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Einleitung

1. Einleitung

Nicht-koordinierte oder ,nackte“ lonen spielen eine essenzielle Rolle fiir das tiefe
Verstandnis von chemischen Prozessen und bilden eine Grundlage fur die
Weiterentwicklung  quantenchemischer  Berechnungen und  theoretischer
Vorhersagen. Wahrend Betrachtungen nackter lonen ohne jegliche Wechselwirkung
nur in verdinnter Gasphase durchgefiihrt werden konnen, existieren solche
idealisierten Teilchen in chemischer Umgebung nicht.[%228 Durch die Ausbildung von
Wechselwirkungen ionischer Art oder durch Wasserstoffbriickenbindungen tendieren
die entsprechenden Systeme zur Absenkung ihrer Gesamtenergie. Die Gitterenergie
stellt in diesem Bezug eine wichtige GréRe dar, denn sie beschreibt die Arbeit, die
aufgewendet werden muss, um die Anziehungskrafte zwischen Anion und Kation zu
Uberwinden und die Teilchen unendlich weit voneinander zu entfernen. Dieser Wert
wird Uber den Born-Haber-Kreisprozess ermittelt und ist fur Salze mit starken
koordinativen Wechselwirkungen deutlich héher als fir entsprechende Salze mit
schwachen interionischen Wechselwirkungen.*! Ein Vergleich der Alkalimetallfluoride
zeigt eine kontinuierliche Abnahme der Gitterenergie mit zunehmender Grof3e des
Kations, was von Seppelt als ,Casiumeffekt‘(23l beschrieben wurde und mit einer

gesteigerten Loslichkeit des Salzes sowie Reaktivitat des Anions einhergeht.

Schwach koordinierende Anionen (weakly coordinating anions, WCAs) stellen ein
breites und aktives Forschungsgebiet dar, denn sie ermdglichen die Isolierung von
stark elektrophilen oder oxidierenden Kationen.l! Dies wird eindrucksvoll an den
zahlreichen strukturell charakterisierten Vertretern von Oxonium-lonen deutlich,
beispielsweise den Kationen von Zundel, [(OHs)(OH2)]*,[8 und Eigen, [(OH3)(OH2)z]*,["]
deren Existenz stark von der Gegenwart schwach koordinierender Anionen abhangt.[!

Schwach koordinierende Kationen (weakly coordinating cations, WCCs) stellen das
Pendant zu WCAs dar, und sind fur die Existenz nicht-koordinierter, hoch nukleophiler
und reduzierender Anionen essenziell. Zu ihnen zahlen unter anderem Vertreter
peralkylierter Ammonium-, Phosphonium- und Phosphazenium-Verbindungen sowie

mit Kryptanden oder Kronenethern komplexierte Alkalimetall-lonen.

Ein Paradebeispiel fur die Verwendung von WCCs stellt die Realisierung des nackten

Fluorid-Anions dar. Hierbei sind diverse Herausforderungen zu bewaltigen, denn

1



Einleitung

neben der signifikanten Nukleophilie des Teilchens[®1011 neigt es aufgrund der
enormen Lewis-Basizitat zur Ausbildung von extrem starken
Wasserstoffbriickenbindungen.[?310.12-14 Dies wird bei der Betrachtung des [HF2]-
Anions deutlich, welches die starkste bisher nachgewiesene
Wasserstoffbriickenbindung beinhaltet.[13-15] Die Tendenz zur
Wasserstoffbriickenbindung erschwert bei der Synthese der Fluorid-Salze vor allem
die Entfernung von protischen Solvenz-Molekilen, was infolgedessen in einer
verringerten Reaktivitdt des Fluorid-Anions resultiert.[>310.161  Wahrend heute
zahlreiche Fluorid-Salze mit diversen gering CH-aciden und somit schwach
koordinierenden Kationen synthetisiert und auf ihre chemischen Eigenschaften
untersucht worden sind, 101117191 exijstieren bisher nur wenige strukturelle Daten von
nicht-koordinierten  Fluoriden, unter anderem mit Piperidinium-271  und
Tetramethylphosphonium-Kationen(2! sowie dem Phosphazenium-Kation
[(Me2N)sP=N=P(NMez)3]*.l24

Die Darstellung nicht-koordinierter Hydroxid-Anionen ist aufgrund der im Vergleich zu
nicht-koordinierten Fluorid-Anionen nochmals deutlich erhdhten Basizitdt sowie
Nukleophilie problematisch.[?2231 Diese Problematik wird auch in Arbeiten von
Schwesinger und Mitarbeitern deutlich, in denen die Deaktivierung von
Phosphazeniumfluoriden unter Hydrolyse des Kations durch die Zugabe von geringen
Mengen an H20 beobachtet wird.[8] Ahnlich wie fir das nicht-koordinierte Fluorid-
Anion erweist sich eine Hydrathille als wirkungsvoll bei der Deaktivierung des
Hydroxid-Anions.[16:22241  Auch wenn der Generierung nackter Hydroxide unter
Verwendung von Phosphazenium-Kationen scheinbar Grenzen gesetzt sind,? ergibt
sich die Fragestellung, ob das Portfolio neben dem bekannten, jedoch koordinierten
Hydroxid-Monohydrat-Anion [OH(OH2)]?¢! um erste Beispiele isolierter Hydroxid-
Hydrat-Anionen [OH(OH2)n]" mittels schwach koordinierender Phosphazenium-lonen

erweitert werden kann.

Besonders elektronenreiche Phosphor-basierte Superbasen wie Phosphine und
Phosphazene, deren historische sowie aktuelle Entwicklung bereits detailliert in
meinem Mini-Review aufgezeigt wurde, eignen sich hervorragend zur Deprotonierung

schwach acider Pronukleophile.

Superbasische Phosphazene, welche nach ihnrem Entdecker als ,Schwesinger-Basen®
bezeichnet werden, zeichnen sich durch eine hohe Protonenaffinitat sowie eine hohe
2
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thermische Stabilitat und Resistenz gegentber Sauerstoff und basischer Hydrolyse
aus. Unter dem 1987 erschienenen Konzept der ,Homologisierung“ fokussierte sich
Schwesinger auf die Implementierung stark 1-elektronendonierender Phosphazenyl-
Einheiten am zentralen Phosphanimin-Baustein. So wurde die Brgnsted-Basizitat der
erhaltenen Phosphazenbasen signifikant erhoht und gleichzeitig deren Nukleophilie

reduziert (Schema 1).[27:28-33]

n (R,N)sP=NH (3-n) R,NH Cl;P=NBu

ln=&3

RoN
2\ NRy
RN, NR2 N//P\NRZ
NR NR NR'
| 2 | 2 2 RZN/P\\ |_
RZN—T:N\ R2N—F|’:N—IT:N\ N—T—N\
Bu Bu N Bu
NR2 NR2 NR2 RQN\P//
R N/ \
2N NR,
NR2 = NR‘Z RPztBu, 2
RP,tBu, 1 NR'; = NP(NR;); RP3tBu, 3 RP4tBu, 4

R=R'=Me MeP,tBu, 1a MeP,tBu,2a MeP3tBu, 3a MeP,tBu, 4a

MeCNp K\ 26.9 33.5 (38.6) (42.7)

Schema 1: Beispiele zur Synthese von Schwesingers Phosphazenen mittels Homologisierungskonzept und
dargestelite MeCNpKgr-Werte der entsprechenden Saure, bestimmt in Acetonitril bei 25 °C.1%-32 Die Werte in

Klammern wurden durch Extrapolation bestimmt.

Eine durch Protonierung auftretende positive Ladung am basischen Imin-
Stickstoffatom kann Uber das gesamte Phosphazen-Gerist delokalisiert werden. Die
Delokalisierung ist starker ausgepragt, je hoher der Substitutionsgrad ist. Wird das
einfachste Methylderivat MePitBu (1a) mit dem hdheren Homolog MeP2tBu (2a)
verglichen, so kann ein sprunghafter Anstieg des Me“NpKgn*-Wertes von 26.9 zu 33.5
beobachtet werden, welches einer Steigerung der Basizitdt um einen Faktor von circa
107 entspricht. Durch sukzessive Substitution der Dimethylamino-Funktionen mit
weiteren Phosphazen-Einheiten kann in Tetraphosphazen 4a ein MeNpKgnx*-Wert von
42.7 erreicht werden, welcher mit dem anorganischer Basen wie
Kaliumhexamethyldisilazid (KHMDS) vergleichbar ist.[?829321  Dije  weitere

Homologisierung ausgehend von Tetraphosphazen 4a resultiert in Penta- und
3
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Heptaphosphazen-Derivaten, die zwar einen weiteren geringen Basizitatszuwachs
verzeichnen, jedoch macht sich bei letzterem bereits eine signifikante Reduzierung der

Stabilitat gegentiber Hydrolyse und Sauerstoff bemerkbar.[32:34

Die sterisch anspruchsvollen Tetraphosphazenbasen 4 vereinen eine extrem hohe
Basizitat mit einer geringen Nukleophilie und finden deshalb als Hilfsbasen vielseitige
Anwendung,® wie beispielsweise in Dehydrohalogenierungsreaktionen,28.29.321
Biaryletherkupplungenl®¢! und Alkylierungsreaktionen.*"] Die korrespondierende Saure
[4H]* weist hingegen eine geringe Lewis-Aciditat und eine geringe Neigung zur
Addition von Nukleophilen auf, wodurch nicht-koordinierte oder ,nackte“ Anionen

generiert werden,[37,38.:39.40]



Zielsetzung
2. Zielsetzung

Die Zielsetzung der vorliegenden Arbeit liegt in der Verwendung von
Tetraphosphazen-Verbindungen 4 als Brgnsted-Superbasen zur Deprotonierung von
schwach aciden Pronukleophilen und der Generierung der entsprechenden
Phosphazenium-Salze mit nicht-koordinierten Anionen. Da bereits gezeigt wurde, dass
Pyrrolidinyl-substituierte  Tetraphosphazene  hohere  Basizitaten als ihre
entsprechenden Methyl-Vertreter aufweisen, jedoch aufgrund der sterischen
Flexibilitat der Pyrrolidinyl-Gruppen eine geringere sterische Abschirmung des
Basizitatszentrums resultiert,[3? fokussiert sich diese Arbeit auf die Verwendung von
elektronendonierenden Diethylamino-Gruppen in 4b (Schema 2). Die Verwendung der
tert-Butylgruppe ermdglicht zudem eine hohe sterische Abschirmung der basischen

Imin-Funktion.

+
EtN ol R H
N\ / -
5 ELN—P=N_ + CI—P=N  ——=| | R—P=N Cl
Et,N H Cl By R ‘Bu
5 6 S = EtP,tBu, 4b

[EtP4tBuH]CI, [4bH]CI

R = -N=P(NEt,);
Schema 2: Synthese des Ethyl-Tetraphosphazen-Derivates EtP4tBu (4b).

Hierzu soll zunachst entsprechend Schema 2 die Synthesestrategie von Schwesinger
verfolgt werden.[28-30.321 Dyrch die Umsetzung des Chlorphosphazens ClsP=NtBu (6)
mit dem entsprechenden Phosphanimin 5 sollte das Tetraphosphazen 4b als
Hydrochlorid-Salz  zuganglich sein. Wahrend die Literatursynthese fir die
beschriebenen Tetraphosphazen-Derivate zunachst Uber eine Umsalzung zu den
entsprechenden Tetrafluoroborat-Salzen erfolgt, welche anschlieRend mit Kaliumamid
in flissigem Ammoniak deprotoniert werden, soll im Hinblick auf die Atomdékonomie,
die Sicherheitsrisiken, die Gesundheitsgefahren und die Umweltaspekte eine
alternative Deprotonierungsstrategie entwickelt werden.

Mit Phosphazen 4b sollen in den folgenden Studien grundlegende Systeme untersucht

werden, um ein tieferes Verstandnis von der Chemie nicht-koordinierter Anionen zu

erlangen. Aus diesem Grund liegt der Fokus auf den drei grof3en und elementaren
5
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Themenbereichen: Wasser und Hydroxide, Silanole und Silanolate sowie Phenole und
Phenolate. Die Zielverbindungen sollen entsprechend Schema 3 durch
Deprotonierungsreaktionen dargestellt werden und die entsprechenden nicht-
koordinierten Anionen in Gegenwart des gering Lewis-aciden und schwach
koordinierenden Phosphazenium-Kations [4bH]* charakterisiert werden. Des
Weiteren werden entsprechende wasserstoffverbriickte Derivate dargestellt, um deren

Eigenschaften sowie Reaktivitdten mit denen der nackten Anionen zu vergleichen.

R\
R—P=N_
R Bu
H,0 R = -N=P(NEt,); PhOH
EtP,tBu, 4b
o)
+ +
R H R R
R H
N\ / —
R—P=N_ [OH(OHy),l R—\P:Nf
R ‘Bu R’ By
L R" _
[4bH][OH(OH>),] [4bHIR2X"PhO]
Siloxan R"OH
PhOH oder H,O
+ — _ -
_HOR
R\ /H + o’
R—/P:N\ [R'3SiO(HOSIR'3),] R H R R
R Bu R—P=N
R Bu
R' = H, Me, Ph
[4bH][R';SiO(HOSIR';),] L R" _
R', R" = H, Alk, OAIk
R™ =H, Ar

[4bH][F?R"PhO(HOR™)]

Schema 3: Synthesestrategie fir nicht-koordinierte und wasserstoffverbriickte Anionen.
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3. Diskussion der Ergebnisse

Die folgende Diskussion fasst die Ergebnisse dieser Dissertation, welche bereits
vollstandig in den Fachzeitschriften Angew. Chem.*%42 (Angew. Chem. Int. Ed.
Engl.)*344 und Chem. Eur. J.[*5-%71 publiziert wurden und im Anhang aufgeftihrt sind,
pragnant zusammen. Einige Satze und Textpassagen sind hierfur teilweise oder
ganzlich aus den publizierten Manuskripten tbernommen worden. Des Weiteren sei
an dieser Stelle fur detaillierte Informationen tber die historische Entwicklung und den
aktuellen Stand der Chemie elektronenreicher Phosphazen- und Phosphin-

Superbasen noch einmal auf mein Mini-Review in Chem. Eur. J. verwiesen.[34

3.1 Synthese der Phosphazenbase

Die Ethyl-Tetraphosphazenbase 4b wurde zunéchst als Hydrochlorid in einer leicht
modifizierten Variante des bereits von Schwesinger et al. beschriebenen
Syntheseverfahrens dargestellt (Schema 4).[28-30.32,41.43]

PCl;
a) b)
cl

+

Et,N Et,N H R H
_ _ c) _ - \ s -
5 Et;N—P=—N + ClI—P=—N —> 2| EtzN—P=N Cl  + R—p:N\ Cl
Et,N H cl Bu Et,N H R Bu
5 6
[5H]CI [4bH]CI
329,87 % 24 9,77 % )
gelbliche Flissigkeit  farblose 159,99 %
Flussigkeit farblose Kristalle
R = -N=P(NEt,);
d)
Regenerierung bis 92 %
+
R M B o R
R—P—N ¢t ————> R—P=N
N / \
R Bu R Bu
4b
[4bH]CI
16 9, 94 %

gelblicher Feststoff

Schema 4: Synthese von 4b. a) 1. HNEt (6 Ag.), CHzClz, -30 °C, - 3 [H2NEL]CI; 2. NHs (2 Ag.), CH2Clz, -20 °C,
- [NH4ICI; 3. KOtBu, MeOH, 0 °C, - KCl, - HOtBu. b) H2NtBu (3 Ag.), n-Pentan, - 2 [HsNtBu]Cl. ¢) 160 °C, 3 d. d)
KOtBu, MeOH, 0 °C, - KCl, - HOtBu. €) NaNH2, NH3, -70 °C his RT, -NaCl, -NHz k143
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Hierzu wurde zunachst das Chlorphosphazen CIsP=NtBu (6) in einer Kirsanov-
Reaktion aus PCls und tert-Butylamin in guten Ausbeuten dargestellt (Schema 4).[28-
80,32:41,4348] Das gewlinschte Phosphanimin 5 wurde in Analogie zum entsprechenden
literaturbekannten Methyl-Derivat3? erhalten. Fur die Synthese von [4bH]Cl wurde
Chlorphosphazen 6 I6sungsmittelfrei mit fiinf Aquivalenten Phosphanimin 5 zur
Reaktion gebracht, welches in der Reaktion gleichzeitig als Nukleophil und Base
fungiert. Die anschliel3ende wassrige Extraktion ermdglichte eine Rickgewinnung von
[SH]CI und ein Recycling von 5 mit einer Ausbeute von uber 92 %. Das Produkt
[4bH]CI wurde nach Umkristallisation aus Diethylether in nahezu quantitativer
Ausbeute im Multigramm-Mal3stab erhalten (Schema 4) und vollstandig, auch
strukturell, charakterisiert (Abb. 1).

Abbildung 1: Molekdilstruktur von [4bH]Cl im Festkorper.*2#43 Thermische Ellipsoide sind mit 50 %
Aufenthaltswahrscheinlichkeit abgebildet. Die kohlenstoffgebundenen Wasserstoffatome und die gering besetzten
fehigeordneten Ethyl-Gruppen wurden aus Griinden der Ubersichtlichkeit nicht abgebildet. Die Diethylamino-
Gruppen sind vereinfacht als Stick-Modell gezeigt. Ausgewahlite Bindungsléngen [pm] und —winkel [?]: P1-N1
167.2(2), P1-N2 160.6(2), P1-N3 158.5(2), P1-N4 158.9(2), P2-N2 155.4(2), N1-C1 148.0(3); C1-N1-P1 128.6(2),
N1-P1-N4 109.0(1), P1-N2-P2 140.7(1).

Entgegen der gangigen Deprotonierungsstrategie wurde [4bH]ClI aus
atomokonomischen Grinden nicht in das entsprechende Tetrafluoroborat tGberfuhrt,

sondern direkt mit Natriumamid in flissigem Ammoniak deprotoniert, wobei das freie

8
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Tetraphosphazen 4b als blass-gelber Feststoff in exzellenten Ausbeuten gewonnen
wird (> 94 %, Schema 4).

Abbildung 2: Molekdilstruktur von 4b im Festkorper.*2® Thermische Ellipsoide sind mit 50 %
Aufenthaltswahrscheinlichkeit abgebildet. Die kohlenstoffgebundenen Wasserstoffatome wurden aus Griinden der
Ubersichtlichkeit nicht abgebildet. Die Diethylamino-Gruppen sind vereinfacht als Stick-Modell gezeigt. Ausgewéhite
Bindungslangen [pm] und -winkel [°]: P1-N1 157.8(1), P1-N2 163.8(2), P1-N3 163.1(1), P1-N4 163.2(2), P2-N2
153.0(1), N1-C1 145.7(2); C1-N1-P1 126.1(1), N1-P1-N4 113.1(1), P1-N2-P2 150.3(1).

Werden die Molekulstrukturen von 4b und [4bH]CI hinsichtlich ihrer P1-N1-
Bindungslange miteinander verglichen, so ist zu beobachten, dass diese in der freien
Base (157.8(1) pm) relativ zur protonierten Base (167.2(2) pm) signifikant verkirzt ist
und Doppelbindungscharakter aufweist.*%4349% Wahrend P1-N1 in [4bH]CI einer
Einfachbindung entspricht, besitzen die Gbrigen Bindungen P1-N2, P1-N3 und P1-N4
Mehrfachbindungscharakter (158.5(2) - 160.6(2) pm).

Die Herstellung von 4b durch Deprotonierung von [4bH]CIl mit selbstentziindlichen
Metallamiden in flussigem Ammoniak als Losungsmittel ist gefahrlich und im Hinblick
auf die Abfallentsorgung problematisch.*243l Eine umfassende Kiihlung ist teuer und
die VergroRerung des Ansatzes bleibt eine Herausforderung. Das Methyl-Derivat 4a
ist nicht durch Deprotonierung mit Kalium-tert-butanolat freisetzbar, wie zuvor von
Schwesinger et al. berichtet.[3%32] Weniger basische Phosphazene wie la konnen
jedoch tatséchlich aus den entsprechenden Phosphazenium-Salzen mit Hilfe von

Kalium-tert-butanolat oder sogar KOH vor der Destillation freigesetzt werden.[33!
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31P-NMR-spektroskopisch wurde gezeigt, dass das Ethyl-Phosphazen 4b in
Gegenwart von Wasser vollstadndig protoniert wird und das Kation des gebildeten
Hydroxid-Hydrat-Salzes [4bH][OH(OH2)n] sowohl in Lésung als auch im Feststoff
unbegrenzte Stabilitat aufweist.®! Durch Anlegen eines Vakuums wurde allerdings
eine merkliche Ruckbildung der freien Base 4b nachgewiesen. Diese Beobachtung
beweist eine mdgliche Freisetzung von 4b aus dem entsprechenden Hydroxid-Hydrat-
Salz und legt eine wassrig-basische Umsalzung ausgehend von [4bH]CI nahe. Die
Umsetzungen mit Alkalilaugen, speziell mit 1 m Natronlauge, erwiesen sich zwar als
teilweise zielfuhrend, jedoch ergaben sich Probleme bei der vollstandigen Umsalzung
und der rickstandslosen Entfernung von NaOH im Produkt, was in einer Zersetzung

von [4bH]CI resultierte. [0

+ +
) A
R M _ OHHarz R, M _ Vakwum RO
R—P=N_ ClIm ————— | R—P=N [OH(OHy),] R—P=N_  + (m+1)H0
R Bu H,0 / MeOH R gy R Bu
[4bH]CI [4bH][OH(OH,),] 4b

259,97 %
R = -N=P(NEt,), farbloser
Feststoff

Schema 5: Synthese von 4b Uber eine Umsalzungsreaktion mit einem basischen OH-Anionenaustauscher-

harz.443

Um diese Schwierigkeiten zu umgehen, wurde nach der Vorschrift von Taylor und
Hupfield® ein basisches OH*-Anionenaustauscherharz verwendet (Schema 5). Die
anschlieende Thermolyse des isolierten Phosphazeniumhydroxids [4bH][OH(OH2)n]
bei 70-100°C im Hochvakuum lieferte das gewinschte Phosphazen 4b als
analysenreinen, farblosen Feststoff im groRen Mal3stab mit exzellenten Ausbeuten
(25 g, 97 %).14143

10



Diskussion der Ergebnisse

3.2 Darstellung isolierter Anionen ohne Kationen-Wechselwirkung

3.2.1 Das Hydroxid-Trihydrat-Anion

Zur Erzeugung isolierter Hydroxid/Wasser-Cluster wurden Losungen von Phosphazen
4b in n-Hexan mit unterschiedlichen Mengen an Wasser versetzt.*143 Die
resultierenden Phosphazeniumhydroxide [4bH][OH(OH2)n] sind in Chlorbenzol I6slich.
Bei Raumtemperatur zersetzen sich solche Loésungen jedoch langsam.
Phosphazeniumhydroxide trennen sich als Ol von polaren Losungsmitteln ab, wahrend
amorphe oder kristalline Proben aus unpolaren Ldsungsmitteln wie n-Hexan
gewonnen werden. Dies kann durch die verschiedenen Mengen an Wasser, die in den
Niederschlagen enthalten sind, erklart werden, was die Isolierung einer genau
definierten  Verbindung erschwert. Nach langsamem Verdampfen einer
Methanol/Wasser-Lésung von 4b bei Raumtemperatur und Normaldruck wurden
farblose Kristalle erhalten. Das Ergebnis der Elementaranalyse liel3 auf ein mdgliches
Hydroxid-Hexahydrat-Salz des protonierten Phosphazens, [OH(OH2)¢],, schlieRen
(berechnet: C 47.46, H 11.25, N 17.99, P 12.24, O 11.06; gefunden: C 47.12, H 11.21,
N 17.75, P 12.07, O 11.34). Da die Kristalle kein Beugungsmuster zeigten, konnten
sie nicht mittels Rontgenbeugung analysiert werden. Jedoch wurde ein Einkristall von
[4bH][OH(OH2)3] durch langsame Diffusion von Wasser in eine n-Hexan-Ldsung der

Base erhalten.

Abbildung 3: A: Molekdilstruktur von [4bH][OH(OH,)3] im Festkorper.*243 Thermische Ellipsoide sind mit 50 %
Aufenthaltswahrscheinlichkeit abgebildet. Fehlordnungen wurden aus Griinden der Ubersichtlichkeit nicht
abgebildet. Die Diethylamino-Gruppen sind vereinfacht als Stick-Modell gezeigt. Ausgewahlte Bindungsléangen [pm]
und -winkel [°]: 01-02 256.0(3), 01-03 251.6(3), 01-04 260.2(3); 02-01-04 88.7(1), 03-01-04 115.9(1), 02-01-

03 110.4(1). B: Berechnetes Cs-symmetrisches Hydroxid-Trihydrat (MP2/6-311++G(3df,3pd)).53
11
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Die rontgenkristallographische Untersuchung ergab eine Fehlordnung der beiden
Ethyl-Gruppen des Kations im Verhaltnis 82:18 und eine Fehlordnung des Anions im
gleichen Verhaltnis (Abb. 3A). Unter Betrachtung des verlasslich modellierten Teils der
Fehlordnung mit der hoheren Besetzung wird der kirzeste Abstand eines
Sauerstoffatoms zur Methyl-Einheit des Kations von 04-C10° (Symmetriecode
1-x,1-y,1-z) mit 339.4(3) pm bestimmt. Dieser Abstand liegt deutlich tber der Summe
der van-der-Waals-Radien und zeigt, dass dies das erste Beispiel fur ein isoliertes
Hydroxid-Hydrat-Anion ist, das keinen direkten Kontakt zu einem Kation aufweist. Die
O-O-Abstande liegen im Bereich von 251.6(1) pm bis 260.2(3) pm. Die berechneten
Werte des Cs-symmetrischen Hydroxids weisen leicht vergrof3erte Abstande von
261.2 pm auf (Abb. 3B).’2 Da das Phosphazeniumhydroxid [4bH][OH(OH2)3] sehr
empfindlich gegenluber einem Verlust von Wasser unter vermindertem Druck ist (vgl.

Kap. 3.1), sind zuverlassige Elementaranalysen kaum mdglich (Schema 6).

+

A, Vakuum
R H ’ R
N / - -4 H,0
R—/p:N\ [OH(OH,)3] < 2 = R—)P:N\
R Bu +4Hy0 R ‘Bu
R = -N=P(NEt,);
[4bH][OH(OH,);]

4b

Schema 6: Zersetzung von [4bH][OH(OH,)s] im Vakuum. 143

Im IR-Spektrum des Produkts wird eine sehr breite Bande bei 3411 cm™ fir die OH-
Streckschwingung des Hydroxid-Anions und der gebundenen Wassermolekile
detektiert. Es sind keine diskreten Banden zu beobachten, was auf einen schnellen
Protonenaustausch zwischen den Wassermolekilen und dem Hydroxid-Anion

hindeutet.

Die Bildung von [4bH][OH(OH2)s] wurde durch Titration einer Chlorbenzollésung von
Tetraphosphazen 4b mit Wasser mittels 3'P-NMR-Spektroskopie untersucht (Abb. 4).

12
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_,/\/}\L + exc. H,0 J\M./L

+3 HO

+2 H,O

+ H20

DA

-3 290 -30 -31 -32 -33 -34 -35 -36

1 2
1 (ppm)

Abbildung 4: 3P-NMR-spektroskopisch analysierte Titration von 4b mit unterschiedlichen Mengen Wasser in
Chlorbenzol. Als Locksubstanz wurde Aceton-ds in einer Kapillare verwendet.[*143

Normalerweise lassen sich in Mischungen aus freier und protonierter Base 4b und
[4bH]* nebeneinander zwei separate Signalsatze im 3'P-NMR-Spektrum mit
charakteristischen 2Jep-Kopplungskonstanten von 29 Hz und 70 Hz beobachten (vgl.
Abb. 5).0% Dieses Phanomen deutet auf eine hohe kinetische Barriere des
Protonenaustausches zwischen 4b und [4bH]* hin. Bemerkenswerterweise wird bei
der Titration von 4b mit Wasser nur ein Signalsatz mit einer kontinuierlich steigenden
2Jpp-Kopplung von 29 zu 70 Hz nachgewiesen. Eine vollstandige Protonierung von 4b
wird nur bei Verwendung von vier oder mehr Aquivalenten Wasser beobachtet und die
2JpH-Kopplungskonstante von 8 Hz des Kations [4bH]* wird nur in Gegenwart eines
Wassertberschusses aufgeldst. Im *H-NMR-Spektrum der Lésung wird ein breites
Signal bei 4.9 ppm fir die Protonen von Wasser und dem Hydroxid-lon beobachtet.
Da eine Zersetzung des Hydroxid-Hydrates im Vakuum erfolgt, wird eine Aktivierung
oder Orientierung der Wassermolekiile im superbasischen System postuliert. Die
geringe GroRRe eines Wassermolekiils sowie die hohe Basizitat des Hydroxid-Anions
ermdglichen die Deprotonierung der abgeschirmten Iminium-Einheit. Im Vergleich zu
Hydroxiden mit koordinierenden Kationen, wie z. B. Alkalimetall-Kationen, scheint ein
nacktes Hydroxid-Anion in Gegenwart von [4bH]* instabil und daher nicht realisierbar
zu sein. Die stabilisierende Wirkung einer Solvathille ist notwendig, um die Basizitat
des Hydroxid-Anions zu senken. Dieses Prinzip scheint fur die selektive Freisetzung

von 4b aus seinem Hydroxid verantwortlich zu sein. Durch Entfernen der Solvathulle

13
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im Vakuum steigt die Basizitat des entstehenden Anions und ermaoglicht eine selektive

Deprotonierung des Phosphazenium-Kations.

Die analoge Titration von 4b mit tert-Butanol lieferte die bereits bekannten zwei
Signalsatze fir 4b und [4bH]*, was im Vergleich zum Hydroxid-Salz auf einen deutlich

verlangsamten Protonenaustausch hindeutet (Abb.5).

J\/A\ + exc. tert-Butanol i

AR . S A

S

30 31 32 33 34 35

0 -1
f1 (ppm)

Abbildung 5: 3'P-NMR-spektroskopisch untersuchte Titration von 4b mit unterschiedlichen Mengen tert-Butanol in
Chlorbenzol. Als Locksubstanz wurde Aceton-ds in einer Kapillare verwendet.*4

Die Zugabe von drei Aquivalenten Alkohol resultierte in der vollstandigen Protonierung
von 4b, wohingegen die 2JpH-Kopplung in Analogie zum Hydroxid-Hydrat erst in
Gegenwart eines Uberschusses Alkohol aufgelést wurde. Isolation und Untersuchung
von Einkristallen aus einer gekihlten n-Hexanlésung mit entsprechender
Stochiometrie lieferte den Beweis fir die Bildung von [4bH][tBuO(HOtBu):] (Schema
7).

R R H )
AN + 3 tBuOH ot
R—P=N - Sp—N

— R—P=N o S B
R By - 3 tBUOH R’ By \kcé \’g\/:

R = -N=P(NEt,),

" [4bH][tBuO(HOBu),]

Schema 7: Darstellung von [4bH][tBuO(HOtBu),].*4

Die Abstdnde O1-0O2 und O1-0O3 betragen 258.2(2) und 253.0(2) pm und liegen im

Bereich der ermittelten O-O-Abstande des Hydroxid-Hydrat-Anions [OH(OH2)3] .
14
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Das kristalline Salz [4bH][tBuO(HOtBu)2] zersetzt sich unter Verflissigung bei
Erwarmen auf Raumtemperatur, und die partielle Rickbildung der Base 4b wurde 3!P-

NMR-spektroskopisch nachgewiesen.

Fur die Realisierung eines nackten Hydroxid-lons ist ersichtlich, dass die ,acide”
Iminium-Funktion in [4bH]* geschutzt werden muss.?4 Hierfur bietet sich die
Verwendung einer Methylgruppe in [4bMe]* an, welche Uber die Reaktion von 4b mit
Alkylhalogeniden eingefuhrt werden kann (Schema 8). Das Signal des Imin-Phosphor-
Atoms in [4bMe]* weist durch die zusatzliche Kopplung zur Methylgruppe ein
charakteristisches Quartett-von-Quartett-Aufspaltungsmuster auf, resultierend aus

2Jpp- und 3JpH-Kopplungskonstanten von 77 und 14 Hz.

+ +

Mel

R\ n-Hexan, RT R Me OH-Harz R Me Vakuum
ROP=N,  ——————>= | RP=N_ [ XT ——— | p—p=n] [OH(OHp),)™ —=—=Z5  Zersetzung

R Bu  oder R By H0/MeOH | R gy

MeCl
R = -N=P(NEt,)s Toluol, 110 °C
X=Cl, I
[4bMe][OH(OH,),.]
EtP,tBu, 4b [EtP,tBuMe]X, [4bMe]X

Schema 8: Methylierung von 4b und Umsalzung zum Hydroxid-Hydrat mit Zersetzung im Vakuum.34

Die Umsalzung in das Hydroxid-Solvat mit einem basischen Anionenaustauscherharz
und die anschlieRende Trocknung im Vakuum bei Raumtemperatur fihrte zur
Zersetzung des Kations [4bMe]* und zu einer Mischung mehrerer Produkte.
Untersuchungen durch multinukleare NMR-Spektroskopie deuten auf eine Zersetzung

der tert-Butylgruppe als Hauptreaktion hin.

Die Generierung unsolvatisierter Hydroxid-Anionen in Gegenwart von [4bH]* und des
peralkylierten Phosphazeniumkations [4bMe]* scheint somit die Grenzen der

Realisierbarkeit zu Uberschreiten.
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3.2.2 Silanol-Silanolat-Anionen

Sowohl Silanole als auch Silandiole sind wertvolle Bausteine in der synthetischen
Chemie und zeigen eine ausgepragte Tendenz zur Bildung von Netzwerken Uber
Wasserstoffbriicken.[3-%% Die Bildung von Addukten von Silanolen mit sauerstoff- und
stickstoffhaltigen Basen, die leichter als die entsprechenden Alkohol-Addukte
zuganglich sind, 56 sowie die Verwendung von Alkoholen und Aminen zur selektiven
Wirt-Gast-Komplexierung unterstreicht dieses Verhalten. Ebenso bilden die
verwandten  a,w-Siloxandiole, HOJ[SIR20]nH, inter- und intramolekulare

Wasserstoffbriicken, die haufig zur Bildung von Ringstrukturen fuhren (Schema
9)_[57,58]

Me,
Bu, Bu,
~Si~oH ---0-S~g _ : si
' | \ Me,Si K---07 "~ 0
H H SiMe, \ Lo \
I H O—q~0-K SiMe,
~O----HOL O Si i /
! M62 H/O\Si/o

Me2

i H
/O/SI\O/ Me,

(e}

Me,Si

o/\

~c:
Si
Bu, Bu,

Schema 9: Beispiele fiir achtgliedrige Siloxanringe. 535859

Im Falle des Monokaliumsilanolat-Salzes (Schema 9, rechts) ist bemerkenswert, dass
die Wechselwirkung von Kalium-Kationen mit dem Silanolat sowie dem Silanol-
Sauerstoff im Vergleich zur Bildung einer intramolekularen Wasserstoffbriicke

begunstigt ist, was entsprechend zu einem Ring fuhrt, der das Kalium-lon enthélt.

Die Synthese anionischer Silanolate kann durch Spaltung von Siloxanen mit starken
Basen erreicht werden. Dieses Konzept stellt die Grundlage fiur die anionische
Ring6ffnungspolymerisation ausgehend von cyclischen Siloxanen dar, die es
ermoglicht, Silikonpolymere mit einer geringen Polydispersitat darzustellen. Neben
Initiatoren wie Metallhydroxiden, n-Butyllithium oder Metallsilanolaten sind ebenfalls
Beispiele fur die Kombination von superbasischen Phosphazenen mit protischen
Additiven wie Wasser, Alkoholen oder Silanolen beschrieben worden.[6% Der gering
Lewis-acide und schwach koordinierende Charakter der Phosphazenium-Kationen
ermoglicht die Bildung nicht-koordinierter Anionen, welche eine deutlich gesteigerte
Aktivitdt gegenuber den entsprechenden Metall-Salzen aufweisen. Bis heute sind die
Natur und die genauen Strukturen der reaktiven Zwischenprodukte im Wesentlichen

unbekannt.
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Um die Strukturen hochreaktiver monofunktioneller und difunktioneller Silanolat-
Anionen ohne Kontakt zum Gegenion aufzuklaren, bietet sich die Verwendung von in
situ erzeugten Phosphazeniumhydroxiden [4bH][OH(OH2)n] an, die im Folgenden mit

Siloxanen und Polysiloxanen umgesetzt werden.

R

2 R—P=N
—P=
R \fBu
4b
Vakuum — J—
-(2n+2) H,0 | ¥ (2n+2) H0 ®
+ 02 Si2
+ 3 Me3SiOSiMes
- (2n-1) H,0 R A He
2 [AbH][OH(OH,),)] —————~ R—P=N_ i 03 ®
Vakuum R/ By O1@pe-sie
- 3 Me3SiOSiMes Si3
+(2n-1) H,0 s @ .

R = -N=P(NEt,), = h -
[4bH][Me;SiO(HOSiMe3),]

Schema 10: Gleichgewichtsreaktion von Phosphazen 4b, Hydroxid-Salz [4bH][OH(OH.)n] und Silanol-Silanolat-
Salz [4bH][MesSiO(HOSiMes),] 424

Die Umsetzung von [4bH][OH(OH2)n] mit Hexamethyldisiloxan entsprechend Schema
10 lieferte das Produkt [4bH][MesSiO(HOSiMes)2], welches ein Trimethylsilanolat-
Anion beinhaltet, das an zwei Silanolmolekile gebunden ist. Verbindung
[4bH][MesSiO(HOSiMes)] ist das erste Beispiel fur ein isoliertes Silanol-Silanolat-
Anion, das nicht in direktem Kontakt zum Gegenion steht. O3 ist an zwei Positionen
mit einem Verhaltnis von 79:21 fehlgeordnet und zeigt die kiirzesten Abstande zu einer
CH2-Gruppe (C37) des Kations mit 331.5(4) und 329.0(1) ppm, beide sind l&nger als
die Summe der van-der-Waals-Radien. Im Vergleich zu den O-O-Abstanden der
Wasserstoffbriicken im Triphenylsilanol-Pyrrolidin-Komplex von Strohmann et al.
(249.1 pm, 270.1 pm, 283.3 pm)!®l weisen die Wasserstoffbriicken im Anion von Salz
[4bH][Me3SiO(HOSiMes)2] einen O1-O2-Abstand von 258.2(1) pm und einen O1-03-
Abstand von 252.4(5) pm auf.

Wie bereits fur die stark basischen Verbindungen 4b und [4bH][OH(OH2)n]
angegeben, zersetzt sich das Silanolat-Salz [4bH][Me3SiO(HOSiMes)2] schnell in H-
und CH-aciden Lésungsmitteln und erfordert eine Handhabung in Chlorbenzollésung.
Die 3'P- und ?°Si{*H}-NMR-spektroskopische Untersuchung des geldsten Produkts
[4bH][MesSiO(HOSiMes)2] zeigte sowohl das protonierte Phosphazen [4bH]* als auch

die Ruckbildung von MesSiOSiMes, was auf die Gleichgewichtsreaktion in Schema 10
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hinweist. Das Signal im 2°Si{*H}-NMR-Spektrum bei & =8.6 ppm wird den
Siliciumatomen in [Me3SiO(HOSIiMes)2]" zugeordnet. Wie fur das Hydroxid-Hydrat-Salz
[4bH][OH(OH2)n] beobachtet, zersetzt sich das Silanolat-Salz
[4bH][MesSiO(HOSiMes)2] im Vakuum unter Deprotonierung seines Kations [4bH]*
und Freisetzung von Silanol und Disiloxan. Diese Beobachtung ist ein weiterer Beweis
fur die Gleichgewichtsreaktion in Schema 10. Diese Situation erschwert eine
zuverlassige Elementaranalyse von Salz [4bH][MesSiO(HOSiMes)2]. Auf diesem Weg
ist die Synthese eines unsolvatisierten Trimethylsilanolat-Anions in Gegenwart des
Phosphazenium-lons [4bH]* nicht realisierbar.

