand or donor group in the apical position, trans to
the second carbonyl ligand [23–25]. With τ5-parameters between 0.58 and 0.75, four of the
five complexes are best described as trigonal bipyramidal complexes. In the IR spectrum, two bands
for the C–O-stretching frequency are observed for each complex, which in principle allow to
estimate the net electron donor ability of the specified donor group in comparison. Like for other
dicarbonyl-based ligand parameters [26–28], averaging of cis- and trans-influences on symmetric
and asymmetric C–O-stretching modes can provide a rough picture of the net donor strength.
For the neutral complexes, all values, respectively, indicate an increasing donor ability in the order
R3SiCH2

– > Cl– > Br– . The cationic complex with a Ph2RP-group in the apical position gives rise
to an increased value of ν̃CO(av) = 1996 cm−1, confirming that anionic ligands exhibit stronger
donor abilities. An unexpected finding in this context is the low value measured for complex 5c
(ν̃CO(av) = 1958 cm−1), which is significantly lower than those of the anionic donor groups. Despite the
fact that donor groups based on (Ph3P)2BH are overall neutral, this observation suggests that they are
stronger donors than alkyl-ligands, which are known as one of the strongest donors in coordination
and organometallic chemistry.

Table 2. Comparison of Iridium(I) dicarbonyl complexes from literature with the new complex 5c.

Complex Donor τ5 ν̃CO/cm−1 ν̃CO(av)/cm−1 Ref.

Ir C

C
O

O

C
N

C

C
N

N

+

Ph2RP 0.42 2047, 1944 1996 [23]

Ir C

Br

C
O

O

Br− 0.70 2023, 1950 1987 [24]

Ir C

Cl

C
O

O

Cl− 0.58 2017, 1944 1981 [24]

Ir C

C

C
O

O

SiN

N

R

R

H
H

R3SiCH−2 0.75 2001, 1927 1964 [25]

= PPh2

Ir C

B

C
O

O

+
H

(R3P)2BH 0.70 2000, 1916 1958 this work

3. Materials and Methods

All experiments were carried out under an atmosphere of purified argon or nitrogen in the
MBraun glove boxes LABmaster 130 and UNIlab or using standard Schlenk techniques. THF and
diethyl ether were dried over Na/K alloy, n-hexane was dried over LiAlH4, toluene was dried over
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sodium, dichloromethane was dried over CaH2, methanol was dried over magnesium and ethyl
acetate was dried over potassium carbonate. After drying, solvents were stored over appropriate
molecular sieves. Deuterated solvents were degassed with freeze-pump-thaw cycles and stored over
appropriate molecular sieves under argon atmosphere. Complexes 1a–1c synthesised according to
previously reported procedures [16].

1H, 13C, 11B and 31P NMR spectra were recorded using Bruker BioSpin GmbH (Rheinstetten,
Germany) Avance HD 250, 300 A, DRX 400, DRX 500 and Avance 500 NMR spectrometers at 300 K.
1H and 13C{1H}, 13C-APT (attached proton test) NMR chemical shifts are reported in ppm downfield
from tetramethylsilane. The resonance of the residual protons in the deuterated solvent was used
as internal standard for 1H NMR spectra. The solvent peak of the deuterated solvent was used as
internal standard for 13C NMR spectra. The assignment of resonances in 1H and 13C NMR spectra was
further supported by 1H COSY, 1H NOESY, 1H,13C HMQC and 1H,13C HMBC NMR spectra. 11B NMR
chemical shifts are reported in ppm downfield from BF3 · Et2O and referenced to an external solution
of BF3 · Et2O in CDCl3. 31P NMR chemical shifts are reported in ppm downfield from H3PO4 and
referenced to an external 85 % solution of phosphoric acid in D2O. The following abbreviations are
used for the description of NMR data: br (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin
(quintet), m (multiplet). FT-IR spectra were recorded by attenuated total reflection of the solid samples
on a Bruker Tensor IF37 spectrometer. The intensity of the absorption band is indicated as w (weak),
m (medium), s (strong), vs (very strong) and br (broad). HR-ESI mass spectra were acquired with a
LTQ-FT mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The resolution was set
to 100,000.

Reactivity of [({Ph2PCH2CH2}2NH)IrCl(CO)(H)]Cl (1a) towards base 20 mg
[({Ph2PCH2CH2}2NH)IrCl(CO)(H)]Cl (1a, 27.3 µmol, 1.0 eq.) and 4.6 mg LiHMDS (27.5 µmol,
1.0 eq.) were suspended in 0.6 mL THF-d8. After stirring for 16 h, the resulting light orange
suspension was filtered and, after addition of 0.2 ml THF-d8, the first NMR spectra were recorded.
[({Ph2PCH2CH2}2NH)Ir(CO)]Cl (2a) was identified as the main product, while small amounts of 1a
remained unreacted. Further 4.7 mg of LiHMDS (27.5 µmol, 1.0 eq.) were added, upon which the color
changed to a dark orange, and the second set of NMR spectra were recorded.

NMR spectra after addition of 1.0 eq. LiHMDS: 1H NMR (300 MHz, THF-d8, 300 K): δ = 2.61–2.86
(m, 4H, CH2), 3.08–3.46 (m, 4H, CH2), 7.03–7.24 (m, 4H, Harom), 7.25–7.51 (m, 12H, Harom), 7.73–8.03
(m, 4H, Harom) ppm. Neither N–H nor Ir–H resonances could be identified. 31P{1H} NMR (122 MHz,
THF-d8, 300 K) δ = 31.7 (s, 1a), 55.5 (br s, 2a) ppm.

NMR spectra after addition of 2.0 eq. LiHMDS: 31P{1H} NMR (122 MHz, THF-d8, 300 K)
δ = −3.8 (s), −0.9 (s), 25.0 (s), 31.9 (s, 1a), 36.1 (s), 39.8 (d, JP,P = 291.7 Hz), 52.6 (d, JP,P = 292.3 Hz),
56.1 (br s, 2a) ppm. 1H NMR (300 MHz, THF-d8, 300 K): Due to the multiple decomposition products
visible in the 31P{1H} NMR spectrum, no analysis was performed.

Formation of [({dppm}2C)Ir(CO)]Cl (4b) 57 mg [({dppm}2CH)IrCl(CO)(H)]Cl2 (1b, 51.4 µmol,
1.0 eq.) were dissolved in 2 mL deuterated dichloromethane. After addition of 15.3 µL DBU (103 µmol,
2.0 eq.), the solution changed color from colorless to yellow. After removal of the solvent in vacuo,
a yellow solid remained, containing [({dppm}2C)Ir(CO)]Cl (4b). 1H NMR (300 MHz, CD2Cl2,
300 K): δ = 4.01–4.12 (m, 4H, CH2), 7.06–7.18 (m, 8H, Harom.), 7.25–7.46 (m, 24H, Harom.), 7.59–7.78
(m, 8H, Harom.) ppm. 13C APT NMR (75 MHz, CD2Cl2, 300 K): δ = 129.0–129.3 (m, Carom.), 131.4
(br s, Carom.), 132.7 (br s, Carom.), 132.9 (t, JC,P = 5.1 Hz, Carom.), 133.4 (t, JC,P = 7.2 Hz, Carom.) ppm.
Neither the carbonyl nor the CH2 resonances were observed. 31P{1H} NMR (122 MHz, CD2Cl2, 300 K)
δ = 23.4 (t, 2 JP,P = 48.5 Hz), 38.3 (t, 2 JP,P = 49.3 Hz) ppm. FT-IR/cm−1: 3050 (w), 2962 (w), 2932 (m), 2925
(m), 2858 (m), 2855 (w), 2013 (w), 1979 (w), 1925 (s, CO), 1646 (s), 1612 (s), 1586 (s), 1481 (m), 1434 (s),
1323 (s), 1207 (w), 1119 (m), 1103 (m), 1097 (s), 1070 (s), 824 (m), 740 (s), 721 (m), 691 (s), 543 (m),
527 (m), 503 (s), 481 (s). HRMS: (ESI+, MeCN/CH2Cl2): 1001.1966 [({dppm}2C)Ir(CO)]+ measured,
1001.1972 calculated, ∆ = 0.60 ppm.
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Synthesis of [({dppm}2BH)Ir(CO)2]Br (5c) Complex 1c was generated in situ by the reaction of
90.0 mg [IrCl(CO)(PPh3)2] (116 µmol) with 100.0 mg of [(dppm)2BH2]Br (116 µmol, 1.0 eq.) in 5 mL
THF. The resulting solution of 1c was cooled to −74 ◦C and 20.0 mg LiN(SiMe3)2 (116 µmol, 1.0 eq.)
dissolved in 2 mL THF were added drop-wise. The reaction mixture was allowed to warm to ambient
temperature, the argon atmosphere was replaced by carbon monoxide and the mixture was stirred
for further two hours at ambient temperature. All volatiles were removed in vacuo, the residue was
washed with 5 mL toluene and dried under high vacuum to yield 74.0 mg of a colorless solid, containing
[({dppm}2BH)Ir(CO)2]Br (4c, 68 µmol, 59 %). 31P{1H} NMR (101.3 MHz, CD2Cl2, 300 K): δ = 25.4
(br, 2P, P–B–P), 3.5-2.2 (m, 2P, P–Ir–P) ppm. 11B{1H} NMR (96.3 MHz, CD2Cl2, 300 K): δ = −35.4 (br, 1B,
BH) ppm. Only resonances that are change upon 11B-decoupling are reported in the 1H{11B} NMR
spectrum. 1H NMR (300 MHz, CD2Cl2, 300 K): δ = 7.51–7.66 (m, 4H, Harom.), 7.40–7.49 (m, 8H, Harom.),
7.08–7.31 (m, 8H, Harom.), 6.82–7.10 (m, 20H, Harom.), 5.42–5.61 (m, 2H, CH2), 4.07–4.16 (m, 2H, CH2)
ppm. 1H{11B} NMR (300 MHz, CD2Cl2, 300 K) δ = 3.20 (t, 2 JHP = 23.2 Hz, 1H, BH) ppm. 13C{1H} NMR
(121.5 MHz, CD2Cl2, 300 K) δ = 134.7 (vt, 4C, Carom.), 133.5 (s, 4C, Carom.), 133.0 (s, 4C, Carom.), 132.0
(s, 4C, Carom.), 131.3 (s, 4C, Carom.), 130.9 (vt, 4C, Carom.), 130.2 (s, 4C, Carom.), 129.2 (s, 4C, Carom.), 129.2
(s, 4C, Carom.), 128.9 (s, 4C, Carom.), 128.7 (s, 4C, Carom.), 128.3 (s, 4C, Carom.), 33.5 (vt, 1C, CH2), 30.3
(vt, 1C, CH2) ppm. FT-IR: ν̃/cm−1 = 3050 (w), 3017 (w), 2962 (w), 2823 (w), 2724 (w), 2000 (s, CO), 1916
(s, CO), 1586 (w), 1574 (w), 1483 (m), 1434 (s), 1379 (w), 1333 (w), 1306 (w), 1260 (m), 1094 (s), 1024
(s), 869 (w), 797 (s), 778 (s), 731 (vs), 685 (vs), 616 (w), 554 (m), 523 (s), 480 (s). HRMS (ESI+, MeOH)
m/z = 969.1884 [({dppm}2BH)Ir(CO)2]+, calc. 969.1887 (∆ = 0.31 ppm).