Die Umsetzung von in situ generiertem Salz [4bH][OH(OH2)a] mit
Hexamethylcyclotrisiloxan (Ds) lieferte ein cyclisches Silanol-Silanolat-Anion vom Typ
[DsOH] in [4bH][D3OH], das im festen Zustand eine intramolekulare

Wasserstoffbriicke ausbildet (Schema 11).

R' R N R R

N/ \ /
o/S'\o + [4bH][OH(OH,),] R H oS~
Sl. Sl — = |RP=N{ R'\S( \S./R'
11—l |~ - I{ 1 |
R 7 ~o R n H,0 R Bu R™A 7 R
' R O—H---0

R = -N=P(NEty),

[4bH][D50H] R'=Me 169, 95%
[4bH][DP"2,0H] R'=Ph 3g,96 %

R'=Me 1649, 95 % R'=Ph 39,96 %
[D;OHT [DP"2;0H]"

Schema 11: Reaktion von Cyclosiloxanen mit in situ generiertem Hydroxid [4bH][OH(OH,)n].1244

Die Sauerstoffatome sind vom Phosphazenium-Kation gut getrennt. Der klrzeste
Abstand von 304.4(2) pm liegt zwischen O1 und und einer Methylen-Einheit (C31) vor.

Der O1-O4-Abstand wurde auf 242.8(2) pm bestimmt und deutet auf eine starke
Wasserstoffbriickenbindung hin. Die Bindungen 0O4-Si3 und O1-Sil reichen von
18
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157.8(2) bis 158.9(1) pm und sind im Vergleich zum achtgliedrigen Siloxanring Da
leicht verkiirzt (Si-O-Abstande von 164 bis 166 pm).[%2 Im 'H-NMR-Spektrum in CsDs
wird ein breites Singulett bei © =14.0 ppm detektiert, das dem an der
Wasserstoffbriickenbindung beteiligten Proton zugeordnet wird. Im 2°Si{*H}-NMR-
Spektrum von [4bH][DsOH] wurde das Signal fur die der Wasserstoffbricke
benachbarten Siliciumatome bei & = 23.9 ppm beobachtet. Es konnte keine O-H-O-

Streckschwingung von [4bH][D3sOH] im IR-Spektrum nachgewiesen werden.

Das Silanolat-Salz [4bH][DsOH] beginnt sich im Vakuum bei 90 °C langsam und
oberhalb von 100 °C schnell zu zersetzen. Die fliichtigen Produkte wurden durch
Gaschromatographie-Massenspektrometrie als Wasser und cyclische Siloxane, mit D4
als Hauptkomponente, identifiziert. Eine 3'P-NMR-spektroskopische Untersuchung
des Riickstands ergab das freie Phosphazen 4b, &hnlich der Zersetzung von Hydroxid-
Hydrat [4bH][OH(OH2)n].

Die Reaktion von in situ generiertem Phosphazenium-Hydroxid  mit
Hexaphenylcyclotrisiloxan fihrte zur selektiven Bildung des analogen [DP"230H]-
Anions in Salz [4bH][DP"230H], das in hervorragender Ausbeute isoliert wurde
(> 96 %, Schema 11). Mit einem O1-O4-Abstand von 242.9(2) ppm weist die Lange
der Wasserstoffbriickenbindung einen identischen Wert zu [4bH][DsOH] auf. Analog
zu Verbindung [4bH][DsOH] wurde die O-H-O-Streckschwingung von Salz
[4bH][DP"230H] nicht in der IR-Analyse beobachtet.

19



Diskussion der Ergebnisse

3.2.2.1 Der Einfluss des Kations auf Silanol-Silanolat-Anionen

Die Untersuchung isolierter Wasserstoffbriicken in Silanol-Silanolat-Anionen gelang
erstmalig unter Verwendung des schwach koordinierenden Phosphazenium-Kations
[4bH]*. Im Folgenden wird gezeigt, dass zusatzlich zu der geringen
Koordinationsfahigkeit der Kationen ebenfalls deren GroRRe eine entscheidende Rolle

fir die Konstruktion der beobachteten Strukturmotive darstellt.

Fur diese Studie wurden zunéchst nach Schema 12 aus den entsprechenden
Hydroxid-Salzen mit cyclischen Siloxanen die Silanolat-Anionen des Typs [D3OH]™ mit
den kleineren Kationen [PBua4]", [NBus]* und [NMes]* sowie dem Kation der
Monophosphazenbase [(Me2N)2C=N]sP=NtBu (1c) dargestellt und mit Silanolat
[4bH][D3OH] verglichen.

(Me,SiO),,
n Hzo

[WCC][OH(OHy),] [WCC]" ~[-HO-(SiMe,-0O) ]

[WCC]*: [4bH]* [1cH]* [PBu,]* [NBug* [NMe,]*

Schema 12: Reaktion von Hydroxid-Hydraten von schwach koordinierenden Kationen mit cyclischen Siloxanen
(oben) und Darstellung der Kalottenmodelle verwendeter Kationen (unten).6!

Wahrend das Kation in [4bH][OH(OH2)n] resistent gegeniber Hydroxid-lonen ist,
unterliegt das Kation in [1cH][OH(OHz2)n] einer basischen Hydrolyse unter Ausbildung
des cyclischen Amids 7 (Schema 13).

20



Diskussion der Ergebnisse

R = -N=C(NMe,), Bu

1c [1cH][OH(OHy),] 7

1. D3, n-Hexan, RT
2. H,0

[1cH][D;0H] 2g, 98 %

Schema 13: Basische Hydrolyse von 1c und Synthese von [1cH][DsOH].#é

Die Hydrolyse von [1cH]* kann temporar unterdriickt werden, wenn cyclische Siloxane
wie D3 vor der Zugabe von Wasser in der Reaktionslosung vorhanden sind. So wurde
das korrespondierende Silanolat [1cH][DsOH] in exzellenter Ausbeute von 98 %
isoliert und rontgenkristallographisch charakterisiert (Schema 13). Die 01-O4-
Separation von 250.8(2) pm ist im Vergleich zu [4bH][D3OH] (242.8(2) pm) deutlich
aufgeweitet, welches auf die zusatzliche Interaktion des Kations Uber eine N1-O4-
Wasserstoffbriickenbindung von 285.2(2) pm zurickzufihren ist. Verlassliche
Elementaranalysen sind nicht méglich, da in Gegenwart von [D3sOH] innerhalb weniger

Tage bei Raumtemperatur eine Hydrolyse von [1cH]* zu 7 beobachtet wird.

Die Silanolate [NBu4][D3sOH] und [PBu4][DsOH] wurden in guten Ausbeuten von 92 %
und 73% als extrem hygroskopische, farblose Kristalle isoliert. Aus
Rontgenstrukturanalysen konnten fiir beide Verbindungen cyclische [D3OH]-Anionen
nachgewiesen werden. Die intramolekularen Wasserstoffbrickenbindungen werden
durch O1-O4-Abstande von 245.1(1) pm in [NBu4][D3OH] und 244.3(1) pm in
[PBu4][D30OH] charakterisiert.
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Abbildung 6: Moleklstruktur im Festkorper und 2Si{*H}-IG-NMR-Spektrum von [NBu4][DsOH] in Et2O (Lock mit
Aceton-ds in einer Kapillare).l!

Die Molekdlstruktur von [NBu4][D3OH] ist exemplarisch in Abbildung 6 dargestellt. Die
Resonanz im 2°Si{*!H}-IG-NMR-Spektrum bei & =-24.4 ppm resultiert von den
Siliciumatomen in Nachbarschaft zur Wasserstoffbriickenbindung.

Wahrend [NBu4][D3OH] als Feststoff bei Raumtemperatur tber Monate ohne
Zersetzung lagerbar ist und sich erst oberhalb von 80 °C unter Hofmann-Abbau
zersetzt, hydrolysiert festes [PBu4][D3OH] innerhalb weniger Tage und in Lésung

innerhalb weniger Stunden zu Tributylphosphanoxid.

Die analoge Reaktion von D3 mit [NMe4]OH lieferte ein klebriges Ol, aus welchem
durch Uberschichten mit Diethylether farblose Kristalle von [NMes][D3OH]u- isoliert
wurden. Im starken Gegensatz zu den cyclischen Silanol-Silanolaten des Typs
[D3OHJ, welche in Gegenwart von sperrigen Gegenionen erhalten worden sind, sind
mit dem kleinen Tetramethylammonium-lon intermolekulare Wasserstoffbriicken
bevorzugt, was in der Ausbildung polyanionischer Ketten von [D3OH]-lonen resultiert
(Abb. 7).
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Abbildung 7: Ansicht des polyanionischen Strangs von [D3OH]-lonen aufgespannt tiber Wasserstoffbriicken in
[NMe4][D30H]ym.[461

Die intermolekulare O1-O4'‘-Distanz wurde auf 247.0(1) pm bestimmt und ist somit im
Gegensatz zu der intramolekularen Bindung in [4bH][D3sOH] (242.8(2) pm) und
[NBu4][D3OH] (245.1(1) pm) leicht vergrol3ert.

@

Abbildung 8: Molekulstruktur des dianionischen Dimers von [NMe][K(DsOH).]. Die Ammonium-Kationen sind nicht
dargestelit.el

Die Notwendigkeit fur die Prasenz von schwach koordinierenden lonen zur
Untersuchung isolierter Silanol-Silanolat-Wasserstoffbriicken wird eindrucksvoll durch
Betrachtung des Salzes [NMes][K(D3sOH)2] deutlich, welches durch Ruckstande von
Kaliumhydroxid in einer Reaktionslésung aus [NMes]OH und cyclischen Siloxanen
gebildet wurde. Die Kalium-lonen sind in einem monoanionischen Komplex von zwei
[D3OH]-Anionen umgeben und weisen starke Kalium-Silanolat- (d(K-
04) = 269.1(2) pm) und Silanol-Silanolat-Wechselwirkungen (d(O4-
08%) = 249.6(2) pm) auf. Dieser Komplex liegt im Feststoff als dianionisches Dimer vor,
welches Uber eine K-O5-Wechselwirkung (274.4(1) pm) und zusatzliche O1-O5-
Wasserstoffbriicken (244.5(2) pm) verbunden ist. Das Strukturmerkmal von drei
SiMe20-Einheiten ist ebenfalls in [NMe4][K(D3sOH)z] favorisiert.
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3.2.2.2 Silikonrecycling

In Bezug auf die chemische Robustheit von Silikonen in der Natur verursacht ihre
Multitonnenproduktion ernsthafte Entsorgungsprobleme. Der Abbau von Siloxanen
unter Bildung cyclischer Derivate ist von allgemeinem Interesse, da dieser die

Grundlage fir ein mogliches Recycling weit verbreiteter Silikonkunststoffe bildet.

Die Depolymerisation von Silikonen kann unter sauren, basischen und fluoridierenden
Bedingungen erreicht werden, was zu niedermolekularen cyclischen Siloxanen oder
Organosilylfluoriden fuhrt, die anschlieRend in neue Silikonkunststoffe umgewandelt

werden kdnnen.[63.64]

~rrSi—OH + KE=0—8imw

\J
sit-o
\ \N/| / |
@ fvai/—O—S{ o | i< — wwsi—oK + | Me
back-biting “0—Si—O0 | ?i—o s
M

™M ~»w»S§i—0—Sivv  + KOH

~Nwm.~

ke 7\ o
\/
\/| AT M
@ Ho—si40 | sil =—— e + KOH
- 7N Si—0
end-biting 0—Si—O0 | n+3
Kl+ / \ Me

Schema 14: Gleichgewichtsreaktionen von linearen und cyclischen Siloxanen in Gegenwart von KOH.[&3!

Bekannte Verfahren zur Depolymerisation von Silikonen verwenden Metallhydroxide
wie KOH (Schema 14), erfordern jedoch erhdhte Temperaturen. Die niedrige
Umsatzrate ist mdglicherweise auf eine verminderte Nukleophilie zurtickzufihren,
welche durch die ausgepragte Wechselwirkung des Kalium-Kations mit dem Silanolat-

Anion resultiert.

Aufgrund des schwach koordinierenden Verhaltens des Phosphazenium-Gegenions
weisen das Hydroxid-Trihydrat-Anion in [4bH][OH(OH2)s] sowie die Silanolat-Anionen
in [4bH][MesSiO(HOSiMes)2], [4bH][DsOH] und [4bH][DP"230H] erhohte Nukleophilie
auf. Dies wurde beispielhaft fur das Silanolat-Salz [4bH][D3OH] in der
Depolymerisations-Reaktion von Polydimethylsiloxan mit terminalen Trimethylsilyl-
Gruppen gezeigt (Schema 15).

24



Diskussion der Ergebnisse

Die gesteigerte Nukleophilie des Silanolat-Sauerstoffatoms geht mit einer schnellen
Gleichgewichtsreaktion einher, die sich durch back-biting und end-biting Prozesse

auszeichnet (Schema 14).[63

[4bH][D;0H]

Me
. | . Me .
Me3SiO-Si—O—SiMeg ——— > m | + (Me3Si),0
I Si—0
Me mn | n
Polymer Me
Monomer
T/°C p/mbar Destillations- Zusammensetzung
geschwindigkeit / des Destillats / %
mL h™ (Me3Si);0 D3 Dg  Ds
RT 0.001 3.1(2) 8 2 82 8
90 7 24.7(19) 6 6 79 9

Schema 15: Depolymerisation von Polydimethyisiloxan mit terminalen Trimethyisilyl-Gruppen unter Verwendung
von Silanolat-Salz [4bH][DsOH].#244

Die Aquilibrierungsaktivitat kann durch die zeitliche Menge an cyclischen Siloxan-
Spezies bestimmt werden, die durch Destillation aus dem Siloxangemisch entfernt
werden. Das Silanolat-Salz [4bH][DsOH] wurde in einer Konzentration von 0.1 Mol-%
bei Raumtemperatur verwendet, zeigte jedoch eine schlechte Ldslichkeit und verblieb
als Suspension feiner farbloser Partikel. Trotzdem wurden cyclische Siloxan-Spezies
und Hexamethyldisiloxan gebildet und im Vakuum (0.001 mbar) mit einer
durchschnittlichen Geschwindigkeit von 3.1(2) mL/h vollstandig entfernt. AnschlieRend
wurde der Katalysator [4bH][D3sOH] als farbloser Feststoff ohne Spuren von
Zersetzung isoliert. Das erhaltene Destillat bestand hauptsachlich aus D4 (82 %) und
Ds (8 %) sowie Spuren von D3 (2 %). AuRerdem wurde Hexamethyldisiloxan isoliert
(8 %).

Da industrielle Prozesse verglichen mit den bereits gewéahlten Reaktionsbedingungen
vorzugsweise bei hoheren Temperaturen und hoheren Driicken durchgefihrt werden,
wurde versucht, diese Bedingungen durch Anlegen eines Membranpumpenvakuums
(7 mbar) und einer Temperatur von 90 °C nachzuahmen. Hierbei bildete sich eine klare
L6sung von [4bH][D3OH] in Silikonél und die gemittelte Destillationsgeschwindigkeit
der fliichtigen Bestandteile wurde auf 24.7(19) mL/h bestimmt. Die durchschnittliche
Zusammensetzung des Destillats unterscheidet sich nicht signifikant von der Reaktion
bei Raumtemperatur (Schema 15). Im Vergleich zu den Ergebnissen der

Depolymerisation unter Verwendung von Natrium- (0 mL/h) oder Kaliumhydroxid
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(< 1 ml/h) mit Konzentrationen von 11 Mol-%, die bei 90 °C durchgefuhrt wurden,

zeigte Verbindung [4bH][D3OH] eine signifikant erhéhte Aquilibrierungsaktivitat.

Die Empfindlichkeit des Katalysators [4bH][D3sOH] gegeniiber Feuchtigkeit wurde
durch die Zugabe eines Uberschusses an Wasser zum System untersucht. Hierbei fiel
ein farbloser Feststoff aus und die Destillation von cyclischen Siloxanen brach ab.
Nach Entfernen des Wassers im Vakuum Uber einen Zeitraum von zwei Stunden
sprang die Destillation von Cyclosiloxanen erneut an und erreichte die zuvor
bestimmte Destillationsrate (24.7(19) mL/h).

Der Katalysator [4bH][DsOH] wurde auch durch Verwendung eines Uberschusses an
Trimethylchlorsilan (MesSiCl) deaktiviert und so die weitere Umsetzung unterbunden.
Die katalytische Aktivitat wurde durch die Zugabe einer wassrigen 0.5 M
Natriumhydroxid-Losung  wieder regeneriert. Durch das Entfernen von
Uberschissigem Wasser im Vakuum wurde in der Silikonphase gebildetes
Natriumchlorid als feiner Niederschlag beobachtet. Die Umsatzgeschwindigkeit des
reaktivierten Katalysators ist mit den zuvor durchgefiihrten

Depolymerisationsreaktionen identisch.
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3.2.3 Phenolat-Anionen

Phenol stellt den einfachsten aromatischen Alkohol dar und dient deshalb als Modell
fir zahlreiche theoretische Berechnungen.[6566.67.68] praktische Anwendungenl®®.70]
betreffen etwa die groRindustrielle Synthese von Salicylsdure im Kolbe-Schmitt-
Prozess.l"t72 Des Weiteren sind fundamentale Prozesse in der Biosphare von den
Eigenschaften des Phenol-Moleklls abhangig. Die Aminosaure Tyrosin (p-
Hydroxyphenylalanin) ist fir den Erfolg der Photosynthese essenziell, da Tyrosin im
Sauerstoff-bildenden Komplex (oxygen evolving complex, OEC) des Photosystems I
in einem protonengekoppelten Elektronentransfer (proton coupled electron transfer,
PCET) mit einem wasserstoffgebundenen Histidin photooxidiert wird.[”374 Aus diesem
Grund ist die Phenol-Wasserstoffbriickenbindung fir die Aufklarung des PCET-
Mechanismus‘ von fundamentalem Interesse.l’47>761 Fiir viele biologische und
chemische Systeme wurde bereits der Einfluss von Wasserstoffbriicken auf die

Aciditat der phenolischen OH-Funktion nachgewiesen.[67-69.75.77.78]

Wahrend das schwach acide Phenol (pKs=9.98)657 von Metall-Hydroxiden
oder -Hydriden leicht deprotoniert wird!®%71.80 ynd auch entsprechende Kronenether-
Komplexe von Natrium- und Kaliumphenolaten bekannt sind,®l existiert bisher kein
Beispiel fur das nicht-koordinierte [HsCe-O]-Anion. Ahnlich wie Fluorid- und Hydroxid-
lonen ist auch das Phenolat-Anion stark basisch und zeigt eine starke Tendenz zur
Ausbildung von Wasserstoffbriickenbindungen,’®? was die Isolierung des nicht-
koordinierten Anions erschwert und zu Phenol-Phenolat-Addukten(’ oder zu

Kontaktionenpaaren flhrt.[]

Neutrale Phosphazenbasen bieten die Mdglichkeit des selektiven Designs von sowohl
nicht-koordinierten als auch wasserstoffverbriickten Phenolat-Addukten und erlauben
somit das Studium dieser Wechselwirkung im Hinblick auf Reaktivitat,
Reduktionsvermégen sowie Absorptions- und Fluoreszenzeigenschaften von
Phenolat-Anionen.*>41 Fiir diesen Zweck wird im Folgenden ein breites Spektrum an
unsubstituierten und 2,6-di-tert-butylsubstituierten Phenolderivaten sowie 2-Naphthol
untersucht. Das  Pyrrolidin-Monophosphazen  pyrrPitBu  (1b) und das
Tetraphosphazen EtP4tBu (4b) dienen hierbei als zu vergleichende

Protonenakzeptoren.
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3.2.3.1 Synthese nicht-koordinierter Phenolate

Die Durchfihrung der Reaktionen in Diethylether als schwach polarem und schwach
CH-acidem Solvens erwies sich bezuglich der guten Préazipitation der ionischen

Produkte als besonders wertvoll.

Die aquimolare Umsetzung von Monophosphazen 1b mit Phenol liefert entgegen der
Erwartung nicht das gewtnschte nicht-koordinierte Anion. Stattdessen fiel das Salz
[1bH][(PhO)2H] als Kontaktionenpaare aus der Uberstehenden Phosphazen-Losung
aus (Schema 16).[1 Die Untersuchung mittels Rontgendiffraktometrie zeigte neben
einer Phenol-Phenolat-Wasserstoffbriicke mit einem O1-O2-Abstand von 249.1(2) pm
einen weiteren N1-Ol1-Kontakt von 279.2(1) pm. Hier ist besonders hervorzuheben,
dass die Basizitat von 1b fir eine vollstandige Deprotonierung von Phenol nicht

ausreichend zu sein scheint, obwohl der Vergleich der pKsn*-Werte dieses vermuten

lasst.
AN 2 PhOH AN
2 R—P=N_ = R—P=N_ +
R Bu Et,0, RT R Bu
R =—N<j
1b
[1bH][(PhO),H]
19,86 %

Schema 16: Deprotonierung von Phenol mit Monophosphazen 1b.1*!

Im Gegensatz dazu wurden unter Verwendung von Tetraphosphazen 4b Phenol
(HsCes-OH) und alle substituierten Phenolderivate vollstandig deprotoniert (Schema
17). Wahrend die Salze [4bH][PhQO], [4bH][Me®BY2PhQ] und [4bH][®®Y3PhO] farblos
sind, ist [4bH][MeCBu2Ph(Q] tiefgelb. Die Deprotonierung von 2-Naphthol (C10H7OH,
Schema 17) lieferte das Salz [4bH][C10H7O] als fluoreszierende, griine Kristalle. Alle
Verbindungen sind luftempfindlich und wechseln ihre Farbe durch Oxidation zu gelb,
violett, braun oder rostrot, wohingegen [4bH][C10H7O] komplett entfarbt wird. Die
Salze zersetzen sich in Brgnsted-S&uren und Lo6sungsmitteln wie Chloroform,
Dichlormethan oder Acetonitril und mussen in THF oder Diethylether gehandhabt

werden.
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Erstmalig wurde das nicht-koordinierte [HsCes-O]-Anion in [4bH]PhO] isoliert und
vollstandig charakterisiert.*® Als der kirzeste Kationen-Anionen-Abstand der
hauptbesetzten Fehlordnung wurde ein O1B-C33*-Abstand zur Methyl-Gruppe einer
Diethylamino-Funktion mit 352.4(2) pm ermittelt, was die Summe der van-der-Waals-
Radien Ubersteigt, jedoch im Bereich von C-H---O-Wasserstoffbricken liegt
(Symmetriecode C33*: %2 + X, %2 - Y, -¥ + Z).184 Die O1B-C3-Bindung mit 128.7(2) pm
ist im Vergleich zu koordinierten Phenolaten wie in NaOPh (133(1) pm) deutlich

verkiirzt.45:47.89]

OH 0
+
R R R’ R’
AN Et,0 R H
R—P=N_ + — | Rp="
/ N TN
R Bu RT R 'Bu
4b i i R 1
R = 'N=P(NEt2)3
[4bH][PhO] R'R"=H 29,95%
[4bH][Me®BU2PhO] R'=Bu,R"=Me 59,98%
[4bH][B“3PhO] R,R"=Bu 69,99 %
[4bH][MeOBU2phO] R'=Bu,R"=OMe 59,98 %
01B B
. C2 o1
c3
C1
c4 4 8
©
[PhOT
[MetBuZPhO]- [lBu3Pho]-

OH
R, Et,0 R H
R—P=N + e R_\p—N/
/ N TN
R Bu RT R By
4b

R = -N=P(NEt,) C4oH,OH
253 [4bH][C4H,0]

Schema 17: Synthese nicht-koordinierter Phenolat-Anionen mit Tetraphosphazen 4b 1547

Die 13C-NMR-Resonanz des O1B-C3-Kohlenstoffatoms in [PhO] (& = 175.0 ppm) ist
im Vergleich zu den Anionen [C10H70] (8 = 173.7 ppm), [Me®BU2PhQ]J- (6 = 170.2 ppm),
[BUSPhO]" (6 = 170.3 ppm) und [MeCBU2PhQ] (8 = 168.0 ppm) deutlich entschirmt.[547]
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Die entsprechenden C-O -Abstande der substituierten Phenolate von 128.4(2) pm bis

129.8(2) pm variieren jedoch nicht signifikant.

3.2.3.2 Synthese wasserstoffverbriickter Phenolat-Addukte

Die selektive und nahezu quantitative Darstellung der Phenol-Phenolat-Salze
[4bH][(PhO)2H], [4bH][(C10H70)2H] und [4bH][(MeCBU2PhO)2H] erfolgt Uber die
Deprotonierung der Phenol-Derivate mit einem halben Aquivalent Base 4b oder im Fall
von [4bH][PhO(H20)] durch Deprotonieren von Phenol vor der Zugabe eines
Aquivalents an Wasser (Schema 18). Alle Versuche, Hemi-, Di- oder Trihydrate
[PhO(H20)n] durch Zugabe von Wasser zu [4bH][PhO] zu isolieren und
rontgendiffraktometrisch zu untersuchen, fuhrten zur Bildung amorpher Feststoffe,

wobei enthaltene kristalline Fragmente als [4bH][PhO(H20)] identifiziert wurden.

Das Salz [4bH][(PhO)zH] beinhaltet das Phenol-Phenolat mit einer asymmetrischen,
starken Wasserstoffbriicke, charakterisiert durch einen O-O-Abstand von 243.7(2) pm.
Das Phenolat-Hydrat [PhO(H20)]" bildet im Festkoérper dimere Strukturen mit einem
linearen Zickzack-Motiv aus (Schema 18). Die Phenolat-Wasserstoffbriicken mit O1-
02- und O1*-02B-Abstanden von 260.8(7) pm und 265.2(7) pm sind im Vergleich zu
[(PhO)2H] deutlich verlangert. Auffallig ist die besonders lange O2-O2B-Distanz von
293.1(5) pm.
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Schema 18: Synthese von Phenol-Phenolat- und Phenolat-Hydrat-Salzen #5471

In Abbildung 9 sind die aromatischen Bereiche der 'H-NMR-Spektren von [PhOJ,
[PhO(H20)] und [(PhO)2H] dargestellt. Die Ausbildung einer
Wasserstoffbriickenbindung von [PhO]- mit Wasser und Phenol geht mit einer
signifikanten Tieffeldverschiebung der Signale und einer verbesserten Auflosung der
Kopplungen einher. Letzteres kann durch eine verringerte Delokalisierung der
negativen Ladung Uber das aromatische System erklart werden, welches durch die
ladungsentziehende Wasserstoffbriicke hervorgerufen wird. Im Einklang dazu treten
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die entsprechenden '3C-NMR-Resonanzen der C-O-Funktionen relativ zu [PhOJ
(& = 175.0 ppm) bei deutlich héherem Feld auf ((PhO(H20)] & = 173.6 ppm; [(PhO)-H]
0 =167.2 ppm).

NN s
N

71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 5
f1 (ppm)

Abbildung 9: Aromatische Region der *H-NMR-Spektren von [PhO] (oben), [PhO(H20) (Mitte) und [(PhO)H]
(unten) in THF-ds.1*547)

Das Anion in [4bH][(Ci0H7O)2H] weist die starkste Wasserstoffbriicke aller
untersuchten Phenolat-Addukte mit einem O1-O2A-Abstand von 238.5(4) pm auf.
Interessanterweise wird dieses Salz als farbloser Feststoff isoliert, wahrend
[4bH][C10H70O] intensiv grun fluoresziert. UV/Vis-Spektren der Salze in trockenem THF
lassen eine bathochrome Absorptionsverschiebung fur [Ci0H7O]" mit zwei lokalen
Maxima bei 412 und 439 nm erkennen (Abbildung 10). Die Absorption des Anions
[(C10H70)2H] ist hingegen hypsochrom verschoben und wird erst unterhalb von
400 nm beobachtet, was eine Erklarung fir die fehlende Farbigkeit liefert. Der Einfluss
der Wasserstoffbriicke wurde ebenfalls mit Hilfe von Fluoreszenz-Emissions-Spektren
bei einer Anregungswellenlange von Aex = 320 nm nachgewiesen. Die Fluoreszenz
des nicht-koordinierten Anions in [4bH][Ci0H7O] ist intensiv und besitzt ein
Fluoreszenzmaximum bei Aem =462 nm mit einer Stokes-Verschiebung von
9605 cmt. Das Addukt [4bH][(C10H70O)2H] besitzt hingegen eine nur schwach
ausgepragte Fluoreszenz mit vier Maxima bei Aem = 344 nm, 360 nm, 427 nm und
458 nm (Stokes-Verschiebungen von 2181, 3472, 7831 und 9416 cm™?).
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Abbildung 10: UVNis-Absorptionsspektrum (links, 32 uM) von 2-Naphthol (CioH7OH, blau), [4bH][C1oH/O]
(schwarz) und [4bH][(C10H-O).H] (rot) und Fluoreszenz-Emissionsspekiren (rechts, 200 uM, Aex=320 nm) von
[4bH][C10H7Q] (schwarz) und [4bH][(C1oH7O).H] (rot).k

Auch sterisch anspruchsvolle tert-Butylsubstituenten in 2- und 6-Position des Phenols
verhindern  nicht die  Ausbildung einer Wasserstoffbriicke, wie  flr
[4bH][(MeCBu2PhO)2H] gezeigt wurde (Schema 18). Aufféllig ist die VergroRerung des
01-0O3-Kontaktes von 247.0(1) pm verglichen mit jenem in den Derivaten
[PhO(HOPh)] (243.7(2) pm) und [(C10H70O)2H] (238.5(4) pm), welche mdoglichweise

durch sterische Repulsion resultiert.

3.2.3.3 Redoxpotentiale von Phenolat-Anionen

Mehrere Arbeiten haben sich der Redoxpotentiale diverser Phenolel® und
Phenolatel®”81 mittels (Cyclo-) Voltammetrie, bevorzugt in Acetonitril-Lésung,
gewidmet. Die Anionen wurden hierbei meist in situ durch Deprotonierung mit
Tetraalkylammoniumhydroxiden erzeugt. Die erfolglose Darstellung des freien
Phenolat-Anions durch Deprotonierung mit Ammoniumhydroxidenl’® sowie die
schnelle Zersetzung koordinierter Phenolate wie [4bH][PhQO] in Acetonitril lassen

jedoch Zweifel an den berichteten Redoxpotentialen aufkommen.

Durch die selektiven Darstellungsmoglichkeiten fir nicht-koordinierte und
wasserstoffverbrickte Phenolat-Anionen kdnnen nunmehr die Einflisse der
Wasserstoffbriickenbindungen auf die Redox-Eigenschaften der Anionen mit Hilfe der
Cyclovoltammetrie (CV) detailliert untersucht werden. FUr diesen Zweck wurde

getrocknetes THF als nicht CH-acides Lésungsmittel verwendet.
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Abbildung 11: Cyclovoltammogramme von nicht-koordinierten Phenolaten.#5471 [1H][PhQ] (rot), [1H][C1oH7O]
(violett), [1H][®“3PhQ] (grun), [1H][M®®“PhO] (blau) und [1H][Me®®B2PhQ] (schwarz). Voltammogramme
aufgenommen in 0.1 m [NBug][PFe]-THF-LOsung bei 100 mV/s unter inerter Atmosphére mit einer Glassy-Carbon-
Arbeitselektrode (2.0(1) mm), einer Gegenelektrode (Stahl 18/8, 2.0(1) mm) und einer Ag/AgCl-Referenzelektrode.
Alle Potentiale wurde gegen Fc/Fc* referenziert (+0.405 V vs. SCE).

Wahrend die sterisch gehinderten Anionen [MeCBU2PhQ]- und [BU3PhO]- reversibel
oxidiert werden, resultieren bei geringerer sterischer Abschirmung irreversible
Oxidationsprozesse, weshalb fur [PhO] und [C10H7O] nur das Oxidationspotential Eox
gemessen werden kann. Das Anion [MeBu2PhQ]- wird ebenfalls irreversibel oxidiert. Die
Redoxpotentiale E° der nicht-koordinierten substituierten Phenolate in Abbildung 11
liegen bei -0.52(1) V vs. SCE fur [B“*PhO]- und -0.72(1) V vs. SCE flr [MeCBu2phQ]
und Ubersteigen somit die Literaturdaten in Acetonitrii um 0.3 V.88 Das Anion
[VeOtBu2PhO]- besitzt ein ahnliches Reduktionsvermogen wie metallisches Zink. [
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Abbildung 12: Cyclovoltammogramme von [4bH][PhQ] (blau), [4bH][PhO(H20)] (grun), [4bH][(PhO).H]
(schwarz) und [4bH][(PhO):H] + Uberschuss H-O (Konzentration von 0.1 M H20 in der Elektrolytidsung, rot).4547)
Voltammogramme aufgenommen in 0.1 m [NBus][PFs] THF Lésung bei 100 mV/s unter inerter Atmosphére mit
einer Glassy-Carbon-Arbeitselektrode (2.0(1) mm), eine Gegenelekirode (Stahl 18/8, 2.0(1) mm) und einer Ag/AgCl

Referenzelektrode. Alle Potentiale wurde gegen Fc/Fct referenziert (+0.405 V vs. SCE).

Im Vergleich der Oxidationspotentiale von [PhO]" (Eox=-0.12(1) V vs. SCE),
[PhO(H20)] (Eox = -0.04(1) V vs. SCE) und [(PhO)2H] (Eox = +0.22(1) V vs. SCE) wird
in Korrelation zur Starke der ausgebildeten Wasserstoffbrickenbindung eine
signifikante anodische Verschiebung des Oxidationspotentials beobachtet (Abbildung
12). Durch die Zugabe von Wasser wurde in der Elektrolytlosung von [4bH][(PhO)zH]
eine Konzentration von 0.1 M H20 erzeugt, wodurch das Oxidationspotential eine
kathodische Verschiebung von +0.22(1) V zu +0.10(1) V vs. SCE erfuhr.

Berechnete lonisationspotentiale auf dem BP86/6-311+g(3df,2p)-Niveau bestatigen
die experimentellen Erkenntnisse und belegen einen deutlichen Einfluss von
Wasserstoffbriicken auf das nicht-koordinierte Anion [PhOT
(Ei = 228.69(1) kJ/mol).*>471 Die Steigerung des lonisationspotentials ist im Hydrat
[PhO(H20)]" (Ei = 267.42(1) kJ/mol) deutlich geringer ausgepragt als im Phenol-
Addukt [(PhO)2H] (Ei = 314.90(1) kJ/mol).

Die gesammelten Beobachtungen lassen sich durch eine reduzierte Ladungsdichte
am Phenolat-Sauerstoffatom erklaren, welche durch die Starke der ausgebildeten
Wasserstoffbriickenbindung beeinflusst wird. Diese Wasserstoffbriicke bestimmt
weiterhin die Dissoziation der Addukte in Losung. Unter der Annahme, dass in der

Gleichgewichtsreaktion ein Uberschuss an Wasser das Phenol-Molekiil im Addukt
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[(PhO)2H] substituiert, deutet das erhthte Oxidationspotential auf die Bildung von

Phenolat-Hydraten hin.

Die Untersuchungen der 2-Naphthol-Salze [4bH][C10H7O] und [4bH][(C10H70O)2H]
liefern analoge Ergebnisse. Das Oxidationspotential von [4bH][C10H7O]
(Eox=-0.15(1) V vs. SCE) st verglichen mit dem verbrickten Addukt
[4bH][(C10H70)2H] (Eox=+0.08(1) V vs. SCE) ebenfalls signifikant anodisch
verschoben.

Interessanterweise kann aus der CV-Untersuchung des Adduktes in
[4bH][(MeCtBu2Ph O),H] mit einem Redoxpotential von E® = -0.70(1) V vs. SCE ein sehr
ahnlicher Wert zu dem nicht-koordinierten Anion [MeOBU2PhQ]- (-0.72(1) V vs. SCE)
nachgewiesen werden. Im Vergleich zu freiem [PhO] und [(PhO)zH] ist die geringe
Verschiebung madoglicherweise durch eine schwéachere Wasserstoffbricke in
[(MeOBU2PhQ)2H]" relativ zu [(PhO)2H]" zu erklaren. Diese Tatsache konnte zu einer
ausgepragteren Dissoziation von [(MeCBU2PhQ).H] in Losung fiihren und somit in einer
geringeren Redox-Verschiebung des koordiniertem relativ zum nicht-koordinierten

Anion resultieren.

3.2.3.4 Phenolate als Reduktionsmittel

Radikal-lonen spielen eine wichtige Rolle als Intermediate in Oxidations- und
Reduktionsprozessen. Ein Zugang zu Radikal-Anionen ist im Allgemeinen Uber
elektrochemische Reduktions- oder single-electron-transfer-Prozesse (SET) mdglich.
Besonders organische Vertreter mit konjugierten m-Systemen besitzen energetisch tief
liegende 1*-Orbitale und ermdglichen die Ausbildung stabiler Radikal-Anionen. Das
bekannte und vielfach untersuchte Tetracyanoethylen (TCNE)[® weist hervorragende
Elektronenakzeptoreigenschaften auf und dient als interessantes Ausgangsmaterial

fur organische Halbleitermaterialien und organische Magneten.

Eine potentielle Anwendungsmoglichkeit fir Phosphazeniumphenolat-Salze als
Reduktionsmittel findet sich bei der Darstellung reaktiver Radikal-Anionen durch SET-
Reaktionen. Sterisch anspruchsvolle Gruppen in den Positionen 2, 4 und 6 sind
notwendig fur die Stabilisierung der gebildeten Phenoxyl-Radikale, da ihre

Nukleophilie reduziert und ihre Dimerisierung verhindert wird.

36



Diskussion der Ergebnisse

+ 0o +
TCNE
R\ /H tBu tBu Et,0, RT R H
R—/P:N\ _ R—P=N_
R Bu Bu R Bu
O.
[4bH][MeBu2phO] tBu [4bH][TCNE]
0.59,88%

R = -N=P(NEt,),
Schema 19: Synthese von [4bH][TCNE] durch Ein-Elektronen-Reduktion von TCNE mit [4bH][MeBu2PhQ].47]

Fur diesen Zweck wurde [4bH][MeBU2Ph Q] in etherischer Losung mit TCNE umgesetzt
(Schema 19). Die schnelle SET-Reaktion wurde von einer unmittelbaren
Farbanderung von farblos zu gelb-griin begleitet. Vorteilhafterweise schied sich das
Produkt [4bH][TCNE] als kristalliner orangefarbener Feststoff aus der tiberstehenden
Phenoxyl-Radikalldsung ab und wurde durch Waschen mit Diethylether analysenrein
erhalten. Obwohl die Bildung von dimeren [TCNE]2?-Dianionenl®! bekannt ist, ist das
[TCNE]-Radikal-Anion in [4bH][TCNE] strikt monomer und mit dem kirzesten Kation-
Anion-Abstand von 326.6(1) pm deutlich vom Gegenion separiert. Die Bindung C42-
C45 mit 141.7(1) pm ist mit berechneten und experimentellen Literaturdaten

vergleichbar.??

Mit der Verwendung von TCNE als Elektronentranfer-Reagenz wurde das Konzept zur
Darstellung von Radikal-Anionen mittels Phosphazeniumphenolaten bestatigt und ist

derzeit Gegenstand aktueller Forschung.

Im Hinblick auf die betrachtliche Umweltverschmutzung, die durch unsere Wirtschaft
verursacht wird und entscheidend die Klimaerwarmung auf unserem Planeten
vorantreibt, wurde versucht, diesbezuglich praktische Anwendungen fur die neu

synthetisierten Phenolate zu finden.

Schwefelhexafluorid (SFe) ist das starkste bekannte Treibhausgas. Dessen extreme
chemische Robustheit hat einen dramatischen Einfluss auf das Klima.l®3! Aus diesem
Grund werden effiziente Methoden zum selektiven Abbau von SFs dringend bendétigt.
Zahlreiche Publikationen untersuchen die SFe-Aktivierung mit
Ubergangsmetallkomplexen von Titan, Rhodium, Platin, Chrom und Vanadium sowie
Nickel.*”] In allen Fallen werden die entsprechenden Sulfido- und Fluorokomplexe
erhalten. SFs kann auf3erdem elektrochemisch oder Uber SET-Reaktionen aktiviert

werden, wie durch die Umsetzung mit Alkalimetallen in flissigem Ammoniak
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demonstriert wurde. AulRerdem wurden SET-Reaktionen von SFs mit organischen
Elektronendonoren, TEMPOLi und photo-aktivierten Systemen beschrieben. Der
Mechanismus fir den SFe-Abbau ist nicht vollstandig geklart. Wahrend einige
Publikationen die Aktivierung tiber einen SET-Prozess mit anschlieRender Zersetzung
des entsprechenden Radikal-Anions [SFs|- beschreiben, postulieren Dielmann und
Mitarbeiter eine nukleophile Aktivierung unter Verwendung elektronenreicher

Phosphine.

In diesem Kontext wurden alle nicht-koordinierten Phenolate in der Reaktion mit SFes

untersucht (Schema 20).

+ 0] +
R H tBu tBu SFe R H _
N a Et,0, RT Ny a -
2 R—/P:N\ R—/P:N\ [ SFsl F
R Bu tBu R Bu
. 2
OMe -2 Meo—Qo
R = -N=P(NEt,); Bu [4bH][SF5]
[4bH]F

[4bH][MeOtBu2Ph0]
0.49,88%

Schema 20: Aktivierung von SFs mit Phosphazeniumphenolat-Salzen.#>47

Die Umsetzung des starksten Reduktionsmittels [4bH][MeOBU2PhO] mit SFs in
etherischer Losung resultierte in der spontanen Bildung des Pentafluorosulfanid-
Anions [SFs]" und einer Farbanderung von gelb zu tiefrot, wofir die entsprechenden
Phenoxyl-Radikale verantwortlich zu sein scheinen (Schema 20). Das [SFs]-Anion ist
im *F-NMR-Spektrum der Losung als charakteristisches Quintett (5 = 88.7 ppm) und
Dublett (5 = 59.5 ppm) mit einer 2Jrr-Kopplungskonstante von 45 Hz zu beobachten.
Fur die Bildung des Pentafluorosulfanid-Anions ausgehend von SFe wurde ein

zweifacher SET-Mechanismus postuliert (Schema 21).194.9%1

+R—0O

SFe — — SFg'” — SFs! —— — o m
R=Ph R = Bu3ph
MetBuZPh MeOtBuZPh
tBu3Ph
MeOtBuZPh

Schema 21: Postulierter Mechanismus der SFe-Aktivierung mit nicht-koordinierten Phenolat-Anionen und

Darstellung des Anions aus der Molekuilstruktur von [4bH][SFs).l#547

38



Diskussion der Ergebnisse

In Anlehnung an den als favorisiert beschriebenen Prozess zerfallt das intermediar
gebildete [SFe]-Radikal-Anion in ein Fluorid-Anion (F) und ein (SFs)-Radikal.
Letzteres wird durch ein weiteres Phenolat zum [SFs]-Anion reduziert. Das thermisch
stabile Salzgemisch aus [4bH][SFs] und [4bH]F (dec. > 123 °C) fallt als farbloser
Feststoff an. Die Reaktion von F- mit der Borosilikat-Glasoberflache fuhrte im zeitlichen
Verlauf zur Bildung unterschiedliche Fluoride, hauptséachlich [HF2], wie °F-NMR-
spektroskopisch nachgewiesen wurde. Die Untersuchung von Einkristallen, welche
durch langsame Kiristallisation von [4bH][SFs] aus der Reaktionslosung isoliert
wurden, bestéatigen die Existenz des [SFs]-Anions mit seiner bekannten verzerrten

pseudo-quadratisch-pyramidalen Geometrie.[%!

Die Umsetzung von SFe mit [4bH][®BU“3PhQ] fuhrte ebenfalls zur Bildung von [SFs] und
Fluoriden (hauptsachlich [HF2]"), wie durch das °F-NMR-Spektrum bewiesen wurde.
Im zeitlichen Verlauf farbte sich die farblose Reaktionslésung tiefblau, was mit der
Farbe des freien Phenoxyl-Radikals tibereinstimmt.[®” Die 1°F-NMR-spektroskopische
Untersuchung der uber mehrere Wochen bei Raumtemperatur gelagerten
Reaktionslosung belegt die Stabilitat von [SFs] in Gegenwart des Phenoxyl-Radikals.

Die Phenolate [4bH][Me®Bu2PhO] und [4bH][PhQ] sind ebenfalls in der Lage, SFs zu
aktivieren (Schema 21). Im starken Gegensatz zu den sterisch anspruchsvollen 2,4,6-
tri-tert-butyl- und 2,6-di-tert-butyl-4-methoxy-substituierten Phenolaten fihrten die
Reaktionen mit [4bH][Me®Bu2PhQ] und [4bH][PhO] nicht zur Bildung von
Pentafluorosulfanid-Anionen, sondern lieferten ausschlie3lich Fluoride. Da in CV-
Untersuchungen von [MetBY2PhQO]- und [PhO] irreversible Oxidationen nachgewiesen
wurden, liegt die Vermutung nahe, dass gebildete Phenoxyl-Radikale mit

Intermediaten reagieren, bevor das [SFs]-Anion generiert wird.

Ebenfalls ist das wasserstoffverbriickte Addukt in [4bH][(MeCtBu2PhO)2H] fahig, SFe zu
aktivieren. In Analogie zum nicht-koordinierten Anion [MeCtBu2PhQ]- wurde die Bildung
von [SFs]” und eine tiefrote Farbung der Losung beobachtet. Neben einer deutlich
verlangsamten Bildungsrate von [SFs]- mit [(MeO®BU2PhQ)2H]- wurde ebenfalls die
Bildung mehrerer unspezifizierter Fluorverbindungen nachgewiesen. Mdglicherweise

ist dies auf Reaktionen mit phenolischen OH-Funktionen zurtickzufihren.

Es wurde berichtet, dass Tetrakis(dimethylamino)ethylen (TDAE) trotz eines
Redoxpotentials (E° =-0.78 V vs. SCE), welches das aller prasentierten Phenolate
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Ubersteigt, nicht in der Lage ist, SFs zu reduzieren.[® Diese Beobachtung legt die
Vermutung nahe, dass das Redoxpotential nicht den einzigen Faktor flr einen
erfolgreichen Abbau von SFe darstellt. In Analogie zu Dielmann wére eine nukleophile
Wechselwirkung des Phenolat-Sauerstoffatoms mit einem Fluoratom von SFs eine
maogliche Erklarung, welches die anschlielende Aktivierung in einem SET-Prozess

unterstutzt.

3.2.4 Perfluoralkylierungsreaktionen

Aufgrund der mit KHMDS vergleichbaren enormen  Basizitat von
Tetraphosphazenbasen?829 eroffnet sich ein breites Spektrum an mdglichen
Deprotonierungsreaktionen und Nukleophil-Ubertragungsreaktionen. Wahrend starke
anorganische Basen wie n-Butyllithium (n-BuLi), Lithiumdiisopropylamid (LDA) oder
KHMDS bei einer Deprotonierung die entsprechenden Metall-Salze liefern, kdnnen
unter Verwendung von Phosphazenbasen nicht-koordinierte Nukleophile erzeugt und

Ubertragen werden.

Der enorme Vorteil von Phosphazenbasen lasst sich anschaulich am Beispiel der
Trifluormethylierung verdeutlichen.*1431 Fluoroform (HCF3) stellt als Abfallprodukt der
Teflonherstellung eine ausgezeichnete und kostengiunstige Quelle fir den
Trifluormethylbaustein dar.!! Die Deprotonierung von HCFs kann unter Verwendung
von n-Butyllithium oder Kalium-tert-butanolat durchgefiuihrt werden. Die hohe
Fluorophilie von Alkalimetallkationen fiihrt jedoch zu einer carbenoiden
Bindungssituation und einer schnellen Difluorcarben-Eliminierung bei niedrigen

Temperaturen.[®]

Schwach koordinierende Phosphazenium-Kationen verhindern die Difluorcarben-
Eliminierung (Schema 22), wie von Shibata et al. und Zhang et al. fur die
Trifluormethylierung elektrophiler Carbonylverbindungen,? Sulfonylfluoride®? sowie
verschiedener Epoxide, Kohlendioxid und Esterl'® in guten bis hervorragenden

Ausbeuten mit 4a und Fluoroform gezeigt werden konnte.
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+ +
R R H R H
N N / - \ / _
R—P=N + HCF, R—P=N [CFs] > —#> R—P=N F + CF,
R tBU R \tBU R \tBu
R = -N=P(NMe,),
[4aH][CF;]
4a o)
B
H i i
R\ / o CFs HCl HO, CF3
R—P=N >< > ><
R \tBu R' R" RGO + R R
- | RZP=N Cl .
R Mgy gute bis exzellente
Ausbeuten

[4aH]CI
Schema 22: Trifluormethylierung von Carbonyl-Verbindungen mit Tetraphosphazen 4a.

Die °F- und 3'P-NMR-spektroskopische Untersuchung einer Mischung aus 4b und
Fluoroform zeigte keine Reaktion, wie Zhang et al. ebenfalls fir das Methylderivat 4a
berichteten. Die Zugabe von Elektrophilen fiihrt zu einer schnellen Trifluormethylierung

bei Raumtemperatur (Schema 22).

R R H

. N N / _
1) MesSiCl  + R—P=N  +HCF3 ———— | R—P=N Cl + MesSiCF,
R \t n—Hexan R/ .
Bu -196 °C bis RT Bu 75 %
4b [4bH]CI SF NMR
+ Ani
nionenaus-
R\ H _ tauscherharz R\
2) R—P=N Cl" + NaOHgq) —————= R—P=N_ + NaCl + H0
R \tBu A, Vakuum R Bu
[4bH]CI 4b
Brutto Me3SiCl + HCF3 + NaOH g —_— Me;SiCF; + NaCl + H,0

R = -N=P(NEty);
Schema 23: Bruttoreaktion der Synthese des Ruppert-Prakash-Reagenzes mit Tetraphosphazen 4b #1143

Phosphazen 4b reagiert schnell mit MesSiCFs unter Bildung von MesSiF und einer
Vielzahl von Nebenprodukten aufgrund einer Difluorcarben-Eliminierung. Die
Zersetzungsreaktion von MesSiCFsz mit Fluorid-Salzen wurde bereits von Tyrra und
Naumann et al. untersucht und resultierte in der Bildung von perfluoralkylierten
Polyanionen.[1°l Mit einem Uberschuss an MesSiCl kann die Reaktion von 4b und

HCFs kinetisch gesteuert werden, was zur selektiven Bildung von MesSiCFs
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(-67.7 ppm im **F-NMR-Spektrum) mit Ausbeuten von bis zu 75 % fihrte (Schema
23)_[41|43]

Die Verwendung von Kohlenwasserstoffen als Losungsmittel ist entscheidend, da die
hohe Basizitat von Phosphazen 4b in Gegenwart von Lewis-aciden Komponenten wie

MesSiCl zu einer Deprotonierung des Losungsmittels fuhrt.

Das hohe Molekulargewicht und die hohen Kosten der Phosphazene 4a und 4b
machen die Trifluormethylierung in gréf3eren Mengen unrentabel. Aus diesem Grund
schlugen Zhang und Shibata die Verwendung von Additiven wie Bis(trimethylsilyl)amin
zur Verwendung von 4a in katalytischen Mengen von etwa 20 Mol-% vor.?9 Die
Verwendung von Additiven flhrt trotzdem zu einem Verlust groRer Mengen der
Schwesinger-Base bei der Umsetzung im multimolaren Maf3stab. In unserem Fall
wurde das in der Trifluormethylierungsreaktion ausgefallte
Phosphazeniumhydrochlorid [4bH]CI (Schema 23) nach jedem Reaktionsschritt unter
Verwendung eines Anionenaustauscherharzes in hervorragenden Ausbeuten von
etwa 98 bis 100% regeneriert. Kleine Mengen von 4b wurden nach jedem Schritt fur

31P-NMR-spektroskopische Untersuchungen verwendet.

So wurde die Ruckgewinnung belegt und die Mdglichkeit aufgezeigt, Phosphazen 4b
in weiteren Trifluormethylierungsreaktionen ohne jeglichen Reaktivitatsverlust

einzusetzen.

In der Bruttoreaktion zur Synthese des Ruppert-Prakash-Reagenzes, wie in Schema
23 gezeigt, wird die Trifluormethylierungsreaktion unter Verwendung von

Natriumhydroxid als Base durchgefihrt.

Die Pentafluorethylierung von MesSiCl mit Pentafluorethan und 4b fiihrt ebenfalls zur
Bildung von Trimethylpentafluorethylsilan in Ausbeuten von etwa 61 %. Auch bei
dieser Reaktion wird keine Zersetzung von 4b beobachtet. Dies beflirwortet die
Verwendung von Phosphazen 4b fur weitere Fluor- und
Perfluoralkylierungsreaktionen.
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4. Zusammenfassung

Zusammenfassend wurde Uber das erste strukturell charakterisierte metastabile
Hydroxid-Trihydrat [OH(OH2)s]" berichtet, das unter Verwendung der neu dargestellten
Tetraphosphazenbase 4b generiert wurde. Das Hydroxid verliert im Vakuum die
Solvathulle, was zur selektiven Deprotonierung des Phosphazenium-Kations [4bH]*
fuhrt. So gelang die selektive Bildung von 4b aus seinem Hydrochlorid mit Hilfe eines
basischen Anionenaustauscherharzes in exzellenten Ausbeuten von tiber 97 %. Diese
Strategie umgeht die Verwendung gefahrlicher Metallamide in flissigem Ammoniak

und ermdglicht eine Herstellung von 4b im groReren Mal3stab (> 25 g).

Die Synthese des Ruppert-Prakash-Reagenzes MesSiCFsz wurde in Ausbeuten von
etwa 75 % unter Verwendung von Fluoroform (HCF3), MesSiCl und der Schwesinger-
Base 4b vorgestellt. Die freie Base 4b wurde mit einem Anionenaustauscherharz aus
gefélltem Phosphazeniumchlorid [4bH]CI in exzellenten Ausbeuten von tber 98 %
regeneriert und ohne Reaktivitatsverlust fur weitere Trifluormethylierungsreaktionen
verwendet. Da das Austauscherharz mit wassriger Natronlauge regeneriert werden
kann, wird in der Gesamtreaktion die Trifluormethylierung mit Natronlauge als Base

durchgefuhrt.

AuRerdem wurden die ersten Silanol-Silanolat-Anionen in kondensierter Phase durch
die Reaktion von [4bH][OH(OH2)n] mit Siloxanen synthetisiert. Aufgrund des schwach
koordinierenden Phosphazenium-Kations [4bH]* bilden die Anionen der Salze
[4bH][D30OH] und [4bH][DP"230H] starke intramolekulare
Wasserstoffbriickenbindungen aus. Das solvatisierte Anion in
[4bH][MesSiO(HOSiMes)2] zersetzt sich im Vakuum, &hnlich wie das Hydroxid-Hydrat-
Salz [4bH][OH(OH2)s]. Die entsprechenden Monophosphazenium-, Tetra-n-
butylammonium- und -phosphonium-Salze [1cH][D3OH], [NBus4][DsOH] und
[PBu4][D3OH] wurden analog unter Verwendung ihrer Hydroxide hergestellt. Alle
cyclischen [D3OH]-Anionen zeigen intramolekulare Wasserstoffbriickenbindungen,
wobei die O-O-Abstande von der GroRe und dem Koordinationsvermdégen des
eingesetzten Kations abhangen. Wahrend eine VergroRerung der nicht-
koordinierenden Kationen von [NBus4]® zu [4bH]" mit einer Verkirzung der
intramolekularen Wasserstoffbriickenbindung von 245.1(1) pm zu 242.8(2) pm
einhergeht, beguinstigen wasserstoffbriickendonierende Kationen wie [1cH]* eine

Bindungsaufweitung (250.8(2) pm). Eine Verringerung der Kationengré3e zu [NMes]*
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Zusammenfassung

in [NMe4][D3OH]1~ beginstigt die Anordnung der [Ds3OH]-Einheiten in einem
polyanionischen Strang. Im Gegensatz zu cyclischen [DsOH]-Anionen Uberwiegt in
Gegenwart weniger sperriger Gegenionen eine intermolekulare
Wasserstoffbriickenbindung (247.0(1) pm).

Der erhdhte nukleophile Charakter des Silanolat-Anions in Salz [4bH][D3OH] wurde
genutzt, um eine schnelle losungsmittelfreie  Depolymerisation  von
Polydimethylsiloxanen zu cyclischen Siloxanen durchzufuhren. Unter identischen
Reaktionsbedingungen wurde eine signifikant erhohte katalytische Aktivitat von
Silanolat [4bH][D3sOH] im Vergleich zu Natrium- und Kaliumhydroxid beobachtet.

Die Synthesen einer Reihe nicht-koordinierter Phenolat-Anionen  sowie
wasserstoffgebundener Phenol-Phenolate und Phenolat-Hydrate wurden durch
Deprotonierung der entsprechenden Alkohole mit der Tetraphosphazenbase 4b in
hervorragenden Ausbeuten beschrieben. Wasserstoffgebundene Addukte sind durch
die Deprotonierung von Phenol in Gegenwart von einem Aquivalent Phenol oder
Wasser zuganglich. Die C-O~-Bindungen nicht-koordinierter Phenolate sind im
Vergleich zu ihren wasserstoffgebundenen Addukten oder koordinierten Phenolaten,

wie in NaOPh, verkiirzt.

Der Einfluss der Wasserstoffbrickenbindungen wurde au3erdem durch signifikante
Anderungen der Oxidationspotentiale der nicht-koordinierten Phenolate [4bH][PhO]
und [4bH][Ci0H7O] im Vergleich zu ihren Addukten in [4bH][PhO(H20)],
[4bH][(PhO)2H] und [4bH][(C10H70)2H] gezeigt. Dartiber hinaus werden ebenfalls die
Absorptions- und Fluoreszenzemissionseigenschaften der 2-Naphtholat-Anionen
[C10H7O] und [(C10H7O)2H] stark durch diese Wechselwirkung beeinflusst. Das
Addukt [4bH][(MeC®BU2PhQ).H] weist eine leicht verlangerte Wasserstoffbriicke im
Vergleich zu [(PhO)2H] auf. Folglich wird das Redoxpotential des freien Phenolats
[MeOBU2PhQ]- nur geringfligig durch die Wasserstoffbriickenbindung zum Phenol

beeinflusst.

Zusatzlich wurde das Potential nicht-koordinierter Phenolate als Ein-Elektronen-
Reduktionsmittel untersucht. Die Mdglichkeit zur Darstellung von Radikal-Anionen-
Salzen ausgehend von Phosphazeniumphenolaten wurde durch deren Reaktion mit
TCNE und der Isolierung des entsprechenden Salzes [4bH][TCNE] in hoher Ausbeute
(88 %) gezeigt. Weiterhin wurde die Reduktion des chemisch extrem inerten
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Zusammenfassung

Schwefelhexafluorids mit Phosphazeniumphenolaten beschrieben, die im Falle der
Phenolate [MeOBW2PhQ]- und [BY3PhO]- mit sterisch anspruchvollen Gruppen zur
Bildung von Pentafluorosulfanid-Anionen fiihrte. Auch andere nicht-koordinierte
Phenolate sind in der Lage, SFs zu reduzieren. In diesen Fallen bilden sich Fluoride
als Produkte.
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Summary
5. Summary

In conclusion, the first structurally characterized metastable hydroxide trihydrate
[OH(OHz)s]" was reported, generated by use of the newly prepared tetraphosphazene
base 4b. The hydroxide loses water in vacuum, which results in the selective
deprotonation of the phosphazenium cation [4bH]*. This protocol was useful for the
selective formation of 4b from its hydrochloride by means of a basic anion exchange
resin in excellent yields of over 97 % and circumvents the use of hazardous metal

amides in liquid ammonia which allows the production on a larger scale (> 25 Q).

The synthesis of the Ruppert-Prakash reagent MesSiCFs was disclosed in yields of
about 75 % by using fluoroform (HCF3s), MesSiCl and Schwesinger base 4b. The free
base 4b was regenerated by an anion exchange resin from precipitated
phosphazenium chloride [4bH]CI in excellent yields of over 98 % and reutilized for the
trifluoromethylation reaction without any loss of reactivity. Since the exchange resin
can be regenerated with aqueous sodium hydroxide solution, in the overall reaction

the trifluoromethylation is carried out using sodium hydroxide as the base.

The first silanol-silanolate anions in the condensed phase are synthesized by the
reaction of [4bH][OH(OH2)n] with siloxanes. Due to the weakly coordinating
phosphazenium cation [4bH]*, the anions of salts [4bH][D3OH] and [4bH][DP"230H]
feature strong intramolecular hydrogen-bonding. The solvated anion in
[4bH][MesSiO(HOSiMes)2] decomposes in vacuum, similar to the hydroxide hydrate
salt [4bH][OH(OH2)3s]. The corresponding monophosphazenium-, tetra-n-
butylammonium- and -phosphonium salts [1cH][D3sOH], [NBu4][DzOH] and
[PBu4][D3OH] were prepared analogously by use of their hydroxides. All cyclic [D3sOH]
anions show intramolecular hydrogen bonding, with O-O distances depending on the
size and the coordination capability of the applied cation. While an enlargement of non-
coordinating cations from [NBua]* to [4bH]* results in a shortening of the intramolecular
hydrogen bond from 245.1(1) pm to 242.8(2) pm, hydrogen bond donating cations like
[1cH]* favor an extension of the formed bond (250.8(2) pm). Downsizing the cation to
[NMes]* in [NMe4][D3OH]1/- benefits the organization of the [D3OH]- moieties in a
polyanionic strand. In contrast to cyclic [DsOH] anions, an intermolecular hydrogen

bond (247.0(1) pm) is predominant in the presence of less bulky counterions.
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Summary

The increased nucleophilic character of the silanolate anion in salt [4bH][D3sOH] was
applied to perform the fast solvent-free depolymerization of polydimethylsiloxanes into
cyclic siloxanes. Under identical reaction conditions a significantly enhanced catalytic
activity of silanolate [4bH][DsOH] in comparison to sodium and potassium hydroxide

was observed.

High-yield syntheses of a series of non-coordinated phenolates anions as well as
hydrogen bonded phenol-phenolates and phenolate-hydrates were presented by
deprotonation of the corresponding alcohols with tetraphosphazene base 4b.
Hydrogen-bonded adducts are accessible by the deprotonation of phenol in the
presence of one equivalent of phenol or water, respectively. The C-O" bonds of non-
coordinated phenolates are shortened compared to their hydrogen-bonded adducts or
coordinated phenolates like in NaOPh.

The influence of hydrogen bonding was further demonstrated by significant changes
of the oxidation potentials of non-coordinated phenolates [4bH][PhO] and
[4bH][C10H7O] relative to their adducts in [4bH][PhO(H20)], [4bH][(PhO)2H] and
[4bH][(C10H70)2H]. Moreover, the light absorption and fluorescence emission
properties of 2-naphtholate anions [C10H7O]" and [(C10H7O)2H] are strongly affected
by hydrogen bond interactions. The adduct [4bH][(MeCBu2PhO)2H] features a slightly
elongated hydrogen bond relative to [(PhO)2H]. Consequently, the redox potential of
the free phenolate [MeO®BU2PhQ]- is only minor influenced by hydrogen bonding to

phenol.

Additionally, the potential of non-coordinated phenolates as one-electron reducing
agents was disclosed. The possibility of the preparation of radical anion salts from
phosphazenium phenolates was demonstrated by the reaction with TCNE and isolation
of the corresponding salt [4bH][TCNE] in high yield (88 %). The reduction of the
chemically extremely inert sulfur hexafluoride with phosphazenium phenolates was
described, which in case of the sterically encumbered phenolates [MeCBU2PhQ] and
[Bu3PhO] resulted in the formation of the pentafluorosulfanide anion. Other non-
coordinated phenolates are also capable in SFs reduction, and lead to the formation of

fluorides.
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The hydroxide trihydrate anion ...

... was generated for the first time and structurally characterized thanks to the use of a
weakly coordinating phosphazenium counterion. As B. Hoge et al. describe in their
Communication on page 14633 ff., the space-filling phosphazenium cation represents an

impregnable castle wall in protecting and stabilizing this rare anion. Under vacuum, the
salt decomposes like a fragile aqueous “hydroxide soap bubble”. Wl LEY' VCH
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< Generation and Applications of the Hydroxide Trihydrate Anion,
[OH(OH,);] , Stabilized by a Weakly Coordinating Cation

Robin F. Weitkamp, Beate Neumann, Hans-Georg Stammler, and Berthold Hoge*

Abstract: The reaction of a strongly basic phosphazene
(Schwesinger base) with water afforded the corresponding
metastable hydroxide trihydrate [OH(OH,);]” salt. This is the
first hydroxide solvate that is not in contact with a cation and
furthermore one of rare known water-stabilized hydroxide
anions. Thermolysis in vacuum results in the decomposition of
the hydroxide salt and quantitative liberation of the free
phosphazene base. This approach was used to synthesize the
Schwesinger base from its hydrochloride salt after anion
exchange in excellent yields of over 97 %. This deprotonation
method can also be used for the phosphazene-base-catalyzed
preparation of the Rupperi—Prakash reagent Me;SiCF; using
fluoroform (HCF;) as the trifluoromethyl building block and
sodium hydroxide as the formal deprotonation agent.

Oxonium and hydroxide ions play major roles in aqueous
chemistry, and they serve as key subjects of numerous
quantum-chemical calculations. Thus, currently a considerable
number of reports focus on oxonium ions of the general
formula [(OH;),(OH,),,)]"" such as, for example, the “Zundel
cation” [(OH;)(OH,)]*" and the “Eigen cation” [(OHs)-
(OH,);]". Their existence is closely related to the presence
of weakly coordinating anions.”!

Considering the many variations of hydrated oxonium
salts in the liquid or solid state, information on isolated
hydrates of the hydroxide anion is rare.”*! In contrast to the gas
phase where different anions are evidenced by theoretical
calculation, for example, the local mode calculations on MP2
level"! isolated hydrated hydroxides have not been unam-
biguously documented.® In 1978 Raymond et al. reported
the geometrical structure of the anion [OH(OH,)]"."! This
anion, however, is packed in a network of 18 water molecules
and also has significant contacts to the sodium counterions.
Clearly, such a species does not fulfil the requirements of an
isolated hydrated OH™ anion. Thus, it is obvious that the
presence of weakly Lewis acidic cations is a prerequisite for

[*] M. Sc. R. F. Weitkamp, B. Neumann, Dr. H.-G. Stammler,
Prof. Dr. B. Hoge
Centrum fiir Molekulare Materialien, Fakultit fiir Chemie
Universitat Bielefeld
Universitatsstrafle 25, 33615 Bielefeld (Germany)
E-mail: b.hoge@uni-bielefeld.de

& Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201908589.
© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.
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the observation of well-separated hydroxide ions solvated by
a shell of water molecules.

Phosphazene superbases, introduced by Schwesinger et al.
in 1987, exhibit extremely high ¥“pKy,,. values, such as
26.9""! for monophosphazene 1 up to 42.7) for tetraphos-
phazene 2 (Figure 1). The Schwesinger base 2 has found many
applications in, for example, the anti-Markovnikov addition
of alcohols to aryl alkenes,"” Ullmann couplings,"*! as well as
ether deprotonation processes.!'*

MeyN

| NMe, BN NEt,
N Mo NMe2 Py ey Nt Png
N N, N// ey N, N 2
S—p=n MeszP\\N p=n Ei?N;p\N b=y
SN, |\, |\
N Bu N Bu N 'Bu
7N Me N— o7 EtN—g”
7
MeN' Nue, BN N,
1 2 3
+ +
Me:N e, | Etzr‘{/NEt:l
.
N T e NME2N//P‘“NMe2 EtN_ NE2 N//P“‘NEt
H
\N—ILIN/® MEZN,P\\N—é:N/@\ BN P\\N p=N®
rd \ \ \
,.I,, 'Bu ,L Bu ,L Bu
7N MezN— g7 Etp;N—g%
7/
MezN \NMe2 BN NEt,
[MH) [2H] [3H]"

Figure 1. Overview of free and protonated mono- (1) and tetraphos-
phazene (2) bases, published by Schwesinger et al.,"” and the more
weakly coordinating phosphazenium cation [3H]" of this work.

For the preparation of naked and highly reactive anions
like the fluoride anion," phosphazenium counterions are
particularly beneficial due to their low electrophilicity. For
our investigation of hydroxide-based water clusters, we
envisaged ion separations as large as possible. For this
purpose Schwesinger bases like 2 (Figure 1) seem promising.
A compound having an increased volume should also have
a lower tendency to add nucleophiles. Moreover, deprotona-
tion processes at the iminium functionality of the correspond-
ing acid should be considerably impeded. An obvious route to
this objective should be the replacement of the dimethyla-
mino substituents in 2 by bulkier diethylamino groups, asin 3.
The synthesis of this derivative was realized by a slight
modification of the published procedure as depicted in
Scheme 1.5

Compound CI;PN7Bu (5) was prepared from phosphorus
pentachloride and rerr-butylamine in a Kirsanov-type reac-
tion." 1 Compound (Et,N).PNH (4) is accessible in

Wiley Online Library
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Scheme 1. Synthesis of 3. a) 1. HNEt, (6 equiv.), CH,Cl,, —30°C,
—3[H,NEL,]Cl; 2. NH;, (2 equiv.), CH,Cl,, —20°C, —[NH,]Cl; 3. KOtBu,
MeOH, 0°C, —KCl, —HOtBu. b) H,NtBu (3 equiv.), n-pentane,
—2[H;NtBu]Cl. ¢) 160°C, 3 days. d) KOtBu, MeOH, 0°C, —KCl,
—HOtBu. e) NaNH,, NH;, —70°C to rt, —NaCl, —NHs.

analogy to the synthesis of (Me,N);PNH as previously
devised by Schwesinger et al.”’ Combination of neat 4 and
S resulted in a nucleophilic substitution with the formation
of phosphazenium chloride [{Et,N);P=N};P=NH(/Bu)]CI
([3H]CI) in high yield. In the P NMR spectrum of salt
[3H]Cl the central phosphorus atom was observed as a quartet
of doublets at d = —33.9 ppm with coupling constants of %/yp =
70 Hz and *Jpy; =8 Hz. The phosphorus atoms of the three
peripheral phosphazenyl substituents gave rise to a signal at
0=7.4 ppm, which is split into a doublet of tridecets with
a *Jpp coupling constant of 70 Hz and a *Jp; coupling constant
of 10 Hz to the 12 methylene protons of the ethyl units."”

The crystal structure! of [3H]Cl was elucidated by X-ray
crystallography. Suitable single crystals were grown from
a saturated ethereal solution at —28°C (Figure 2). The
hydrogen atom bonded to N1 could be refined isotropically.
The nitrogen atom N1 of the iminium group is slightly
pyramidalized (sum of angles 350.6°). The bond length P1-N1
of 167.2(2) pm is significantly longer than the bonds P1-N2,
P1-N3 and P1-N4, which range from 158.5(2) to 160.6(2) pm.

The byproduct [4H]CI can be isolated by aqueous
extraction from the reaction mixture. Deprotonation results
in the regeneration of 4 in high yields of about 92 %, which
improves the waste-to-product ratio. Deprotonation of
[3H]CI to the free base 3 was achieved in 94% yield by
treatment with sodium amide in liquid ammonia
(Scheme 1)."? The molecular structure!'™ of 3 was ascertained
by X-ray diffractometry utilizing single crystals grown in
a saturated solution of the compound in n-hexane at —28°C
(Figure 3). Phosphazene 3 crystallizes in the orthorhombic
space group Pbca. In comparison to its corresponding acid,
the atomic distance P1-N1 is shortened to 157.8(1) pm,
representing a double bond. The bonds P1-N2, P1-N3, and
P1-N4 range from 163.2(2) to 163.8(2) pm and also point to
some degree of multiple bonding.["”!

14634 www.angewandte.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Molecular structure of the salt [3H]Cl. Thermal ellipsoids are
shown at 50% probability. Hydrogen atoms bonded at carbon and one
minor occupied disordered ethyl group are omitted for clarity. Dieth-
ylamino groups are shown simplified as stick model. Selected bond
lengths [pm] and angles [°]: P1-N1 167.2(2), P1-N2 160.6(2), P1—N3
158.5(2), P1-N4 158.9(2), P2—N2 155.4(2), N1-C1 148.0(3); C1-N1—
P1.128.6(2), N1-P1—N4 109.0(1), P1-N2—P2 140.7(1).

Figure 3. Molecular structure of 3. Thermal ellipsoids are shown at
50% probability. Hydrogen atoms are omitted for clarity. Diethylamino
groups are shown simplified as a stick model. Selected bond lengths
[pm] and angles []: P1—-N1 157.8(1), P1-N2 163.8(2), P1-N3 163.1(1),
P1—N4 163.2(2), P2-N2 153.0(1), N1-C1 145.7(2); CI-N1—P1 126.1-
(1), N1-P1-N4 113.1(1), P1-N2—P2 150.3(1).

For the generation of isolated hydroxide/water clusters,
different quantities of water were added to solutions of
phosphazene 3 in n-hexane. The resulting phosphazenium
hydroxides are soluble in chlorobenzene. At room temper-
ature, however, such solutions slowly decompose. This

Angew. Chem. Int. Ed. 2019, 58, 1463314638
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product separates from polar solvents as an oil, whereas
amorphous or crystalline samples are obtained from apolar
solvents like n-hexane. This finding may be rationalized by
the various amounts of water incorporated in the precipitates,
which hampered the isolation of a well-defined bulk material.
However, colorless crystals were obtained after slow evapo-
ration of a methanol/water solution of 3 at room temperature
and atmospheric pressure. The result of the elemental analysis
revealed a possible hydroxide hexahydrate salt of the
protonated phosphazene, [OH(OH,);]™ (caled: C 47.46, H
11.25, N 17.99, P 12.24, O 11.06; found: C 47.12, H 11.21, N
17.75, P 12.07, O 11.34). Since the crystals did not show any
diffraction pattern, they could not be analyzed by X-ray
diffraction. Nevertheless, a single crystal of [3SH][OH(OH,);]
was isolated by slow diffusion of water into an n-hexane
solution of the base.l'” The X-ray crystallographic analysis!"*!
revealed a disorder of two ethyl groups of the cation with
aratio of 82:18 and a disorder of the anion with the same ratio
(Figure 4 A). The hydrogen atoms of the protonated nitrogen
atom N4 and the major occupied part of the disordered anion
could be refined isotropically, the latter with fixed O—H
distances and angles. Looking at the ions of the reliably
modelled major part, the shortest separation between an
oxygen atom and the cation can be measured for O4-C10/
(symmetry code 1—x,1—y,1—z) with 339.4(3) pm. This dis-
tance is clearly greater than the van der Waals radii and shows
that this is the first example of an isolated hydroxide hydrate
anion that is not in direct contact to a cation. The O—O
distances are in the range of 251.6(1) pm to 260.2(3) pm. The
calculated value of the C;-symmetrical hydroxide shows
a slightly longer distance of 261.2 pm (Figure 4B).") The
experimental O—O—O angles range from 88.7(1)° to 115.9(1)°
and include the calculated angle of 102.4°.

Figure 4. A) Molecular structure of [3H][OH(OH,);]. Thermal ellipsoids
are shown at 50% probability. Hydrogen atoms and minor occupied
disordered parts are omitted for clarity. Diethylamino groups are
shown simplified as a stick model. The anion is disordered (82:18).
The hydrogens of the disordered water molecules could not be located
reliably. Disorder of two ethyl groups (C33, C34, C35, C36) over two
sites (82:18). Selected bond lengths [pm] and angles [°]: O1—02
256.0(3), 01-03 251.6(3), O1-04 260.2(3); 02—01—-04 88.7(1), 03—
01—04 115.9(1), 02—01—03 110.4(1). B) Calculated C;-symmetrical
hydroxide trihydrate (MP2/6-311 + +G(3df,3pd)).”
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Since the phosphazenium hydroxide [3H][OH(OH,),] is
highly sensitive towards loss of water under reduced pressure,
reliable elemental analyses are nearly impossible to obtain
(Scheme 2). An IR spectrum of the product displays a very
broad band at 3411 cm™" for the OH stretching vibration of
the hydroxide anion and the bonded water molecules. No
discrete bands are indicated, which points to a fast proton
exchange between the water molecules and the hydroxide
anion.

L 2

A, vacuum
R H i R
o -4 H,0
R—P=N | [OH(OH)] - R—P=N_
R Bu +4 H0 R’ By
R = -N=P(NEt,);

[3H][OH(OH_)3] 3

Scheme 2. Equilibrium reaction of 3 and H,0.

To prove the existence of [3H][OH(OH,);], a chloroben-
zene solution of 3 was titrated with water and analyzed by
*'P NMR spectroscopy (Figure 5). Complete protonation of 3
is observed only when four equivalents of water or more are
employed, and was evidenced by the characteristic “/pp
coupling constant of 70 Hz. The /y; coupling constant of
8 Hz for the protonated phosphazenium [3H]" could only be
resolved when an excess of water was used. This phenomenon
is probably due to a dynamic proton exchange (Scheme 2).
Addition of less than four equivalents of water leads to an
upfield shift of the signal for the central phosphorus atom
from —31.3 ppm to —34.2 ppm with an increase in the */pp
coupling constant from 29 Hz to 70 Hz (Figure 5). In the
"H NMR spectrum a broad signal at 4.9 ppm is observed for
the protons of water and the hydroxide ion. The hydroxide
hydrate decomposes at ambient temperature under vacuum,
leading to the liberation of the free base 3. Based on the
collected data we suggest that the water molecules are
activated or oriented in the superbasic system. The small size
of a water molecule as well as the high basicity of the

3 +exc. H,O
M L
_ML e J

3+3 HO
ANANA_

3+2H,0

3+H.0

N

}‘l(m»;
Figure 5. *'P NMR spectroscopic titration of 3 with different amounts
of water in chlorobenzene. Lock with [D¢]acetone in a capillary.
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hydroxide anion render the deprotonation of the shielded
iminium unit possible. In comparison to hydroxides with
coordinating cations like alkali metal cations, a naked hy-
droxide anion in the presence of [3H]™ seems to be unstable
and therefore not preparable. The stabilizing effect of hydro-
gen-bonding water molecules is necessary to lower the
basicity of the hydroxide anion. This principle seems to be
responsible for the selective generation of 3 from its
hydroxide. Following the removal of stabilizing water mole-
cules in vacuum, the basicity of the resulting anion is high
enough for a selective deprotonation of the phosphazenium
cation.

The preparation of 3 by deprotonation of [3H]CI with
self-igniting metal amides in liquid ammonia as a solvent is
hazardous and problematic in view of waste disposal.
Extensive cooling is expensive and upscaling to obtain base
3 in larger quantities remains a challenge. Reaction with
potassium tert-butanolate does not provide base 3 free of
alcohol as claimed earlier by Schwesinger et al.”'”! Less basic
phosphazenes like 1, indeed, could be liberated from the
corresponding phosphazenium salts with the aid of potassium
tert-butanolate or even KOH, prior to distillation.!"!