4. Conclusions

In the current manuscript, we reported the first iridium(I) complex formally containing
phosphine-stabilised borylene as a donor group. The comparison to related iridium(I) dicarbonyl
complexes suggests strong donor properties of this type of nucleophilic boron compounds.
In an internal competition with a hydrido-ligand, the reactivity towards base reveals that analogous
carbon compounds and protonated CDPs are easy to deprotonate, while only strong bases contribute
to deprotonate phosphine-stabilized borylenes in the coordination sphere of a central metal atom.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/5/61/s1,
Figures S1–S12: NMR and IR spectra of compounds 2a, 4b and 5c; Table S1: crystallographic data for compound 5c;
xyz-coordinates.
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The following abbreviations are used in this manuscript:

CDP carbodiphosphorane
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
dppm 1,1-bis(diphenylphosphino)methane
DFT density functional theory
ESI electro spray ionisation
HMDS hexamethyldisilazane
NMR nuclear magnetic resonance
HRMS high resolution mass spectrometry
THF tetrahydrofurane
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Spectra 

 

Figure S1. 1H NMR spectrum of [(3P,N,P-PhPNHP)Ir(CO)]Cl (2a) in THF-d8 after addition of the first equivalent of LiHMDS. 

 
Figure S2. 31P{1H} NMR spectrum of [(3P,N,P-PhPNHP)Ir(CO)]Cl (2a)  in THF-d8 after addition of the first equivalent of 
LiHMDS. 
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Figure S3. 1H NMR spectrum of [(3P,N,P-PhPNHP)Ir(CO)]Cl in (2a) THF-d8 after addition of the second equivalent of 
LiHMDS. 

 
Figure S4. 31P{1H} NMR spectrum of [(3P,N,P-PhPNHP)Ir(CO)]Cl (2a) in THF-d8 after addition of the second equivalent of 
LiHMDS. 
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Figure S5. 1H NMR spectrum of [{3P,C,P-HB(dppm)2}Ir(CO)2]Br (5c)   in CD2Cl2. 

 
Figure S6. 11B{1H} NMR spectrum of [{3P,C,P-HB(dppm)2}Ir(CO)2]Br (5c) with reduced glass peak in CD2Cl2. 
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Figure S7. 13C{1H} NMR spectrum of [{3P,C,P-HB(dppm)2}Ir(CO)2]Br (5c) in CD2Cl2. 

 
 

 
Figure S8. 31P{1H} NMR spectrum of [{3P,C,P-HB(dppm)2}Ir(CO)2]Br (5c) in CD2Cl2. 
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Figure S9. FT-IR spectrum of [{3P,C,P-HB(dppm)2}Ir(CO)2]Br (5c) . 

 
Figure S10. 1H NMR spectrum of [{3P,C,P-C(dppm)2}Ir(CO)]Cl (4b) in CD2Cl2. 
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Figure S11. 13C APT NMR spectrum of [{3P,C,P-C(dppm)2}Ir(CO)]Cl (4b) in CD2Cl2. 

 

 
Figure S12. 31P{1H} NMR spectrum of [{3P,C,P-C(dppm)2}Ir(CO)]Cl (4b) in CD2Cl2. 
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X-Ray Crystallography 

The single crystal X-ray diffraction data for the structural analysis were collected using graphite-
monochromated Mo-Kα-radiation (λMoKα= 0.71073) the pixel detector system Bruker Quest D8. The 
structures were solved with the Olex2 software by direct methods with SHELXT and refined against 
F2 by full-matrix-least-square techniques using SHELXL.[8–11] Crystallographic data for 5c was 
deposited at Cambridge Crystallographic Data Centre (CCDC 1906827) and can be obtained free of 
charge via www.ccdc.cam.ac.uk/. 
 
Table S1. Crystallographic data of complex 5c. 
Complex 5c 
Formula C52H45BIrO2P4Br·C4H8O 
M / g·mol-1 1180.79 
T/K 110(2) 
Crystal System monoclinic 
Space Group C2/c 
a / Å 40.6382(15) 
b / Å 12.2295(5) 
c / Å 24.2274(9) 
α / ° 90 
β / ° 125,090(1) 
γ / ° 90 
V / Å3 9852.3(7) 
Z 8  
calc. / g·cm-3 1.557 
μ / mm-1 3.696 
F(000) 4624 
min/° 2.220 
max/° 31.282 
Measured Refl. 142905 
Independent Refl. 14758 (RInt = 0.0304) 
Ind. Refl. (I>2 (I))  13053 
Parameters/Restraints 599/0 
R1 0.0277 
R1 (all data) 0.0354 
wR2 0.0695 
wR2 (all data) 0.0728 
GooF 1.023 
Max. peak + hole / e·Å–3 0.963/-2.678 
CCDC 1906827 
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DFT Calculations 
DFT calculations were performed with Grimme’s B97D functional including dispersion[2] and the 
def2TZVPP basis set after a pre-optimization with the def2SVP basis set[3,4] in Gaussian16.[5,10] 
Crystal structures were used as starting models, where possible. After optimization, a frequency 
calculation was performed to ascertain that a ground state was found (no imaginary modes). The 
proton affinities (PA’s) were calculated as the difference in Gibbs energy (E) between a protonated 
complex and it’s deprotonated counterpart: 
 

 

Not included in the calculations were counter ions and implicit or explicit solvation effects. 

 
 

Cartesian coordinates of all DFT-optimized geometries 
2a 

Atomic 
center X Y Z 

C  2.468401   0.037735  2.303634 

C  1.252147   0.779264  2.860264 

N  0.001002   0.113688  2.364581 

Ir  0.000446  -0.216336  0.175704 

C -1.252391   0.772813  2.863327 

C -2.466255   0.028582  2.305156 

C -0.000112  -0.589134 -1.622508 

O -0.000668  -0.843453 -2.753197 

H  0.003912  -0.835160  2.748519 

P  2.294569  -0.047588  0.442908 

C  3.337804  -1.425166 -0.109891 

C  4.681199  -1.270876 -0.483591 

C  5.422915  -2.385269 -0.882340 

C  4.830531  -3.651610 -0.909168 

C  3.488352  -3.806530 -0.546563 

C  2.739898  -2.696147 -0.154548 

C  3.011102   1.509476 -0.162325 

C  2.352439   2.194722 -1.195991 

C  2.880134   3.386998 -1.695509 

C  4.063338   3.907087 -1.163187 

C  4.721273   3.233501 -0.128598 

C  4.198701   2.039504  0.371092 
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P -2.293417  -0.050364  0.444280 

C -3.336744  -1.425990 -0.112932 

C -4.681756  -1.269944 -0.480145 

C -5.424720  -2.382163 -0.882463 

C -4.831803  -3.648022 -0.919451 

C -3.488071  -3.804572 -0.563324 

C -2.738407  -2.696305 -0.167534 

C -3.011007   1.507772 -0.157107 

C -4.193844   2.041059  0.383448 

C -4.717831   3.234941 -0.115148 

C -4.066352   3.904908 -1.156093 

C -2.888031   3.381348 -1.695866 

C -2.358704   2.189496 -1.197172 

H  2.495273  -0.994308  2.674996 

H  3.397841   0.530144  2.604609 

H  1.254009   0.786505  3.958095 

H  1.226420   1.813000  2.501470 

H -1.253339   0.776353  3.961166 

H -1.231067   1.807918  2.508241 

H -2.488731  -1.005038  2.672416 

H -3.397404   0.515902  2.609068 

H  5.141526  -0.287279 -0.480654 

H  6.461562  -2.263022 -1.177921 

H  5.410641  -4.514962 -1.224222 

H  3.022732  -4.787881 -0.583854 

H  1.685362  -2.799508  0.096667 

H  1.425091   1.794038 -1.594941 

H  2.366195   3.910813 -2.497141 

H  4.471898   4.836686 -1.550564 

H  5.640581   3.636691  0.287880 

H  4.723241   1.523084  1.170935 

H -5.142256  -0.286432 -0.469321 

H -6.464640  -2.258643 -1.172996 
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H -5.412808  -4.509728 -1.237356 