A viable and elegant conversion of [3H]CI into free 3 on
a larger scale makes use of the intermediacy of reactive
hydroxide hydrate [3H][OH(OH,);]. Following a procedure
by Taylor and Hupfield® for the conversion of phosphaze-
nium chlorides into their hydroxide by means of anion-
exchange resins, we succeeded in the clean formation of the
hydroxide trihydrate [3H][OH(OH,);] by exposing solutions
of [3H]CI to a strongly basic OH ion-exchange resin
(Scheme 3). The free, anhydrous base 3 was isolated after
thermolysis of [3H][OH(OH,);] in high vacuum at 70-100°C
(vield >97%). Following a protocol disclosed in the liter-
ature, the anion-exchange resin was regenerated with 1m
aqueous sodium hydroxide solution.”” In conclusion, our
sequence represents a straightforward and selective route for
the deprotonation of [3H]CL

H

‘é A
R OH resin R " - R

R—\Png c R—P=N’ oM ‘H\U oo R%’:N\ + 4H0
R e 140 1 MeOH R e i " i R Bu
H A H
'~ N
[3HICI
259,97 %
R = -N=P(NEt,)s [SHI[OH(OH,)3) colorless solid

Scheme 3. Synthesis of 3 using a salt-exchange reaction to generate
the metastable hydroxide hydrate [3H][OH(OH,),].

We used this method for the phosphazene-base-catalyzed
trifluoromethylation reaction of MesSiCl to generate the
Ruppert-Prakash reagent, as shown in Scheme 4. The Rup-
pert-Prakash reagent Me;SiCF; is the most commonly used
trifluoromethylation agent in laboratory and industry,”
especially in medicinal chemistry for the preparation of
trifluoromethyl-substituted arenes, trifluoromethyl ethers,
and trifluoromethyl ketones.!*!

Fluoroform (HCF;) is an excellent and cheap source of
the trifluoromethyl building block, since it is a waste product
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) R, R\ /H
1 MesSiCl —p= —p= - i
i + RR,P N , +HCFy  ——— RR/P_N\: Cl™ + MesSiCFy
Bu -196°Ctort Bu 75%
3 [BHIC! =
+
H anion exchange
R, / _ resin R,
2) R—/P:N\ Cl™ + NaOHy RjP:N + NaCl + H;0
R ,BI.I A, vacm R \'BU
[3H]CI

overall Me3SiCl + HCF3 + NaOHiyg, E—— Me;SiCF; + NaCl + H;O

R =-N=P(NEt;)y

Scheme 4. Overall reaction for the preparation of the Ruppert—Prakash
reagent.

of Teflon production.”* The deprotonation of HCF; can be
performed by using n-butyllithium or potassium tert-butano-
late; however, the high fluorophilicity of alkali cations leads
to a carbenoidic bond situation and rapid difluorocarbene
elimination at low temperatures.” Therefore the preparative
trifluoromethylation reaction is accomplished via the detour
of Me;SiCF; Prakash etal. managed the synthesis of
Me;SiCF; in high yields from MesSiCl, HCF;, and potassium
bis(trimethylsilyl)Jamide (KHMDS) in toluene at low temper-
atures.”” Shibata et al. recently presented the possibility to
lower the fluorophilicity of the potassium cation of trifluor-
omethyl potassium by the use of glyme as a coordinating
solvent.””) Weakly coordinating phosphazenium cations also
prevent the difluorocarbene elimination (Scheme 5) as pre-
sented by Shibata et al. and Zhang et al. for the trifluorome-
thylation of electrophilic carbonyl compounds™ and sulfonyl
fluorides,” as well as for different epoxides, carbon dioxide,
and estersP” in good to excellent yields using 2 and fluoro-
form.

'Bu R Bu Bu
R = -N=P(NMe;);
o
R‘)LR'
H
R 7 of crs Hel HO_ CFs
RjP:N\ —_— .
R Bu| |R R" R HT R R
R-P=N |cr
R "Bu good to excellent yields

Scheme 5. Trifluoromethylation of carbonyl compounds.™

The “F and *P NMR spectroscopic investigation of
a mixture of 3 and fluoroform does not show any reaction,
as reported by Zhang for the methyl derivative 2.°” The
addition of electrophiles leads to a rapid trifluoromethylation
at ambient temperature (Scheme 5). Phosphazene 3 reacts
rapidly with Me;SiCF;, forming MesSiF and a wide range of
byproducts due to a difluorocarbene elimination. The decom-
position reaction of Me;SiCF; with fluoride salts was already
studied by Tyrra and Naumann etal. and resulted in

Angew. Chem. Int. Ed. 2019, 58, 1463314638
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1. Experimental Section

1.1 General Part

All chemicals were obtained from commercial sources and used without further
purification. Standard high-vacuum techniques were employed throughout all
preparative procedures, except aqueous workups. Non-volatile compounds were

handled in a dry N2 atmosphere using Schlenk techniques.

1.2 Analysis Methods

1.2.1 NMR Spectroscopy

NMR spectra were recorded on a Bruker Model Avance Il 300 spectrometer ('H
300.13 MHz; '3C 75.47 MHz; '°F 282.40 MHz; *'P 121.49 MHz). Positive shifts are
downfield from the external standards TMS ('H, '3C), CClsF ("°F) and H3PO4 (°*'P). The
NMR spectra were recorded in the indicated deuterated solvent or in relation to

acetone-de-filled capillaries.

1.2.2 IR Spectroscopy

IR spectra were recorded on an ALPHA-FT-IR spectrometer (Bruker) using an ATR

unit with a diamond crystal for liquids and solids.

1.2.3 Elemental Analyses

Elemental analyses were performed by Mikroanalytisches Laboratorium Kolbe

(Oberhausen, Germany).

1.2.4 Melting Point

Melting points were measured on a Mettler Toledo Mp70 Melting Point System.
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1.3 Syntheses

1.3.1 Synthesis of (EtzN);PNH (4)

Phosphorus pentachloride (29.62 g, 142.2 mmol) is suspended in 250 mL of
dichloromethane at -78 °C. A solution of diethylamine (6.6 eg, 98.0 mL, 944 mmol) in
50 mL of dichloromethane is added dropwise, so that the inner temperature is kept
below -30 °C. After the addition, the orange slurry is allowed to warm to room
temperature. After an additional hour of stirring, the mixture is cooled to -20 °C and
gaseous ammonia is bubbled into the reaction mixiure via a syringe over a period of
50 minutes. After positive 3P NMR control, the suspension is filtrated over a Schlenk
frit and the colorless solid is washed with dichloromethane (3 x 25 mL). The solvent is
removed under reduced pressure, leading to a hygroscopic orange solid (60.78 g},
containing diethylammonium chloride. The product is dissolved in 60 mL of methanol
at -20 °C and a solution of potassium-fert-butanolate (65.85 g, 586.2 mmol) in 150 mL
of methanol is added dropwise to the orange solution. After addition, the mixture is
allowed to warm to room temperature and stirred overnight. The precipitate is filtered
off and washed with methanol (3 x 20 mL). The filtrate is freed from solvent under
reduced pressure. All volatile components are condensed into a second Schlenk flask
(110 °C, 10® mbar). The yellow solution is distilled in vacuo, leading to a pale yellow
liquid {32.39 g, 123.5 mmol, 87 % based on PCls, 10~ mbar, 60-82 °C).

"H NMR (CDCls, rt): & [ppm] = 1.1 (t, d, ®*Jun = 7 Hz, *Jpn = 1 Hz, 18 H, CH3), 3.0(d, q,
3Jpn = 10 Hz, 3Jun = 7 Hz, 12 H, CH2).

3P NMR (CDCls, rt): & [ppm] = 42.7 (tridec, *Jen = 10 Hz).

IR (ATR): v [cm"] = 3403 (vw), 2967 (w), 2930 (w), 2867 (w), 1460 (w), 1376 (m), 1348
(w), 1296 (vw), 1201 (m), 1184 (s), 1096 (m), 1057 (w), 1015 (vs), 933 (s), 837 (w),
790 (m), 692 (s), 630 (w), 531 (w, br).

elemental analysis for C12H31N4P (262.4 g/mol): calcd.: C 54.93, H 11.91, N 21.35, P
11.81; found: C 54.61, H 11.91, N 21.48, P 11.68.
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Figure 1. "H NMR spectrum of 4 in chloroform-d.
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Figure 2. *'P NMR spectrum of 4 in chloroform-ds.
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1.3.2 Synthesis of CI;PNiBu (5)

Phosphorus pentachloride (31.53 g, 151.5 mmol) is suspended in 750 mL of n-pentane
before a solution of tert-butylamine (3.1 eq, 34.34 g, 469.5 mmol) in 150 mL of n-
pentane is added dropwise under ice bath cooling. Thereafter the suspension is
refluxed for 1.5 h and then stirred overnight at room temperature. The precipitate is
filtered off and washed with n-pentane (3 x 50 mL). After removing the solvent under
reduced pressure, the colorless liquid residue is distilled in vacuo (25 mbar, 55 °C)

leading to the product (24.21 g, 116.1 mmol, 77 % based on PCls) as a colorless liquid.

H NMR (CDCls, rt): & [ppm] = 1.4 (d, 4Jey; = 3 Hz).
3P NMR (CDCls, rt): & [ppm] = -78.3 (s).

T - T -~ T T T T T 1 1
1.411.401.391.381.371.36 1.35 1.34 1.33 1.32
f1 (ppm)

6
f1 {ppm)
Figure 3. "H NMR spectrum of 5 in chloroform-d.
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Figure 4. *'P NMR spectrum of 5 in chloroform-d1.
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1.3.3 Synthesis of [{(Et2N)sPN}sPN(H)tBu]ClI ([3H]CI)

At 0 °C a sample of 5 (3.40 g, 16.27 mmol) is added dropwise with a syringe to neat 4
(6 eq, 25.62 g, 97.64 mmol). The suspension is heated for three days at 160 °C in an
evacuated Young-flask and afterwards extracted with boiling water (2 x 75 mL). The
residue is dried in high vacuum prior to recrystallization from diethyl ether (30 mL)
at -28 °C. The product (14.92 g, 16.17 mmol, 99 % based on CIzsPNiBu) is collected as

a colorless solid (m.p. > 185 °C (dec.)).

"H NMR (CDCls, rt): & [ppm] = 1.1 (t, *Jun = 7 Hz, 54 H, CHs), 1.3 (s, 9 H, C(CHa)3), 2.0
(d, 2Jen = 8 Hz, 1 H, NH), 3.1 (d,q, ®Jen = 10 Hz, ®Jun = 7 Hz, 36 H, CH).

BC{'HIAPT NMR (CDCl3, rt): & [ppm] = 13.5 (d, *Jec = 4 Hz, CH3), 31.4(d, *Jec = 5 Hz,
C(CHz)3), 39.0 (d, 2Jrc = 6 Hz, CHz), 50.6 (d, 2Jrc = 4 Hz, C(CH3)3).

3P NMR (CDClIs, rt): & [ppm] =-33.9 (q, d, Jpe = 70 Hz, °Jpn =8 Hz, 1 P, P=NH), 7.4
{d, tridec, °Jpp = 70 Hz, 3Jpn = 10 Hz, 3 P, (ELzN)sP).

IR (ATR): v [cm™"] = 3387 (vw, vbr), 2967 (vw), 2931 (vw), 2870 (vw), 1633 (vw, br),
1463 (vw), 1379 (w), 1350 (w), 1265 (m, br), 1201 (m}, 1173 (vs), 1107 (vw), 1054
(vw), 1016 (vs), 941 (s), 845 (vw), 792 (m), 740 (vw), 700 (m), 613 (w), 507 (s), 439
(m).

elemental analysis for C40H100N13P4Cl (922.7 g/mol): caled.: C 52.07, H 10.92, N 19.74,
P 13.43; found: C 51.31, H 10.78, N 19.67, P 13.13.
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Figure 6. 2'P NMR spectrum of [3H]CI in chloroform-d.



Anhang

1.3.4 Synthesis of [(Et2N);PNJ:PNBu (3)

a) Deprotonation via anion exchange resin

Hydrochloride [3H]CI (26.33 g, 28.53 mmol) is dissolved in 60 mL of a methanol / water
mixture {7 : 3) and passed three times through a strongly basic anion exchange resin
(110 mL resin in 110 mL of MeOH / H20, lon Exchanger Ill, 0.9 mol/L, Merck KGaA).
The column is washed two times with 30 mL of a methanol / water mixture (7 : 3). The
combined colorless solutions are evaporated in vacuo (10 mbar) at room temperature
and the resulting solid is dried at 70 °C until no further solvent signal in the '"H NMR
spectrum is detectable. The product (24.55 g, 27.70 mmol, 97 %) is isolated as a bright
yellowish solid {(m.p. 230-240 °C (dec.)).

"H NMR (CeDs, rt): & [ppm] = 1.1 (t, *Jun = 7 Hz, 54 H, CH3), 1.7 (s, 9 H, C(CH3)3), 3.3
{d.q, *Jpn = 9 Hz, 3Jun = 7 Hz, 36 H, CHy).

BC{'H} NMR (CgDs, rt): & [ppm] = 13.9 (d, Jec = 4 Hz, CH3), 35.2 (d, *Jpc = 15 Hz,
C(CHs)z), 39.4 (d, 2Jrc = 5 Hz, CH2), 51.0 (d, 2Jec = 5 Hz, C(CH3)a).

*P NMR (CsDe, rt): 6 [ppm] = -31.3 (q, 2Jep = 29 Hz, 1 P, P=N), 0.3 (m, 3 P, (Et2N)3P).
IR (ATR): v [cm™] = 2968 (w), 2930 (vw), 2865 (w), 1462 (vw, br), 1374 (w), 1349 (w),
1267 (m), 1229 (m), 1181 (vs), 1104 (w), 1054 (w), 1015 (vs), 932 (s), 838 (w), 782
(m), 752 (w), 729 (w), 694 (s), 609 (w), 505 (s, br).

elemental analysis for C40HgsaN13P4 (886.2 g/mol): caled.: C 54.21, H 11.26, N 20.55, P
13.98; found: C 53.31, H 11.07, N 20.21, P 14.34.

K )
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T T T T T T T T T
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Figure 7. "H NMR spectrum of 3 in benzene-ds.
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Figure 8. 2'P NMR spectrum of 3 in benzene-ds.

b) Deprotonation via scdium amide
Ammonia (120 mL) is condensed onto sodium metal (1.13 g, 49.2 mmol) at -196 °C.
In a coaling bath the suspension is allowed to warm to -70 °C and then a catalytic
amount of iron{lll)nitrate nonahydrate is added. The blue suspension is stirred for
2.5 h, until the suspension changed color from deep blue to brown. Then [3H]CI
(18.45 g, 20.0 mmol) is added and the suspension is allowed to warm to room
temperature in the cooling bath overnight. The solid is suspended in 60 mL of n-
hexane and the slurry is filtrated over a Schlenk-frit (P4). The residue is washed two
times with 10 mL of n-hexane. The solvent is removed from the combined filtrates to
give 3 (16.19 g, 18.7 mmol, 94 %) as a bright yellowish solid.
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1.3.5 Generation of [{{Et:N)sPN}sPN(H){Bu][OH(OH:)s] ([3H][OH(OH2)s])

a) Generation in chlorobenzene solution
To a solution of 3 (556 mg, 0.63 mmol} in 4 mL of chlorobenzene, water (4 eq, 45 mg,
2.50 mmol) is added. *'P NMR spectroscopic analysis shows complete protonation.
"H NMR {CgHsCl, rt): & [ppm] = 0.7 (t, 3Jun = 7 Hz, 54 H, CH3), 1.0 (s, 9 H, C(CHs)3),
2.7 (m, 36 H, CH2), 4.9 (s, 8 H, OH).
P NMR (CsHsClI, rt): & [ppm] =-34.2 (q, 2/pp =70 Hz, 1 P, P=NH), 6.9 (d, tridec,
2Jpp = 70 Hz, °Jpn = 8 Hz, 3 P, (EtzN)3P).

N

T
28

T T
29 28 27
f1 {ppm)

12 10 08 06 04 0
A L {(ppm)
1 (ppm.

T T T T T T T T T
4 3 2 1 4] -1 -2 -3 -4

T T T T
12 11 10 9 7 5
fL {ppm)

Figure 10. '"H NMR spectrum of [3H][OH({OH2)s] generated in chlorobenzene (lock with acetone-de in a
capillary).
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T T
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Figure 10. *'P NMR spectrum of [3H][OH{OH:)s] generated in chlorobenzene (lock with acetone-ds in
a capillary).

b) Generation from n-hexane solution
By slow diffusion of water into a solution of 3 (240 mg) in 4 mL of n-hexane a colorless
solid is obtained.
IR (ATR): v [cm™'] = 3411 (vw, vbr), 2969 (w), 2932 (w), 2871 (w), 1653 (w, br), 1464
(w), 1411 (w), 1379 (m), 1351 (w), 1271 (s, br), 1227 (w), 1202 (s}, 1174 {vs), 1107
(w), 1055 (w), 1017 (vs), 942 (s), 921 (w), 845 (w), 792 (m), 740 (w), 699 (s), 612 (m),
507 {vs), 439 (s).

11
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1.3.86 Synthesis of Mes;SiCF; and exemplary regeneration of 3

In a flame-dried flask equipped with a Young valve a sample of 3 (5.39 g, 6.08 mmol)
is dissolved in 20 mL of n-hexane. The solution is degassed three times. Fluoroform
(30 mmol) is condensed onto the solution at -196 °C and the mixture is allowed to melt
for mixing. MesSiCl (7.11 mmol, 772 mg) is condensed onto the solution at -196 °C
and the obtained emulsion is warmed fo room temperature over a period of two hours.
All volatile compounds are condensed into a second flask. The yield of MesSiCF3
(69 %) is determined using 'F NMR spectroscopy by adding 1,3-
bis(trifluoromethyl)benzene (247 mg, 1.15 mmol). The precipitated solid [3H]CI is
dissolved in 20 mL of a methanol / water mixture (7 : 3) and passed three times
through a strongly basic anion exchange resin (50 mL resin in 50 mL of MeOH / H20,
lon Exchanger Ill, 0.9 mol/L, Merck KGaA), after every run, the column is washed with
additional 10 mL of MeOH / HzO (7 : 3). The solvent of the combined fractions is
removed under reduced pressure. The resulting solid residue is dried in high vacuum
at 70 to 100 °C. Phosphazene 3 (5.30 g, 5.98 mmol, 98 %) is regenerated as a
colorless solid. The purity is confirmed by 'H and *'P NMR spectroscopy (CsDs as a
solvent).

F NMR (n-hexane, rt): & [ppm] = -67.7 (s, "Jor = 320 Hz, 2Jsir = 40 Hz, CF3).

T T T T T T T T T T
-66.8 -62.0 -67.2 67.4 -67.6 7.8 -68.0 -68.2 -68.4 -68.6
Ml {ppm)

MA

6 -‘5 —iD —:‘l5 —‘20 —‘25 —:‘iﬂ —:‘iS -‘40 4‘}5 —‘50 —‘55 -‘60 -I65 -;fli(-‘?s) -‘50 -iIS -ISD -;5 -lIIJO -1:05 —1:10 -1:15 -leo -1‘15 -1‘30 -1:35 -1:41] -1‘15 -l.‘E
ppm,
Figure 10. '°F NMR spectrum of MesSiCF3 generated in n-hexane (lack with acetone-ds in a capillary,

1,3-bis(trifluoromethyl)benzene as a standard). % 1,3-bis(trifluoromethyl)benzene, &4 HCF3.
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Table 1. Regeneration of 3 with basic anion exchange resin.

Reactionld 30l Me3SiCF3ld Recovery of 3
1 6.08 mmol 69 % 98 %
2 5.79 mmol 74 % 98 %
3 5.57 mmol 75 % 100 %

[a] n-hexane, -196 °C to rt, 2 h. [b] Used quantity of 3. [c] Yield determined via "°F
NMR spectroscopy using 1,3-bis(trifluoromethyl)benzene as standard, lock with

acetone-dg in a capillary.

1.3.7 Synthesis of Me3;SiCzFs

In a flame-dried flask equipped with a Young valve a sample of 3 (4.84 g, 5.46 mmol)
is dissolved in 25mL of n-hexane and the solution is degassed three times.
Pentafluoroethane (27.3 mmol) is condensed onto the solution at -196 °C and the
mixture is allowed to melt for mixing. Me3SiCl {5.82 mmol, 632 mg) is condensed onto
the solution at -196 °C and the formed emulsion is allowed to warm to room
temperature over a period of two hours. All volatile compounds are condensed into a
second flask. The vyield of MesSiCoFs (61 %) is determined using '"F NMR
spectroscopy by adding 1,3-bis(trifluoromethyl)benzene (176 mg, 0.82 mmol).

SF NMR (n-hexane, rt): & [ppm] =-131.9 (s, "Jcr = 271 Hz, 2JsiF = 26 Hz, CF3), -82.4
(s, "Jer = 284 Hz, 3JsiF = 40 Hz, CF3).

13
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Figure 11. "°F NMR spectrum of MeaSiCoFs generated in n-hexane (lock with acetone-ds in a capillary,

1,3-bis(trifluoromethyl)benzene as a standard). + 1,3-bis(trifluoromethyl)benzene, A HCoFs.
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1.4 Details on the X-Ray Diffraction

The crystal data were collected on a Rigaku Supernova diffractometer using graphite-
monochromated Mo-K radiation (A = 71.073 pm) or Cu-K; radiation (. = 154.184 pm)
at 100.0(2) K.

Using Olex2[? the structures were solved with the ShelXSEP! structure solution program
using direct methods and refined with the ShelXL™ refinement package using least
squares minimization.

[3H]CI showed a disorder of one ethyl group (C11/C12) over two sites (55:45)
[3H][OH(OH2)s] showed a disorder of two ethyl-groups (C33, C34, C35, C36) over two
sites (82:18). The anion is disordered with the same ratio. N4 is protonated. All
hydrogen atoms bonded at nitrogen or oxygen were refined isotropically, the ones in
the major occupied part of the disordered anion with fixed O-H distances and H...H
distances inside the water molecules. The hydrogen atoms of the minor part were
neglected, but they were included in the sum formula for further calculations. An
additional 1:1 disorder of one oxygen atom of the minor occupied part was modelled
having in mind that the complete minor occupied part of the anion is most unreliable.
The positions of the hydrogen atoms of the major occupied disorder of the anion can
not be refined freely because some of the positions are disturbed by electron density
of the minor occupied part. The small Uiso value of the hydrogen atom of the hydroxide
reflects the high electron density inside this anion. Because of the separating of the
hydroxide trihydrate anions by the weak coordinating cation only the half of the
hydrogen atoms of the solvent water molecules are involved in hydrogen bonds.
Details of the X-ray investigation are given in Table 2. CCDC 1938109 — 1938111
contain the supplementary crystallographic data for this paper. These data can be

obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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Table 2. Structure refinement data of [3H]CI, 3 and [3H][OH(OH:2)3].

compound

| [3HICI

E

| [3H][OH({OHz)s]

Crystaliographic Section

empirical formula

CaoH1o0CIN15Pa

CagHgaN13P4

CaoH1o7N1304Pa

al/pm 1260.86(2) 2231.95(4) 1103.99(3)
b/pm 2370.47(5) 1930.14(3) 2582.00(7)
c/pm 1767.13(3) 2437 .55(4) 1969.22(7)
B 98.4343(17) 90 98.631(3)
V1108 pm?® 5224.54(16) 10500.9(3) 5540.7(3)
z 4 8 4

Poaic/ mg-mm-> 1173 1.121 1.147
crystal system Monoclinic orthorhombic monoclinic
space group Cc Pbca P2iin

color shape

Colorless prisms

Colorless block

Colorless block

crystal size / mm?

0.23x0.14 % 0.05

0.37 x 0.18 x 0.06

0.44 x 0.19 x 0.13

Data collection

y/ mm-’ 0.237 1.633 0.184

F{000) 2032.0 3920.0 2120

20 range for data col. / ° 3.4 10 60.1° 7.110 144.3° 3.21060.3
A7 £h <17 -27Tshs25 142h<15

index ranges -33£k=33 232 k<18 28 <k<35
24 (<24 301529 26726

reflections col. 37747 30476 51246

independent refl. 14863 10324 14683

R(int) 0.0376 0.0282 0.0367

data/restraints/

parameter 14863/2/568 10324/0/535 14683/7/637

goodness-of-fit on F2 1.025 1.034 1.061

R+ f wRz [I>20{1)] 0.0384/0.0802 0.0435/0.1170 0.0465/0.1093

Ri/wR: (all data) 0.0458/0.0834 0.0494/0.1226 0.0676/0.1205

Apmaxmin / & A3 0.38/-0.36 0.78/-0.36 0.63/-0.45

Flack parameter 0.02(2) nfa nia

CCDC number 1938109 1938110 1838111
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Abstract: We report on the first examples of isolated silanol-
silanolate anions, obtained by utilizing weakly coordinating
phosphazenium counterions. The silanolate anions were
synthesized from the recently published phosphazenium
hydroxide hydrate salt with siloxanes. The silanol-silanolate
anions are postulated intermediates in the hydroxide-mediated
polymerization of aryl and alkyl siloxanes. The silanolate
anions are strong nucleophiles because of the weakly coordi-
nating character of the phosphazenium cation, which is
perceptible in their activity in polysiloxane depolymerization.

Silicones constitute the passage between organic and
inorganic polymers with outstanding chemical and physical
properties and are of broad scientific and industrial inter-
est."? Linear polydimethylsiloxanes with repeating difunc-
tional (D) units are mostly employed as materials in the
modern silicone industry and are largely synthesized by
hydrolysis of dimethylchlorosilanes from the Miiller—-Rochow
process (Scheme 1).7!

+ (m+n+1) H,0 ) Me
(m+n) Me,SiCl, ———————— HO(Me,SiO),H + I
- 2(m+n) HCI Sll—o n
a,o-siloxanediol Me
cyclics

Scheme 1. Industrial synthesis of silicones."!

The intermediately formed a,w-siloxanediols eliminate
water under formation of the final silicones or cyclic siloxanes
like octamethylcyclotetrasiloxane (D,). The latter can be
converted into linear polysiloxanes by ionic ring-opening
polymerization reactions.”™

Silanols as well as silanediols are valuable building blocks
in synthetical chemistry and exhibit a distinct tendency to
form hydrogen-bridge networks.”"*! The formation of coor-
dination adducts of silanols with oxygen- and nitrogen-
containing bases, which form more readily than the corre-
sponding alcohol adducts,™"! and their utilization for selec-
tive guest-host complexation of alcohols and amines empha-
size this behavior.”'>'®! In the same way, the related o.o-
siloxanediols, HO[SiR,O],H, form inter- and intramolecular

[¥] M. Sc. R. F. Weitkamp, B. Neumann, Dr. H.-G. Stammler,
Prof. Dr. B. Hoge
Centrum fir Molekulare Materialien
Fakultit fiir Chemie, Universitat Bielefeld
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https://doi.org/10.1002/anie.201914339.

[J\ © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.
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hydrogen bonds that often result in the formation of ring
structures (Scheme 2).0% %)

B g Me;
Uz Buy _Si H
_Si _Si o~ \Q/ Me;
OH----0" ™Q / : _Si
/ : ! \ Me,Si K---07" ™0
Me,Si H H SiMe, \ Lo \
\ A ! ~0--K SiMe,
0-_...-0---—-HO__ _0 ; /
ST Mez /0
'Buz ‘Bu, ~siT
Me,

Scheme 2. Examples of eight-membered siloxane rings."*'*"")

In the case of the monopotassium silanolate salt
(Scheme 2, right), it is noteworthy that the potassium cation
interaction with the silanolate as well as the silanol oxygen
atom is favored with respect to the formation of an intra-
molecular hydrogen bond, which correspondingly leads to
a ring containing the potassium ion.

Anionic silanolates can be synthesized by cleavage of
siloxanes with strong bases.'"" A subsequent treatment of c,m-
siloxanediolates with metal halides or alkoxides leads to
a broad class of cyclic metallacyclosiloxanes, in which a ring
expansion is commonly observed."” Sullivan et al. investi-
gated this ring expansion in more detail and treated salts of
the tetraphenyldisiloxanediolate anion, [O(SiPh,0),]*", with
metal halides under several reaction conditions, which
resulted in the formation of six- and eight-membered metal-
lacyclosiloxanes.” Although the reaction mechanism has not
been completely elucidated, the formation of eight-mem-
bered siloxane rings via repeated rearrangements of Si—O
bonds seems thermodynamically favorable.

Regarding the chemical robustness of silicones in nature,
their multi-ton production causes serious waste disposal
problems. The degradation of siloxanes under formation of
cyclic derivatives is of general interest because it forms the
basis of a possible recycling of widely used silicone plastics.

The depolymerization of silicones can be achieved under
acidic, basic, and fluorinating conditions, leading to low-
molecular cyclic siloxanes or organosilyl fluorides, which can
be converted into new silicone plastics afterwards*"*
Known processes for the depolymerization of silicones utilize
metal hydroxides such as KOH but require elevated temper-
atures. A pronounced interaction between the potassium
cation and the silanolate anion and therefore a reduced
nucleophilicity may be considered as a reasonable explan-
ation for the relatively low conversion rate.

Recently, we reported the synthesis of the phosphazenium
hydroxide salt [1IH][OH(OH.),] (2: Scheme 3), which exhibits
pronounced reactivity due to the weakly coordinating char-
acter of the phosphazenium ion.*’]

In the following work, the reaction of the hydroxide salt 2
with siloxanes and polysiloxanes was in the focus of our
interest in order to examine the nature of silanolate anions
that do not show direct contact to the counterion and to
investigate their application as a depolymerization catalyst
for polysiloxanes.
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R_ +(2n+2) H,0
2 R—P=N ————— 2 [H][OH(OH,),]
= gy vacuum
1 - (2n+2) H,0 2
R =-N=P(NEt;)3
-3 Me,SIOSiMe, | + 3 MesSiOSiMes
+(2n1) H,0 - (2n-1) H0
+ 0.
MesSi” “He
R M H O—SiMe;
2| R—P=N |
R Bu Q
SiMe3

3

Scheme 3. Equilibrium reaction of phosphazene 1, hydroxide salt 2,
and silanol-silanolate salt 3.

The reactions of 2 with siloxane species were carried out
in n-hexane as a nonpolar solvent, which was chosen because
of the fast decomposition of 1 and 2 in H-acidic, even C—H-
acidic, solvents and the beneficial precipitation of ionic
products.*]

A mixture of equimolar quantities of phosphazene 1 and
hexamethyldisiloxane showed no reaction. The hydroxide salt
2 was generated by the addition of one equivalent of water to
the mixture. Hydroxide salt 2 precipitates as an amorphous
colorless solid, which is rapidly consumed to yield a slightly
yellowish second phase. The obtained crystalline product 3,
which was isolated from the cooled reaction mixture and
analyzed by single-crystal X-ray diffraction (Figure 1), fea-
tures a silanolate anion that is bonded to two silanol
molecules.” To increase the yield of 3, the run was repeated
accordingly with the appropriate stoichiometry of the reac-
tants (Scheme 3).%4

Si2

Si3

Figure 1. Molecular structure of the silanolate anion in 3. The phos-
phazenium cation and minor occupied disordered atoms are not
shown. Thermal ellipsoids set at 50% probability. The hydrogen atoms
of the methyl groups are omitted for clarity. Selected bond lengths
[pm] and angles [°]: O1-02 258.2(1), O1-03 252.4(5), O1-Sil
159.9(1), 02-Si2 162.4(1), O3-Si3 161.8(3); Si1-01-02 118.0(1), Sil-
01-03 124.6(1), 02-01-03 102.7(2).”"!
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Compound 3 is the first example of an isolated silanol-
silanolate anion that is not in direct contact with any
counterion. O3 is disordered at two positions with a ratio of
79:21 and shows the shortest distances to C37 with 331.5(4)
and 329.0(1) ppm: both distances are longer than the sum of
the van der Waals radii. The donor hydrogen atom is
disordered as well, and bonded to O1 or O3. Both positions
were refined isotropically, but restrained to have the same
O—H distances.

Compared to the O-O distances of the hydrogen bridges
in the triphenylsilanol pyrrolidine complex of Strohmann and
co-workers (249.1, 270.1, 283.3 pm).'” the hydrogen bridges
in the anion of salt 3 exhibit an O1-O2 distance of
258.2(1) pm and an O1-03 distance of 252.4(5) pm.

As already stated for the strongly basic compounds 1 and
2, silanolate salt 3 undergoes rapid decomposition in H- and
C—H-acidic solvents and requires handling in chlorobenzene
solution. A *'P and Si{'H} NMR spectroscopic investigation
of the dissolved product 3 indicated the presence of the
protonated phosphazene [1H]" and also a reformation of
Me;SiOSiMe;, which points to the equilibrium reaction
shown in Scheme 3. The signal in the *Si{'"H} NMR spectrum
at 0=—8.6 ppm was attributed to the silicon atoms of the
silanolate anion in 3. As observed for the hydroxide hydrate
salt 2, silanolate salt 3 decomposes in vacuum by the
deprotonation of its cation [1H]" and liberation of silanol
and disiloxane.”” This observation is further evidence for the
equilibrium reaction between hydroxide 2 and the silanolate
anion in 3 (Scheme 3). This situation hampers a reliable
elemental analysis of salt 3. By this route, the synthesis of
a “naked” trimethylsilanolate anion in the presence of the
phosphazenium ion [1H]" is not possible.

In the following, phosphazene 1 was combined with
a small excess of hexamethylcyclotrisiloxane (D;). After the
addition of water, the reaction with the insitu generated
hydroxide produced a second phase. In the upper phase,
a mixture of cyclic compounds, mainly D, and D5 and traces of
D, were detected by '"H-*’Si HMBC NMR spectroscopy. This
result clearly underlines the existence of a fast equilibrium
between cyclic species, whose interconversion is catalyzed by
2. The initial ring-opening reaction is presented in Scheme 4.
3'P NMR spectroscopic analysis confirmed that there are no
phosphorus species in the upper phase.

R'\ /R‘ + R R
Si H(OH \Si/

o7 0 + [1H][OH(OH),)] R\ . /H 077 |

| li R—/P—N\ R'_ \ _R

R ,/SI\O/S\l\R -nH0 R Bu R_,S| /S|\R'

R R O0—H---0
R =-N=P(NEt,);

4 R=Me 169,95%

5 R=Ph 3g,96%

Scheme 4. Reaction of cyclotrisiloxanes with in situ generated phos-
phazenium hydroxide.

Upon cooling the reaction mixture to —28°C, colorless
crystals of silanolate salt 4 were obtained in an excellent yield
of 95%. X-ray crystallographic analysis®™ revealed a cyclic
silanol-silanolate anion of the type [D;OH] ™ in 4, which forms

Angew. Chem. Int. Ed. 2020, 59, 5494 -5499
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an intramolecular hydrogen bridge in the solid state
(Figure 2). An elemental analysis underlined the selective
formation of compound 4 in high yields (Scheme 4: caled: C
49.04, H 10.65, N 16.16, P 11.00, Si 7.48; found: C 48.61, H
10.64, N 15.89, P 10.98, Si 7.59).

Figure 2. Molecular structure of the [D;OH]™ anion in 4. The phospha-
zenium cation is not shown. Thermal ellipsoids set at 50% probability.
The donor hydrogen atom is disordered in a ratio of 1:1, bonded to O1
or O4, but only one is shown. The hydrogen atoms of the methyl
groups are omitted for clarity. Selected bond lengths [pm] and angles
[°]: O1-04 242.8(2), O1-Si1 157.9(2), 04-Si3 158.9(1), O2-Si2
161.8(1), 02-Si1 165.8(1); 04-O1-Si1 124.4(1), O1-04-Si3 113.2(1),
02-Si2-03 112.7(1).%!

The oxygen atoms are well separated from the phospha-
zenium cation. The shortest distance of 304.4(2) pm is
observed between O1 and C31. The disordered donor hydro-
gen atom was refined isotropically at two positions with
aratio of 1:1; both were restrained to have the same distances
to oxygen atoms O1 and O4, respectively.

Based on potentiometric titrations of siloxanes, the
thermodynamically favored eight-membered-ring structure
was already proposed by Baney and Atkari in 1967.%° The
01-04 distance was determined to be 242.8(2) pm and points
to strong hydrogen bonding.””) The 04—Si3 and O1-Sil bond
lengths range from 157.8(2) to 158.9(1) pm and are slightly
shortened in comparison to the eight-membered siloxane ring
D, (Si-O distances from 164 to 166 pm).=

The O-H-O vibration mode of 4 could not be determined
in the IR analysis. The "H NMR spectrum in C,D; displayed
a broad singlet at 0 =14.0 ppm, which was assigned to the
proton involved in the hydrogen bridging. In the *Si-
{'"H} NMR spectrum of 4 the signal for the silicon atoms
adjacent to the hydrogen bridge was observed at 6=
—23.9 ppm.

Compound 4 is also accessible from the treatment of D, or
D5 with the phosphazenium hydroxide, as evident by NMR
and X-ray analysis. The reaction of 2 with equimolar
quantities of Dy afforded compound 4 in a 85% yield. A
plausible reaction pathway mirrors a series of equilibria and
confirms the high thermodynamic stability of the hydrogen-
bridged eight-membered ring.

Silanolate salt 4 begins to decompose slowly at 90°C
in vacuo, with fast decomposition above 100°C. The volatile
products were identified by GC-MS analysis as water and
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cyclic siloxanes, with D, as the main component. A *'P NMR
spectroscopic investigation of the residue revealed the free
phosphazene 1, and the decomposition route is thus similar to
that of hydroxide hydrate 2.

The reaction of in situ generated phosphazenium hydrox-
ide with hexaphenylcyclotrisiloxane in diethyl ether as
a solvent results in the clean formation of the analogous
[D™2,0H]" anion in salt 5, which was isolated in excellent
yield (> 96 %:; Scheme 4). Single crystals of 5 were obtained
from a cooled reaction mixture (—28°C) and were subjected
to X-ray crystallography (Figure 3).1

Figure 3. Molecular structure of the [D*;OH]~ anion in 5. The
phosphazenium cation is not shown. Thermal ellipsoids set at 50%
probability. The donor hydrogen atom is disordered in a ratio of 1:1,
bonded to O1 or O4, but only one is shown. The hydrogen atoms of
the phenyl groups are omitted for clarity. Selected bond lengths [pm]
and angles [°]: 01-04 242.9(2), O1-Si1 158.4(1), O4-Si3 157.8(1),
02-Si1 164.9(1), 02-Si2 162.1(1); O1-04-5i3 125.1(1), 04-01-Si
119.0(1), 02-Si2-03 112.3(1).

The disordered donor hydrogen atom was refined iso-
tropically at two positions with a ratio of 1:1; both were
restrained to have the same distances to the oxygen atoms O1
and O4, respectively. The O1-O4 distance of 242.9(2) ppm
shows the same value as in 4. Analogously to compound 4, the
O-H-O vibration mode of salt 5§ could not be determined by
IR analysis.

Because of the weakly coordinating nature of the
phosphazenium counterion, the hydroxide hydrate anion in
2, as well as the silanolate anions in 3, 4, and 5 exhibit
increased nucleophilicity. This was exemplary shown for
silanolate salt 4 in the depolymerization reaction of a polydi-
methylsiloxane  with terminal trimethylsilyl  groups
(Scheme 5).

The increased nucleophilicity of the silanolate oxygen
atom is accompanied by a fast equilibrium reaction, which is
distinguished by back-biting and end-biting processes.*”

The equilibrium activity can be determined by the
temporal quantity of cyclic siloxane species, which are
removed from the siloxane mixture by distillation. The
silanolate salt 4 was applied in a concentration of 0.1 mol %.
Salt 4 showed poor solubility at room temperature and
remained present as fine colorless particles. Nevertheless,
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90 7 24.7(19) 6 6 79 9

Scheme 5. Depolymerization of trimethylsilyl-end-blocked polydimethyl-
siloxanes employing silanolate salt 4 (see also Tables S1-53).%

cyclic siloxane species and hexamethyldisiloxane were
formed and entirely removed in vacuum (0.001 mbar) with
an average rate of 3.1(2) mLh " After completion of this
process, catalyst 4 was regained as a colorless solid devoid of
any traces of decomposition. The obtained distillate consisted
mainly of D, (82%) as well as D5 (8 %) and traces of D; (2%:;
see the Supporting Information, Table $2).” Trimethylsilox-
ane species (8 %) were isolated as well.

As industrial processes are preferably run at higher
temperatures and higher pressures, we also mimicked these
conditions by applying a membrane pump vacuum (7 mbar)
and a temperature of 90°C. Under these conditions, a clear
solution of 4 in silicone oil was formed, whereby the averaged
distillation rate of volatiles was determined to be
24.7(19) mLh~'. The average composition of the distillate
does not significantly differ from that of the run at room
temperature (Scheme 5). In comparison to the results in
sodium (0mLh™') or potassium hydroxide (<1mLh")
mediated depolymerizations with concentrations of
11 mol % carried out at 90°C, compound 4 showed a signifi-
cantly enhanced equilibrium activity (Table S1 in the Sup-
porting Information).

In conclusion, we have reported on the first three silanol—
silanolate anions in the condensed phase, which were
synthesized by the reaction of the in situ generated hydroxide
hydrate anion [OH(OHS,),]” in 2 in the presence of the weakly
coordinating phosphazenium cation [1H]*. The silanolate
anions are not in contact with the counterion, and the
[D;OH] salt 4 and the [D™,0H] " salt § show only intra-
molecular hydrogen bonding. Similar to the hydroxide
hvdrate salt 2, trimethylsilanolate salt 3 decomposes in
vacuum. An NMR spectroscopic investigation provided
evidence for an equilibrium reaction of hydroxide salt 2 and
silanolate salt 3. The salts [LIH][D;0H] (4) and [1H][D™,0H]
(5) were synthesized in excellent yields of over 95% and
structurally characterized.

The increased nucleophilicity of the silanolate anion in
salt 4 was used to perform a fast solvent-free depolymeriza-
tion of polydimethylsiloxanes into cyclic siloxanes. Under
identical reaction conditions, the catalytic activity of silano-
late 4 was significantly higher than that of sodium and
potassium hydroxide.
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1. Experimental Section

1.1 General Part

All chemicals were obtained from commercial sources and used without further
purification. Standard high-vacuum techniques were employed throughout all
experiments. Non-volatile compounds were handled in a dry N2 atmosphere using

Schlenk techniques.

1.2 Analysis Methods

1.2.1 NMR Spectroscopy

NMR spectra were recorded on a Bruker Model Avance lll 300 spectrometer ('H
300.13 MHz; '*C 75.47 MHz; 2°Si 59.63 MHz; *'P 121.49 MHz) or on a Bruker Avance
[ 500 HD spectrometer ('H 500.20 MHz; '3C 125.79 MHz; 2°Si 99.38 MHz; *'P 202.48
MHz). Positive shifts are downfield from the external standards TMS ('H, '3C, 2°Si) and
HsPO4 (*'P). The NMR spectra were recorded in the indicated deuterated solvent or in

relation to acetone-ds filled capillaries.

1.2.2 IR Spectroscopy

IR spectra were recorded on an ALPHA-FT-IR spectrometer (Bruker) using an ATR

unit with a diamond crystal for liquids and solids.

1.2.3 Elemental Analyses

Elemental analyses were performed by Mikroanalytisches Laboratorium Kolbe
(Oberhausen, Germany). The elemental analysis of [1H][D”"2:0H] (5) was
accomplished in the element-analytical laboratory of the Universitat Bielefeld using the
EURO EA Element Analyzer 2010 (HEKAtech GmbH).

1.2.4 Melting Point

Melting points were measured on a Mettler Toledo Mp70 Melting Point System.
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1.3 Syntheses

1.3.1 Generation of [1H][Me3:SiO{HOSiMes)z] (3)

Phosphazene 1 (2.50 g, 2.82 mmol) and hexamethyldisiloxane (0.62 g, 4.24 mmol) are
diluted in 10 mL of n-hexane, and water (80 mg, 4.44 mmol) is added to form a two-
phase system. The reaction mixture is stirred for 9 hours and then cooled in a fridge
overnight. The supernatant is removed via a syringe. By adding n-pentane (10 mL) and

cooling of the resulting emulsion in a fridge, small yellowish crystals were obtained.

"H NMR (CsHsCl, rt): & [ppm] = -0.3 (s, hexamethyldisiloxane), 0.1 (s, Me3SiO/OH), 0.6
{t, 3JuH =7 Hz, 54 H, CH3), 0.8 (s, 9 H, C(CH3)3), 1.5 (d, 2Jrn = 8 Hz, 1 H, NH), 2.5 (dq,
3JpH =10 Hz, *Jun =7 Hz, 36 H, CH2), 8.5 (s, 1 H, OH).

3C{'"H} NMR (CsHsCl, rt): & [ppm] = 4.1 (s, Me3SiO-/OH), 12.8 (d, 3Jrc = 4 Hz, CH3),
30.9 (d, %Jrc =5 Hz, C(CHas)3), 385 (d, 2Jrc =6 Hz, CH2), 50.0 (d, 2Jrc = 4 Hz,
C(CHz3)3).

2Gi{'H}IG NMR (CeHsCl, rt): & [ppm] = -8.6 (Me3SiO/OH).

3P NMR (CsHsCl, rt): 6 [ppm] = -34.4 (q, d, °Jer = 70 Hz, 2Jrn = 8 Hz, 1 P, P=NH), 6.8
(d, tridec, 2Jpp = 70 Hz, *Jpn = 10 Hz, 3 P, (Et2N)sP).

IR (ATR): & [cm™"] = 3383 (vw), 2966 (w), 2935 (vw), 2872 (vw), 1641 (vw), 1463 (vw),
1378 (w), 1351 (w), 1270 (m), 1202 (m), 1174 (vs), 1107 (w), 1054 (w), 1017 (vs), 940
(s), 844 (w), 784 (s), 740 (w), 700 (m), 614 (w), 508 (s), 440 (m).

065 UED 055 0.50
f1 (ppm)

I~ kY 01 0.0 01-02-03-0

A T T T T
2.7 2.6 2.5 24
11 (ppm)
T T T T T T
9.25 9.20 9.15 9.10 S.05 S9.00
o ) A

T T T T T T T T
110 105 100 95 90 85 80 75 7.0 65 60 5.5f (5.0) 45 40 35 30 25 20 15 L0 65 00 -05
1 (ppm

Figure 1. 'H NMR spectrum of 3 in chlorebenzene (lock with acetone-ds in a capillary) (300 MHz).
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Figure 2. *C{'H} NMR spectrum of 3 in chlorobenzene (lock with acetone-de in a capillary) (300 MHz).
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Figure 3. 2Si{'"H}IG NMR spectrum of 3 in chlorobenzene (lock with acetone-ds in a capillary)

(300 MHz).
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Figure 4. 3'P NMR spectrum of 3 in chlorobenzene (lock with acetone-ds in a capillary) (300 MHz).
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1.3.2 Synthesis of [1H][D:OH] (4)

Phosphazene 1 (13.69 g, 15.45 mmol) is dissolved in 45 mL of n-hexane bhefecre
hexamethylcyclotrisiloxane (3.44 g, 15.45 mmol) is added. After addition of water
(0.29 g, 15.45 mmol) two phases separated. After stirring at room temperature
overnight, a pale yellow solid precipitates. The supernatant solution is removed via a
syringe and the solid is dried in high vacuum (10 mbar). The product (16.46 g,
14.61 mmol, 95 % based on 3) is obtained as a colorless crystalline solid (m.p. 99-
101 °C).

"H NMR (CsDs, rt): & [ppm] = 0.6 (s, 7 H, SiO(H3sC)2Si0Si), 0.7 (s, 11 H, (H3C)2Si0),
1.0 (t, ®Jun =7 Hz, 54 H, CH3), 1.3 (s, 9 H, C(CHa)3), 2.1 (d, 2Jrn = 8 Hz, 1 H, NH), 3.0
(d, q, 3Jen = 10 Hz, °Jnn = 7 Hz, 36 H, CH2), 14.0 (s, OH).

BC{'H} NMR (CeDs, ). 0 [ppm]=2.3 (s, SiO(H2C)2SiOSi), 3.6 (s, (H3C)2SiOH-
OSi(CHa)2), 13.4 (d, 3Jerc =4 Hz, CH3), 31.3 (d, 3Jrc =5 Hz, C(CHa3)3), 39.0 (d,
2Jrc = 6 Hz, CHz2), 50.4 (d, ?Jrc = 4 Hz, C(CH3)3).

2Si{'H}dept30 NMR (CsDs, ). &[ppm]=-24.1 (s, SiO(H3C)2SiOSi), -23.9 (s,
(H2C)2SiOH-0OSi(CHs3)z2).

1P NMR (CeDs, rt): & [ppm] =-33.7 (9, d, 2Jrp = 70 Hz,%2Jpi =8 Hz, 1 P, P=NH), 7.6
(d, tridec, 2Jpp = 70 Hz, 3Jpn = 10 Hz, 3 P, (Et2N)3P).

IR (ATR): & [cm™"] = 2966 (vw), 2872 (vw), 1627 (vw, vbr), 1464 (vw), 1379 (w), 1351
(w), 1273 (m, br), 1247 (m), 1202 (m), 1175 (s), 1053 (w), 1016 (vs), 940 (vs), 847 (w),
784 (vs), 700 (m), 614 (w), 508 (m), 440 (m).

elemental analysis of C46H11sN1304P4Siz (M = 1126.7 g/mol): calcd.: C 49.04, H 10.65,
N 16.16, P 11.00, Si 7.48; found: C 48.61, H 10.64, N 15.89, P 10.98, Si 7.59.
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Figure 5. '"H NMR spectrum of 4 in benzene-ds (500 MHz).
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Figure 6. *C{'H} NMR spectrum of 4 in benzene-ds (500 MHz).
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Figure 7. 2Si{"H}dept30 NMR spectrum of 4 in benzene-ds (500 MHz).
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Figure 8. 3'P NMR spectrum of 4 in benzene-ds (500 MHz).
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1.3.3 Synthesis of [1H][DP"%0H] (5)

To a solution of 1 (1.69g, 190mmol) in 10mL of diethylether
hexaphenylcyclotrisiloxane (1.13 g, 1.90 mmol) and water (46 mg, 2.55 mmol) are
added. After one hour of stirring, the solution was kept at -28 °C overnight. The solvent
is removed and the product (2.74 g, 1.82 mmol, 96 % based on 3) is isolated as a

colorless crystalline solid (m.p. 113-115 °C).

"H NMR (CsDes, 1t): & [ppm] = 0.9 (t, °Jun = 7 Hz, 54 H, CH3), 1.2 (s, 9 H, C(CH3)3), 2.0
(d, 2JrH =8 Hz, 1 H, NH), 3.0 (d,q, 3Jpu =10 Hz, 3Juu =7 Hz, 36 H, CH2), 7.1 (m), 7.3
(m), 8.1 (m), 8.3 (m), 16.1 (s, br, SIOH).

BC{'"H} NMR (CeDs, rt): & [ppm] =13.3 (d, 3Jrc = 4 Hz, CH3), 31.2 (d, 3Jrc = 5 Hz,
C(CH3)3), 38.9 (d, 2Jrc = 5 Hz, CH2), 50.3 (d, 2Jpc = 4 Hz, C(CH2)3), 126.7 (s, C3),
127.0 (s, C7), 128.2 (s, C4/C8), 128.3 (s, C4/C8), 135.2 (s, CB), 135.5 (s, C2), 139.3
(s, C5), 143.8 (s, C1).

BSi{'H}IG NMR (CsDs, r1t): & [ppm] =-46.1 (s, 1 Si, SiOPhzSiOSi), -43.8 (s, 2 Si,
Ph2z8iOH-08iPhz2).

P NMR (CeDs, rt): & [ppm] =-34.2 (q, d, °Jrr = 70 Hz, 2Jpn = 8 Hz, 1 P, P=NH), 6.9
(d, tridec, 2Jrp = 70 Hz, 3Jen = 10 Hz, 3 P, (Et2N)3P).

IR (ATR): & [cm™] = 2969 (vw), 2926 (vw), 2863 (vw), 1464 (vw), 1425 (w), 1379 (w),
1348 (w), 1288 (w), 1264 (m), 1226 (w), 1202 (m), 1173 (s), 1114 (m), 1101 (m), 1074
(m), 1058 (m), 1019 (s), 942 (m), 919 (w), 845 (w), 793 (m), 740 (m), 697 (vs), 657 (m),
613 (m), 590 (w), 579 (w), 523 (vs), 493 (vs), 462 (s), 442 (vs), 434 (vs), 406 (vs).
elemental analysis of CrsH131N1304P4Siz (M = 1499.1 g/mol): calcd.: C 60.89, H 8.81,
N 12.15; found: C 60.23, H 8.93, N 12.06.
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1.4 Depolymerization reactions of polydimethylsiloxane

In a 250 mL Young flask pure silicon oil (110 g, 1.48 mol, polydimethylsiloxane, Roth
Silicondl M 200, Art.-Nr. 4030.1) is charged with catalyst 4 (1.68 g, 1.49 mmol,
0.1 mol%). Under stirring at room temperature the vessel is evacuated to 0.001 mbar.
Thereby generated cyclic products are collected in a cold trap. The distillation speed
was determined by weighing the amount of the crude distillate in dependence of time
(Figure 13). After complete removal of volatile compounds, catalyst 4 remains as
residue.

Afterwards the flask with catalyst 4 is refilled with silicone oil. The temperature is raised
to 90 °C and the pressure is raised to 7 mbar. The cooling trap is exchanged by a
graduated flask and the distillation speed (Figure 13) is volumetrically determined, by
using the first distillation flashover as starting point. The catalyst was reused by adding
further amounts of silicone oil after complete turnover. A small amount of silicone oil is
kept in the flask to prevent the slow thermolysis of pure catalyst 4, which is not
observed at room temperature. The results are graphically shown in Figure 13.

The collected data were confirmed by an additional depolymerization run at room
temperature (0.001 mbar) and two additional runs at 90 °C (7 mbar) with a given
amount of polydimethylsiloxane and load of catalyst 4 (results in Tables 1 - 3).

For the comparison with alkali hydroxides as a catalyst, potassium and sodium
hydroxide were used as a catalyst for the depolymerization reactions, as shown in

Table 1, using identical conditions (90 °C, 7 mbar) for the comparison with catalyst 4.

11
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Figure 13. Depolymerization of silicone oil and distillation of cyclic species using 4 as

a catalyst. Black: first run, 0.001 mbar, . Red: second run, 90 °C, 7 mbar. Blue: third
run, 90 °C, 7 mbar.
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Table 1. Silanolate salt [1H][D3OH] (4) as a catalyst for the depolymerisation of
trimethylsilyl endblocked polydimethylsiloxane.

catalyst molar T/°C p / mbar distillation speed /
ratio / mol% mLh-¢l
[cat./(Si-O}-unit]

4ta] 0.1 rt 0.001 3.1(2)
0.1 90 7 247(19)
KOHlel 13 90 7 <1
KOHUIb! 2 90 7 0
NaOH®b! 13 90 7 0

[a] Used as solid. [b] Used as aqueous solution. [c] Averaged distillation speed.
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Table 2. Composition of the collected velatile compounds of two depolymerisations of
polydimethylsiloxane (Roth Silicondl M 200, Art.-Nr. 4030.1) at room temperature and
a pressure of 0.001 mbar employing [1H][D3OH] (4) as a catalyst. D3, D+ and Ds mean
hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane and

decamethylcyclopentasiloxane.

Silicon compound Yield / %[ Yield / %™ Average yield / %
MesSiOH / (MesSi)20 11 6 8

Ds 2 2 2

D4 80 83 82

Ds 7 9 8

[a] Determined via 2°Si{'H}IG NMR spectroscopy.

Table 3. Composition of the collected velatile compounds of two depolymerisations of
polydimethylsiloxane (Roth Siliconél M 200, Art.-Nr. 4030.1) at 90 °C and a pressure
of 7 mbar employing [1H][D3OH] (4) as a catalyst. D3 D4 and Ds mean
hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane and
decamethylcyclopentasiloxane.

Silicon compound Yield / %A Yield / % Average yield / %
MesSiOH / (Me3Si)20 5 6 6

Ds 7 6 6

D4 79 79 79

Ds 9 9 9

14
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[a] Determined via 2°Si{'"H}IG NMR spectroscopy.
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Figure 14. 2°Si{'H}dept30 NMR spectrum of trimethylsilyl endblocked polydimethylsiloxane (Roth
Silicondl M 200, Art.-Nr. 4030.1) in chloroform-di1 (500 MHz).
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Figure 15. 2°Si{'H}G NMR spectrum of the crude distillate of a depolymerization reaction at room
temperature and 0.001 mbar using trimethylsilyl endblocked polydimethylsiloxane and 4 as a catalyst
(lock with acetone-ds in a capillary) (300 MHz).
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1.5 Details on the X-Ray Diffraction

The crystal data were collected on a Rigaku Supernova diffractometer (Cu-Kq radiation
(> =154.184 pm) at 100.0(2) K).

Using Olex2[?, the structures were solved with the Shel XS structure solution program
using direct methods and refined with the ShelXL“! refinement package using least
sguares minimization.

In 3 the ratio of disorder of O3A-HA and O3B...HB was refined to 79(2):21(2).

The distances O3A-HA and O1-HB were restrained to be same.

The adp's of O3A and O3B were constrained to be same.

In 4 N13, C35-C38 are disordered in a ratio of 94.6, the minor occupied atoms were
restrained using "ISOR 0.001 0.002". The P4-N13 and P4-N13B distances were
restrained to be same as well as the distances O1-HA and O4-HB. The ratio of HA:HB
was refined to 506(6):494(6). Using a model without this disorder, the Ueq value of this
hydrogen atom becomes unreasonably large and the R-values increase slightly.

The crystal of § was a non-merohedrical twin, with component 2 rotated by 180.0° [0.02
1.00 -0.05] (reciprocal) or [0.01 1.00 -0.04] (direct). Three ethyl groups (C63, C64, C65,
C66 and C68) were disordered with a ratio of 78:22. Hydrogen atoms were taken into
account using a riding model; only donor hydrogen atoms, i.e. HA, HB and H1, were
refined isotropically. HA and HB were disordered, a ratio of 1.1 was assumed. The
distances O1-HA and O4-HB were restrained to be same.

Details of the X-ray investigation are given in Table 3. CCDC 1952715 — 1952717
contain the supplementary crystallographic data for this paper. These data can he

obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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Table 4. Structure refinement data of [1H][Me3SiO{HOSiMes)2] (3), [TH][D:OH] (4)
and [1H][DP"230H] (5).

compound 3 4 5
Crystallographic Section
empirical formula | CagH120N1303P4Siz | CasH119N1304P4Sis | CreH131N1304P4Si3
a/pm 1365.42(2) 1101.915(13) 1663.91(12)
b/ pm 1519.23(3) 2358.13(3) 2276.99(7)
c/pm 1715.28(2) 2495.13(3) 2312.88(13)
a/e® 91.7566(13) 90 90
B/° 90.5974(12) 93.5860(11) 108.284(7)
y/° 98.9787(14) 90 90
V /108 pm?® 3512.49(10) 6470.81(13) 8320.4(9)
z 2 4 4
Pealc / Mg-mm-3 1.094 1.157 1.197
crystal system triclinic monoclinic monoclinic
space group P-1 P2./c P2in
color shape yellowish prisms colorless needles | colorless prisms
crystal size /mm=|0.29 x 0.13 x0.07 |0.29x0.09x0.05 [0.33x0.30x0.17

Data collection
M/ mm-’ 1.827 1.985 1.674
F(000) 1280.0 2480.0 3248
20 range for data
ool ° 52t0151.3° 5.21t0144.3° 5.6 to 153.0°
16=h<15 13<hs<13 20 < h<20
index ranges -18< k<18 -28< k=28 24 < k<28
12=/=21 -30</<30 -28</=<28
reflections col. 31246 74329 40620

18
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F2

independent refl. | 14332 12607 21342
R(int) 0.0199 0.0321 0.0151
data/restraints/

14332/0/1169 12607/32/719 21342/13/978
parameter
goodness-of-fiton

1.044 1.025 1.063

Rt/ wR2 [I>20()]

0.0291/0.0758

0.0339/0.0832

0.0321/0.0875

R1/wRz2 (all data)

0.0324/0.0780

0.0430/0.0882

0.0361/0.0894

Apmaxlmin /e A3

0.41/-0.34

0.34/-0.36

0.46/-0.34

CCDC number

1952715

1952716

1952717
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® Non-Coordinated Phenolate Anions and Their Application in SF,

Activation

Robin F. Weitkamp, Beate Neumann, Hans-Georg Stammler, and Berthold Hoge*™

\

Abstract: The reaction of the strong monophosphazene
base with the weakly acidic phenol leads to the formation
of a phenol-phenolate anion with a moderately strong hy-
drogen bond. Application of the more powerful tetraphos-
phazene base (Schwesinger base) renders the isolation of
the corresponding salt with a free phenolate anion possi-
ble. This compound represents the first species featuring
the free phenolate anion [H;C,-O] . The deprotonation of
phenol derivatives with tetraphosphazene bases repre-
sents a great way for the clean preparation of salts featur-
ing free phenolate anions and in addition allows the selec-
tive syntheses of hydrogen bonded phenol-phenolate
salts. This work presents a phosphazenium phenolate salt
with a redox potential of —0.72 V and its capability for the
selective activation of the chemically inert greenhouse gas
SF,. The performed two-electron reduction of SF4 leads to
phosphazenium pentafluorosulfanide ([SFs]”) and fluoride

Its.
\sa S /

Phenol represents the simplest aromatic alcohol, and thus has
been in the focus of numerous theoretical calculations>>* as
well as practical applications.”® Especially sodium phenolate
has emerged as a highly important bulk chemical for the in-
dustrial production of salicylic acid in the Kolbe-Schmitt pro-
cess.”®

Fundamental reactions in the biosphere are strongly depen-
dent on phenolic species. The amino acid tyrosine (p-hydroxy-
phenylalanine) is crucial for the success of photosynthesis, as
tyrosine is photo-oxidized in the oxygen evolving complex
(OEC) of the photosystem Il via a proton coupled electron
transfer (PCET) reaction with a hydrogen bonded histidine.””!
Hydrogen bonds of phenol are strongly governing the acidity
of OH functions, which turned out to be crucial in several bio-
logical and chemical systems.=>1%™"
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article under the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided the
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With regard to the great importance of phenol, it is surpris-
ing that the molecular structure and the characteristics of the
non-coordinated phenolate anion have not been unambigu-
ously documented.

Phenol with a pKg, ™ value of 9.98"'? is weakly acidic and is
easily deprotonated by alkali hydroxides or hydrides to yield
the corresponding metal phenolates.®”'*

Fraser et al. reported on the separation of sodium and po-
tassium cations from phenolates™ and phenol-phenolate
salts!"® by means of crown ethers. For the latter they reported
short hydrogen bonds with O—O distances of 247.1(3) pm to
248(1) pm. The strong tendency of hydrogen bonding is also
observed in the imidazolium salt of Clyburne and co-workers
(Figure 1, right), which exhibits strong cation-anion interac-
tions."™¥

_ ,Mes Bu
Ph—O N o
H E@ >—H---o
\
O—Ph N\
Mes Bu

Figure 1. Structures of the phenol-phenolate anion'"" and an NHC adduct of
a phenol derivative."

Reetz et al. used tetra-n-butylammonium hydroxide for the
deprotonation of phenol to generate a free [H;C,-O] anion
without cation-anion interactions. All attempts to isolate the
phenolate anion were thwarted by the selective formation of
the phenol-phenolate adduct (Figure 1, left)"" Davidson ap-
plied phosphonium ylides for the deprotonation of phenols re-
sulting in salts featuring short cation-anion C—H--O~ hydrogen
bonds."”'® |n addition to that, numerous substituted phenol
derivatives containing electron-withdrawing groups, thus fea-
turing an increased acidity, were investigated.’® '

However, no example of the non-coordinated phenolate
anion [H:C,-O]" was reported so far. The structural characteris-
tics of mono- and tetraphosphazene bases like 1 and 2,°% pre-
sented in Scheme 1 and Scheme 2, seem promising for the
design of systems featuring the free phenolate anion, as well
as phenolate derivatives containing electron-donating groups.

The deprotonation of phenol with equimolar quantities of
the commercially available pyrrolidino phosphazene 1 in dieth-
yl ether leads to the precipitation of a light brown oil.*" The
*'P NMR spectrum of the supernatant shows the signal of the
free base at 6=—10.3 ppm. Thus, the basicity of the pyrrolidi-
no phosphazene 1 is not sufficient for the complete deproto-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. Synthesis of [TH][PhO(HOPh)].
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Scheme 2. Synthesis of phenolate salts using phosphazene 2.

nation of phenol and solely affords a phenol-phenolate adduct
(Scheme 1, Figure 2).?

Salt [THI[PhO(HOPh)] crystallizes from the reaction mixture
at —28°C in an 84% yield.?" In the *'P NMR spectrum of the
product a signal at 6=22.2 ppm is observed, which is due to
the protonated phosphazene [1H]*.

With regard to familiar O—O distances in [OH(OH,)]"
(229 pm),*? [H,0(H,0)]" (249 pm)® and water aggregates
(283 pm),*! the phenolate anion exhibits moderately strong
hydrogen bonding to the phenol molecule with an 01-02 dis-
tance of 249.1(2) pm, which is well comparable with the litera-
ture data.""'® Furthermore, an additional interaction of the
phenolate anion with the iminium proton (N1-01 279.2(1) pm)
is observed.

Figure 2. Molecular structure of [1H][PhO(HOPh)].* Selected bond lengths
[pm] and angles [*]: 01-02 249.1(1), N1-01 279.2(1), 01-C17 131.9(2); N1-
01-02 112.8(1).

Chem. Eur. J. 2020, 26, 1-6 www.chemeurj.org

This clearly requires more basic and sterically encumbered
phosphazenes like 2 for the separation of non-coordinated
phenolates (Scheme 2).

The reaction of equimolar quantities of phenol and 2 leads
to the precipitation of the expected phenolate [2H][PhO]
(Figure 3) as colorless crystals in yields up to 95%.%" The
product is highly air sensitive and decomposes above 75°C.
The decomposition of the product in [D,lchloroform and
[D;lacetonitrile solution was observed by *C NMR spectrosco-
py and led to deep blue and strong yellow solutions, respec-
tively, whose color eventually faded.”"

Salt [2H][PhO] is the first example of the non-coordinated
phenolate anion. The anion is disordered in a ratio of 94:6.%?
In the major representative the closest C—H--O~ contact of
cation and anion (O1B—C31) was determined to 325.9(2) pm,
which is in the range of C—H--O~ hydrogen bonds."®? The C—
O bond length of the anion in [2H][PhO] amounts to
128.7(2) pm and is thus significantly shortened in comparison
to the C—O bonds of coordinated anions as present in sodium
phenolate (133(1) pm)?” or in [1H][PhO(HOPh)] (131.9(2) pm).
This bond shortage points to a significant resonance stabiliza-
tion of the negative charge, which is also confirmed by a
strong upfield shift (0 =5.5 ppm) of the signal of the para posi-
tioned proton in the 'H NMR spectrum (Figure 4, top). The C—C
distances in free [PhO]  are slight elongated (138.6(1) pm to
143.6(1) pm) compared to sodium phenolate (138(1) pm to

o1B
C2

c3

c4

Figure 3. Molecular structure of the salt [2H][PhO]."®! The anion is disor-
dered (94:6). Selected bond lengths [pm]: O1B—C3 128.7(2), C2—C3 143.6(2),
C3—C4 142.8(2).

Figure 4. Aromatic region of the 'H NMR spectra of [2H][PhO] (top) and
[2H][PhO(HOPh)] (bottom) in [DgJTHF.

© 2020 The Authors. Published by Wiley-VCH GmbH
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142(1) pm). The corresponding angles within the aromatic
system do not differ significantly.

Application of two equivalents of phenol allows the syn-
thesis of the phenol-phenolate compound [2H][PhO(HOPh)]
(Figure 5) in excellent yields (999%, Scheme 2). The phenol-phe-
nolate salt exhibits a higher thermal stability (m.p. 125°C) and
deteriorates less eagerly in air or in [D,lchloroform and
[Dslacetonitrile solution than the corresponding non-coordinat-
ed phenolate salt [2H][PhO1.?" Hydrogen bonding brings
about downfield shifts of the aromatic protons in the 'H NMR
spectrum and clean couplings (Figure 4, bottom).

The associated hydrogen bond with an 01-08 distance of
243.7(2) pm is shortened in comparison to [THI[PhO(HOPh)]
(249.1(1) pm).??

Figure 5. Molecular structure of the salt [2H][PhO(HOPh)].”* The donor hy-
drogen atom is disordered at both oxygen atoms with a ratio of 1:1, only
one is shown. Selected bond lengths [pm]: 01-08 243.7(2), 01—-C2 131.9(2),
08—C9 132.1(2).

Several papers addressed the redox potentials of various
phenols® and phenolates®>” as determined by (cyclic) vol-
tammetry, preferentially in acetonitrile solution. The anions
were preferentially generated in situ via deprotonation with
tetraalkylammonium hydroxides. The unsuccessful preparation
of the free phenolate anion by deprotonation with ammonium
hydroxides™ and the fast deterioration of non-coordinated
phenolates like [2H][PhO] in acetonitrile”" casts doubt on the
reported redox potentials.

The now possible selective synthesis of hydrogen bonded
phenolate moieties makes the disclosure of the influence of
hydrogen bonding on the redox properties of phenolate
anions via cyclic voltammetry (CV) conceivable (Figure 6). The
rapid reactions of intermediates led to irreversible oxidation
processes at low scan rates of 100 mVs™'. Thus, only oxidation
potentials (E,,) can be determined, which are compared with
quantum chemical calculations on the BP86/6-311+ g(3df,2p)
level.B”

Salt [2H][PhO] was oxidized in THF solution at Ep,=
—0.12(1) V vs. the Fc/Fc* couple (black, Figure 6).2" This value
is cathodically shifted in comparison to the estimated value in
acetonitrile solution reported in the literature (+0.24 V).2% In-
terestingly, the hydrogen bonded phenol-phenolate adduct is
oxidized at a more positive potential (Eq,= +0.22(1) V), and re-
sembles the potential reported for the phenolate/phenoxyl

Chem. Eur. J. 2020, 26, 1-6 www.chemeurj.org

T T
-1,5 -1,0 -0,5 0,0 0,5 1,0
E (vs Fc/Fc+)/V
Figure 6. Cyclic voltammograms of [2H][PhO] (black), [2HI[PhO(HOPh)] (red)
and [2H][PhO(HOPh)] + excess H,O (concentration of 0.1m H,O in the elec-

trolyte solution, blue), recorded in 0.1 M [NBu,J[PF]-THF solution at
100 mVs 2" Fe/Fct was set at +0.405 V.

couple (+0.24 V).PY The anodically shifted oxidation potential
of [PhO(HOPh)]™ is rationalized by a reduced charge density of
the phenolate oxygen in comparison to free [PhO]". A concen-
tration of 0.1m H,O (17 equivalents) was prepared by adding
water to the phenol-phenolate electrolyte solution, which
leads to a cathodic shift of £, (+0.10(1) V, Figure 6). Likewise
the addition of water (0.1™m, 0.2m, 0.7 M) to [2H][PhO] results
in increasing potentials of E,,= +0.02(1)V, +0.04(1)V and
4+0.11(1) V.2V This clearly underlines that hydrogen bonded ad-
ducts of phenolates instead of free phenolates have been oxi-
dized previously.

The presented tendency is confirmed by the calculation of
adiabatic ionization potentials (E) of phenolates in the gas
phase.”" The influence of hydrogen bonding on the potential
of the phenolate anion is more pronounced in the phenol
adduct [PhO(HOPh)]~ (E,=314.90(1) kJmol™") than in the water
adduct [PhO(H,0)]” (E;=267.42(1) kimol "), both significantly
differ from the calculated value of the free anion [PhO]™ (E;=
228.69(1) kymol™.

For the employment of phenolates as strong reducing
agents, we selected 2,6-di-tert-butyl-4-methoxyphenol
(MeOB2phOH) as the substrate of choice (Scheme 3).

Deprotonation of this phenol with 2 clearly furnished the
corresponding phenolate salt [2H][M*“*®“2PhO] (Figure 7).2" The
salt is significantly more air sensitive than the previously dis-
cussed phenolate. Air contact effects a quick color change
from yellow to red-brown.

As the closest cation-anion contact in [2H][M*®®“?PhO] a
01—C8 separation of 303.9(1) pm was observed.”? The O1—
C41 bond (129.0(2) pm) is similar to that in the anion of [2H]
[PhO].

- (o]
2,6-di-tert-butyl-4-

R methoxyphenol R Pl Bu Bu
R—P=N R—P=N

™ By Et,0, 1t " sy
R = -N=P(NEly); OMe

2 [ZH][MeDIBuZPhOI
50,98%

Scheme 3. Synthesis of [2H][M<%*®2phO].

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Molecular structure of the anion of [2H]["*°*™2PhQ].”* Selected
bond lengths [pm]: C41-01 129.0(2), C41-C42 144.8(4), C41—C46 144.9(4).

The anion in [2H][°®“2PhQ] undergoes a reversible redox
reaction at F°=—0.72(1) V vs. F¢/Fc™ (Figure 8), which is signifi-
cantly lower than the literature data in acetonitrile
(—0.45(1) V).?*3% Thus it has a similar redox potential as zinc
and can be classified as an organic zinc reagent.”?

In order to demonstrate the reducing capability of [2H]
["e°"®<2phQ], the reaction with the chemically inert sulfur hexa-
fluoride was investigated (Scheme 4).

SFe is the most potent greenhouse gas known to date
and has a dramatic impact on the climate due to its high
chemical stability.*¥ Therefore the chemical degradation of SF,
has become an important issue of current research.B*3¢38 |n
ethereal solution the treatment of the phenolate with SF,
(Scheme 4) was accompanied by a color change from yellow
to pink to deep red. The formation of the [SF:]~ anion was evi-
denced by "F NMR spectroscopy featuring a quintet at 6=
88.7 ppm and a doublet at 59.5 ppm, with a coupling constant
of 2J;: =45 Hz (Figure 9).5%%

The broad resonance of the fluoride anion in the product
was observed in the "F NMR spectrum at 6=—173.0 ppm.?”
According to the favorable decomposition pathway,*’>® the

[33]

15 -1,0 7(;45 0,0 05
E (vs Fc/Fc+)/V

Figure 8. Cyclic voltammogram of [2H][M°®2PhQ] recorded in 0.1m [NBu.]
[PF.J-THF solution at 100 mVs '#" Fc/Fc' was set at +0.405 V.

o .
H fBu tBu SFe R H - -
~ e Et;0, rt N s
2| R—P=N_ ——— | RP=N] [SFE,} IFI
Bu Bu u
OMe -2 MQD‘ 2
R =-N=P(NEtz); Bu [2H][SFs)
[2H][F]
[2H][M=°"2pPhO]
049,88%

Scheme 4. Activation of SF, with phenolate [2H][M<°®2PhQ].
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Figure 9. Resonances of the [SF.]~ anion in the "°F NMR spectrum of the re-
action of [2H][=°*®2phQ] with SF,.

formed [SF¢]~ radical anion disintegrates into a fluoride anion
and an (SF;)" radical. The latter is further reduced by a second
phenolate to obtain the [SF;]™ anion. The thermally stable salt
mixture of [2H][SFs] and [2HI[F] (dec.>>123°C) precipitates
from the reaction mixture as a colorless solid in high yields
(>88%).%" The X-ray structural analysis of a single crystal of
[2H][SF;] obtained by slow precipitation from the reaction mix-
ture confirms the presence of the [SF;]™ anion with its distort-
ed pseudo square-pyramidal geometry. 2’22340

In conclusion we succeeded in the clean deprotonation of
phenol and 2,6-di-tert-butyl-4-methoxyphenol by means of the
tetraphosphazene base 2, affording salts of the free phenolate
anions in [2HI[PhO] and in [2H]I[M*°*®*?PhO] in excellent yields
(>95%). The strength of the base as well as the stoichiometry
determines if a phenol-free phenolate salt or a phenol-pheno-
late adduct is generated. The latter anions were preferentially
obtained by deprotonation of phenol with the less basic pyrro-
lidino monophosphazene 1 or alternatively in the case of [2H]
[PhO(HOPh)] by the employment of two molar equivalents of
phenol.

We also disclosed the successful degradation of sulfur hexa-
fluoride (SF,) in a two-electron reduction process applying [2H]
[Me°®®2PhQ], leading to the corresponding phosphazenium
pentafluorosulfanide and fluoride salts [2H][SF;] and [2H][F] in
high yields (> 88%). The use of phosphazenium phenolates for
the preparation of highly reactive anions, especially radical
anions, is under active study in our laboratory.

Experimental Section

Crystallographic data: Deposition numbers 1973242, 1973243,
1973244, 2002668, and 2002669 contain the supplementary crystal-
lographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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1. Experimental Section

1.1 General Part

All chemicals were obtained from commercial sources and used without further
purification. Standard high-vacuum techniques were employed throughout all
experiments. Non-volatile compounds were handled in a dry N2 atmosphere using

Schlenk techniques.

1.2 Analysis Methods

1.2.1 NMR Spectroscopy

NMR spectra were recorded on a Bruker Avance |l 500 spectrometer ('"H 500.01 MHz;
3C 125.73 MHz; "°F 470.48 MHz; *'P 202.41 MHz) or on a Bruker Avance |l 500 HD
spectrometer ('"H 500.20 MHz; *C 125.78 MHz; '°F 470.66 MHz; *'P 202.48 MHz).
Positive shifts are downfield from the external standards TMS ('H, '°C), CCIsF ('°F)
and H3iPO4 (*'P). The NMR spectra were recorded in the indicated deuterated solvent

or in relation to acetone-ds-filled capillaries.

1.2.2 IR Spectroscopy

IR spectra were recorded on an ALPHA-FT-IR spectrometer (Bruker) using an ATR

unit with a diamond crystal for liquids and solids.

1.2.3 Elemental Analyses

Elemental analyses were performed by Mikroanalytisches Laboratorium Kolbe
{Oberhausen, Germany). The elemental analysis of [2H][MeC®Bu2PhQ] was performed
in the element-analytical laboratory of the Universitdt Bielefeld using the EURO EA
Element Analyzer 2010 (HEKAtech GmbH).

1.2.4 Melting Point

Melting points were measured on a Mettler Toledo Mp70 Melting Point System.
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1.2.5 Cyclic Voltammetry

The cyclic voltammetric investigations were performed on a PGSTAT101 potentiostat
(Metrohm) using a ,three-electrode arrangement” in a flame-dried 25 mL Schlenk flask
under inert atmosphere with a glassy carbon working electrode (2.0(1) mm diameter},
a counter electrode (stainless steel 18/8, 2.0(1) mm diameter) and an Ag/AgCl
reference electrode in a saturated ethanolic LiCl solution (148 mV vs. SHE). The
supporting electrolyte [NBus][PFs] was carefully dried in a high vacuum (10 mbar).
THF was dried over K and freshly distilled prior to use. For every run 0.1 mmol of the
substrate and 15 mL of the electrolyte solution were used. The Fc/Fc* couple was used
as internal standard by adding a small amount (spatula tip) of ferrocene after the
measurements. The obtained redox potentials were finally recalculated based on the

Fc/Fc* couple which was set at +0.405 V vs. SCE.

1.2.6 Mass spectrometry

Nano-ES|I mass spectra were recorded using an Esquire 3000 ion trap mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany) equipped with a nano-ESI
source. Samples were dissolved in THF and introduced to static nano-ESI using in-
house pulled glass emitters. Nitrogen served both as nebulizer gas and dry gas.
Nitrogen was generated by a Bruker nitrogen generator NGM 11. Helium served as
cooling gas for the ion trap and collision gas for mass spectrometry experiments. The
mass axis was externally calibrated with ESI-L Tuning Mix (Agilent Technologies,
Santa Clara, CA, USA) as calibration standard.
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1.3 Syntheses

1.3.1 Synthesis of [1H][PhO(HOPh)]

Phosphazene 1 (524 mg, 1.68 mmol) is dissolved in diethyl ether (10 mL) and phenol
(332 mg, 3.528 mmol) is added at ambient temperature. The resulting two-phase
system is stirred for 15 minutes and then cooled at -28 °C overnight. The supernatant
is removed via a syringe and the product {725 mg, 1.45 mmol, 86 % based on 1) is

isolated as a slight brown crystalline solid after drying in a high vacuum {m.p. > 63 °C).