H -3.022271  -4.785507 -0.608465 

H -1.682942  -2.800541  0.079311 

H -4.713786   1.527458  1.188051 

H -5.633358   3.640736  0.307092 

H -4.476073   4.834312 -1.542701 

H -2.379092   3.902217 -2.502594 

H -1.435058   1.786263 -1.602072 
 
 
1a 

Atomic 
center X Y Z 

C -2.469296  0.059318  2.319369 

C -1.256470 -0.662388  2.905861 

N -0.002247 -0.027873  2.382531 

Ir -0.003139  0.062266  0.161027 

C  1.240848 -0.675936  2.915386 

C  2.471388  0.008612  2.317724 

C  0.010061  0.241681 -1.683770 

H -0.027542  1.641908  0.319045 

Cl  0.042031 -2.433412  0.254304 

O  0.027843  0.368886 -2.828613 

H  0.003027  0.941256  2.703126 

P -2.344262  0.100207  0.454922 

C -3.168466  1.638820 -0.053120 

C -4.300666  1.629596 -0.880971 

C -4.890990  2.836543 -1.267716 

C -4.361794  4.051756 -0.828193 

C -3.230181  4.064646 -0.003717 

C -2.631296  2.864636  0.375225 

C -3.324559 -1.267948 -0.200233 

C -2.871544 -1.955626 -1.335076 

C -3.655424 -2.964721 -1.896365 

C -4.887644 -3.295218 -1.325786 
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C -5.343529 -2.611415 -0.193587 

C -4.567658 -1.596292  0.366881 

P  2.335177  0.091994  0.456391 

C  3.226714  1.585929 -0.054640 

C  4.621402  1.644008  0.121111 

C  5.322692  2.791718 -0.246263 

C  4.641960  3.881855 -0.801463 

C  3.258803  3.822773 -0.988255 

C  2.549459  2.677997 -0.614514 

C  3.268776 -1.295867 -0.223264 

C  3.506735 -2.458313  0.523185 

C  4.169182 -3.538288 -0.062347 

C  4.582729 -3.467555 -1.395223 

C  4.335961 -2.313075 -2.145990 

C  3.680040 -1.228612 -1.564676 

H -2.505547  1.102389  2.656956 

H -3.397210 -0.427535  2.632858 

H -1.257492 -0.611116  4.002132 

H -1.226802 -1.707621  2.587599 

H  1.242762 -0.605061  4.010538 

H  1.186415 -1.725071  2.616464 

H  2.545575  1.046539  2.664499 

H  3.389139 -0.510313  2.611655 

H -4.718845  0.688258 -1.223599 

H -5.765570  2.823058 -1.912519 

H -4.824369  4.987781 -1.129542 

H -2.812199  5.008946  0.335175 

H -1.733945  2.880977  0.989889 

H -1.901228 -1.724105 -1.758960 

H -3.296570 -3.499688 -2.771190 

H -5.492438 -4.086958 -1.759993 

H -6.302471 -2.865136  0.250128 

H -4.942218 -1.056551  1.232956 
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H  5.157079  0.789981  0.528317 

H  6.399716  2.833466 -0.107763 

H  5.192264  4.772128 -1.094240 

H  2.730984  4.663515 -1.430480 

H  1.475551  2.628676 -0.762627 

H  3.170896 -2.533215  1.552565 

H  4.354253 -4.436370  0.520533 

H  5.095235 -4.311174 -1.849719 

H  4.656769 -2.256048 -3.182603 

H  3.497835 -0.330228 -2.149389 
 
3c 

Atomic 
center X Y Z 

Ir -0.965866  1.107124 -0.147826 

H -0.850549  0.798465  1.382446 

P -2.556850 -0.596921 -0.298809 

Cl -0.991659  1.407128 -2.739964 

P  1.018600  2.276305  0.012485 

B  0.573522 -0.501111 -0.241563 

C -2.178355  2.565931  0.181128 

C -1.765449 -2.264448 -0.516589 

C -3.782769 -0.501627 -1.651396 

C -3.592732 -0.865309  1.197665 

C  0.967537  4.077576 -0.349646 

C  1.821427  2.174255  1.646434 

C  2.227909  1.610423 -1.218740 

P -0.086009 -2.109868  0.262603 

P  2.223386 -0.215901 -0.941173 

O -2.853508  3.454135  0.500146 

H -2.395782 -3.065741 -0.115103 

H -1.590771 -2.420526 -1.585970 

C -4.256062  0.758634 -2.039857 

C -4.279962 -1.649781 -2.284543 

C -3.378292 -0.118823  2.361286 
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C -4.591240 -1.853261  1.192737 

C  1.750250  5.007180  0.353534 

C  0.103768  4.524526 -1.362589 

C  3.215512  2.135549  1.801879 

C  1.010955  2.200730  2.794016 

H  3.221294  2.065569 -1.152314 

H  1.786399  1.817257 -2.199963 

C  0.858714 -3.597489 -0.187970 

C -0.502456 -2.265458  2.053737 

C  2.681472 -0.975682 -2.564100 

C  3.715836 -0.561166  0.087081 

H -3.837720  1.650888 -1.588164 

C -5.231202  0.865413 -3.031906 

H -3.906535 -2.632173 -2.007721 

C -5.251173 -1.541103 -3.282797 

H -2.612364  0.648507  2.366972 

C -4.134237 -0.369069  3.509587 

H -4.787109 -2.421832  0.287142 

C -5.346517 -2.102373  2.338412 

C  1.669732  6.368187  0.045534 

H  2.410827  4.673234  1.148784 

H -0.506139  3.805721 -1.904880 

C  0.034439  5.884129 -1.670885 

H  3.864208  2.121139  0.933759 

C  3.786319  2.074265  3.074130 

C  1.582864  2.154396  4.065167 

H -0.068413  2.239650  2.682076 

C  1.468699 -4.415770  0.774264 

C  1.066021 -3.857341 -1.552990 

C  0.024318 -1.295422  2.914723 

C -1.362576 -3.249107  2.562510 

C  3.705389 -1.925769 -2.696645 

C  1.852187 -0.700770 -3.666229 
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C  3.561784 -1.256410  1.288782 

C  4.982727 -0.070312 -0.265928 

C -5.731842 -0.282304 -3.654009 

H -5.586067  1.848313 -3.331798 

H -5.627099 -2.437213 -3.771154 

H -3.950462  0.211911  4.410033 

C -5.115875 -1.361638  3.502953 

H -6.117068 -2.869826  2.321838 

H  2.272305  7.082809  0.601840 

C  0.813541  6.808714 -0.967617 

H -0.637015  6.221273 -2.457162 

C  2.972746  2.080651  4.210822 

H  4.867062  2.013754  3.172332 

H  0.941824  2.173788  4.943784 

H  1.310080 -4.217151  1.830664 

C  2.283935 -5.478247  0.374547 

H  0.626319 -3.204163 -2.302611 

C  1.873523 -4.924881 -1.947599 

C -0.295635 -1.312577  4.274267 

H  0.662189 -0.519890  2.494646 

H -1.786799 -3.999808  1.899652 

C -1.686777 -3.264286  3.919732 

H  4.338984 -2.167218 -1.848874 

C  3.905649 -2.583744 -3.914895 

C  2.067061 -1.345831 -4.883506 

H  1.020159 -0.006144 -3.558350 

H  2.567912 -1.598678  1.567835 

C  4.655163 -1.465845  2.131856 

C  6.072427 -0.251685  0.588747 

H  5.118587  0.451727 -1.210905 

H -6.484970 -0.195392 -4.433772 

H -5.702728 -1.556145  4.397712 

H  0.749242  7.868626 -1.203489 

Anhang
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Inorganics 2019, 7 S16/S50 

 

H  3.417279  2.031520  5.202017 

H  2.763292 -6.102897  1.124761 

C  2.485447 -5.734499 -0.985121 

H  2.037264 -5.110948 -3.005523 

H  0.115481 -0.551475  4.933411 

C -1.151907 -2.295741  4.777223 

H -2.362733 -4.022611  4.307759 

C  3.092878 -2.293313 -5.012023 

H  4.696437 -3.326107 -4.001037 

H  1.425848 -1.115218 -5.731505 

H  4.524013 -2.012328  3.063109 

C  5.909976 -0.952346  1.789529 

H  7.047456  0.147536  0.317498 

H  3.121917 -6.560472 -1.294268 

H -1.412711 -2.304803  5.833212 

H  3.250632 -2.803146 -5.959992 

H  6.758574 -1.094046  2.455078 
 
cis-1b 

Atomic 
center X Y Z 

Ir -0.967562  1.107539 -0.053154 

H -1.062866  0.993800  1.512120 

P -2.609615 -0.570106 -0.273964 

Cl -0.749647  1.020180 -2.571690 

P  0.921039  2.497931  0.161386 

C  0.619248 -0.500533  0.108764 

C -2.237381  2.497523 -0.043208 

C -1.650701 -2.000034 -0.971265 

C -3.989662 -0.299105 -1.414457 

C -3.359079 -1.112245  1.284481 

C  0.773112  4.220299 -0.356438 

C  1.753788  2.443971  1.775831 

C  2.145651  1.716360 -1.003978 

P -0.078889 -2.167551 -0.062214 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S17/S50 

 

P  2.219142 -0.083635 -0.685854 

O -3.010237  3.345547 -0.014248 

H -2.200106 -2.946427 -0.975012 

H -1.408684 -1.701617 -1.997808 

C -5.217577  0.133969 -0.881917 

C -3.838364 -0.433102 -2.805049 

C -3.502256 -0.186844  2.328255 

C -3.881713 -2.406939  1.425248 

C  1.250522  5.272636  0.441666 

C  0.124506  4.490255 -1.575892 

C  3.128027  2.725672  1.873320 

C  1.032503  2.143823  2.940952 

H  3.148321  2.146416 -0.932996 

H  1.745496  1.868611 -2.010596 

C  0.936166 -3.391558 -0.904140 

C -0.442366 -2.787722  1.591731 

C  2.718199 -0.917923 -2.207155 

C  3.546106 -0.351813  0.517440 

H -5.349049  0.234707  0.191397 

C -6.281212  0.426245 -1.736090 

H -2.889558 -0.731747 -3.235645 

C -4.911941 -0.148381 -3.649275 

H -3.102531  0.816786  2.220383 

C -4.156295 -0.555289  3.505498 

H -3.803874 -3.126962  0.615021 

C -4.515736 -2.777840  2.610659 

C  1.085730  6.591866  0.013142 

H  1.737990  5.068973  1.390213 

H -0.264276  3.677147 -2.184094 

C -0.025386  5.810983 -1.996127 

H  3.703743  2.986917  0.990469 

C  3.770390  2.680238  3.110092 

C  1.677204  2.102777  4.179024 

Anhang
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Inorganics 2019, 7 S18/S50 