"H NMR (THF-ds, rt): & [ppm] = 1.3 (s, 9 H, C(CHa)s), 1.8 (m, 12 H, NCH2CH3), 3.2 (t,
d, °Jun =7 Hz, ®Jpn =4 Hz, 12 H, NCH2), 6.4 (m, 2 H, para H), 6.8 (m, 4 H, ortho H),
7.0 (m, 4 H, meta H), 11.1 (s, OH).

3C NMR (THF-ds, rt): & [ppm] = 26.0 (d, *Jrc = 8 Hz, NCH2CHy), 31.8 (d, ®Jrc = 5 Hz,
C(CHa)3), 47.3 (d, 3Jrc = 5 Hz, NCH2CHz), 52.2 (d, 2Jec = 1 Hz, C(CHa)3), 114.4 (s,
para C), 117.0 (s, ortho C), 128.3 (s, meta C), 163.2 (s, ipso C).

3P NMR (THF-ds, rt): & [ppm] = 16.3 (s).

IR (ATR): & [cm™] = 3209 (vw, br), 3049 (vw), 2970 (w), 2872 (w), 2691 (w), 2559 (w,
br), 1895 (vw), 1807 (vw), 1704 (vw), 1583 (w), 1468 (m), 1412 (w), 1392 (w), 1367
(w), 1347 (w), 1294 (w), 1243 (s), 1226 (s), 1199 (s), 1161 (m), 1128 (m), 1077 (vs),
1017 (vs), 984 (s), 916 (m), 866 (m), 837 {(m), 817 (m), 752 (vs), 692 (vs), 617 {(m), 582
(m), 567 (m), 547 (m), 514 (s}, 493 (s), 453 (m), 435 (m), 403 (m).

elemental analysis of CaosH4sN4O2P (M = 500.7 g/mol): caled.: C 67.17, H 9.06, N
11.19; found: C 67.07, H9.14, N 11.13.
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Figure 1. "H NMR spectrum of [1H][PhO(HOPh)] in THF-ds (500 MHz).
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Figure 2. "*C NMR spectrum of [1H][PhO(HOPh)] in THF-ds (500 MHz).
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Figure 3. *'P NMR spectrum of [1H][PhO(HOPh)] in THF-ds (500 MHz).
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1.3.2 Synthesis of [2H][PhO]

Phosphazene 2 (1.40 g, 1.57 mmol) is dissolved in diethyl ether (7 mL) and phenol
(142 mg, 1.58 mmol) is rapidly added in 3 mL of diethyl ether. The emulsion is stirred
for 1.5 hours and cooled to -28 °C overnight, by which a colorless solid precipitates.
For the complete precipitation of the product n-hexane (4 mL) is added and the
supernatant is removed via a syringe. The solid is washed with 4 mL of n-hexane and
dried in a high vacuum. The product (1.46 g, 1.49 mmol, 95 % based on 2) is isolated

as a colorless solid (dec. > 75 °C).

"H NMR (THF-dg, rt): & [ppm] = 1.2 (t, *Jun = 7 Hz, 54 H, CHa), 1.4 (s, 9 H, C(CHa)s),
2.3(d,%/pn =8 Hz, 1 H, NH), 3.2 (d, q, 3Jrn = 10 Hz, *Jnn = 7 Hz, 36 H, CHz), 5.5 (s, 1
H, para H), 6.0 (m, 2 H, ortho H), 6.6 (m, 2 H, meta H).

C NMR (THF-dg, rt): & [ppm] = 13.0 (d, *Jec =4 Hz, CH3), 31.2 (d, *Jec = 5 Hz,
C(CHs3)3), 39.2 (d, 2Jrc = 6 Hz, CHy), 50.5 (d, 2Jpc = 4 Hz, C(CH3)s), 101.8 (s, para C),
119.4 (s, ortho C), 127.6 (s, meta C), 175.0 (s, ipso C).

3P NMR (THF-ds, rt): & [ppm] = -33.5 (q, d, 2Jep = 70 Hz, 2Jpy = 7 Hz, 1 P, P=NH), 7.8
{d, tridec, 2Jpp = 70 Hz, 3Jpn = 10 Hz, 3 P, (Et2N)3P).

IR (ATR): # [cm™] = 2969 (w), 2930 (w), 2870 (w), 1578 (w), 1538 (vw), 1485 (w), 1462
(w), 1414 (w), 1377 (m), 1350 (w), 1330 (w), 1261 (s), 1227 (m), 1201 (s), 1174 (vs),
1108 (w), 1076 (w), 1054 {w), 1017 (vs), 979 (w), 941 (vs), 848 (m), 795 (s), 740 (m),
699 (s), 691 (s), 614 (m), 590 (w), 509 (vs), 456 (s), 435 (s).

elemental analysis of C4sH10sN130OP4 (M = 981.3 g/mol): caled.: C 56.36, H 10.80, N
18.57; found: C 55.66, H 10.69, N 18.31.
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Figure 4. '"H NMR spectrum of [2H][PhO] in THF-ds (500 MHz).
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Figure 5. '°C NMR spectrum of [2H][PhO] in THF-ds (500 MHz).
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Figure 7. "*C{'H} APT NMR spectrum of the resulting decomposition products of [2H][PhO] in

acetonitrile-ds (yellow solution) (500 MHz).
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Figure 8. "C{'H} APT NMR spectrum of the resulting decomposition products of [2H][PhO] in
chloroform-ds (blue solution) (500 MHz).
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Figure 9. Cyclovoltammograms of [2H][PhO] (black) and [2H][PhO] with addition of Hz0 to obtain
concentrations of 0.1 M (28 mg Hz20, red), 0.2 m (59 mg Hz0, blue) and 0.7 M (258 mg H20, green) water
in the electrolyte solution. Voltammograms recorded in 0.1 M [NBus][PFs] THF solution at 100 mV/s
under inert atmosphere with a glassy carbon working electrode (2.0(1) mm), a counter electrode (steel
18/8, 2.0(1) mm) and an Ag/AgCl reference electrode. All potentials were recalculated using the Fec/Fc*
couple (+0.405 V vs SCE).
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1.3.3 Synthesis of [2H][M°Bu2PhQ]

Phosphazene 2 (4.41 g, 4.98 mmol) is dissolved in diethyl ether (15 mL) and 2,6-di-
fert-butyl-4-methoxyphenol (MeO®BU2PhOH, 1.18 g, 4.99 mmoal) in 5 mL diethyl ether is
rapidly added to yield an intensely yellow suspension. After stirring for one hour n-
hexane (10 mL) is added and the supernatant is removed via a syringe. The solid is
washed with n-hexane (10 mL) and dried in a high vacuum. The product (5.46 g,
4.86 mmol, 98 % based on 2) is isolated as a highly air sensitive yellow crystalline
solid.

The product rapidly decompaoses in a melting point capillary upon heating over 40 °C
to vield a dark brown solid.

The product dissolves rapidly in acetonitrile and chloroform to yield intensely orange

or light pink solutions.

"H NMR (THF-dsg, rt): & [ppm] = 1.2 (t, 3wk = 7 Hz, 54 H, NCH:CHs), 1.4 (s, 9 H,
NC(CHa)a), 1.4 (s, 18 H, C(CHa)s), 2.2 (d, 2/pn = 8 Hz, 1 H,NH), 3.2 (d, q, *Jrn = 10 Hz,
3Jun = 7 Hz, 36 H, NCH2CH3), 3.5 (s, 3 H, OCHz3), 6.4 (s, 2 H, meta H).

BC NMR (THF-dg, rt): & [ppm] = 13.0 (d, 3Jrc =4 Hz, NCH2CHa), 29.6 (s, C(CHa)s),
31.1 (d, ®Jpc = 5 Hz, NC(CHa)3), 35.0 (s, C(CHa)a), 39.1 (d, 2Jpc = 6 Hz, NCH2CH3),
50.5 (d, 2Jpc = 4 Hz, NC(CHa)s3), 57.6 (s, OCH3), 110.8 (s, meta C), 133.3 (s, ortho C),
140.7 (s, para C), 168.0 (s, ipso C).

3P NMR (THF-ds, rt): & [ppm] = -33.7 (q, d, °Jep = 70 Hz, 2Jpy = 7 Hz, 1 P, P=NH), 7.7
{d, tridec, 2Jpp = 70 Hz,3Jpn = 10 Hz, 3 P, (ELN)3P).

IR (ATR): & [cm™] = 2966 (vw), 2931 (vw), 2870 (w), 1465 (w), 1415 (w), 1377 (w),
1348 (w), 1244 (m), 1201 (s), 1173 (vs), 1102 (w), 1073 (vw), 1053 (w), 1016 (vs), 944
(s), 921 (m), 890 (w), 844 (w), 783 (s), 740 (w), 700 (s), 616 (w), 508 (s), 440 (m).

MS (ESI, pos.) {m/z (%) [assignment]}: 887.7 (100) [2H]*

MS (ESI, neg.) {m/z (%) [assignment]}: 235.1 (100) [MeCBu2PhO]-

elemental analysis of CssH12aN1302P4 (M = 1122.6 g/mol): calcd.: C 58.85, H 11.04, N
16.22; found: C 59.24, H 10.74, N 16.12.
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Figure 10. "H NMR spectrum of [2H][M=°®8“2PhQ] in THF-ds (500 MHz).
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Figure 11. "*C NMR spectrum of [2H][M°®Bu2PhQ] in THF-ds (500 MHz).
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1.3.4 Synthesis of [2H][PhO(HOPh)]

Phosphazene 2 (2.25 g, 2.54 mmol) is dissolved in 15 mL of diethyl ether and phenol
(0.48 g, 5.09 mmol) in 4 mL of diethyl ether is rapidly added. Immediately a second
yellowish phase forms. The emulsion is stirred for an additional hour and then cooled
to -28 °C overnight. The supernatant is removed via a syringe and the solid is dried in
a high vacuum. The product (2.69 g, 2.50 mmol, 99 %, based on phenol) is isolated as
a light-brown crystalline solid {m.p. > 125 °C (dec.)).

"H NMR (THF-dg, rt): &[ppm]=1.1 (t, 3Jun =7 Hz, 54 H, NCH2CH3), 1.4 (s, 9 H,
NC(CHs)s), 2.1 (d, °Jpn =8 Hz, 1 H, NH), 3.2 (d, q, *Jen = 10 Hz, 3Junw =7 Hz, 36 H,
NCH2CH3), 6.1 (m, 2 H, para H}, 6.6 (m, 4 H, ortho H), 6.8 (m, 4 H, meta H), 15.1 (s,
OH).

C NMR (THF-dsg, rt): & [ppm] = 12.9 (d, *Jec = 4 Hz, NCH2CHz), 31.1 (d, *Jec = 5 Hz,
NC(CHs)z), 39.1 (d, 2Jpc = 6 Hz, NCH2CH?3), 50.5 (d, 2Jec = 4 Hz, NC{CH3)3), 110.7 (s,
para C), 117 .4 (s, ortho C), 127.7 (s, meta C}, 167.2 (s, ipso C).

3P NMR (THF-ds, rt): & [ppm] = -33.7 (g, d, 2Jep = 70 Hz, 2Jpn = 8 Hz, 1 P, P=NH), 7.7
{d, tridec, 2Jpp = 70 Hz, 3Jpn = 10 Hz, 3 P, (Et2N)3P).

IR (ATR): & [cm™"] = 2973 (vw), 2965 (w), 2949 (vw), 2934 (vw), 2867 (vw), 1455 (vw),
1376 (w), 1353 (w), 1260 (s), 1222 (w), 1201 (m), 1173 (s}, 1157 (s), 1103 (w), 1074
(w), 1056 (w), 1020 (vs), 943 (vs), 867 (w), 845 {w), 822 (m), 782 (s), 750 (s}, 695 (vs),
620 (m), 603 (m), 541 (s), 511 (vs), 494 (vs), 482 (m), 445 (s), 408 (vs).

elemental analysis of Cs2H111N1302P4 (M = 1074.4 g/mol): caled.: C 58.13, H10.41, N
16.95; found: C 57.89, H 10.22, N 17.03.
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Figure 13. "H NMR spectrum of [2H][PhO{HOPh)] in THF-ds (500 MHz).
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Figure 14. 3C NMR spectrum of [2H][PhO(HOPh)] in THF-ds (500 MHz).
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Figure 15. *'P NMR spectrum of [2ZH][PhO(HOPh)] in THF-ds (500 MHz).
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1.3.5 Activation of SFg

At -196 °C diethyl ether (15 mL) is condensed onto the salt [2H][Me°®B 2PhQ] (514 mg,
0.46 mmol), the resulting yellowish emulsion is shortly allowed to warm to room
temperature and then sulfur hexafluoride (SFs) (2.35 mmol) is condensed onto the
mixture at-196 °C. The emulsion is again warmed to room temperature and stirred for
4 days. The deep red supernatant of the resulting suspension is removed via a syringe
at -40 °C and the solid is washed with cold diethyl ether (3 x 5 mL). A salt mixture of
[2H][SF5] and [2H][F] (389 mg, 0.38 mmol, 88 %) is isolated as a colorless, highly
hygroscopic crystalline solid (dec. > 123 °C).

15C NMR (THF, rt): 5 [ppm] = 13.2 (d, %Jrc = 4 Hz, NCH2CHs), 31.4 (d, 3Jrc = 5 Hz,
NC(CHa)s), 39.4 (d, 2Jrc = 6 Hz, NCH2CHs), 50.8 (d, 2Jrc = 4 Hz, NC(CHa)a).

19F NMR (THF, rt): & [ppm] = -173.0 (s, br, F*), 59.4 (s, br, 4 F, [SFs]"), 88.9 (s, br, 1 F,
[SFs]).

1P NMR (THF, rt): 5 [ppm] = -33.3 (q, d, %Jep = 70 Hz, 2Jr = 8 Hz, 1 P, P=NH), 8.1 (d,
tridec, 2Jpp = 70 Hz, ®Jp1 = 10 Hz, 3 P, (Et2N)sP).

IR (ATR): % [cm'] = 2966 (vw), 2928 (vw), 2869 (vw), 1774 (br, vw), 1463 (vw), 1414
(vw), 1377 (w), 1349 (w), 1259 (m), 1227 (w), 1202 (m), 1173 (s), 1107 (w), 1054 (w),
1018 (vs), 942 (s), 846 (w), 785 (m), 741 (w), 700 (s), 613 (w), 579 (vs), 511 (vs), 458
(vs), 437 (vs).
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Figure 16. '3C{'"H} NMR spectrum of the salt mixture [2H][SFs] and [2H][F] in THF (500 MHz). Lock

with acetone-de in a capillary.
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Figure 17. "*F NMR spectrum of the salt mixture [2H][SFs] and [2H][F] in THF (500 MHz). Lock with
acetone-ds in a capillary. CFCls as internal standard. SW [ppm] 295.08; O1P [ppm] 40.00.
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Figure 18. "®F NMR spectrum of the salt mixture [2H][SFs] and [2H][F] in THF (500 MHz). Lock with
acetone-ds in a capillary. CFCls as internal standard. SW [ppm] 295.12; O1P [ppm] -100.00.
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Figure 19. *P NMR spectrum of the salt mixture [2H][SFs] and [2H][F] in THF (500 MHz). Lock with

acetone-ds in a capillary.
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Figure 20. '°F NMR spectrum of the SFe activation in Et20 solution in an FEP tube (500 MHz). Lock
with acetone-ds in a surrounding NMR tube. SW [ppm] 241.52; O1P [ppm] 40.00.
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Figure 21. '9F NMR spectrum of the SFs activation in Et20 solution in an FEP tube (500 MHz). Lock

with acetone-ds in a surrounding NMR tube. The resonance at & = -152 ppm results from [HF2], which
forms over time. SW [ppm] 241.56; O1P [ppm] -100.00.
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Figure 22. 3'P NMR spectrum of the SFs activation in Et2O solution in an FEP tube (500 MHz). Lock

with acetone-ds in a surrounding NMR tube.

Figure 23. Molecular structure of [2H][SFs] in the solid state. Thermal ellipsoids are shown at 50 %
probability. The hydrogen atoms bonded at carbon atoms are omitted for clarity. Diethylamino groups
are shown as stick model.
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1.4 Details on the X-Ray Diffraction

The crystal data were collected on a Rigaku Supernova diffractometer (Cu-Kq radiation
(2. =154.184 pm) or Mo-Kq radiation (A =71.073 pm) at 100.0(2) K.

Using Olex2!"l, the structures were solved with the Shel XSl structure solution program
using direct methods and refined with the ShelXLF! refinement package using least
squares minimization. All hydrogen atoms bonded at nitrogen or oxygen were refined
isotropically including the 1:1 disordered ones in [2H][PhO(HOPh)].

Details of the X-ray investigation are given in Tables 1-3. CCDC 1973242-1873244,
2002668 and 2002669 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via

hitp://'www.ccdc.cam.ac.uk/conts/retrieving.html.
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Table 1. Structure refinement data of [1H][PhO(HOPh)] and [2ZH][PhO].

compound [1H][PhO(HOPh})] [2H][PhO]
empirical formula CogHasN4O2P CueH105N130P4
alpm 1927.213(11) 1293.050(10)
b!pm 1640.156(10) 1952.430(10)
c/pm 8711.71(5) 2285.320(10)
ale 90 90

/e 90 102.3290(10)
y/° 90 90

V/ 108 pm?® 2753.71(3) 5636.44(6)

z 4 4

Pealc / mg-mm-> 1.208 1.155

crystal system orthorhombic monoclinic
space group Pna2, P2/n

color shape

yellowish block

colorless irregular

crystal size / mm™

0.087 x 0.07 x 0.033

0.292 x 0.202 x 0.148

u/ mm-*

1.122

1.581

F(000)

1088.0

2160.0

20 range for data col. / °

7.078 to 151.786°

6.014 to 152.968°

24<h<24 -11<h<16
index ranges -19<k<20 -22< k<24
-10=1<10 -28 <127
reflections col. 50317 27180
independent refl. 5686 11608
R(int) 0.0343 0.0156
data/restraints/ 5686/1/327 11608/0/623
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parameter
goodness-of-fit on F? 1.046 1.036
R1/wRz [I>20(1)] 0.0249/0.0665 0.0341/0.0883

R1/wRz (all data)

0.0256/0.0671

0.0357/0.0897

Apmaximin [ € A

0.25/-0.16

0.74/-0.57

CCDC number

1973242

1973243

Table 2. Structure refinement data of [2H][PhO(HOPh)] and [2H][M=°Eu2PhO].

compound

[2H][PhO(HOPh)]

[2H][Me0tBu2Ph0]

empirical formula

Cs2H111N1302P4

CssH12aN1302P4

alpm 1332.764(8) 1646.26(2)
b/ pm 1919.982(10) 1956.90(2)
c/pm 2416.372(14) 2058.51(2)
al® 90 90

/e 90.7361(5) 90

y/° 90 90

V7 10% pm?® 6182.70(6) 6631.62(13)
z 4 4

Pealc / mMg-mm-3 1.154 1.124
crystal system monoclinic orthorhombic
space group P24/c P212124

color shape

colorless block

clear yellow, irregular

crystal size / mm-3

0.244 x 0.144 x 0.135

0.221 x 0.19 x 0.087

u/ mm-*

1.496

1.412

F(000)

2360.0

2480.0

20 range for data col. / °

5.88 to 153.038°

6.232 to 152.94°
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-16<h<16 20<sh<20
index ranges 24 <k<?24 -24<k<24

-30=</<30 -25</<16
reflections col. 126690 59589
independent refl. 12952 13795
R(int) 0.0404 0.0634
data/restraints/

12952/0/1127 13795/0/699
parameter
goodness-of-fit on F? 1.016 1.030

R+ / wRz [I>20(1)]

0.0300/0.0794

0.0413/0.1061

R1/wR: (all data)

0.0337/0.0823

0.0464/0.1102

Apmaximin f € A® 0.36/-0.35 0.43/-0.36

CCDC number 1973244 2002668
Table 3. Structure refinement data of [2H][SFs].

compound [2H][SF5]

empirical formula

CaoH100FsN13P4S

alpm 1263.54(9)
b/pm 1772.96(9)
c/pm 2459.20(15)
al®° 90

B/° 99.856(6)
y/e 90

V7 106 pm3 5427.8(6)

4 4

Pealc / mg-mm-3 1.241
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crystal system

monoclinic

space group

P24lc

color shape

colorless plate

crystal size / mm

0.218 x 0.063 x 0.023

g/ mm-

2129

F(000)

2208.0

20 range for data col. / °

9.978 to 133.182°

-14<h=<15
index ranges 21<k=<21

-21=/<29
reflections col. 24230
independent refl. 24230
R(int) 0.1877
data/restraints/

11517/318/569
parameter
goodness-of-fit on F2 1.656

R+ / wRz [I>20()]

0.1927/0.4507

R1/wRz (all data)

0.2679/0.4931

Apmaximin { € A

2.63/-1.70

CCDC number

2002669
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Abstract: The reaction of a saline phosphazenium hydrox-
ide hydrate with siloxanes led to a novel kind of silanol-si-
lanolate anions. The weakly coordinating behavior of the
cation renders the formation of silanol-silanolate hydrogen
bonds possible, which otherwise suffer from detrimental
silanolate-oxygen cation interactions. We investigated the
influence of various weakly coordinating cations on sila-
nol-silanolate motifs, particularly with regard to different
cation sizes. While large cations favor the formation of in-
tramolecular hydrogen bonds resulting in cyclic structures,
the less bulky tetramethyl ammonium cation encourages
the formation of polyanionic silanol-silanolate chains in
the solid state.
J/

There is no life without hydrogen bonds."~*! The most promi-
nent representative of hydrogen bonding is water. Without hy-
drogen bonding water would not exist in the well-known
form, but would exhibit significant differences in the melting
and boiling point, as it is observed for the higher homologue
H,S." Moreover, hydrogen bonding is crucial in supramolecular
chemistry, as the helical structure of the DNA, as well as the
secondary and tertiary structures of proteins and peptides, are
based on those weak interactions.™* Consequently, the under-
standing of hydrogen bonding is decisive to understand
chemistry at all.

Hydrogen bonding is not an exclusive domain in biochem-
istry. Inorganic compounds besides H,O show such interactions
as well. Silanols”** and silanediols""*"¥! exhibit distinct tenden-
cies for hydrogen bond formation, which often result in the
formation of ring structures. Meanwhile several studies are di-
rected to interactions in silanol-silanol adducts,®**'*"'¥ as well
as in silanol-alcohol™ and in silanol-amine™'®'” aggregates.
The obtained structures are strongly affected by the presence
of solvent molecules capable of hydrogen bonding. Silanols
have also found application as catalysts in silanol-hydrogen-
bond-assisted coupling reactions'®' and CO, fixation strat-
egies.l'5'8

Weakly coordinating cations are essential for the investiga-
tion of hydrogen bonds in silanol-silanolates, which is clearly
clarified by the strong potassium oxygen interaction in the
representative potassium silanolate [K{O{Ph,Si0),SiPh,OH}], of
Sullivan et al."”” The interaction of the silanolate oxygen with
the potassium cation is favored over the formation of a silanol-
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silanolate hydrogen bond. Thus, ring formation including the
potassium ion is observed.

Bulky phosphazenium cations are predestinated for the in-
vestigation of non-coordinated anions, such as naked fluoride
anions,”” the hydroxide trihydrate anion*" or reactive alumi-
nates,”? and are also capable to stabilize isolated silanol-sila-
nolate anions, as recently reported by us (Figure 1).%

Figure 1. Depiction of selected molecular geometries of silanol-silanolate
anions in the solid state featuring the phosphazenium counterion [1H]", re-
ported earlier by us.”” The cation is not depicted.

The benefits of strong neutral bases like tetraphosphazene 1
([(Et,N);P=N];P=NtBu) and guanidino monophosphazene 2
([(Me,N),C=N];P =NtBu) applied in this work (Figure 2) are the
high proton affinity paired with the low electrophilicity of the
corresponding cations. In the following, we are going to show
that in addition to the low coordination ability of these cat-
ions, their sizes also play decisive roles in the construction of
the observed structural patterns.

Et;N
t \P/NEtz NMe;
EtN,_ NEt & NEt, Me,N ; )\NM N
—P.
EtN I /'g
N™ N —p=n Me;N N—ll’:N
Mg |\
N o N Bu
EtzN‘-;F:\/ MezN\(
EtN gt \Me,
1 2

Figure 2. Phosphazene bases applied in this work.

As previously reported by us, silanol-silanolate anions can be
synthesized by the reaction of a saline phosphazenium hydrox-
ide hydrate with siloxane species.”** Due to the weak electro-
philicity of the cation, anions are formed in which hydrogen
bond formation is favored over cation anion interactions. We
disclosed that hydrogen bonding is crucial for the existence of
highly basic silanolate anions. Similar to the decomposition
pathway of the hydroxide trihydrate anion, non-coordinated si-
lanolate anions are not viable in the presence of phosphazeni-
um cation [1H]* due to deprotonation of the cation.”*! The se-
lective syntheses of silanol-silanolate anions without cation
anion interactions render a precise investigation of hydrogen

© 2020 The Authors. Published by Wiley-VCH GmbH
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bond formation possible. In the case of dimethyl- (Figure 1,
left) or diphenyl-siloxanes®! the corresponding cyclic [D;OH]~
anions featuring strong intramolecular hydrogen bonds are
particularly stable in the solid state. This is in agreement with
the results of Baney and Atkari, who proposed the formation
of [D;OH]™ anions by potentiometric titration experiments of
cyclic siloxanes with tetra-n-butylammonium hydroxide.* In
order to examine cation-dependent differences in silanol-sila-
nolate structures, hydroxide salts of the depicted cations in
Scheme 1 were applied for the reaction with dimethylsilox-
anes.

(Me,Si0),,
=N H20
[WCCJ[OH(OHy)] [WCC]" -[-HO-(SiMe;-O) 5}
m=34
[WCC]*: [1H]* [2H]* [PBu4]* [NBugl* [NMeg]*

Scheme 1., Reaction of hydroxide hydrate salts of weakly coordinating cat-
ions (WCC) with cyclic siloxanes (top) and space filling models of weakly co-
ordinating cations obtained from X-ray investigations (below).

The free tetra- and monophosphazene bases 12" and 21%27
were synthesized according to known literature procedures.
The latter was liberated from its hydrochloride salt applying
NaNH, in liquid ammonia as the deprotonation agent.

[THI[OH(OH,),] was generated by addition of one molar
equivalent of water to the free base in n-hexane. The subse-
quent reaction with hexamethylcyclotrisiloxane (D) afforded
[TH][D,OH] in a nearly quantitative yield on a multigram scale.
The non-hygroscopic product is well soluble in benzene and
chlorobenzene. The *Si NMR resonance of the silicon atoms
adjacent to the intramolecular hydrogen bridge appears as a
singlet at 0 =—23.9 ppm. The signal of the central silicon atom
is slightly highfield shifted to = -24.1 ppm. The intramolecu-
lar hydrogen bond length {01-04 distance) amounts to
242.8(2) pm (Figure 1)1

Whereas the cation of salt [THI[OH(OH,),] is highly resistant
towards hydroxide anions in THF or aqueous solution, phos-
phazene 2 hydrolyses in H,0 via its hydroxide salt. *'P NMR res-
onances of unspecified products at 6=-54, —0.2 and
1.7 ppm were observed. The resonance at =19.7 ppm is as-
signed to the phosphorus atom of phosphane oxide
[(Me,N),C=N1,P=0. In the presence of NaOMe in aqueous
MeOH, hydrolysis of base 2 leads to the formation of the
amide derivative 3, with a *'P NMR resonance at & =—4.8 ppm
in water. The product was further evidenced by X-ray diffrac-
tion (Scheme 2).

The amide 3 is characterized by a cyclic intramolecular hy-
drogen bridge. The corresponding O1-N1 distance amounts to
278.9(4) pm.
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9
R—P-_ _H
/
£
‘Bu
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Scheme 2. Hydrolysis of 2 and molecular structure of 3 (box): All hydrogen
atoms bonded at carbon atoms are omitted for clarity.”® Guanidyl groups
are shown as stick model. Selected bond lengths [pm]: O1-C5 125.2(5), N2
C5 134.3(5).

Hydrolysis of [2H]* can be efficiently suppressed temporarily
if siloxanes like Dy are present in the mixture prior to the addi-
tion of water (Scheme 3).

Thus, the corresponding guanidine phosphazenium salt [2H]
[D;0H] was isolated as pale yellow, highly hygroscopic crystals
(98% yield). However, in the presence of [D;0H]™ cation [2H]"
succumbs quite fast to hydrolysis at ambient temperature also
resulting in the clean formation of 3, which hampers a reliable
elemental analysis. In the *'P NMR spectrum of [2H][D;OH] the
resonance of the phosphorus atom in [2H]" is observed as a
singlet at 0= —-10.6 ppm. In the 'H*Si HMBC NMR spectrum
the resonances of the terminal silicon atoms of the anionic
ring are slightly downfield shifted (4= —22.8 ppm) compared
to [THI[D;OH] (6= —23.7 ppm).

An X-ray diffraction study of crystals grown from the cooled
reaction mixture reveals a cation-anion hydrogen bond interac-
tion with an N1-O4 separation of 285.2(2) pm (Figure 3), which
is presumably responsible for the small downfield shift of the
terminal *Si nuclei® The other hydrogen bond within the
anion with an 01-04 distance of 250.8(2) pm is elongated
compared to [TH][D;0H] (242.8(2) pm).

+

\/
RF!\P . 1. Ds, n-hexane, rt RR\p—N H P/SI-.O\
—P=N —— —pP= ~
R gy 2HD0 B g >s.\ 5
0—H--0
1 R=-N=P(NEt»),
2 R=-N=C{NMey), [MH][D:OH] 164, 95%
[2H][D30H] 29,98 %

Scheme 3. Syntheses of phosphazenium silanol-silanolates,
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Figure 3. Molecular structure of [2H][D,OH] with highlighted cation anion
hydrogen bond interaction.” Disorder of Si1, C22 and C23 over two sites
(76:24). Disordered parts and hydrogen atoms of methyl groups are omitted
for clarity. Guanidyl groups are shown as stick model. Selected bond lengths
[pm] and angles [7]: N1-P1162.9(1), N1-04 285.2(2), 01-04 250.8(2), 01—
Si1160.7(1), 04-Si3 159.0(1); 01-04-5i3 116.2(1), 04-01-5i1 113.9(1), 02-5i2-
03 111.9(3).

The salt [2H][D;0H] decomposes within days at room tem-
perature, and it deteriorates fast above 75°C with hydrolysis of
its cation under formation of 3 (*'P shift of the decomposition
product at oO=1.0ppm in chlorobenzene, lock with
[D¢lacetone in a capillary) and liberation of cyclic siloxanes,
mainly D,.

For the syntheses of phosphonium and ammonium silano-
lates, the corresponding hydroxides ([NMe,JOH 25 wt. % in
MeOH, [NBu,JIOH{OH,)sl, [PBu,JJOH 40 wt. % in H,0) were ap-
plied. The nature of the employed siloxane source is not deci-
sive, since equilibrium mixtures of linear and cyclic siloxanes
are always present in the base assisted reaction and D; frag-
ments are formed by binding rearrangements. We employed
liquid octamethylcyclotetrasiloxane (D,), which additionally
acted as the solvent. In the case of [NMe,JOH, the reaction
with D; as siloxane source was performed in ethereal solu-
tion.? In all cases the excess of siloxane and water can be re-
moved in vacuo after the reaction.”” The tetra-n-butylammoni-
um and tetra-n-butylphosphonium silanolates were isolated in
yields of 92% and 73% after crystallization from saturated
ethereal solutions at —28°C. The Si NMR spectrum of [NBu,]
[D;OH] is depicted in Figure4. The resonance at d=
—24.4 ppm results from the silicon atoms adjacent to the hy-
drogen bond.

The X-ray structural investigation reveals the cyclic [D;OH]™
anion in both salts, which is depicted for [NBu,][D;OH] as a
representative example in Figure 5.%%

The hydrogen bonds within the obtained [D;OH]™ anions
were identified by the 01-O4 distances, which amount to
245.1(1) pm for [NBu,][D;OH] and 244.3(1) pm for [PBu,]
[D;OH]. They are well comparable with the value in [1H]
[D;0H].*" Both salts are highly hygroscopic and melt within
seconds under air. The salt [NBu,J[D;0H] completely decom-
poses by a Hofmann-type elimination reaction of the cation
above 80°C in high vacuum. The released products tributyl-
amine and butene were detected via 'H NMR spectroscopy.
Cyclic siloxanes are also liberated.* While [NBu,I[D,OH] is
stable at room temperature as a crystalline solid under inert at-
mosphere over months without any traces of decomposition,
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Figure 4. ?Si NMR spectrum of [NBu,][D;OH] in Et,O (lock with [D acetone
in a capillary).

Figure 5. Molecular structure of [NBu,][D;OH].** All hydrogen atoms
bonded at carbon atoms are omitted for clarity. Thermal ellipsoids are set at
50% probability. Selected bond length [pm]: O1-04 245.1(1).

the tetra-n-butylphosphonium cation in solid [PBu,][D;OH]
completely hydrolyzes within days under the same conditions.
Fast hydrolysis is observed over a few hours in ethereal solu-
tion to afford the corresponding tributylphosphane oxide,
which is evidenced by *'P NMR spectroscopy at a chemical
shift of d=42.5 ppm (lit: 42.0 ppm).2¥

From the corresponding reaction of [NMe,JOH with D; a col-
orless sticky oil was obtained, which is insoluble in benzene
and barely soluble in diethyl ether and chlorobenzene. By
layering the oil with diethyl ether and storage at —28°C, color-
less crystals of [NMe,][D;OH],,.. were obtained with a melting
point of 75°C. Its decomposition at ambient temperature,
which impedes a reliable elemental analysis, is accompanied
by a strong amine odor and a yellow discoloration. The *°Si
NMR spectroscopic investigation of a milky chlorobenzene so-
lution of the mixture reveals the presence of six chemically in-
equivalent silicon atoms. In comparison to previously discussed
[WCCIID;OH] salts, the resonances at oJ=-247 and

241 ppm in a ratio of 2:1 are assigned to the silicon atoms
of the [D;OH]™ moiety. The X-ray diffraction of a small crystal-
line fragment reveals a polymeric silanolate anion in [NMe,]
[D;OHI,,.., (Figure 6).** In stark contrast to cyclic silanol-silano-
late anions of the type [D,OH] , which were obtained with

© 2020 The Authors. Published by Wiley-VCH GmbH



Chemistry—A European Journal

Anhang

Communication

doi.org/10.1002/chem.202004236

Chemist
Europe

European Chemr
Societies Publis

Si3 H

Figure 6. Section of the strand of the [D;0H]~, polyanion along the x axis
spanned by intermolecular silanol-silanolate hydrogen bonding in [NMe,]
[D;OHI,,...”® All hydrogen atoms bonded at carbon atoms and tetramethyl-
ammonium counterions are omitted for clarity. Thermal ellipsoids are set at
50% probability. Selected bond length [pm]: O1-04" 247.0(1).

bulky counterions, the small tetramethylammonium cation
favors the formation of intermolecular hydrogen bending in
the solid state. Compared to the cyclic anion in [NBu,][D;0H],
in which the terminal silanol and silanolate functions exhibit
torsion angles of 55.9° (01-Si1-02-Si2) and 55.8° (04-Si3-03-
Si2), the terminal functions in [NMe,][D,OH],,. are rotated
around the bonds Si1-02 and Si3-O3 with torsion angles of
123.9° {O1-Si1-02-Si2) and 132.5° (04-Si3-03-Si2). This gives
rise to linear polyanionic chains of [D;OHI,,..~ units (Figure 6),
which seem to be responsible for the poor solubility of salt
[NMe,][D,OH],,...

The intermolecular O1-04' distance was determined to
247.0(1) pm and is thus slightly elongated in comparison to in-
tramolecular hydrogen bonding in [THI[D;OH] (242.8(2) pm)
and [NBu,][D;OH] (245.1(1) pm). Interestingly, the anionic
structural motif of the three SiMe,O units is maintained.

Accidentally, impurities of potassium hydroxide were present
in a flask of [NMe,JOH and cyclic siloxanes. Gratifyingly, single
crystals of salt [NMe,l[K(D,OH),] evolved and were analyzed
by X-ray crystallography (Figure 7).%%

The potassium cation is surrounded by two [D;OH]  units
exhibiting strong potassium silanolate {d(K-04)=269.1(2) pm)
and silanol-silanolate interactions (d(04-08")=249.6(2) pm) in
a mono-anionic complex. Moreover, this complex is associated
to a dimer in the solid state, displaying strong potassium sila-

Figure 7. Molecular structure of the dimer of [NMe J[K(D;OH),].?¥ The am-
monium cations are not shown. All hydrogen atoms linked to carbon atoms
are omitted for clarity. Thermal ellipsoids are set at 50% probability. Selected
bond lengths [pm]: K—04 269.1(2), 01-05 244.5(2), 0408’ 249.6(2).
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nolate interactions with a K-O5 separation of 274.4(1) ppm
and additional silanol-silanolate hydrogen bonds (d(0O1-05) =
244.5(2) pm). Again, the structural motif of the three SiMe,O
units remains favorable. Similar to the potassium salt present-
ed by Sullivan etal. previously,"” the potassium ions form
strong interactions to silanolate oxygen atoms, which obvious-
ly significantly influenced the construction of the formed pat-
tern. This example impressively underlines the need for weakly
coordinating cations to observe isolated silanol-silanolate inter-
actions.

In conclusion we succeeded in the clean formation of sila-
nol-silanolate salts featuring weakly coordinating cations. In all
cases [D;OH]™ anions containing three siloxane units were de-
livered, which proves the extraordinary thermal stability of this
motif. Phosphazenium silanol-silanolate salts with cyclic anions
of the type [D,OH]™ in [1HIID,OH] and [2HIID,OH] were ob-
tained in excellent yields (>95%) by the reaction of the free
phosphazene bases with water and cyclodimethylsiloxanes.
The corresponding tetra-n-butylammonium and -phosphonium
salts [NBu,][D;OH] and [PBu,][D;OH] were afforded analo-
gously by use of their hydroxides. All cyclic [D;OH]™ anions
show intramolecular hydrogen bonding, with O-O distances
depending on the size and the coordination capability of the
applied cation. While an enlargement of non-coordinating cat-
ions from [NBu,]™ to [1H]™ results in a shortening of the intra-
molecular hydrogen bond from 245.1(1) pm to 242.8(2) pm, hy-
drogen bond donating cations like [2H]" favor an extension of
the formed bond (250.8(2) pm). Downsizing the cation to
[NMe," in [NMe,]J[D,0H],,.. benefits the organization of
the [D;OH] moieties in a polyanionic strand. In contrast to
cyclic [DyOH]™ anions, an intermolecular hydrogen bond
(247.0(1) pm) is predominant in the presence of less bulky
counterions.
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1. Experimental Section

1.1 General Part

All chemicals were obtained from commercial sources and used without further
purification. Standard high-vacuum techniques were employed throughout all
experiments. Non-volatile compounds were handled in a dry N2 atmosphere using

Schlenk techniques.

1.2 Analysis Methods

1.2.1 NMR Spectroscopy

NMR spectra were recorded on a Bruker Model Avance Il 300 spectrometer ('H
300.13 MHz; '3C 75.47 MHz; 2°Si 59.63 MHz; *'P 121.49 MHz) or on a Bruker Avance
Il 500 spectrometer ('H 500.01 MHz; *C 125.73 MHz; ?°Si 99.34 MHz; *'P 202.41
MHz) or on a Bruker Avance Il 500 HD spectrometer ('"H 500.20 MHz; '*C 125.79
MHz; 29Si 99.38 MHz; 3'P 202.48 MHz). Positive shifts are downfield from the external
standards TMS ('H, °C, 2°Si) and H3PQO4 (*'P). The NMR spectra were recorded in the

indicated deuterated solvent or in relation to acetone-ds filled capillaries.