 

H -0.034263  1.954062  2.880900 

C  1.930033 -4.068798 -0.175385 

C  0.740875 -3.678226 -2.264900 

C -0.603555 -1.917576  2.682290 

C -0.664690 -4.166962  1.755547 

C  3.695610 -1.927084 -2.135854 

C  2.212436 -0.518134 -3.456140 

C  3.361889 -1.041978  1.723317 

C  4.818114  0.155159  0.193576 

C -6.131448  0.283065 -3.118532 

H -7.227900  0.758792 -1.319580 

H -4.792418 -0.258192 -4.723542 

H -4.276675  0.169429  4.306245 

C -4.656368 -1.852005  3.650463 

H -4.911196 -3.784023  2.718581 

H  1.449783  7.407089  0.632274 

C  0.453326  6.861249 -1.203712 

H -0.523610  6.021484 -2.938455 

C  3.047492  2.363262  4.264462 

H  4.832870  2.897850  3.172702 

H  1.107757  1.877433  5.076784 

H  2.078006 -3.857470  0.879428 

C  2.707629 -5.040192 -0.803669 

H -0.013228 -3.153379 -2.842271 

C  1.526467 -4.649025 -2.885015 

C -0.963587 -2.428981  3.928380 

H -0.493304 -0.845093  2.561316 

H -0.544485 -4.848432  0.918254 

C -1.026269 -4.668469  3.005259 

H  4.100562 -2.236750 -1.179334 

C  4.156002 -2.529808 -3.304464 

C  2.681195 -1.130310 -4.618699 

H  1.455675  0.255238 -3.523486 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S19/S50 

 

H  2.396775 -1.458548  1.993544 

C  4.433262 -1.204600  2.605048 

C  5.882796 -0.009838  1.076566 

H  4.983413  0.668325 -0.750643 

H -6.963333  0.506124 -3.780960 

H -5.162549 -2.140318  4.567807 

H  0.326936  7.889108 -1.532679 

H  3.548855  2.331365  5.228015 

H  3.464886 -5.574127 -0.236391 

C  2.501825 -5.334886 -2.155189 

H  1.371662 -4.873224 -3.936229 

H -1.094259 -1.752816  4.768012 

C -1.171793 -3.801123  4.092457 

H -1.190195 -5.735086  3.129809 

C  3.653392 -2.132394 -4.546803 

H  4.914647 -3.304653 -3.242953 

H  2.293405 -0.811645 -5.582277 

H  4.282270 -1.736433  3.540241 

C  5.690634 -0.687143  2.286196 

H  6.861604  0.385671  0.820098 

H  3.101109 -6.100937 -2.639634 

H -1.452178 -4.194432  5.065734 

H  4.023977 -2.596631 -5.456838 

H  6.521293 -0.814457  2.974926 

H  0.901991 -0.444449  1.164525 
 
trans-1b 

Atomic 
center X Y Z 

Ir -1.267291  0.39785 -0.082621 

H -0.853271  0.12866  1.408581 

P -1.879332 -1.88393 -0.212566 

Cl -1.556359  0.67297 -2.582775 

P -0.442835  2.59145  0.017913 

C  0.787406 -0.27071 -0.701776 

Anhang

460



Inorganics 2019, 7 S20/S50 

 

C -2.974683  0.97329  0.462777 

C -0.341901 -2.81105 -0.718483 

C -3.112680 -2.36684 -1.441699 

C -2.345366 -2.65746  1.368385 

C -1.481175  3.86614 -0.739507 

C  0.000770  3.24952  1.652806 

C  1.138110  2.57638 -0.968345 

P  1.114865 -1.92377 -0.072780 

P  2.073044  1.01586 -0.799415 

O -3.996777  1.34443  0.835395 

H -0.350242 -3.84647 -0.367627 

H -0.273161 -2.80060 -1.812324 

C -4.164177 -1.48357 -1.727464 

C -3.066650 -3.62455 -2.067915 

C -2.464675 -1.90064  2.540747 

C -2.596816 -4.04042  1.406525 

C -2.359816  4.58337  0.093371 

C -1.516829  4.06722 -2.128905 

C  0.517286  4.55665  1.737145 

C -0.141518  2.48555  2.817223 

H  1.778620  3.44212 -0.771294 

H  0.834266  2.59437 -2.020767 

C  2.582557 -2.70819 -0.761758 

C  1.088134 -2.04767  1.714680 

C  3.006034  0.79347 -2.327030 

C  3.181748  1.07557  0.609675 

H -4.189478 -0.49557 -1.282811 

C -5.170635 -1.86429 -2.615040 

H -2.253232 -4.31780 -1.870498 

C -4.072666 -3.99626 -2.960495 

H -2.285672 -0.83198  2.516338 

C -2.813605 -2.52127  3.742511 

H -2.548323 -4.63480  0.497536 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S21/S50 

 

C -2.938682 -4.65723  2.608985 

C -3.252246  5.50043 -0.461346 

H -2.345301  4.43383  1.169113 

H -0.885590  3.48972 -2.794355 

C -2.405425  4.99521 -2.673254 

H  0.598905  5.17197  0.844193 

C  0.910743  5.07520  2.969994 

C  0.245206  3.01246  4.052651 

H -0.561014  1.48722  2.759339 

C  3.495851 -3.39669  0.054134 

C  2.794928 -2.62499 -2.149918 

C  1.220408 -0.91690  2.532286 

C  0.885090 -3.31426  2.289746 

C  4.408452  0.81406 -2.350762 

C  2.275847  0.62403 -3.519964 

C  4.054203 -0.00691  0.830725 

C  3.175391  2.16073  1.499167 

C -5.127730 -3.11880 -3.230046 

H -5.980927 -1.17511 -2.835152 

H -4.032152 -4.96835 -3.444153 

H -2.911622 -1.92660  4.646691 

C -3.044897 -3.89790  3.780252 

H -3.137255 -5.72537  2.630448 

H -3.927128  6.05228  0.186940 

C -3.272812  5.71139 -1.843502 

H -2.424271  5.15096 -3.748201 

C  0.778166  4.30118  4.129982 

H  1.306592  6.08538  3.029418 

H  0.118156  2.42140  4.955802 

H  3.335551 -3.45562  1.126393 

C  4.619213 -3.99351 -0.520501 

H  2.100220 -2.08603 -2.788181 

C  3.920282 -3.22374 -2.713431 

Anhang
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C  1.159643 -1.05532  3.918155 

H  1.353433  0.06450  2.097179 

H  0.763419 -4.19578  1.666285 

C  0.821402 -3.44366  3.676009 

H  4.974689  0.96663 -1.437956 

C  5.078988  0.63885 -3.563626 

C  2.956712  0.45627 -4.724320 

H  1.185899  0.62799 -3.515759 

H  4.094032 -0.83455  0.132178 

C  4.886570 -0.01117  1.947270 

C  4.011794  2.14677  2.616701 

H  2.524778  3.01009  1.338115 

H -5.910145 -3.40990 -3.925456 

H -3.321794 -4.37845  4.714775 

H -3.964936  6.43052 -2.272873 

H  1.074240  4.71148  5.091751 

H  5.325837 -4.52806  0.108205 

C  4.832249 -3.90663 -1.900274 

H  4.085102 -3.15739 -3.784884 

H  1.264782 -0.17687  4.548411 

C  0.960817 -2.31515  4.490373 

H  0.654173 -4.42117  4.118177 

C  4.357341  0.45641 -4.746094 

H  6.165077  0.65295 -3.582864 

H  2.394768  0.33087 -5.645716 

H  5.560965 -0.84687  2.111661 

C  4.860276  1.06097  2.846707 

H  4.000340  2.98966  3.301397 

H  5.707572 -4.37388 -2.343104 

H  0.908628 -2.41901  5.570734 

H  4.883948  0.32545 -5.687574 

H  5.511034  1.05498  3.716866 

H  0.598283 -0.47403 -1.767572 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S23/S50 

 

 
1c 

Atomic 
center X Y Z 

Ir  0.213137 -1.510509 -0.023748 

H  0.260533 -1.642447  1.536302 

P  2.480829 -1.011548  0.009344 

Cl  0.162043 -0.990985 -2.555591 

P -2.108654 -1.621961  0.091296 

B -0.123917  0.727978  0.295365 

C  0.489455 -3.416514 -0.222744 

C  2.705513  0.589631 -0.885577 

C  3.552396 -2.208215 -0.835278 

C  3.244981 -0.680511  1.630851 

C -2.887673 -3.118971 -0.590709 

C -2.890834 -1.324307  1.711861 

C -2.744187 -0.245927 -0.968915 

P  1.456127  1.771826 -0.241283 

P -1.845841  1.280886 -0.471252 

O  0.660082 -4.551102 -0.305792 

H  3.728214  0.975473 -0.854283 

H  2.414984  0.408387 -1.924686 

C  4.150474 -3.245686 -0.101445 

C  3.653148 -2.199069 -2.235334 

C  2.442879 -0.349197  2.730373 

C  4.643503 -0.630541  1.756088 

C -3.816671 -3.882547  0.130706 

C -2.477238 -3.537112 -1.869134 

C -4.243973 -0.949192  1.775946 

C -2.168123 -1.477944  2.901153 

H -3.828476 -0.109073 -0.935182 

H -2.426627 -0.515714 -1.978957 

C  1.403490  3.059956 -1.531126 

C  2.158119  2.586679  1.226984 

C -1.928184  2.402468 -1.903562 

Anhang
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C -2.950156  2.056598  0.765061 

H  4.060128 -3.270740  0.980882 

C  4.862572 -4.248183 -0.761001 

H  3.149546 -1.434987 -2.818741 

C  4.369833 -3.203563 -2.888340 

H  1.363446 -0.362347  2.626446 

C  3.029776  0.023814  3.941112 

H  5.274393 -0.886273  0.909100 

C  5.227119 -0.267531  2.970044 

C -4.339550 -5.052214 -0.428102 

H -4.125816 -3.574528  1.124763 

H -1.730839 -2.965205 -2.415909 

C -3.012339 -4.699536 -2.422871 

H -4.825987 -0.838207  0.865715 

C -4.855271 -0.716432  3.006604 

C -2.782081 -1.248072  4.134836 

H -1.125696 -1.775607  2.859531 

C  1.631356  4.408188 -1.218022 

C  1.183174  2.677184 -2.864864 

C  1.280192  3.139937  2.171680 

C  3.540964  2.736276  1.401578 

C -1.850261  3.786033 -1.673591 

C -2.080264  1.925526 -3.213077 

C -2.638299  2.083044  2.129919 

C -4.183270  2.574238  0.329485 

C  4.977992 -4.226014 -2.154279 

H  5.324397 -5.046770 -0.186353 

H  4.445617 -3.190060 -3.972424 

H  2.399606  0.287546  4.786424 

C  4.420347  0.061649  4.064537 

H  6.309971 -0.241813  3.061668 

H -5.054156 -5.644959  0.137144 

C -3.942825 -5.459047 -1.704142 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S25/S50 

 

H -2.693246 -5.019456 -3.411429 

C -4.123880 -0.863617  4.189683 

H -5.899564 -0.418260  3.042070 

H -2.211745 -1.372924  5.051819 

H  1.806793  4.710474 -0.190193 

C  1.655201  5.364652 -2.235854 

H  0.979859  1.637772 -3.111541 

C  1.215035  3.638043 -3.873592 

C  1.780394  3.821419  3.282264 

H  0.207553  3.030307  2.044077 

H  4.238686  2.325595  0.680032 

C  4.038538  3.403120  2.521312 

H -1.731950  4.166244 -0.662622 

C -1.945546  4.678997 -2.738754 

C -2.190531  2.826203 -4.274538 

H -2.091254  0.861382 -3.419887 

H -1.706540  1.658683  2.483693 

C -3.542720  2.624538  3.046603 

C -5.085722  3.109007  1.247688 

H -4.432527  2.570128 -0.728490 

H  5.533796 -5.007086 -2.666400 

H  4.876103  0.346652  5.009336 

H -4.350267 -6.369770 -2.135515 

H -4.600316 -0.681624  5.149658 

H  1.841195  6.406809 -1.989365 

C  1.454991  4.980528 -3.563125 

H  1.047202  3.337341 -4.903870 

H  1.092418  4.248933  4.007136 

C  3.160594  3.947278  3.462919 

H  5.112462  3.495976  2.657365 

C -2.128617  4.201002 -4.039745 

H -1.880783  5.747258 -2.552365 

H -2.319776  2.448266 -5.285262 

Anhang
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H -3.292929  2.633318  4.104125 

C -4.765080  3.137790  2.609512 

H -6.035417  3.507834  0.900659 

H  1.482655  5.724594 -4.355042 

H  3.551113  4.467537  4.333653 

H -2.214453  4.899490 -4.868033 

H -5.467764  3.557829  3.324611 

H -0.211315  0.987699  1.465457 
 
6c 

Atomic 
center X Y Z 

Ir -1.089824  0.823382 -0.113372 

H -0.758427  0.326058  1.341282 

P -2.417137 -1.096857 -0.302629 

Cl -1.272914  1.434121 -2.584624 

P  0.504294  2.505763  0.055432 

B  0.575438 -0.546267 -0.798567 

C -2.513924  1.974352  0.509134 

C -1.384253 -2.600387 -0.704574 

C -3.710963 -1.108198 -1.579075 

C -3.250098 -1.616470  1.245789 

C -0.032263  4.152371 -0.503091 

C  1.247744  2.833560  1.692186 

C  1.947068  2.065263 -1.029266 

P  0.301288 -2.279019 -0.054906 

P  2.316523  0.273128 -0.879400 

O -3.330527  2.653718  0.957467 

H -1.826819 -3.521775 -0.317346 

H -1.286061 -2.668578 -1.792829 

C -4.335724  0.104255 -1.903075 

C -4.118909 -2.291785 -2.215596 

C -3.084761 -0.895467  2.433595 

C -4.049753 -2.771708  1.248689 

C -0.619620  5.015938  0.437422 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S27/S50 

 

C  0.007082  4.524648 -1.854908 

C  2.161903  3.894208  1.826072 

C  0.943657  2.046261  2.807063 

H  2.821169  2.711612 -0.901924 

H  1.567518  2.161264 -2.053547 

C  1.397286 -3.597874 -0.659873 

C  0.177412 -2.411163  1.744333 

C  3.189061 -0.173888 -2.411231 

C  3.452485 -0.011059  0.501329 

H -3.990168  1.028181 -1.453994 

C -5.372106  0.127541 -2.837120 

H -3.633467 -3.237782 -1.990123 

C -5.151222 -2.262771 -3.154688 

H -2.473363 -0.001010  2.437022 

C -3.694982 -1.330939  3.612521 

H -4.215616 -3.323344  0.326722 

C -4.654865 -3.208074  2.426822 

C -1.147353  6.241368  0.031227 

H -0.665066  4.733778  1.485767 

H  0.407648  3.850708 -2.603123 

C -0.515492  5.756669 -2.253790 

H  2.377571  4.535141  0.974494 

C  2.781521  4.140040  3.050432 

C  1.561908  2.296656  4.035580 

H  0.222351  1.242432  2.713166 

C  1.832214 -4.650598  0.159854 

C  1.867308 -3.498509 -1.981875 

C  0.825524 -1.464956  2.548962 

C -0.593410 -3.420298  2.341397 

C  4.521646 -0.607025 -2.417850 

C  2.462943 -0.102488 -3.614056 

C  3.756731 -1.343279  0.833934 

C  4.016896  1.033198  1.244897 

Anhang

468



Inorganics 2019, 7 S28/S50 

 

C -5.782262 -1.053353 -3.462012 

H -5.846531  1.072410 -3.087836 

H -5.459953 -3.181772 -3.646276 

H -3.558967 -0.762670  4.529077 

C -4.475105 -2.488658  3.614055 

H -5.274511 -4.101222  2.417014 

H -1.600720  6.901733  0.765778 

C -1.091943  6.615946 -1.314961 

H -0.481243  6.037475 -3.303051 

C  2.484941  3.336593  4.158453 

H  3.485774  4.962683  3.144582 

H  1.313616  1.684287  4.898712 

H  1.485627 -4.719271  1.186925 

C  2.726727 -5.598919 -0.342755 

H  1.555255 -2.668545 -2.609964 

C  2.758315 -4.450579 -2.477033 

C  0.710720 -1.533832  3.937536 

H  1.403100 -0.669547  2.093799 

H -1.118253 -4.146803  1.728299 

C -0.713084 -3.481987  3.729579 

H  5.085316 -0.659121 -1.491193 

C  5.123375 -0.981544 -3.622620 

C  3.074831 -0.470051 -4.812280 

H  1.425572  0.228159 -3.610787 

H  3.338855 -2.162618  0.256406 

C  4.597035 -1.621627  1.910341 

C  4.850112  0.749455  2.329434 

H  3.797668  2.065122  1.000791 

H -6.584492 -1.031047 -4.195087 

H -4.950731 -2.825919  4.531529 

H -1.501649  7.571745 -1.631173 

H  2.962794  3.532245  5.115026 

H  3.064049 -6.412258  0.294530 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S29/S50 

 

C  3.189365 -5.500396 -1.658572 

H  3.123087 -4.365146 -3.497102 

H  1.219444 -0.798008  4.554170 

C -0.059383 -2.539516  4.528904 

H -1.324901 -4.255967  4.183977 

C  4.402337 -0.915583 -4.817440 

H  6.155776 -1.321271 -3.625184 

H  2.514149 -0.410945 -5.741510 

H  4.824653 -2.654163  2.161241 

C  5.137859 -0.575430  2.665962 

H  5.270686  1.566740  2.908484 

H  3.888209 -6.238045 -2.044384 

H -0.156118 -2.586094  5.610545 

H  4.873509 -1.205904 -5.753014 

H  5.785387 -0.793717  3.511188 

H  0.359547 -0.792816 -1.963733 
 
6b 

Atomic 
center X Y Z 

Ir -1.025134  0.998247 -0.145560 

H -1.014310  0.825415  1.411040 

P -2.539616 -0.798014 -0.259847 

Cl -0.955945  1.077687 -2.719252 

P  0.775605  2.477876  0.045908 

C  0.589783 -0.491096 -0.240011 

C -2.382280  2.306017 -0.059256 

C -1.556606 -2.254102 -0.839069 

C -3.952118 -0.665909 -1.394090 

C -3.264412 -1.261481  1.345031 

C  0.536813  4.200055 -0.482624 

C  1.547302  2.542426  1.694012 

C  2.058354  1.759225 -1.076050 

P  0.109881 -2.112183 -0.066550 

P  2.171448 -0.036062 -0.698853 

Anhang
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Inorganics 2019, 7 S30/S50 

 