1.2.2 IR Spectroscopy

IR spectra were recorded on an ALPHA-FT-IR spectrometer (Bruker) using an ATR

unit with a diamond crystal for liquids and solids.

1.2.3 Elemental Analyses

Elemental analyses were performed by Mikroanalytisches Laboratorium Kolbe

(Oberhausen, Germany).

1.2.4 Melting Point

Melting points were measured on a Mettler Toledo Mp70 Melting Point System.
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1.3 Syntheses

1.3.1 Synthesis of [1H][D30H]

Phosphazene 1 (13.69 g, 15.5 mmol) is dissolved in 45 mL of n-hexane before
hexamethylcyclotrisiloxane {3.44 g, 15.5 mmol) is added. After addition of water
(0.28 g, 15.5 mmol) two phases separated. After stirring at room temperature
overnight, a pale yellow solid precipitates. The supernatant solution is removed via a
syringe and the solid is dried in a high vacuum (10 mbar). The product (16.46 g,
14.6 mmol, 95 % based on 1) is obtained as a colorless crystalline solid (m.p. 99-

101 °C).

"H NMR (Cs¢Des, rt): & [ppm] = 0.8 (s, 6 H, SiO(H3C).Si0Si), 0.7 (s, 12 H, (H3C).SiOH-
OSi(CH3)2), 1.0 (t, 3Jun = 7 Hz, 54 H, CH3), 1.3 (s, 9 H, C{CH3)3), 2.1 (d, ?Jen = 8 Hz, 1
H, NH), 3.0 (d, q, *Jpn = 10 Hz, *Jun = 7 Hz, 36 H, CHz), 14.0 (s, OH).

BC{'"H} NMR (CsDs, rt): o [ppm]=2.3 (s, SiO(HsC).Si0Si), 3.6 (s, (HsC):SiOH-
OSi(CH3)2), 13.4 (d, SJec =4 Hz, CHs), 31.3 (d, °Jrc =5 Hz, C(CHs)), 39.0 (d,
2Jpc = 6 Hz, CH>), 50.4 (d, 2Jrc = 4 Hz, C(CHs3)3).

2Gi{"H}dept30 NMR (CeDs, rt): &[ppm]=-24.1 (s, SiO(HsC):SiOSi), -23.9 (s,
(H3C)28i0H-08i(CHa)2).

2Si{"H}IG NMR (PhCI, rt): & [ppm] = -24.2 (s, SiO(H1C),Si0Si), -23.7 (s, (H3C)2SiOH-
OSi(CHs)2).

1P NMR (CsDs, rt): & [ppm] = -33.7 (q, d, 2Jpp = 70 Hz, 2Jp = 8 Hz, 1 P, P=NH), 7.6
(d, tridec, 2Jpp = 70 Hz,3Jpu = 10 Hz, 3 P, (Et2N)3P).

IR (ATR): # [cm™"] = 2066 (vw), 2872 (vw), 1627 (vw, vbr), 1464 (vw), 1379 (w), 1351
(w), 1273 (m, br), 1247 {m), 1202 (m), 1175 (s), 1053 {w), 1016 {vs), 940 (vs), 847 (w),
784 (vs), 700 (m), 614 (w), 508 (m), 440 (m).

elemental analysis of CagH11aN1304P4Sis (M = 1126.7 g/mol): calcd.: C 49.04, H 10.65,
N 16.16, P 11.00, Si 7.48; found: C 48.61, H 10.64, N 15.89, P 10.98, Si 7.59.
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1.3.2 Synthesis of [2H][D:OH]

To a solution of 2 (1.16g, 261 mmol) in 10mL of n-hexane first
hexamethylcyclotrisiloxane (593 mg, 2.67 mmol) and then water (57 mg, 3.16 mmol)
are added to yield a yellowish second phase. After one hour of stirring, the emulsion
was kept at-28 °C overnight, by which a solid precipitated. The supernatant is removed
via a syringe and the product (1.75 g, 2.55 mmol, 98 % based on 2) is isolated as a
pale yellow crystalline solid (m.p. 75 °C (dec.)).

The product decomposes at ambient temperature by hydrolysis of [2H]*, which is
accompanied by a strong amine odor. The 3P NMR resonance of the decomposition

product 3 is observed as a singlet at & = 2.2 ppm in benzene-ds.

'H NMR (PhCI, rt): & [ppm] = 0.1 (m, 18 H, (HsC)2Si0), 1.2 (s, 9 H, C(CHa)s), 2.5 (s, 36
H, N(CHa)2), 9.7 (s, br, SiOH).

13C{THAPT NMR (PhCI, rt): & [ppm] = 1.9 (s, SIO(HsC)2SiOSi), 3.1 (s, (H3C)2SiOH-
OSi(CHa)2), 31.2 (d, *Jec = 4 Hz, C(CHa)a), 39.8 (s, N(CHa)z), 50.0 (s, C(CHa)a), 159.2
(s, C=N).

1H2Si HMBC NMR (PhCI, rt): & [ppm] = 0.1/ -24.0 (SIO(HaC)SiOSi), 0.1/-22.8 (s,
(H2C)2SiOH-OSi(CHa)2).

295ifTH} IG NMR (PhCI, rt): & [ppm] = -24.2 (s, SIO(H3C)2Si0Si), -23.4 (s, (HsC)2SiOH-
OSi(CHa)2).

1P NMR (PhC, rt): & [ppm] = -10.6 (s, P=NH).

IR (ATR): # [cm'] = 3008 (vw), 2951 (vw), 2033 (vw), 2896 (vw), 2813 (vw), 1617 (vw),
1543 (vs), 1504 (s), 1472 (m), 1421 (m), 1404 (m), 1375 (s), 1232 (m), 1135 (m), 1044
(s), 1010 (vs), 982 (m), 917 (s), 892 (vs), 787 (vs), 753 (s), 657 (), 641 (m), 596 (m),
579 (w), 553 (m), 525 (w), 511 (w), 458 (w), 436 (m).
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1.3.3 Synthesis of [NBus][D30H]

Octamethylcyclotetrasiloxane (D4, 15.0mL, 50.6 mmol) is added to solid
[NBus][OH({OH3)20] (16.86 g, 21.1 mmol) and stirred overnight. All volatile compounds
are removed in a high vacuum (10 mbar) over 24 hours and n-pentane (25 mL) is
added. The suspension is filtered with a frit (P4) and the solid is washed with n-pentane
(25 mL). The solid is dissolved in diethylether (135 mL) and recrystallized at -28 °C.
The product (9.35 g, 19.4 mmol, 92 % based on [NBus][OH{OH:2)30]) is isolated as
highly hygroscopic colorless crystals (m.p. 84 °C).

The product decomposes in protic solvents like acetonitrile-ds and chloroform-ds.
Slow thermolysis in vacuo was observed above 80 °C. The volatile products were
collected in a cooling trap at-1926 °C and analysed via multinuclear NMR spectroscopy.
The cation is deprotonated in a Hofmann elimination with liberation of tributylamine,

butene and cyclic siloxanes (mainly Da).

"H NMR (Et0, rt): & [ppm]=0.1 (s, 12 H, (HsC)2SiOH-OSi(CHs)2), 0.2 (s, 6 H,
SiO(H3C)Si0Si), 1.2 (t, *Jun = 7 Hz, 12 H, NCH2CH>CH2CH3), 1.7 {t, q, 3%Jun = 7 Hz,
3Jun =7 Hz, 8 H, NCH2CH>CH2CH3), 2.0 (m, 8 H, NCH2CH2CH2CHs3), 3.8 (m, 8 H,
NCH:CH2CH2CH3), 14.6 (s, br, SiOH).

BC{'™H} NMR (EtzO, rt): &[ppm]=0.9 (s, SiO(H3C).SiOSi), 2.3 (s, (HaC)SiOH-
OSi(CHs)z), 13.3 (s, NCH2CH2CH2CHas), 19.9 (s, NCH2CH2CH:CHs), 25.0 (s,
NCH2CH2CH2CHa), 59.0 (s, NCH2CH2CH2CHs).

29Si{'H} IG NMR (Et20, rt): 8 [ppm] = -24.9 (s, SiO(HsC)2Si0Si), -24.4 (s, (H3C)>SiOH-
OSi(CHs)2).

IR (ATR): # [cm™'] = 2959 (w), 2939 (vw), 2915 (vw), 2872 (vw), 1497 (vw), 1470 (vw),
1379 (vw), 1255 (w), 1244 (m), 1108 (w), 1046 (s), 1020 (s), 873 (w), 853 (w), 793 (vs),
762 (m), 694 (w), 659 (m), 644 (w), 557 (w), 512 (w), 450 (w).

elemental analysis of CooHssNO4Sis (M = 481.9 g/mol): caled.: C 54.83, H 11.50, N
2.91,8i17.48; found: C 54.52, H 11.48, N 2.88, Si 17.16.
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1.3.4 Synthesis of [PBus][D3;0H]

Octamethylcyclotetrasiloxane (D4, 3.60 g, 12.14 mmol) is added to [PBu4]CH (40 wt.%
in H:0, 5.93 g, 8.58 mmol) and stirred for 45 minutes. All volatile compounds are
removed in a high vacuum (10° mbar) over 2 days and the product is recrystallized
from Et20 (20 mL) at -28 °C afterwards. The product {3.13 g, 6.27 mmol, 73 % based
on [PBu4]OH) is isolated as highly hygroscopic colorless crystals (m.p. 71 °C).

The product rapidly decomposes by hydrolysis of the tetra-n-butylphosphonium cation
in ethereal solution and in the solid state.

"H NMR (Et0O, rt): &[ppm]=0.6 (m, 12 H, (H3C).SiOH-OSi(CHs)2), 0.7 (s, 6 H,
SiO(H3C)Si0Si), 1.7 (m, 12 H, PCH2CH2CH2CH3), 2.3 (m, 16 H, PCH2CH2CH2CH3),
3.4 (m, 8 H, PCH2CH2CH2CHg), 15.7 (s, br, SiOH).

BC{'H} NMR (Et0, rt): & [ppm]=-1.3 (m, SiO{H3C)Si0Si), 0.0 (m, (HsC)SiOH-
OSi(CH3)2), 11.0 (s, PCH2CH2CH2CH3), 16.4 (d, "Jpc = 47 Hz, PCH2CH,CH,CH3),
22.0 (d, 2Jpc = 15 Hz, PCH2CH2CH2CHz3), 22.2 (d, 3Jpc = 5 Hz, PCH2CH,CH,CH3).
2Si{"H} IG NMR (Et20, rt): 8 [ppm] = -26.4 (s, SiO(HsC)2Si0Si), -25.5 (s, (H3C)2SiOH-
OSi(CHa)2).

3TP NMR (Et20, rt): & [ppm] = 33.7 (s).

IR (ATR): # [cm™"] = 2956 (w), 2901 (vw), 2873 (vw), 1465 (vw), 1423 (vw), 1380 (vw),
1310 (vw), 1247 (m), 1153 (w), 1097 (w), 1045 (s), 1024 (s), 908 (w), 850 {w), 788 (vs),
765 (m), 694 (w), 656 (w), 643 (w), 563 (w), 514 (w), 447 (w).

elemental analysis of CaHs504PSia (M = 498.9 g/mol): caled.: C 5293, H 11.11, P
6.21, Si 16.89; found: C 53.00, H 11.09, P 6.23, Si 16.88.
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1.3.5 Synthesis of [NMe4][D30H]4.-

Hexamethylcyclotrisiloxane (D3, 1.38 g, 6.21 mmol} is dissolved in EtzO (¥ mL) and
[NMe4s)OH (25 wt.% in MeOH, 2.27 g, 6.23 mmol) is added. The obtained suspension
becomes clear while stirring overnight. All volatile compounds are removed in a high
vacuum (107 mbar). The product (1.86 g, 5.93 mmol, 95 % based on [NMe4]OH) is
obtained as a colorless, highly hygroscopic sticky oil. Crystallization from ethereal
solution at -28 °C affords a highly hygroscopic microcrystalline solid (m.p. 75 °C).

The product rapidly decomposes at ambient temperature under hydrolysis of the
tetramethylammonium cation, which is accompanied by a color change to yellow and

a strong amine odor.

H NMR (PhCI, rt): & [ppm] = -0.4 to -0.3 (m, 18 H, (H3C)2Si0), 2.7 (s, 12 H, N(CHa)s),
13.7 (s, br, SiOH).

13C{'H} NMR (PhCI, rt): & [ppm]=1.2 (s, SIO(HsC):SiOSi), 2.5 (s, (H3C).SiOH-
OSi(CHa)2), 54.3 (s, N(CHa)a).

298i{'H} IG NMR (PhCI, rt): 5 [ppm] = -28.3 (s), -27.8 (s), -26.2 (s), -26.0 (s), -24.7 (s,
SIO(HaC)2Si0Si), -24.1 (s, (HaC)2SiOH-0Si(CHa)z).

IR (ATR): & [cm™] = 3021 (vw), 2953 (vw), 2897 (vw), 2819 (vw), 1493 (w), 1409 (vw),
1248 (m), 1014 (s), 948 (m), 920 (m), 901 (m), 845 (m), 766 (vs), 661 (M), 552 (w),
457 (w).
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Figure 22. "H NMR spectrum of [NMe4][DsOH] 1= in PhCl. Lock with acetone-ds in a capillary (500 MHz).

_543
2.5
1.2

T T T T T T T T T T T T T
210 200 190 1R0 170 160 150 140 130 120 110 " %W ) 90 8¢ 0 60 50 40 30 20 10 [:] -10
ppm
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1.4 Details on the X-Ray Diffraction

The crystal data were collected on a Rigaku Supernova diffractometer (Cu-Kq radiation
(. =154.184 pm) at 100.0(2) K).

Using Olex2M the structures were solved with the ShelXT? structure solution program
using direct methods and refined with the ShelXLF! refinement package using least
squares minimization. The donor hydrogen atoms were refined isotropically in all these
structures.

In [1H][D:OH], N13, C35-C38 are disordered in a ratio of 94:6, the minor occupied
atoms were restrained using ISOR. The P4-N13 and P4-N13B distances were
restrained to be same as well as the distances O1-HA and O4-HB. The ratio of HA:HB
was refined to 506(6):494(6). Using a model without this disorder, the Ugq value of this
hydrogen atom becomes unreasonably large and the R-values increase slightly.
Details of the X-ray investigation are given in Tables 1-3. CCDC 1952716 and
2024632-2024637 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via

http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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Table 1. Structure refinement data of [1H][D:OH], [2H][Dz0H] and [NBus][D3OH].

compound

[1H][DsOH]

[2H][D3OH]

[NBu4][D:OH]

empirical formula

C1e6H119N1304P4Si3

CosHesN19004PSia

C2oHs55NO4Sis

alpm 1101.915(13) 1127.02(2) 1063.768(8)
b!pm 2358.13(3) 1885.81(3) 1805.527(12)
c/pm 2495.13(3) 1975.27(3) 1546.990(10)
ale 90 90 90

/e 93.5860(11) 105.7492(18) 98.0714(7)
y/° 90 90 90

V/ 108 pm?® 6470.81(13) 4040.51(12) 2941.81(4)

z 4 4 4

Pealc / mg-mm-> 1.157 1.126 1.088

crystal system monoclinic monaoclinic monoclinic
space group P2./c P2./c P24/n

color shape

colorless needles

colorless fragment

colorless irregular

crystal size / mm™

0.29 x0.09x0.05

0.08 x 0.06 x 0.01

024 x015%x012

g/ mm-™ 1.985 1.785 1.674

F(000) 2480.0 1496.0 1072.0

20 range for data

ol /° 521to144.3 6.6 to 153.0 76101529
“13<h<13 -14<h<14 -13<h<12

index ranges 28 < k<28 21<k=<23 22 < k<22
30</<30 -24<1<20 -19</<19

reflections cal. 74329 31666 55188

independent refl. | 12607 8342 6140

R(int) 0.0321 0.0375 0.0303

data/restraints/ 12607/122/719 8342/725/463 6140/0/491
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parameter
goodness-of-fit on
1.025 1.044 1.037
F2
R+ /wRz [I>20(1)] | 0.0339/0.0834 0.0385/0.1028 0.0267/0.0714

R1/ wR2 (all data)

0.0429/0.0884

0.0437/0.1072

0.0282/0.0726

Apraximin { € A=

0.34/-0.37

0.31/-0.47

0.30/-0.24

CCDC number

1952716

2024632

2024633

Table 2. Structure refinement data of [PBu4][DsOH], [NMe4][D3OH]4:~ and 3.

compound [PBu4][DsOH] [NMeg][D:OH]4/ 3

empirical formula | 022 12s04P Sk C1oH31NO4Ss C17Ha0NgOP
[C4H100)squeezed

a/pm 1159.33(4) 818.959(10) 1185.894(12)

b/ pm 1288.56(5) 866.405(12) 1519.387(14)

c/pm 1293.82(3) 2586.53(3) 2610.80(3)

al®° 94.440(3) 90 90

/e 100.378(3) 90 98.7960(10)

y/° 109.237(3) 90 90

V/ 108 pm?® 1775.45(11) 1835.27(4) 4648.89(8)

z 2 4 8

Pealc / mg-mm-® 1.072 1.135 1.193

crystal system triclinic orthorhombic monoclinic

space group P-1 P212424 Pc

color shape

colorless irregular

colorless plate

colorless needle

crystal size / mm-

0.35x0.26x0.24

0.29 x0.16 x 0.04

0.36 x0.04 x0.02

g/ mm-

1.880

2445

1.255

F(000)

636.0

688.0

1824.0
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20 range for data

F2

7.010154.2 6.8 10 1532.0 5.8 to 1531
col. /°

-14<h=14 -10=h=10 -14<h=14
index ranges -16<k<16 -10=2k=<10 -19<k<18

-16</<14 -32</<32 -32</<32
reflections coal. 32048 48329 108757
independent refl. | 7373 3822 19206
R{int) 0.0452 0.0603 0.0611
data/restraints/

73737721285 3822/0/287 19206/2/1079
parameter
goodness-of-fit on

1.094 1.044 1.036

R+ / wRz [I>20(1)]

0.0536/0.1513

0.0238/0.0607

0.0387/0.0945

R1/ wR2 (all data)

0.0588/0.1573

0.0254/0.0620

0.0473/0.0995

Apmaximin f € A 1.08/-0.56 0.27/-0.18 0.40/-0.27
Flack parameter | - -0.011(10) 0.10(2)
CCDC number 2024634 2024635 2024636

Table 3. Structure refinement data of [NMe4][K(D2OH):].

compound

[NMe4][K(D3OH):]

empirical formula

C32H100K2N2016Si42

alpm 1178.68(5)
b1 pm 1216.96(6)
c/pm 1216.96(6)
ale 100.829(4)
B/ 93.251(3)

y/° 118.521(5)
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V{105 pm? 1649.99(14)
z 1
Pealc / mg-mm-3 1.192
crystal system triclinic

P-1

space group

color shape

colorless irregular

crystal size / mm-3

0.21x0.11x0.08

g/ mm?

3.793

F(000)

640

20 range for data

6.7510 153.40

col./°

-14<h=<14
index ranges 15<k<15

17 <117
reflections col. 25456
independent refl. | 6794
R(int) 0.0759
data/restraints/ | 6794/0/489
parameter

1.022

goodness-of-fit on
F2

R1/ wRz [1>20(1)]

0.0409/0.0869

R1/wRz (all data)

0.0644/0.0974

Apmaximin [ € A3 0.54/-0.07
Flack parameter |-
CCDC number 2024637
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Non-coordinated and hydrogen bonded phenolate anions as one-

electron reducing agents
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Abstract: Here we present the syntheses of non-coordinated
electron-rich phenolate anions via deprotonation of the corresponding
alcohols with an extremely powerful perethyl tetraphosphazene base
(Schwesinger base). The application of uncharged phosphazenes
renders the selective preparation of anionic phenol-phenolate and
phenolate hydrates possible, which allows the investigation of
hydrogen bonding in these species. Hydrogen bonding brings about
decreased redox potentials relative to the corresponding non-
coordinated phenolate anions. The latter show redox potentials of up
to -0.72(1) V vs. SCE, which is comparable to that of zinc metal, thus
qualifying their application as organic zinc mimics. We utilized
phenolates as reducing agents for the generation of radical anions in
addition to the corresponding phenoxyl radicals. A tetracyanoethylene
radical anion salt was synthesized and fully characterized as a
representative example. We also present the activation of sulfur
hexafluoride (SFs) with phenolates in an SET reaction. Thereby the
nature of the respective phenolate determines whether simple
fluorides or pentafluorosulfanide ([SFs]) salts are formed.

Introduction

Phenol and phenolates are key compounds in applied
chemistry, as documented by the industrial Kolbe-Schmitt
process.!IMoreover, a variety of fundamental reactions within the
biosphere, such as the photosynthesis, are strongly related to
phenolic functionalities.??]

Phenol represents the simplest aromatic alcohol with a
pronounced tendency for hydrogen bond formation, which
strongly governs the acidity of the present OH functions.! Phenol
derivatives with a higher acidity than phenol are deprotonated by
tetraalkylammonium hydroxides, vyielding the corresponding
ammonium phenolates.® Interestingly, as reported by Reetz et al.,
all attempts to isolate the non-coordinated phenolate [HsCs-OJ
([PhQOJ) anion by deprotonation with tetra-n-butylammonium
hydroxide invariantly led to a phenol-phenolate adduct featuring a
moderately strong hydrogen bond (O-O distance of
247.1(5) pm).® Pronounced hydrogen bonding is also present in
imidazolium phenolates, which feature strong C-H:--O" cation-
anion interactions./ €l

The investigation of hydrogen bonding in proton-coupled
electron transfer processes is of growing interest, particularly
because of its relevance towards the photosystem.?“ The high
basicity of the tetraphosphazene base [(Et2N)sP=N]sP=NtBu (1) is
sufficient for the deprotonation of phenol, as discussed

previously.[chem.202003504] The proton of the corresponding
phosphazenium cation [1H]* is well shielded towards nucleophilic
attack, which allows the isolation of salts with non-coordinated
phenolate anions. Thus, in the absence of cation-anion
interactions, the effect of hydrogen bonding on the redox
properties of phenolate anions can be investigated in detail. The
presence of water also effects the oxidation potential of
phenol,[chem.202003504] which casts doubt on the reported
phenolate redox data from the literature, which were obtained
from phenolates generated by deprotonation  with
tetraalkylammonium  hydroxide hydrates in  acetonitrile
solution.!"%' The elucidation of the influence of hydrogen bonding
requires uncharged phosphazene bases for the deprotonation of
phenols to create a definite design of hydrogen bonded phenol-
phenolate adducts or phenolate hydrates. Here, in contrast to the
application of alkylammonium hydroxide hydrates, the degree of
hydration can be controlled exactly by the added amount of water
to the reaction. Furthermore, hydrogen bonding also strongly
influences light absorption and emission of fluorophores.!"?l This
phenomenon is also observed for 2-naphtholate anions,"! and
the fluorescence of 2-naphtholate was investigated in more detail
in the presence of imidazolium-based ionic liquids, which are able
to form C-H---O" hydrogen bonds.®' Therefore it is obvious to
investigate light absorption and emission of the non-coordinated
2-naphtholate anion in comparison to its free 2-naphthole and its
adduct with the anion.

Phenolate anions possess a pronounced tendency for
single-electron transfer (SET) reactions, as the resulting phenoxyl
radicals are well stabilized by electron delocalization. Obviously,
we are interested in testing phosphazenium phenolates as
electron donors in SET processes. As depicted in Scheme 1,
neutral electrophiles are reduced under liberation of stable
phenoxyl radicals, which are reluctant to further reactions, and by
the generation of the corresponding phosphazenium salts of
reactive radical anions [E]".

+ +
R 5} _ +E R = _
r—p=n] |[ar] rR—p=N |[€]
Bu - ArO- R Bu
R =-N=P(NEt,),
[1H][E]
[1H][ArO]

Scheme 1. Application of phosphazenium phenolates as reducing agent.
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The applied phenolate should fulfil several prerequisites as a high
electron density leading to a sufficiently negative redox potential.
Bulky substituents in 2, 4 and 6 position are necessary for the
stabilization of phenoxyl radicals by mitigating its nucleophilicity
and by obstracting their dimerization.['"! Consistantly, we selected
2,6-di-tert-butyl substituted phenolates as the substrates of
choice.

Results and Discussion
Syntheses of non-coordinated phenolate anions

The perethyl tetraphosphazene base 1 was synthesized on a
multigram scale according to the procedure described
previously.[''€ The reaction of 1 with phenols in ethereal solution
affords the corresponding salts as microcrystalline solids in
excellent yields (> 95 %, Scheme 2). Importantly, the products are
devoid of significant cation-anion contacts.

o}
+
R R
B0 | R H
—P—N —P:N/
N
Bu
R
M H]["'““’PhO]

R'R"=H;2g,95%
R'='Bu, R"=Me; 59, 98 %
R'R" = Bu; 6 g, 99 %
R'=Bu, R" = OMe; 5 g, 98 %

Et,0 R H ©
R P—N ./ _EL0 R—p=N"
Ay
R/ 'Bu

CygH7OH [1H][C4gH70]

19,99 %
R = -N=P(NEt;)3

Scheme 2. Synthesis of non-coordinated phenolate salts using 1.

C1

C6

Whereas salts [1H][PhO], [1H][M*®“2PhQ] and
[1H][®“*PhO] are colorless, salt [1H][MeC®B“2PhO] shows a deep
yellow color. The deprotonation of 2-naphthol (C10H70H, Scheme
2) afforded the saline naphtholate [1H][C10H7O] with the non-
coordinated anions in nearly quantitative yield as fluorescent
green crystals. All compounds are air sensitive and by oxidation
change their color to yellow, purple, brown or rust-red, while the
color of [1H][C10H7O] quickly fades. The salts deteriorate in
Brensted acids and solvents like chloroform, dichloromethane
and acetonitrile. Thus, handling these phenolates in THF or
ethereal solution is indispensable. The novel phenolates were
fully characterized and molecular structures were elucidated by
single crystal X-ray diffraction (Figure 1) using crystals collected
from the cooled ethereal reaction mixtures.

As discussed previously,[chem.202003504] salt [1H][PhO]
exhibits the first non-coordinated phenolate [HsCs-OJ anion as
building block. The '*C NMR resonance of the C-O" carbon atom
in [PhO] (8=175.0 ppm) is significantly deshielded in
comparison to the anions [C10H7O] (8 = 173.7 ppm), [MeBY2PhQ]
(5=170.2 ppm), [®“PhO] (5=170.3 ppm) and [MeOB2PhO]

[chem.202003504] (&= 168.0 ppm). The corresponding C-O
distances of these substituted phenolates do not differ
significantly from that of [PhO] (128.7(2) pm, Table 1), but are
shortened compared to coordinated anions as in NaOPh
(133(1) pm).1"

Figure 1. Molecular structures of non-coordinated phenolate anions in [1H][M¢®u2PhQO] (left), [1H][®**PhO] (middle) and [1H][C10H7O] (right). Thermal ellipsoids
are shown at 50 % probability. The hydrogen atoms bonded at carbon atoms are omitted for clarity. Selected bond lengths [pm]: left: C1-O1 128.5(2), C1-C2
144.9(2), C1-C6 144.8(2); middle: C41-0O1 129.8(2), C41-C42 144.3(2), C41-C46 144.8(2); right: C1-O1 128.4(2), C1-C2 142.1(2), C1-C10 145.8(2).
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Table 1. Selected bond lengths, angles and redox potentials (E°) of non-
coordinated and hydrogen bonded phenolate anions with [1H]* as the

counterion. For disordered molecules the wvalues of the major
representatives are depicted.
anion bond distance /pm  angle/®®  E°/ VP
[PhO] Cc-O 128.7(2) 115.0(1) -0.12(1)¢
[MeB2PhO] Cc-O 128.5(2) 116.5(2) -0.62(1)
[B43PhO] cC-O 129.8(2) 116.4(1) -0.52(1)
[MeOrBu2ph O] Cc-O 129.0(2) 116.8(3) -0.72(1)
[C1oH7O] C-O 128.4(2) 114.3(1) -0.15(1)
[PhO(H20)] c-O 129.8(1) 115.4(8) -0.04(1)¢
O(H)}-O"  260.8(7)
265.2(7)
[(PhO)zH] c-O 131.9(2) 117.2(1) +0.22(1)k)
132.1(2) 118.0(1)
O(H)-O- 243.7(2)
[(MeOB2PRO)H]  C-O" 131.3(1) 118.0(1) -0.70(1)
136.0(1) 120.5(1)
O(H)-O-  247.0(1)
[(C10H70)2H] C-O° 132.1(2) 118.1(1) +0.08(1)
133.0(6) 115.8(3)
O(H)-O-  238.5(4)

[a] The ortho-ipso-ortho carbon atom angle relative to the C-O- function is
depicted. [b] Voltammograms recorded in 0.1 M [NBus][PFs] THF solution at
100 mV/s under inert atmosphere with a glassy carbon working electrode
(2.0(1) mm), a counter electrode (steel 18/8, 2.0(1) mm) and an Ag/AgCl
reference electrode. All potentials were calibrated to the Fe/Fc™ couple
(+0.405 V vs. SCE). [c] Due to irreversible redox reaction, only the oxidation
potential (Eox) is displayed.

For the sake of a complete picture, we additionally tested
the deprotonation of MeOB“2PhOH with tetra-n-butylammonium
hydroxide (triacontahydrate) in a mixture of diethyl ether and THF
with a subsequent work-up. Since the in situ deprotonation leads
to the formation of the hydrate [NBus][Me°®u2PhO(H.0).], we
focused on the investigation of a possible liberation of the free
anion [MeCB42phQ] by drying the hydrate in a high vacuum. The
powderous pale yellow solid, which was obtained after removal of
all volatiles, shows a signal of the C-O carbon atom at
8 = 164.1 ppm in the *C NMR spectrum, which is upfield shifted
by about 4 ppm compared to [1H][M*®®“2PhO] (5 = 168.0 ppm).
In the IR spectrum no OH stretching vibration is observed, which
points to the absence of OH groups evoked by phenol or water.
Recrystallization of the salt from a diethyl ether / THF solution at
-28 °C afforded single crystals suitable for X-ray analysis. The
investigation shows the free anion in [NBus][M*°®“2PhO], which
is not hydrated and does not show any significant contacts to the
cation with the shortest C-H---O" contact of 01-C47* with
340.6(2) ppm (symmetry code C47* (-1/2 + X, 3/2- Y, 1-Z). The
C1-01 distance of 129.3(2) ppm is not different from that in the
phosphazenium salt. However, air sensitivity evidenced by a color
change from yellow to green is attenuated relative to that of the
phosphazenium analogue.

Syntheses of hydrogen bonded phenolates

A selective preparation of phenol-phenolate anions is
effected by the deprotonation of phenol by half a molar equivalent
of phosphazene 1, orin case of [1H][PhO(Hz0)] by deprotonation
of phenol prior to the addition of one molar equivalent of water
(Scheme 3).

R
o +|R' R’
R! R
R Et,0 R M 0. "
R—P=N_ + 2 E— R_)_.:N\ ~o
R 'Bu it R Bu
1 R R
R*
L R
[HI(F*F2PhO);H)

RR"=H;3g,99%
R' = Bu, R" = OMe; 2 g, 100 %

OH . B
R, Et,0 R H =

R—P=N_ + +H0 — | Rp—=N o H
R Bu r "¢ @y

[1H][PhO(H,0)]
1g,95%

H
R, o Et,0 R H 0
R—P=N_ +2 —— | Rp=N" “H
4 ™ N ~,
R 'Bu n R’ By o

1

R = -N=P(NEt,)s

[TH]IL(C4oH70)zH]
19.77%

Scheme 3. Syntheses of salts featuring anionic hydrogen bonded phenolate
adducts by application of phosphazene 1.

Salt [1H][(PhO):H] incorporates the anion with an
asymmetric, moderately strong hydrogen bond!'® with d(O1-
08) = 243.7(2) pm and therefore the '*C NMR resonance of the
C-O carbon atoms of &=167.2 ppm is upfield shifted in
comparison to free [PhO] (& = 175.0 ppm).[chem.202003504]

The monohydrate [1H][PhO(H20)] is accessible in excellent
yields (95 %). Figure 2 displays the aromatic regions of the 'H
NMR spectra of [PhO] and its adducts. Hydrogen bonding of
[PhO] with water and phenol brings about significant lowfield
shifts of the signals and an improved resolution of couplings. The
latter may be rationalized by a reduced delocalization of the
negative charge over the aromatic system, evoked by charge
withdrawing hydrogen bonding.
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Figure 2. Aromatic region of the 'H NMR spectra of [1H][PhO] (top),
[1H][PhO(H20)] (middle) and [1H][(PhO)zH)] (bottom) in THF-ds.

In accordance, the '>C NMR resonance of the C-O" carbon atom
in [PhO(H20)]" (173.6 ppm) is slightly upfield shifted relative to
[PhO]" (175.0 ppm) and shielded relative to [(PhO)H]
(167.2 ppm).

Colorless [1H][PhO(H20)] deteriorates above 92 °C and
thus, is more temperature sensitive than [1H][PhO]
(dec. > 115 °C) with a non-coordinated [PhO] anion. The OH
vibration modes are detected as a single sharp resonance at
3350 cm™'. Single crystals for X-ray crystallography were grown
from the ethereal reaction mixture at -28 °C. In the solid state the
phenolate monohydrate anion forms a dimer, in which two
phenolate hydrates are associated via hydrogen bonding (Figure
3). Interestingly, the water molecules do not show p2 bridging
between two phenolate anions, but are arranged linearly in a
zigzag array. The water molecules are disordered in a 1:1 ratio
due to symmetry. The hydrogen bonds with O1-O2 and O1*-0O2B
distances of 260.8(7) pm and 265.2(7) pm, respectively, are
significantly elongated compared to phenol-phenolate hydrogen
bonding in [1H][(PhO)2H] (243.7(2) pm). The 02-O2B distance of
293.1(5) pm is remarkably long.

o1 & ‘~
" 02 Vg .
< o 1>
oW

Figure 3. Molecular structure of the formed dianion of salt [1H][PhO(Hz0)].
Thermal ellipsoids are shown at 50 % probability. Hydrogen atoms bonded at
carbon atoms and disordered atoms are omitted for clarity. The cation is not
shown. The hydrate water molecules are disordered (1:1). Symmetry code of
O1* and C1*: (1-X, 1-Y, -Z). Selected bond lengths [pm] and angles [°]: O1-C1
129.8(1), O1-02 260.8(7), 02-02B 293.1(5), O1*-02B 265.2(7); 01-02-02B
117.0(1), O1*-02B-02 109.7(2).

All attempts to crystallize hemi-, di- or trihydrates of [PhOJ
suitable for X-ray analysis by adding the respective amounts of
water to [1H][PhO] resulted in the formation of amorphous solids.
The investigation of diffracting crystals solely shows the presence
of [1H][PhO(H20)].

The naphthol-naphtholate salt [1H][(C10H70)2H] is
accessible in a 77 % yield (Scheme 3) as a colorless solid with a
melting point of 76 °C. Regarding the major representative of salt
[1H][(C10H70)2H] (Figure 4), the anion contains the strongest
observed hydrogen bond within all phenolate adducts herein with

an O-O separation of 238.5(4) pm. The respective OH vibration
mode is detected at 3379 cm™, and thus is slightly shifted to
higher wavenumbers in comparison to [PhO(H20)]". Interestingly,
in the IR spectra of all other hydrogen bonded phenolates this
mode is not observed.

Figure 4. Molecular structure of salt [1H][(C10H70)2H]. Thermal ellipsoids are
shown at 50 % probability. Hydrogen atoms bonded at carbon atoms and
disordered atoms are omitted for clarity. The cation is not shown. The 2-
naphthol molecule is disordered (70:30). Selected bond lengths [pm]: O1-C1
132.1(2), O2A-C11A 133.0(6), O1-O2A 238.5(4).

Interestingly, [1H][(C10H70)2H] containing the hydrogen
bonded anion appears colorless, which is in stark contrast to
green [1H][C10H70] featuring the non-coordinated anion. UV/Vis
spectra in dry THF solution clearly reveal the bathochromic
absorbance shift of [C10H7O]" into the visible range with two local
maxima at about A =412 nm and 439 nm, while the absorbance
of [(C10H70)2H] is hypsochromically shifted and observed below
400 nm (Figure 6, left), which agrees with the lack of color. The
influence of hydrogen bonding is also visible in fluorescence
spectra (Figure 6, right). Fluorescence emission spectra were
recorded in dry THF with an excitation wavelength of Aex = 320 nm.
The fluorescence of the non-coordinated 2-naphtholate anion in
[1H][C10H7O] is of high intensity and displays one strong
fluorescence maximum at Aem = 462 nm with a Stokes shift of
9605 cm™'. The adduct in [(C10H7O)2H]" displays comparatively
low intense fluorescence and exhibits four fluorescence maxima
at Aem = 344 nm, 360 nm, 427 nm and 458 nm (Stokes shifts of
2181, 3472, 7831 and 9416 cm™). It is remarkable, that the bands
of [C10H70]" at Aem = 462 nm and of [(C1oH70)2H]" at Aem = 458 nm
are close together, which may suggest a dissociation of the
hydrogen bonded adduct in the excited state prior to emission.
However, mechanistic insights will be discussed elsewhere.

Bulky tert-butyl substituents in 2 and 6 positions of phenol
do not prevent the formation of hydrogen bonded adducts, as
shown for the phenol-phenolate anion in [1H][(Me°®4“2PhO)H],
which can be easily obtained in a quantitative yield as a green
solid (Scheme 3). However, the hydrogen bond with an O1-O3
distance of 247.0(1) pm is slightly elongated compared to
[1H][(PhO)2H] (243.7(2) pm), which may result from steric
repulsion (Figure 5).

02

Figure 5. Molecular structure of the anion of salt [1H][(M¢°®'2PhO);H]. Thermal
ellipsoids are shown at 50 % probability. The hydrogen atoms bonded at carbon
atoms are omitted for clarity. The cation is not shown. Selected bond lengths
[pm]: O1-O3 247.0(1), O1-C44 136.0(1), O3-C56 131.3(2).
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Figure 6. UV/Vis absorption spectrum (left, 32 um) of 2-naphthole (C10H70H, blue), [1H][C10H70] (black) and [1H][(C1H70)2H] (red) and fluorescence emission
spectra (right, 200 pM, Aex = 320 nm) of [1H][C10H70] (black) and [1H][(C10H70)2H] (red).

The '*C NMR resonance of the C-O" carbon atoms adjacent to the
hydrogen bond are upfield shifted (& = 158.5 ppm) compared to
free [MeOBu2PhQO] (5 = 168.0 ppm). Clearly, hydrogen bonding

seems responsible for a reduced air-sensitivity, but increased
thermal sensitivity (dec. > 74 °C, [1H][Me©®u2PhQ] dec. > 118 °C).

Cyclovoltammetry of phenolates

The non-coordinated and hydrogen bonded phenolates
were analysed by cyclic voltammetric (CV) measurements under
inert conditions (Table 1, Figure 7). THF as the solvent and
[NBu4][PFs] as the electrolyte were carefully dried prior to use.
The substituted non-coordinated phenolate anions show the
familiar trend of redox values, known from the literature.'"

Evs.SCE/V

Figure 7. Cyclovoltammograms of non-coordinated phenolates: [1H][PhO]
(red), [1H][®®*PhO] (green), [1H][¢®“?PhO] (blue) and [1H][Me°®B2PhO]
(black). Voltammograms recorded in 0.1 M [NBus][PFs] THF solution at
100 mV/s under inert atmosphere with a glassy carbon working electrode
(2.0(1) mm), a counter electrode (steel 18/8, 2.0(1) mm) and an Ag/AgCl
reference electrode. All potentials were calibrated to the Fc/Fc™ couple
(+0.405V vs. SCE).