O -3.208562  3.107139  0.010512 

H -2.042591 -3.211325 -0.631164 

H -1.429161 -2.122525 -1.917930 

C -5.221485 -0.342012 -0.885983 

C -3.770803 -0.800168 -2.780412 

C -3.424901 -0.281052  2.333817 

C -3.734424 -2.561404  1.582358 

C  1.058617  5.278735  0.249585 

C -0.212238  4.439981 -1.647961 

C  2.918566  2.803670  1.839672 

C  0.759604  2.362511  2.839668 

H  3.033433  2.250667 -1.020575 

H  1.642913  1.854922 -2.084888 

C  1.191208 -3.352991 -0.820685 

C -0.187382 -2.674944  1.643881 

C  2.875468 -0.820055 -2.189437 

C  3.474061 -0.166316  0.574714 

H -5.373772 -0.236365  0.184163 

C -6.296975 -0.161630 -1.757180 

H -2.787895 -1.003759 -3.190201 

C -4.853032 -0.625276 -3.643390 

H -3.062843  0.725716  2.155083 

C -4.038878 -0.597778  3.546956 

H -3.641071 -3.328925  0.819432 

C -4.330111 -2.881268  2.802353 

C  0.837643  6.587166 -0.186889 

H  1.624901  5.102794  1.158931 

H -0.630338  3.608351 -2.209157 

C -0.421495  5.750187 -2.078407 

H  3.544966  2.958016  0.967476 

C  3.496319  2.854519  3.108207 

C  1.336982  2.421896  4.109286 

H -0.304403  2.174519  2.735679 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S31/S50 

 

C  2.188779 -3.972352 -0.051770 

C  1.087067 -3.639049 -2.190691 

C -0.224006 -1.729978  2.675889 

C -0.465940 -4.022541  1.920073 

C  3.999741 -1.655461 -2.134881 

C  2.234224 -0.590872 -3.418730 

C  3.162850 -0.710231  1.824218 

C  4.767711  0.325576  0.333344 

C -6.115676 -0.305652 -3.135544 

H -7.276125  0.087459 -1.356693 

H -4.705230 -0.729030 -4.715045 

H -4.164513  0.171449  4.304581 

C -4.484982 -1.899727  3.786190 

H -4.677953 -3.894987  2.982407 

H  1.238521  7.419397  0.385972 

C  0.101136  6.824489 -1.350582 

H -1.001492  5.930772 -2.979673 

C  2.707325  2.660527  4.245467 

H  4.561944  3.041353  3.206207 

H  0.716483  2.282929  4.991006 

H  2.273521 -3.753590  1.008673 

C  3.066212 -4.879519 -0.648484 

H  0.336773 -3.145114 -2.800683 

C  1.961784 -4.550397 -2.779476 

C -0.542960 -2.127243  3.975741 

H -0.014599 -0.689031  2.448557 

H -0.431440 -4.762339  1.123715 

C -0.775493 -4.418106  3.221213 

H  4.490480 -1.853561 -1.188180 

C  4.486854 -2.246240 -3.302862 

C  2.733525 -1.175567 -4.582198 

H  1.339815  0.026580 -3.460800 

H  2.157576 -1.072010  2.009944 

Anhang
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Inorganics 2019, 7 S32/S50 

 

C  4.131333 -0.762478  2.829497 

C  5.732818  0.277371  1.338747 

H  5.022222  0.740529 -0.639101 

H -6.955001 -0.167017 -3.812094 

H -4.954933 -2.149717  4.733881 

H -0.070934  7.844042 -1.686020 

H  3.158633  2.699212  5.233564 

H  3.836089 -5.358608 -0.049326 

C  2.949089 -5.173398 -2.009332 

H  1.877824 -4.768408 -3.840227 

H -0.580818 -1.388837  4.772350 

C -0.818919 -3.469143  4.248927 

H -0.983813 -5.463301  3.434840 

C  3.861839 -2.001414 -4.527382 

H  5.354874 -2.898355 -3.252618 

H  2.240522 -0.984988 -5.532148 

H  3.879915 -1.181576  3.800379 

C  5.414791 -0.267133  2.588933 

H  6.732177  0.660645  1.148765 

H  3.628761 -5.884291 -2.471933 

H -1.067077 -3.777994  5.261138 

H  4.248812 -2.455846 -5.436071 

H  6.168201 -0.302571  3.371760 
 
3c 

Atomic 
center X Y Z 

Ir  0.108846 -1.425129  0.109731 

P  2.395399 -1.275351  0.171055 

P -2.110170 -1.043712 -0.338562 

B  0.376603  0.822833  0.498066 

C -0.015045 -3.299109 -0.070373 

C  2.860501  0.064917 -1.036488 

C  3.420287 -2.702038 -0.319833 

C  3.140959 -0.722664  1.747013 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S33/S50 

 

C -2.795503 -1.865166 -1.822932 

C -3.283788 -1.432405  1.007048 

C -2.384337  0.759211 -0.731563 

P  1.583055  1.396352 -0.874982 

P -1.330083  1.707796  0.429111 

O -0.086636 -4.455424 -0.147187 

H  3.866099  0.468366 -0.881736 

H  2.796393 -0.352370 -2.046872 

C  3.210601 -3.904835  0.373952 

C  4.396366 -2.647760 -1.325464 

C  2.365090 -0.780982  2.912392 

C  4.466257 -0.270039  1.816695 

C -4.173096 -1.846146 -2.092118 

C -1.923611 -2.498208 -2.718894 

C -4.462244 -0.713595  1.253493 

C -2.956851 -2.516991  1.836615 

H -3.434991  1.063259 -0.721341 

H -1.978571  0.912489 -1.738746 

C  0.702443  1.501203 -2.457226 

C  2.524670  2.929382 -0.610169 

C -1.405610  3.448201 -0.085837 

C -2.109362  1.600870  2.062884 

H  2.449818 -3.958411  1.148493 

C  3.966950 -5.034805  0.066560 

H  4.579541 -1.726610 -1.871342 

C  5.147891 -3.784940 -1.636912 

H  1.336950 -1.127875  2.841623 

C  2.906210 -0.380700  4.135806 

H  5.085388 -0.244673  0.922547 

C  5.003602  0.139511  3.038263 

C -4.668695 -2.445092 -3.251372 

H -4.860549 -1.384241 -1.387984 

H -0.861151 -2.522336 -2.494586 

Anhang
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Inorganics 2019, 7 S34/S50 

 

C -2.422507 -3.100897 -3.876169 

H -4.731802  0.139588  0.638938 

C -5.297670 -1.070443  2.313206 

C -3.799993 -2.881215  2.886820 

H -2.031642 -3.059979  1.667074 

C  0.229181  2.727027 -2.947373 

C  0.323714  0.304291 -3.088026 

C  2.756610  3.330464  0.714626 

C  3.085575  3.661242 -1.668821 

C -0.502017  4.345043  0.507435 

C -2.280023  3.904760 -1.082794 

C -1.720543  0.578226  2.941304 

C -3.134714  2.487333  2.424133 

C  4.935469 -4.977687 -0.941865 

H  3.795188 -5.961681  0.607375 

H  5.899171 -3.735750 -2.421030 

H  2.301137 -0.428607  5.037776 

C  4.223205  0.085160  4.198659 

H  6.030307  0.493313  3.086990 

H -5.737086 -2.433444 -3.451569 

C -3.793616 -3.071837 -4.145675 

H -1.742239 -3.601944 -4.560603 

C -4.970087 -2.156193  3.129884 

H -6.201520 -0.497324  2.502679 

H -3.538040 -3.724817  3.520323 

H  0.491248  3.654186 -2.448778 

C -0.603358  2.753372 -4.068928 

H  0.637572 -0.650846 -2.672414 

C -0.511395  0.337093 -4.204798 

C  3.529713  4.462887  0.976881 

H  2.333576  2.753740  1.533261 

H  2.921761  3.348616 -2.696259 

C  3.849310  4.799077 -1.401545 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S35/S50 

 

H  0.179394  3.998651  1.278563 

C -0.463364  5.676807  0.096789 

C -2.241391  5.240725 -1.489517 

H -2.978447  3.221176 -1.555363 

H -0.933539 -0.110753  2.648399 

C -2.367692  0.437845  4.168505 

C -3.773197  2.344863  3.657126 

H -3.425757  3.289608  1.750534 

H  5.519900 -5.860977 -1.185745 

H  4.644036  0.400209  5.150190 

H -4.182509 -3.546195 -5.043118 

H -5.621822 -2.432277  3.954833 

H -0.966848  3.706566 -4.443259 

C -0.974208  1.561881 -4.698080 

H -0.815062 -0.592982 -4.675648 

H  3.708859  4.767758  2.004719 

C  4.069932  5.201921 -0.080110 

H  4.275194  5.368183 -2.223796 

C -1.330916  6.125773 -0.905536 

H  0.246213  6.361133  0.554022 

H -2.920511  5.588091 -2.263843 

H -2.076594 -0.363844  4.841625 

C -3.392865  1.318095  4.526873 

H -4.564234  3.034921  3.938878 

H -1.625558  1.585490 -5.567924 

H  4.666557  6.087177  0.124406 

H -1.298777  7.163344 -1.227587 

H -3.894517  1.205749  5.484618 

H  0.872370  1.053548  1.572975 
 
4b 

Atomic 
center X Y Z 

Ir -1.039938  1.017908 -0.179121 

P -2.543295 -0.728528 -0.347908 

Anhang

476



Inorganics 2019, 7 S36/S50 

 

P  0.714589  2.488009 -0.011299 

C  0.526554 -0.438256 -0.383928 

C -2.374344  2.309909 -0.069301 

C -1.591907 -2.245923 -0.882167 

C -3.849537 -0.564644 -1.607306 

C -3.377194 -1.193705  1.206550 

C  0.501288  4.198339 -0.591524 

C  1.472673  2.552469  1.645185 

C  2.064548  1.808326 -1.101584 

P  0.071507 -2.066059 -0.127868 

P  2.130980  0.002368 -0.783589 

O -3.204260  3.123399 -0.011660 

H -2.074655 -3.192198 -0.623117 

H -1.483340 -2.172438 -1.969235 

C -5.078358 -1.234707 -1.515180 

C -3.583510  0.262413 -2.710132 

C -3.622956 -0.170005  2.135477 

C -3.781032 -2.503000  1.507242 

C  1.119668  5.299065  0.018887 

C -0.327224  4.392433 -1.708745 

C  2.819034  2.890214  1.850798 

C  0.673807  2.203404  2.744640 

H  3.041754  2.278082 -0.953678 

H  1.740639  1.966953 -2.134983 

C  1.187200 -3.321370 -0.808625 

C -0.214648 -2.523709  1.615417 

C  2.764249 -0.769519 -2.308823 

C  3.416606 -0.189275  0.493679 

H -5.298651 -1.854388 -0.650241 

C -6.029661 -1.084510 -2.526790 

H -2.639940  0.803704 -2.749586 

C -4.535623  0.403997 -3.721017 

H -3.288945  0.839779  1.917383 

Nachdrucke der diskutierten Publikationen
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Inorganics 2019, 7 S37/S50 

 

C -4.267970 -0.451297  3.340118 

H -3.603719 -3.313126  0.806357 

C -4.412603 -2.784995  2.720113 

C  0.915853  6.583136 -0.493138 

H  1.743000  5.158031  0.897131 

H -0.835594  3.538087 -2.151503 

C -0.519714  5.675259 -2.221326 

H  3.453328  3.159210  1.011172 

C  3.361044  2.868425  3.136304 

C  1.215779  2.189850  4.031093 

H -0.365010  1.929351  2.574267 

C  2.250189 -3.800354 -0.026394 

C  1.060876 -3.739415 -2.142128 

C -0.403867 -1.507409  2.560304 

C -0.356695 -3.867473  1.994438 

C  3.907552 -1.576037 -2.353581 

C  2.008658 -0.566267 -3.476818 

C  3.049389 -0.666941  1.756392 

C  4.740322  0.221177  0.262564 

C -5.758178 -0.269601 -3.630540 

H -6.985056 -1.597158 -2.449461 

H -4.330836  1.049786 -4.571237 

H -4.457322  0.350369  4.049460 

C -4.659490 -1.759849  3.637283 

H -4.711909 -3.805024  2.946788 

H  1.388313  7.435994 -0.012563 

C  0.102163  6.771708 -1.614025 

H -1.166072  5.822360 -3.082704 

C  2.560492  2.517355  4.227681 

H  4.407810  3.119496  3.284843 

H  0.590637  1.920469  4.878820 

H  2.353881 -3.478905  1.005641 

C  3.171514 -4.695020 -0.573215 

Anhang
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Inorganics 2019, 7 S38/S50 

 

H  0.253100 -3.361950 -2.762202 

C  1.981527 -4.636757 -2.682194 

C -0.734109 -1.832835  3.876599 

H -0.307573 -0.469641  2.251145 

H -0.209499 -4.659930  1.264711 

C -0.680404 -4.188649  3.313147 

H  4.481431 -1.760575 -1.451793 

C  4.299610 -2.163201 -3.559736 

C  2.409288 -1.145402 -4.679456 

H  1.099465  0.030582 -3.435644 

H  2.018462 -0.947194  1.942289 

C  3.996612 -0.747815  2.779084 

C  5.685039  0.140265  1.285812 

H  5.033617  0.601081 -0.713111 

H -6.503219 -0.150722 -4.413096 

H -5.153209 -1.981183  4.580078 

H -0.057026  7.772541 -2.007029 

H  2.985138  2.498533  5.228204 

H  3.991130 -5.064916  0.037294 

C  3.035577 -5.116603 -1.898615 

H  1.878633 -4.957696 -3.714951 

H -0.892658 -1.041021  4.603811 

C -0.872345 -3.170894  4.254103 

H -0.785426 -5.230023  3.606432 

C  3.558820 -1.943715 -4.722535 

H  5.182956 -2.795731 -3.586621 

H  1.827079 -0.977115 -5.581884 

H  3.701022 -1.111998  3.759454 

C  5.313950 -0.346695  2.544747 

H  6.708666  0.457246  1.103311 

H  3.750396 -5.817490 -2.321871 

H -1.131190 -3.422952  5.279321 

H  3.870596 -2.396808 -5.660103 
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H  6.051321 -0.405807  3.341252 
 
1a 

Atomic 
center X Y Z 

C  2.462746 -0.033536  2.284013 

C  1.249540  0.682345  2.881989 

N -0.001062  0.066510  2.340398 

Ir  0.000261 -0.112881  0.143720 

C -1.250788  0.686289  2.879620 

C -2.464794 -0.027949  2.281527 

C  0.002021 -0.258419 -1.709140 

Cl -0.000302 -2.559336  0.693573 

H  0.000248  1.466817  0.065465 

O  0.003378 -0.337215 -2.857789 

H -0.002644 -0.924430  2.611567 

P  2.338588  0.023125  0.429078 

C  3.415152 -1.269007 -0.233700 

C  4.182908 -1.009819 -1.382663 

C  4.957468 -2.024622 -1.945802 

C  4.972040 -3.298217 -1.369346 

C  4.204441 -3.559724 -0.230286 

C  3.420945 -2.553933  0.335841 

C  3.081552  1.606898 -0.060955 

C  2.419692  2.477435 -0.937351 

C  3.027611  3.672251 -1.331942 

C  4.296167  4.004553 -0.850543 

C  4.964924  3.136221  0.020236 

C  4.364756  1.939001  0.408757 

P -2.338961  0.025231  0.426633 

C -3.417983 -1.266670 -0.232523 

C -3.423883 -2.550496  0.339503 

C -4.210619 -3.556203 -0.222198 

C -4.981450 -3.295675 -1.359313 

C -4.966726 -2.023241 -1.938314 

Anhang
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C -4.188806 -1.008525 -1.379617 

C -3.078955  1.609527 -0.066176 

C -4.359863  1.947149  0.405801 

C -4.956768  3.145547  0.015855 

C -4.287130  4.009424 -0.858666 

C -3.020956  3.671496 -1.342462 

C -2.416225  2.475581 -0.946341 

H  2.465587 -1.088272  2.579681 

H  3.396281  0.425792  2.622176 

H  1.237080  1.740250  2.600985 

H  1.248155  0.606846  3.976755 

H -1.250731  0.612913  3.974528 

H -1.235631  1.743543  2.596314 

H -3.397708  0.433680  2.618194 

H -2.469986 -1.082227  2.578692 

H  4.182506 -0.020444 -1.830928 

H  5.551152 -1.818281 -2.832243 

H  5.578074 -4.086261 -1.808419 

H  4.207489 -4.550770  0.215165 

H  2.799202 -2.779925  1.194953 

H  1.433779  2.219272 -1.308847 

H  2.510711  4.340682 -2.015319 

H  4.767010  4.935366 -1.155406 

H  5.955025  3.388806  0.390036 

H  4.902491  1.258089  1.064235 

H -2.799892 -2.775617  1.197233 

H -4.213801 -4.546370  0.225207 

H -5.590193 -4.083594 -1.794844 

H -5.562969 -1.817703 -2.823219 

H -4.188188 -0.020021 -1.829747 

H -4.898304  1.269869  1.064450 

H -5.945003  3.402556  0.387600 

H -4.755421  4.941209 -1.164484 
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H -2.503438  4.336482 -2.028725 

H -1.431961  2.213028 -1.319190 
 
3a 

Atomic 
center X Y Z 

C -2.440215  0.102190  2.342155 

C -1.196042 -0.602406  2.893972 

N -0.000365 -0.017664  2.294689 

Ir -0.000618 -0.044764  0.156490 

C  1.200155 -0.592440  2.893946 

C  2.438570  0.120075  2.339368 

C -0.001618  0.011489 -1.720324 

Cl  0.001377 -2.599834  0.304611 

H -0.002937  1.532117  0.227001 

O -0.002162  0.008247 -2.880036 

P -2.304833  0.075364  0.494390 

C -3.064683  1.632944 -0.085341 

C -4.125941  1.665907 -0.999632 

C -4.632769  2.892217 -1.442810 

C -4.088701  4.089224 -0.972731 

C -3.027064  4.060387 -0.060073 

C -2.512882  2.840121  0.375363 

C -3.379881 -1.246267 -0.135202 

C -2.946602 -2.036656 -1.207787 

C -3.788989 -3.017488 -1.736672 

C -5.061937 -3.217355 -1.196249 

C -5.498050 -2.432100 -0.123390 

C -4.660784 -1.447758  0.403779 

P  2.303864  0.081158  0.492100 

C  3.378031 -1.245633 -0.128325 

C  2.947480 -2.034907 -1.202859 

C  3.788143 -3.020129 -1.726114 

C  5.056846 -3.225783 -1.177916 

C  5.490251 -2.441850 -0.103062 
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C  4.654687 -1.452962  0.418404 

C  3.065184  1.634420 -0.097214 

C  2.507737  2.845134  0.347032 

C  3.025797  4.062021 -0.093282 

C  4.097330  4.083812 -0.994470 

C  4.647138  2.883196 -1.448382 

C  4.136269  1.660376 -1.000296 

H -3.373005 -0.366008  2.672398 

H -2.440805  1.156547  2.639467 

H -1.161367 -0.462084  3.988904 

H -1.275619 -1.688929  2.701802 

H  1.165436 -0.450426  3.988655 

H  1.287964 -1.678839  2.703815 

H  3.375122 -0.337378  2.673832 

H  2.429025  1.176255  2.630203 

H -4.554293  0.738020 -1.366920 

H -5.453107  2.908091 -2.156453 

H -4.484384  5.041340 -1.318112 

H -2.595097  4.989538  0.304275 

H -1.669250  2.816330  1.061258 

H -1.944605 -1.906152 -1.599484 

H -3.442465 -3.633807 -2.562297 

H -5.712638 -3.986887 -1.605109 

H -6.487399 -2.585385  0.301000 

H -5.009620 -0.831819  1.229069 

H  1.948479 -1.899985 -1.600580 

H  3.443468 -3.635451 -2.553245 

H  5.706209 -3.998856 -1.582198 

H  6.476214 -2.599691  0.327494 

H  5.001894 -0.838441  1.245389 

H  1.656829  2.826726  1.023988 

H  2.589201  4.993915  0.258304 

H  4.496174  5.033208 -1.343681 
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H  5.475189  2.893517 -2.153166 

H  4.569199  0.729716 -1.354947 
 
6c 

Atomic 
center X Y Z 

Ir  0.034392 -1.372840 -0.464806 

P -2.163729 -1.347011  0.116934 

Cl  0.113102  0.022313  3.475447 

P  2.260719 -1.218400 -0.002581 

B -0.015050  0.919901 -0.506608 

C  0.073508 -3.229179 -0.795431 

C -2.494818  0.204456  1.086220 

C -2.610142 -2.704843  1.254770 

C -3.466455 -1.372442 -1.168271 

C  2.860330 -2.566949  1.075252 

C  3.471428 -1.123094 -1.368193 

C  2.531743  0.289249  1.041373 

P -1.721829  1.574152  0.149565 

P  1.615202  1.655409  0.246341 

O  0.094055 -4.350143 -1.107490 

H -3.545737  0.364683  1.348489 

H -1.879957  0.121357  1.999915 

C -3.262793 -3.853371  0.780334 

C -2.151916 -2.662765  2.581253 

C -3.071386 -1.220645 -2.503093 

C -4.828808 -1.503894 -0.859513 

C  3.961355 -3.372620  0.756820 

C  2.112947 -2.823267  2.237424 

C  4.763182 -0.599839 -1.216122 

C  3.062774 -1.597379 -2.622604 

H  3.581251  0.525195  1.246869 

H  1.982379  0.074298  1.976762 

C -1.897746  3.060528  1.200729 

C -2.818958  1.926702 -1.273271 

Anhang
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C  1.591354  3.046806  1.416989 

C  2.736073  2.226294 -1.089667 

H -3.599609 -3.902977 -0.251137 

C -3.472721 -4.941768  1.629886 

H -1.593864 -1.804007  2.950637 

C -2.372095 -3.752629  3.425843 

H -2.009893 -1.124727 -2.724488 

C -4.029382 -1.183118 -3.519353 

H -5.137489 -1.638539  0.174529 

C -5.784533 -1.476766 -1.875348 

C  4.316366 -4.431375  1.599217 

H  4.534228 -3.183614 -0.146661 

H  1.254690 -2.199882  2.481828 

C  2.481747 -3.872813  3.078073 

H  5.089523 -0.227951 -0.248640 

C  5.630850 -0.540549 -2.307084 

C  3.936647 -1.552364 -3.711272 

H  2.050174 -1.980973 -2.733086 

C -2.353601  4.273123  0.657615 

C -1.551966  2.989809  2.560221 

C -2.297294  2.412112 -2.479586 

C -4.208814  1.798087 -1.133902 

C  1.229598  4.314304  0.931065 

C  1.919262  2.886140  2.769441 

C  2.574167  1.779704 -2.408307 

C  3.832399  3.044160 -0.771350 

C -3.032274 -4.892307  2.955853 

H -3.976138 -5.829009  1.252669 

H -2.013723 -3.708702  4.451683 

H -3.717774 -1.054514 -4.553049 

C -5.385019 -1.311696 -3.206658 

H -6.839239 -1.583308 -1.631479 

H  5.166862 -5.059991  1.344975 
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C  3.579548 -4.681238  2.759693 

H  1.904314 -4.061124  3.979980 

C  5.219443 -1.019391 -3.555501 

H  6.625047 -0.117415 -2.185561 

H  3.613532 -1.923921 -4.680998 

H -2.625773  4.336204 -0.391916 

C -2.474755  5.401772  1.470588 

H -1.165031  2.064460  2.987729 

C -1.680310  4.123647  3.363142 

C -3.150388  2.745316 -3.534971 

H -1.224704  2.524976 -2.597112 

H -4.632499  1.431562 -0.205017 

C -5.058998  2.120994 -2.190085 

H  0.965417  4.441103 -0.116090 

C  1.214600  5.413476  1.785967 

C  1.905899  3.994588  3.620827 

H  2.136644  1.902441  3.169959 

H  1.747793  1.125207 -2.659225 

C  3.491416  2.150354 -3.393449 

C  4.745313  3.416545 -1.759294 

H  3.965965  3.398460  0.247320 

H -3.195671 -5.741274  3.615940 

H -6.130916 -1.285789 -3.997805 

H  3.857183 -5.505676  3.412776 

H  5.896594 -0.971311 -4.405227 

H -2.834428  6.335299  1.043767 

C -2.143612  5.327760  2.825932 

H -1.406939  4.060014  4.413066 

H -2.732221  3.117596 -4.467160 

C -4.531440  2.595160 -3.394782 

H -6.132017  1.994526 -2.074212 

C  1.560656  5.255624  3.132578 

H  0.924030  6.389033  1.405410 

Anhang
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H  2.153870  3.861837  4.670864 

H  3.363170  1.784550 -4.408660 

C  4.575662  2.970418 -3.073470 

H  5.587158  4.055107 -1.502061 

H -2.241350  6.206685  3.459244 

H -5.194788  2.843160 -4.219962 

H  1.545736  6.113695  3.800557 

H  5.288818  3.257070 -3.842817 

H  0.003539  1.259922 -1.665181 
 
6b 

Atomic 
center X Y Z 

Ir  0.387021 -1.251939  0.244220 

P  2.532371 -0.551963 -0.242585 

Cl -0.102935  0.193110 -3.107148 

P -1.811682 -1.858684 -0.042953 

C -0.301773  0.926915  0.288616 

C  0.923749 -3.002847  0.473659 

C  2.334539  1.101445 -1.073983 

C  3.378544 -1.587413 -1.477062 

C  3.717523 -0.347927  1.122424 

C -2.034593 -3.296845 -1.131889 

C -2.858147 -2.141928  1.415551 

C -2.581153 -0.470149 -1.007824 

P  1.067287  2.026247 -0.154305 

P -2.010539  1.110766 -0.310141 

O  1.255168 -4.096120  0.676473 

H  3.255537  1.688967 -1.145022 

H  1.919455  0.875509 -2.068541 

C  4.747615 -1.883265 -1.395143 

C  2.602787 -2.118715 -2.520778 

C  3.576454 -1.207818  2.222564 

C  4.768817  0.578728  1.099962 

C -2.739478 -4.438782 -0.728157 

Nachdrucke der diskutierten Publikationen

487



Inorganics 2019, 7 S47/S50 

 

C -1.397804 -3.261922 -2.384565 

C -4.257304 -2.053548  1.375397 

C -2.216452 -2.474022  2.617834 

H -3.675261 -0.497703 -1.029829 

H -2.153777 -0.549148 -2.016267 

C  0.698927  3.567004 -1.020972 

C  1.885733  2.460141  1.412322 

C -2.458492  2.453879 -1.427890 

C -3.051181  1.332836  1.175426 

H  5.348431 -1.489403 -0.580925 

C  5.337753 -2.704865 -2.358880 

H  1.544851 -1.881039 -2.578667 

C  3.203302 -2.930359 -3.482505 

H  2.749085 -1.912358  2.246021 

C  4.481006 -1.145546  3.283087 

H  4.895325  1.246830  0.252754 

C  5.662517  0.651080  2.169878 

C -2.811691 -5.544358 -1.580782 

H -3.223007 -4.470547  0.243826 

H -0.841449 -2.377383 -2.689851 

C -1.485282 -4.366070 -3.231277 

H -4.765580 -1.808277  0.446524 

C -5.005126 -2.278891  2.531263 

C -2.967902 -2.714817  3.769759 

H -1.129890 -2.525252  2.640700 

C  0.464256  4.747837 -0.294277 

C  0.643677  3.578417 -2.424433 

C  1.747590  1.660308  2.557504 

C  2.802689  3.525405  1.421558 

C -2.589085  3.750354 -0.902422 

C -2.747903  2.208966 -2.778609 

C -2.655225  0.860057  2.436610 

C -4.344366  1.859938  1.015403 
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C  4.568248 -3.226906 -3.402318 

H  6.396905 -2.939288 -2.290102 

H  2.602527 -3.334524 -4.293164 

H  4.369998 -1.819849  4.128419 

C  5.522652 -0.213128  3.259987 

H  6.470175  1.378179  2.149924 

H -3.354718 -6.431709 -1.265931 

C -2.188060 -5.508667 -2.830398 

H -0.999861 -4.335859 -4.203450 

C -4.361322 -2.611255  3.728384 

H -6.088573 -2.199526  2.498476 

H -2.467366 -2.978406  4.698041 

H  0.496086  4.740811  0.790897 

C  0.209159  5.939290 -0.970620 

H  0.772642  2.657101 -2.986493 

C  0.374050  4.775708 -3.088835 

C  2.488090  1.948303  3.704507 

H  1.112069  0.779916  2.546800 

H  2.938450  4.138181  0.535415 

C  3.537422  3.809457  2.571813 

H -2.382675  3.940940  0.146433 

C -3.004420  4.794250 -1.725140 

C -3.171296  3.260744 -3.592888 

H -2.608848  1.221343 -3.200969 

H -1.690460  0.385833  2.579390 

C -3.527021  0.940214  3.522882 

C -5.213209  1.935407  2.104507 

H -4.670550  2.221674  0.044989 

H  5.030635 -3.867627 -4.149003 

H  6.223553 -0.158862  4.089070 

H -2.246703 -6.370253 -3.490606 

H -4.946902 -2.790665  4.626489 

H  0.041212  6.853031 -0.406706 
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C  0.168739  5.954961 -2.368021 

H  0.326287  4.782187 -4.174157 

H  2.383605  1.315004  4.580563 

C  3.377204  3.024198  3.717066 

H  4.237138  4.640840  2.570821 

C -3.300734  4.549311 -3.069905 

H -3.098596  5.796165 -1.316514 

H -3.394165  3.068417 -4.638665 

H -3.210085  0.562012  4.490220 

C -4.804244  1.480753  3.361253 

H -6.207582  2.352457  1.969569 

H -0.028987  6.885443 -2.894040 

H  3.954360  3.242581  4.611561 

H -3.631127  5.364470 -3.708682 

H -5.481426  1.540950  4.209152 

H -0.423050  1.173587  1.348210 
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