The determined redox potentials of substituted phenolates vary
from E%=-0.72(1) V vs. SCE for [Me9B“’PhQJ to -0.52(1) V vs.
SCE for [®*3PhOJ. These values exceed the reported literature
datal' in acetonitrile solution by about 0.3V. The anion
[MeOB2PKOT has the most negative redox potential of the here
prepared phenolates and reaches that of zinc, which qualifies the
anion as an organic zinc mimic."¥ In contrast to the reversible
redox reaction of the sterically encumbered phenolates
[MeOBuZPphO] and [B“*PhOT, the [PhO] anion shows an irreversible
oxidation at Eox=-0.12(1)V vs. SCE due to a facile
recombination of the formed radicals.”® The anions [C1oH7O]
and [Me®“2PhQO]J are irreversibly oxidized as well.

According to CV measurements, the anion of the salt
[NBus][Me©®Bu2PhQ] exhibits the same redox potential of
E°=-0.72(1) V vs. SCE as [1H][Me°®u2Ph0O]. However, the air
sensitivity is reduced and the ease of color change upon air
contact from yellow to green significantly decreases.

Since the reported potentials of phenolate salts in the
literature were preferentially determined in aqueous acetonitrile
solution with alkylammonium hydroxide hydrates as the
deprotonation agent, the influence of conceivable hydrogen
bonding on the obtained potentials is neglected.''1 The
application of 1 enables the investigation with regard to the
influence of hydrogen bonding on the oxidation potentials of
phenolates.

In keeping with this, we now focused on cyclic voltammetric
investigation of the non-coordinated phenolate anion [PhQOJ, as
well as of the adducts [PhO(H20)]" and [(PhO)H]. We further
looked at the influence of bulky substituents in 2 and 6 positions
on the adduct formation and the resulting redox properties.

As described before, the oxidation potential of salt
[1TH][PhO] was determined to Eox=-0.12(1)V  vs.
SCE.[chem.202003504] This value is significantly cathodically
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shifted compared to the reported literature data in acetonitrile
solution (+0.24 V vs. SCE).['"]

06 04 4)'.2 ofo 0,2 04
Evs. SCE/V

Figure 8. Cyclovoltammograms of [{H][PhO] (blue), [1H][PhO(H20)] (green),
[1H][(PhO)2zH] (black) and [1H][(PhO)2H] + excess H20 (concentration of 0.1 M
H20 in the electrolyte solution, red). Voltammograms recorded in
0.1 M [NBug4][PFs] THF solution at 100 mV/s under inert atmosphere with a
glassy carbon working electrode (2.0(1) mm), a counter electrode (steel 18/8,
2.0(1) mm) and an Ag/AgCl reference electrode. All potentials were calibrated
to the Fc/Fc™ couple (+0.405 V vs. SCE).

Hydrogen bonding to water in the phenolate monohydrate
salt [1H][PhO(H20)] brings about an anodic shift of Eox
to -0.04(1) V vs. SCE (Figure 8). The potential of the anion in
[1H][(PhO)H] with a value of Eox=+0.22(1)V vs. SCE
experienced an even stronger anodic shift. This trend is confirmed
by calculated ionization potentials at the BP86/6-311+g(3df,2p)
level of theory,?"l according to which the non-coordinated anion
[PhO] (Ei=228.69(1) kd/mol) is significantly influenced by
hydrogen bonding to a water molecule in [PhO(H20)J
(Ei = 267.42(1) kJ/mol).[chem.202003504] The hydrogen bond
donation capability in [(PhO):H] is characterized by a further
increase of E; to 314.90(1) kJ/mol.

The observations may be rationalized by a reduced charge
density on the phenolate oxygen atom, which is affected by the
strength of the formed hydrogen bond interaction. Moreover, the
strength of the hydrogen bond influences the dissociation of the
adduct in solution. Thus, assuming that excessive amounts of

water displace phenol in [1H][(PhO)zH] in the equilibrium reaction,

the increased oxidation potential points to the formation of
phenolate-water aggregates (Figure 8).[chem.202003504]

The investigation of analogous 2-naphtholate anions deliver
similar trends of the observed oxidation potentials as for [PhOJ
anions. The determined value of [1H][C10H7O0] with
Eox =-0.15(1) V vs. SCE shifts significantly with formation of the
hydrogen bond in [1H][(C10H70)2H] (Eox = +0.08(1) V vs. SCE,
Figure 9). Also in this case, Eox of the non-coordinated anion in
[C10H7O] is clearly shifted compared to the literature data
(+0.10 V vs. SCE)." As expected, the subsequent addition of
water to the [1H][C10H70O] electrolyte solution (0.1 M, 0.2 M, and
0.6 M H20) leads to gradually shifts of Eox (+0.00(1) V, +0.01(1) V,
+0.03(1) V vs. SCE, Figure 9). The picture gets completed by
treatment of [1H][(C10H70)2H] with an excess of H20, which shifts
the oxidation potential cathodically (Eox = +0.06(1) V vs. SCE).
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Figure 9. Cyclovoltammograms of [1H][C10H70] (black), [1H][(C10H70)2H]
(purple) and [1H][C10H70] with concentrations of 0.1 M (red), 0.2 m (blue) and
0.6 M H20 (green) in the electrolyte solution. Voltammograms recorded in
0.1 M [NBu4][PFs] THF solution at 100 mV/s under inert atmosphere with a
glassy carbon working electrode (2.0(1) mm), a counter electrode (steel 18/8,
2.0(1) mm) and an Ag/AgClI reference electrode. All potentials were calibrated
to the Fc/Fc™ couple (+0.405 V vs. SCE).

Interestingly, CV measurements of the hydrogen bonded
adduct in [1H][(M*°®“2PhO);H] reveal a similar redox potential
(-0.70(1) V vs. SCE, Figure 10) as for the non-coordinated
phenolate [M¢°®42PhO] (-0.72(1) V vs. SCE).
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Figure 10. Cyclovoltammograms  of  [1H][Me©®v2PhO] (black),

[1H][(MeC®Bu2PhO),H] (red) and [1H][(Me°®“2PhO).H] with concentrations of
0.1 m (blue) and 0.2 M H20 (green) in the electrolyte solution. Voltammograms
recorded in 0.1 M [NBus][PFs] THF solution at 100 mV/s under inert atmosphere
with a glassy carbon working electrode (2.0(1) mm), a counter electrode (steel
18/8, 2.0(1) mm) and an Ag/AgCl reference electrode. All potentials were
calibrated to the Fc/Fc* couple (+0.405 V vs. SCE).

In comparison to phenolate [PhO] and [(PhO):HJ, the small redox
shift between [M€OB“?PhO] and [(MeO®“?PhO),H]’ may be
rationalized by weaker hydrogen bonding in [(Me9B“?PhO).H]
relative to [(PhO):H]. This fact could possibly lead to a more
pronounced dissociation of [(M¢°®“2PhQ);H]" in solution and could
be responsible for the small redox shift between the coordinated
and non-coordinated anion. Subsequent addition of water to the
[1H][(Me°®Bu2PhO),H]-electrolyte  solution leads to further
anodically shifted potentials of E® = -0.68(1) V and -0.66(1) V vs.
SCE (0.1 M and 0.2M H20). Likewise, the addition of water
(0.05M, 0.1M, 04M and 1.9M) to [1H][MO®B42PhO] in the
electrolyte solution lowers the observed redox potentials
(E°=-0.71(1) V, -0.70(1) V, -0.66(1) V and -0.58(1) V vs. SCE).
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Phenolates for one-electron reductions

Having non-coordinated phenolate anions and their
hydrogen bonded adducts in hand, the second part of this paper
is focused on their reducing properties in SET reactions.

In general, radical anions are accessible by electrochemical
reduction processes or by single-electron transfer reactions.
Especially organic representatives featuring conjugated -
systems exhibit low lying T*-orbitals and enable the formation of
stable radical anions. The “E. coli ?%2% of electron transfer
reagents is the well known electron-acceptor tetracyanoethylene

(TCNE),”¥  which is attracting considerable interest for
applications in organic semiconductor materials®® or organic
magnets. [

The reduction of tetracyanoethylene to its radical anion
[TCNE]" is usually instrumented by the reaction with alkali or
transition metals, like elemental potassium or copper, but can also
be effected by potassium iodide.?”) The incorporated metal
cations may be replaced by other cations via salt metathesis
reactions.?®!

As discussed before, non-coordinated phenolate anions as
one electron transfer reagents should be of low nuclecphilicity and
the formed phenoxyl radicals should not undergo any further
reactions. For this purpose, salt [1H][M*®“?PhO] is reacted with
TCNE in ethereal solution (Scheme 4).

+ 0 . -
R H Bu Bu TCNE NC CN

« / E4,0.1t R M
R—P=N - = . R—P=N
/ Y s g
R "Bu Bu R 'Bu ~C>=<5N

[THI[TCNE]

059,88 %

[1H][M*®42phO] Bu

R = -N=P(NEt;);

Scheme 4. Synthesis of [1H][TCNE] by one electron reduction of TCNE
applying phenolate salt [1H][M®="2PhO].

A rapid electron transfer is observed, which is accompanied
by an immediate color change from colorless to green-yellow.
Advantageously, the formed radical anion salt [1H][TCNE]
precipitates from the reaction mixture as a deep-orange solid in
an 88 % yield. The phenoxyl radicals can be completely removed
by extraction with diethyl ether. The formation of [1H][TCNE] is
ascertained by elemental analysis and X-ray investigation (Figure
11).

Figure 11. Molecular structure of the radical anion salt [1H][TCNE]. Thermal
ellipsoids are shown at 50 % probability. The hydrogen atoms bonded at carbon
and the minor occupied disordered N(CzHs): group are omitted for clarity.
Diethylamino groups are shown as stick model. Selected bond lengths [pm] and
angles [°]: C41-C42 141.5(1), C42-C43 142.8(1), C42-C45 141.7(1), N14-C41
114.4(1), N15-C43 114.6(1); C41-C42-C43 118.9(2), C41-C42-C45 120.7(2),
C43-C42-C45 120.3(2).

Although the formation of the dimeric [TCNE]? dianion is
known,?? the [TCNE]- radical anion in [1HJ[TCNE] is strictly
monomeric. This anion is well separated from the counterion with
the closest contact of N15-C9 with 326.6(1) pm. The C42-C45
bond in [1H][TCNE] of 141.7(1) pm well compares with that of
calculated and isolated [TCNE] " radical anions.?%2830

With the application of the “E. coli "?%%! of electron transfer
reagents we confirmed the proof of concept for the preparation of
radical anion salts with a weakly coordinating phosphazenium
cation, which originates from phosphazenium phenolates.

In view of the severe environmental pollution caused by our
economy, which is evident in the climate change on our planet,
we tried to find further practical applications for the newly
synthesized phosphazenium phenolates.

Sulfur hexafluoride is the strongest greenhouse gas
presently known. Its extreme chemical inertness has a dramatic
impact on our climate.®" Clearly, methods for the successful
degradation of sulfur hexafluoride are urgently required.
Numerous papers are addressing SFs activation with transition
metal complexes of titanium,®2 rhodium,®# platinum,®¥ chromium
and vanadium,P% as well as of nickel.B¥ In all cases the principal
reactions lead to corresponding sulfido and fluoride metal
complexes. The activation of SFs can also be performed
electrochemically®” or by single-electron transfer reactions, as
demonstrated by the reaction of SFes with alkali metals in liquid
ammonia.®® SET reactions of SFes with organic electron
donors, %44 TEMPOLi®" and also photo-activated systems*?
have been described. The mechanism for the SFs degradation is
not completely understood. While some papers claim that the
activation proceeds via an SET prior to the disintegration of the
corresponding [SFs]”~ radical anion,?®4'43 Dielmann et al.
postulate a nucleophilic activation with the use of highly electron
rich phosphanes. !

In this context, the reducing properties of all synthesized
non-coordinated phenolate anions were tested for the activation
of SFs (Scheme 5).
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Scheme 5. Actlivation of SFs with phosphazenium phenolate salts.

As previously reported,[chem.202003504] treatment of the
strongest reducing reagent [1H][Me°®®*2PhQ] with SFs in ethereal
solution leads to the spontaneous formation of the
pentafluorosulfanide anion ([SFs]’) and a color change from yellow
to deep red, for which the corresponding liberated phenoxyl
radicals seem responsible.

The formation of the pentafluorosulfanide anion from SFs is
reported to proceed via two single-electron transfer steps
(Scheme 5).2%41 The intermediately formed radical anion [SFe]"
of the first reduction step disintegrates into F- and an (SFs) radical,
and the latter is reduced by a second phenolate to obtain the
[SFs] anion.

The reaction of F~ with the borosilicate glass surface leads
to the formation of several fluorides, mainly [HFz], as evidenced
by '®F NMR spectroscopy. Storage of the collected red ethereal
MeOBuZphQ- phenoxyl radical solution at -28 °C and most likely
diffusion of water and oxygen into the solution afforded green
crystals of the corresponding decomposition product 2,6-di-tert-
butylbenzoquinone, which was authenticated by single crystal X-
ray diffraction. The reaction of the ammonium salt
[NBu4][Me°®2PhO] with sulfur hexafluoride also leads to the
formation of [SFs]. However, the rate of the reaction seems
significantly decreased compared to its phosphazenium analogue,
and the anion [SFs]” was detected not before three days of
reaction time.

The treatment of SFs with tri-ferf-butyl phenolate
[1H][®®“*PhO] in THF as well enables the formation of the [SFs]
anion and fluorides (mainly [HF2]), as evidenced by 'F NMR
spectroscopy. The characteristic resonances of the pseudo
square-pyramidal  [SFs|  anion®*49[chem.202003504] are
observed in the "®F NMR spectrum as a quintet at & = 88.9 ppm
and a doublet at 59.5 ppm, both showing the characteristic 2Jr
coupling of 45 Hz.*¥ The colorless reaction solution turns deep
blue over time, which well agrees with the color of the free
phenoxyl radical®® 9F NMR spectroscopic investigations
manifest the stability of the [SFs] anion in solution in the presence
of phenoxyl radicals over weeks of storage at ambient
temperature.

The phenolates [1H][M¢®“2PhO] and [1H][PhO] are also
utilized for SFs activation. However, in sharp contrast to the
sterically encumbered 2,4 ,6-tri-tert-butyl- and 2,6-di-tert-butyl-4-
methoxy- substituted phenolates, the reactions of [1H][M¢®“2Ph O]
and [1H][PhO] with SFs did not lead to the formation of the
pentafluorosulfanide anion, but only afforded fluorides. Since
[MeB2PhO]" and [PhO] show a chemical irreversibility in CV
experiments, this observation may be rationalized by the reaction
of phenoxyl radicals with intermediates prior to the generation of
the [SFs] anion. The hydrogen bonded anionic adduct in
[1H][(M=°®"2PhO),H] was also reacted with SFs. After stirring of
the reaction mixture over three days, the solution turned red and
the formation of [SFs] was monitored by '*F NMR spectroscopy.
In contrast to the reaction with the non-coordinated anion

[MeOB2ZPhOT, the rate of the formation of [SFs| by
[(MeOB2PhO),H] was also significantly decreased. Presumably by
the presence of phenolic OH functions, several unspecified
fluorine containing products were further formed and detected by
"F NMR spectroscopy.

Interestingly, the reducing agent
tetrakis(dimethylamino)ethylene (TDAE) is reported to be not
capable for the SFe activation,®™ although TDAE is an even
stronger reducing agent (E° = -0.78 V vs. SCE) than all presented
phenolate anions herein. This suggests the conclusion that the
redox strength itself is not the only factor for a successful
reduction of sulfur hexafluoride. In accordance to Dielmann et
al® one possible explanation for the success of the SFs
activation with phenolates invokes a nucleophilic interaction of a
phenolate anion with a fluorine atom of SFs, which may support
the subsequent activation by single-electron transfer.

Conclusion

We succeeded in high-yield syntheses of a series of non-
coordinated phenolate anions by deprotonation of the
corresponding alcohols with the tetraphosphazene base 1. The
phenolate anions show significantly shortened C-O- bonds
(128.4(2) pmto 129.8(2) pm) compared to coordinated phenolate
anions like in NaOPh (133(1) pm). With phosphazene 1 hydrogen
bonded phenol-phenolate and phenolate hydrates are accessible
by the deprotonation of phenol in the presence of one equivalent
of phenol or water, respectively. This renders the investigation of
the influence of hydrogen bonding on the redox potentials of
phenolate anions possible. The latter were studied by cyclic
voltammetric measurements and reveal significant shifts of the
oxidation potentials of [PhO] (-0.12(1) V vs. SCE) by contact to a
water molecule (-0.04(1) V vs. SCE) or to a phenol molecule
(+0.22(1)V vs. SCE). The same trend was observed by
comparison of the non-coordinated 2-naphtholate salt
[1H][C10H7O] (-0.15(1)V) with the 2-naphthol adduct in
[1H][(C10H70)2H] (+0.08(1) V). The latter anion displays the
strongest observed hydrogen bond within all presented phenol-
phenolates with an O-O separation of 238.5(4) pm, which results
in a hypsochromic shift of the absorption into the UV light relative
to [C10H70O], which displays two absorption bands in the visible
light (412 and 439 nm). The strong hydrogen bond is also
perceptible in fluorescence emission spectra. The non-
coordinated anion displays a single fluorescence maximum at
Aem = 462 nm (Aex = 320 nm, Stokes-shift 9605 cm™). In contrast,
the fluorescence of the adduct is of less intensity and exhibits
several maxima at Aem = 344, 360, 427 and 458 nm, respectively.
The hydrogen bond in the phenol-phenolate adduct
[1H][(Me°®®“2PhO)zH] featuring bulky tert-butyl substituents in 2
and 6 position is slightly elongated (O-O distance 247.0(1) pm)
compared to the non-substituted analogue [(PhO):H]
(243.7(2) pm). Consequently, the redox potential of the free
phenolate [MeOB“2PhQO]" (-0.72(1)V vs. SCE) is only minor
influenced by hydrogen bonding to the phenol with a difference of
20 mV.

We also disclosed the potential of non-coordinated
phenolates as one-electron reducing agents. By application of
tetracyanoethylene as the “E. coli "#2?% of electron transfer
reagents, we presented the possibility for the preparation of
radical anion salts from phosphazenium phenolates and isolated
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the corresponding salt [1H][TCNE] in high vyield (88 %). We
further described the reduction of the chemically inert sulfur
hexafluoride with phosphazenium phenolates, which in case of
the sterically encumbered phenolates [Me©B“2PhQ] and [B“*PhOJ
resulted in the formation of pentafluorosulfanide anions. The
reduction with other phenolates merely gave fluorides.

Experimental Section

Materials, Instrumentation, Methods

All chemicals were obtained from commercial sources and used without
further purification. All solvents were carefully dried and freshly distilled
prior to use. Standard high-vacuum techniques were employed throughout
all experiments. Non-volatile compounds were handled in a dry N2
atmosphere using Schlenk techniques. Syntheses of phosphazene 1,151
phenolates [1H][PhO], [1H][MC®®u2PhO] and [1H][(PhO):H] and the
reaction of [1H][Me©®u2Ph0] with SFs were performed according to
literature procedures.[chem.202003504]

NMR spectra were recorded on a Bruker Avance Il 500 spectrometer ('H
500.01 MHz; *C 125.73 MHz; '°F 470.48 MHz; *'P 202.41 MHz) or on a
Bruker Avance Il 500 HD spectrometer ('H 500.20 MHz; '3C 125.78 MHz;
19F 470.66 MHz; *'P 202.48 MHz). Positive shifts are downfield from the
external standards TMS ('H, '3C), CCIsF ('°F) and HaPO4 (*'P). The NMR
spectra were recorded in the indicated deuterated solvent or in relation to
acetone-ds-filled capillaries.

IR spectra were recorded on an ALPHA-FT-IR spectrometer (Bruker) using
an ATR unit with a diamond crystal for liquids and solids.

Elemental analyses were performed by Mikroanalytisches Laboratorium
Kolbe (Oberhausen, Germany). The elemental analyses of
[1H][(MeC®Bu2PhO),H], [1H][PhO(H20)] were performed in the element-
analytical laboratory of the Universitat Bielefeld using the EURO EA
Element Analyzer 2010 (HEKAtech GmbH).

Melting points were measured on a Mettler Toledo Mp70 Melting Point
System.

The UV/NVis spectroscopic investigations were performed using the
UV/Vis-spectroscopy-system 8453 (Agilent) with a closable cuvette

(d = 1 cm) containing a stirring bar (8 mm) under inert atmosphere at 20 °C.

The cuvette was heated to 100 °C for 30 minutes prior to each
measurement. All samples were prepared in flame-dried Schlenk flasks
with concentrations of about 32 umin THF, which was carefully dried over
K and freshly distilled prior to use.

The fluorescence emission spectra were recorded on a RF-5301PC
(Shimadzu) in a quartz glass cuvette (d=1cm) applying substance
concentrations of 200 pm in THF. All samples were prepared in flame-dried
Schlenk flasks using THF, which was carefully dried over K and freshly
distilled prior to use. The samples were excited with a Xenon lamp at
Aex = 320 nm.

The cyclic voltammetric investigations were performed on a PGSTAT101
potentiostat (Metrohm) using a ,three-electrode arrangement” in a flame-
dried 25 mL Schlenk flask under inert atmosphere with a glassy carbon
working electrode (2.0(1) mm diameter), a counter electrode (stainless
steel 18/8, 2.0(1) mm diameter) and an Ag/AgCl reference electrode in a
saturated ethanolic LiCl solution (148 mV vs. SHE). The supporting
electrolyte [NBua][PFs] was carefully dried in a high vacuum (10 mbar).
THF was dried over K and freshly distilled prior to use. For every run
0.1 mmol of the substrate and 15 mL of the electrolyte solution were used.
The Fc/Fc* couple was used as internal standard by adding a small
amount (spatula tip) of ferrocene after the measurements. The obtained

redox potentials were finally recalculated based on the Fc/Fc* couple
which was set at E{Fc/Fc*) = +0.405 V vs. SCE. In case of [1H][PhO] and
[1H][C10H0] the addition of ferrocene leads to changes in the observed
oxidation potentials, and therefore E%(Fc/Fc*) = +0.673 V vs Ag/AgCl was
used as the external reference for the recalculation vs. SCE.

Nano-ESI mass spectra were recorded using an Esquire 3000 ion trap
mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) equipped
with a nano-ESI source. Samples were dissolved in THF and introduced
to static nano-ESI using in-house pulled glass emitters. Nitrogen served
both as nebulizer gas and dry gas. Nitrogen was generated by a Bruker
nitrogen generator NGM 11. Helium served as cooling gas for the ion trap
and collision gas for mass spectrometry experiments. The mass axis was
externally calibrated with ESI-L Tuning Mix (Agilent Technologies, Santa
Clara, CA, USA) as calibration standard.

The crystal data were collected on a Rigaku Supernova diffractometer (Cu-
Ko radiation (n=154.184 pm) or Mo-K, radiation (i =71.073 pm) at
100.0(2) K. Using Olex2,1" the structures were solved with the ShelXTH®]
structure solution program using direct methods and refined with the
ShelXL“9 refinement package using least squares minimization. All
hydrogen atoms bonded at nitrogen or oxygen were refined isotropically
including the 1:1 disordered ones in [1H][(PhO)zH]. Details of the X-ray
investigation are given in Tables 2-3. CCDC 2035834-2035838, 2045902-
2045903 contain the supplementary crystallographic data for this paper.
These data  can be obtained free of charge Vvia
http://www.ccde.cam.ac.uk/conts/retrieving.html.

Synthesis of [1H][M*®Bu2PhO]

Phosphazene 1 (4.17 g, 4.70 mmol) is dissolved in 20 mL of diethyl ether
and the solution of 2,6-di-tert-butyl-4-methylphenol (Me®“2PhOH, 1.04 g,
4.71 mmol) in 8 mL of diethyl ether is rapidly added. After 15 minutes a
colorless solid separates. The suspension is stirred for additional 3 days
(30 minutes are sufficient) and n-hexane (10 mL) is added. The slight
purple supematant is removed via a syringe and the colorless solid is
washed with additional 10 mL of n-hexane. After drying in a high vacuum
the product (5.119, 4.62 mmol, 98 %, based on 2,6-di-tert-butyl-4-
methylphenol) is isolated as a colorless solid (dec. > 111 °C). Suitable
crystals for XRD were grown from the ethereal reaction mixture at -28 °C.
H NMR (500 MHz, [Ds]THF, rt): 6=1.2 (t, *Jun = 7 Hz, 54 H, NCH2CHa),
1.4 (s, 9 H, NC(CHa)s), 1.4 (s, 18 H, C(CHa)3), 2.1 (s, 3 H, CHa), 2.2 (d,
2pH=8Hz, 1 H, NH), 3.2 (d, q, 3Jpn=10Hz, 3Jn=7Hz, 36 H,
NCH:zCHa), 6.4 ppm (s, 2 H, meta H); '®*C NMR (500 MHz, [Ds]THF, rt):
6=12.9 (d, ®Jpc = 4 Hz, NCHzCHz3), 21.6 (s, CHa), 29.8 (s, C(CHa)a), 31.1
(d, ®Jpc=5Hz, NC(CHa):), 34.8 (s, C(CHa)s), 39.1 (d, Jpc =6 Hz,
NCH2CHs), 50.5 (d, 2Jrc = 4 Hz, NC(CH3)s), 105.7 (s, para C), 122.9 (s,
ortho C), 134.0 (s, meta C), 170.2 ppm (s, ipso C); 3'"P NMR (500 MHz,
[Ds]THF, rt): 5=-33.7 (q, d, 2Jpp = 70 Hz,2Jp.1 = 8 Hz, 1 P, P=NH), 7.7 ppm
(d, tridec, 2Jpp = 70 Hz, *Jpy = 10 Hz, 3 P, (EtzN)sP); IR (ATR): 0=2964
(w), 2932 (w), 2870 (w), 2160 (vw), 1973 (vw), 1595 (vw), 1465 (w), 1420
(w), 1377 (m), 1350 (w), 1276 (s), 1226 (w), 1201 (s), 1173 (vs), 1107 (w),
1074 (w), 1054 (w), 1017 (vs), 942 (s), 887 (w), 848 (w), 793 (s), 741 (w),
700 (s), 612 (m), 508 (vs), 448 (s), 437 (s), 399 (m), 379 (m) cm""; MS (ESI,
pos.) {m/z (%) [assignment]}: 886.7 (100) [1H]*; MS (ESI, neg.) {m/z (%)
[assignment]}: 219.1 (100) [Me*Bu2PhO]; elemental analysis calcd (%) for
CssH12aN130Pa: C 59.70, H 11.20, N 16.46; found: C 59.74, H 11.13, N
16.34.

Synthesis of [1H][®3PhO]

Phosphazene 1 (4.86 g, 5.49 mmol) is dissolved in 20 mL of diethyl ether
and the solution of 2,4,6-tri-tert-butylphenol (B*3PhOH, 1.44 g, 5.50 mmol)
in 5 mL of diethyl ether is rapidly added. Immediately a colorless solid
precipitates from the slightly yellow mixture. The suspension is stirred for
additional 3 days (30 minutes are sufficient) and n-hexane (10 mL) is
added. The slightly yellow supernatant is removed via a syringe and the
solid is washed with additional 10 mL of n-hexane. After drying in a high
vacuum the product (6.24 g, 5.43 mmol, 99 %, based on ®“PhOH) is
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isolated as a colorless solid (dec. > 196 °C). Suitable crystals for XRD
were grown from the ethereal reaction mixture at -28 °C. 'H NMR
(500 MHz, [Dg]THF, rt): 6=1.2 (t, 3Jnn = 7 Hz, 54 H, NCH2CH3), 1.2 (s, 9
H, para C(CHa)s), 1.4 (s, 9 H, NC(CHa)3), 1.5 (s, 18 H, ortho C(CHz3)3), 2.2
(d, 2Jp=8Hz, 1 H, NH), 3.3 (d, q, 3Jpx =10 Hz, 3Jun =7 Hz, 36 H,
NCH2CHz3), 6.7 ppm (s, 2 H, meta H); *C NMR (500 MHz, [Ds]THF, rt):
6=13.0 (d, 3Jrc =4 Hz, NCH2CHa), 29.9 (s, ortho C(CHa)s), 31.1 (d,
3Jr.c = 5 Hz, NC(CHa)a), 32.4 (s, para C(CHa)a), 33.5 (s, para C(CHa)a),
35.3 (s, ortho C(CHa)s), 39.1 (d, 2Jrc =6 Hz, NCH2CHs), 50.1 (d,
2Jpc = 4 Hz, NC(CHa)s), 118.4 (s, ortho C), 119.5 (s, para C), 133.1 (s,
meta C), 170.3 ppm (s, ipso C); 3'P NMR (500 MHz, [Ds]THF, rt): 6=-33.7
(9, d, 2pp=70 Hz, 2J/p4=8 Hz, 1 P, P=NH), 7.7 ppm (d, tridec,
2Jpp =70 Hz, 3Jpu = 10 Hz, 3 P, (EtzN)3P); IR (ATR): =2965 (vw), 2934
(w), 2870 (w), 1466 (w), 1425 (w), 1375 (m), 1352 (w), 1307 (s), 1290 (vs),
1239 (w), 1223 (w), 1203 (s), 1176 (vs), 1105 (w), 1073 (vw), 1055 (w),
1019 (vs), 1001 (m), 943 (s), 920 (m), 887 (w), 869 (w), 845 (w), 828 (vw),
793 (s), 779 (m), 737 (w), 702 (s), 609 (m), 510 (vs), 484 (s), 433 (s), 401
(w) cm™'; MS (ESI, pos.) {m/z (%) [assignment]}: 886.5 (100) [1H]*; MS
(ESI, neg.) {m/z (%) [assignment]}: 261.1 (100) [®“3PhO]-; elemental
analysis calcd (%) for CssH12aN130P4: C 60.65, H 11.32, N 15.85; found:
C 60.76, H 11.46, N 15.73.

Synthesis of [NBua][Me©®2PhO]

Tetra-n-butylammonium hydroxide triacontahydrate (641 mg, 0.80 mmol)
is suspended in diethyl ether (10 mL) and THF (2 mL) and the solution of
2,6-di-tert-butyl-4-methoxyphenol (MeC®B2PhOH, 189 mg, 0.80 mmol) in
5 mL of diethyl ether is rapidly added to yield a yellow suspension. After
stirring for two hours the solvent is removed under reduced pressure and
the product is dried in a high vacuum ovemight. The product (338 mg,
0.72 mmol, 90 % based on MeOBu2PRhOH) is isolated as a pale yellow
crystalline solid (dec. > 77 °C). The product slowly decomposes upon air
contact, which results in a color change to green. Suitable crystals for XRD
were grown from a saturated THF/EtzO solution at -28 °C. 'H NMR
(500 MHz, [Ds]THF, rt): 6=1.0 (t, *Jun = 7 Hz, 12 H, NCH2CH2CH2CHs),
1.4 (m, 8 H, NCH2CH2CH2CHzs), 1.5 (s, 18 H, C(CHa)s), 1.8 (m, 8 H,
NCH2CH2CH2CH3), 3.5 (m, 8 H, NCH2CH2CH2CH3s), 3.6 (s, 3 H, OCHj3),
6.5 ppm (s, 2 H, meta H); '*C NMR (500 MHz, [Ds]THF, rt): 6=13.2 (s,
NCH2CH2CH2CH3), 19.7 (s,  NCH2CH2CH2CH3),  24.1 (s,
NCH2CH2CH2CH3), 29.7 (s, C(CHa)s), 35.0 (s, C(CHa)s), 57.0 (s, OCHs),
58.7 (s, NCH2CH2CH2CHj3), 111.0 (s, meta C), 135.0 (s, ortho C), 143.3 (s,
para C), 164.0 ppm (s, ipso C); IR (ATR): #=2941 (w), 2895 (w), 2873 (w),
2821 (vw), 1488 (w), 1461 (m), 1410 (vs), 1376 (w), 1366 (m), 1349 (w),
1312 (w), 1282 (w), 1248 (w), 1210 (m), 1196 (w), 1161 (w), 1150 (vw),
1103 (vw), 1066 (vs), 1029 (vw), 924 (w), 890 (w), 853 (w), 811 (vw), 788
(W), 779 (s), 750 (w), 739 (w), 685 (vw), 650 (vw), 603 (vw), 572 (vw), 562
(vw), 538 (vw), 521 (vw), 496 (vw), 470 (vw), 461 (vw), 438 (w), 406 (vw),
383 (w) cm-'; MS (ESI, pos.) {m/z (%) [assignment]}: 242.2 (100) [NBua]*;
MS (ESI, neg.) {m/z (%) [assignment]}: 235.1 (48) [MeOBu2PKQO]-,

Synthesis of [1H][C10H70]

Phosphazene 1 (774 mg, 0.87 mmol) is dissolved in diethyl ether (15 mL)
and the solution of 2-naphthol (C10H7OH, 126 mg, 0.87 mmol) in 5 mL of
diethyl ether is rapidly added to yield a green-yellow fluorescent solution
from which a solid precipitates. The suspension is stirred for 5 minutes and
then cooled to -28 °C overnight. The supernatant solution is removed via
a syringe and the product (887 mg, 0.86 mmol, 99 % based on 1) is
isolated after drying in a high vacuum as a fine fluorescent green
crystalline solid (dec. > 107 °C). Exposure to air results in a fast
discoloration. Suitable crystals for XRD were grown from the ethereal
reaction mixture at -28 °C. 'H NMR (500 MHz, [Ds]THF, rt): 6=1.2 (t,
3Jup = 7 Hz, 54 H, NCH2CHa), 1.4 (s, 9 H, NC(CHa)3), 2.3 (d, 2Jp1 = 8 Hz,
1 H, NH), 3.2 (d, q, ®Je.i = 10 Hz, 3Ju 1 = 7 Hz, 36 H, NCH2CHa), 6.1 (s, 1
H, aryl H), 6.3 (m, 1 H, aryl H), 6.5 (m, 1 H, aryl H), 6.7 (m, 1 H, aryl H),
7.0(m, 1H,arylH),7.1 (m, 1 H, aryl H), 7.1 ppm (m, 1 H, aryl H); '*C NMR
(500 MHz, [Dg]THF, rt): 6=13.0 (d, 3Jr.c =4 Hz, NCH2CH3), 31.1 (d,
3Jprc =5Hz, NC(CHa)3), 39.1 (d, 2Jrc=6Hz, NCH2CHs), 50.5 (d,
2Jpc = 4 Hz, NC(CH3)a), 107.5 (aryl C), 111.7 (aryl C), 122.0 (aryl C), 122.3
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(aryl C), 126.3 (aryl C), 126.6 (aryl C), 129.0 (aryl C), 139.3 (aryl C), 173.7
ppm (C-O°); 3'P NMR (500 MHz, [Ds]THF, rt): 6=-33.7 (q, d, 2Jpp = 70 Hz,
2Jpn =7 Hz, 1 P, P=NH), 7.7 ppm (d, tridec, 2Jpp = 70 Hz,3Jp 1 = 10 Hz, 3
P, (EzN)sP); IR (ATR): =2967 (vw), 2931 (vw), 2868 (vw), 1602 (vw),
1585 (vw), 1543 (vw), 1490 (vw), 1462 (w), 1433 (w), 1375 (w), 1353 (w),
1278 (s), 1254 (s), 1227 (m), 1202 (s), 1172 (vs), 1104 (m), 1054 (w), 1019
(vs), 941 (vs), 844 (w), 832 (m), 789 (m), 756 (w), 734 (m), 721 (w), 705
(s), 693 (s), 625 (w), 614 (m), 593 (w), 524 (s), 508 (vs), 467 (vs), 455 (s),
431 (s), 418 (s), 496 (m), 386 (m) cm'; MS (ESI, pos.) {m/z (%)
[assignment]}: 886.8 (100) [1H]*; MS (ESI, neg.) {m/z (%) [assignment]}:
143.0 (100) [C10H70], 287.1 (5) [(C10H70)2H]"; elemental analysis calcd
for CsoH107N130OP4: C 58.28, H 10.47, N 17.67; found: C 58.32, H 10.76, N
17.03.

Synthesis of [1H][(C10H70)2H]

Phosphazene 1 (714 mg, 0.81 mmol) is dissolved in diethyl ether (10 mL)
and the solution of 2-naphthol (C10H70H, 232 mg, 1.61 mmol) in 5 mL of
diethyl ether is rapidly added to yield a strong green-blue fluorescent
solution. The fluorescence disappears after the complete addition of 2-
naphthol and a second light green phase forms. The emulsion is stirred for
5 minutes and is then cooled to -28 °C overnight. Since no precipitation of
the desired product occurs, the upper phase is removed via a syringe and
the lower phase is evaporated to dryness. After drying in a high vacuum
the product (733 mg, 0.62 mmol, 77 % based on 1) is isolated as a
colorless crystalline solid (m.p. 76 °C). Suitable crystals for XRD were
grown from a concentrated ethereal solution at-28 °C. '"H NMR (500 MHz,
[De]THF, rt): 6=1.1 (t, ®Jun = 7 Hz, 54 H, NCH2CHz3), 1.3 (s, 9 H, NC(CHa)a),
2.1 (d, 2Jps=8Hz, 1 H, NH), 3.2 (d, q, 3Jex = 10 Hz, 3Jun = 7 Hz, 36 H,
NCH2CH3), 6.8 (m, 2 H, aryl H), 7.0 (m, 2 H, aryl H), 7.0 (m, 2 H, aryl H),
7.2(m, 2 H, aryl H), 7.4 (m, 4 H, aryl H), 7.5 ppm (m, 2 H, aryl H); '3C NMR
(500 MHz, [Dg]THF, rt): 6=12.9 (d, 3Jrc =4 Hz, NCH2CH3), 31.0 (d,
3Jpc =5 Hz, NC(CHa)), 39.0 (d, 2Jpc=6Hz, NCH:CHs), 50.4 (d,
2Jp.c = 4 Hz, NC(CHa)a3), 108.6 (aryl C), 117.7 (aryl C), 123.5 (aryl C), 124.7
(aryl C), 125.6 (aryl C), 126.9 (aryl C), 127.1 (aryl C), 137.0 (aryl C),
165.1 ppm (C-0); %P NMR (500 MHz, [Dg]THF, rt): 6=-33.7 (q, d,
2Jpp =70 Hz,2Jpp = 7 Hz, 1 P, P=NH), 7.7 ppm (d, tridec, 2Jrp = 70 Hz,
3Jpn =10 Hz, 3 P, (Et2N)3P); IR (ATR): #=3379 (vw), 3044 (vw), 2970 (w),
2929 (vw), 2870 (vw), 1621 (vw), 1597 (vw), 1561 (vw), 1499 (vw), 1465
(vw), 1453 (w), 1417 (w), 1378 (m), 1349 (w), 1312 (m), 1295 (m), 1249
(s), 1226 (m), 1202 (s), 1171 (vs), 1112 (w), 1074 (w), 1055 (w), 1017 (vs),
941 (s), 865 (w), 842 (s), 789 (s), 742 (vs), 699 (vs), 610 (s), 536 (s), 515
(vs), 471 (s), 453 (s), 427 (s) cm™'; MS (ESI, pos.) {m/z (%) [assignment]}:
886.9 (100) [1H]*; MS (ESI, neg.) {m/z (%) [assignment]}: 143.1 (100)
[C1H70], 287.1 (7) [(C10H70)2H]; elemental analysis calcd for
CsoH115sN1302P4: C 61.36, H 9.87, N 15.50; found: C 61.32, H 9.78, N 15.05.

Synthesis of [1H][(MeC®Bu2PhO);H]

Phosphazene 1 (1.31 g, 1.47 mmol) is dissolved in diethyl ether (10 mL)
and the solution of 2,6-di-tert-butyl-4-methoxyphenol (MeOBU2PhOH,
699 mg, 2.96 mmol)in 5 mL of diethyl ether is rapidly added to yield a deep
green-yellow solution. The solution is stirred for 5 minutes and then cooled
to -28 °C overnight by which green crystals precipitate. The supernatant
solution is removed via a syringe and the product (2.00 g, 1.47 mmol,
100 % based on 1) is isolated after drying in a high vacuum as a fine green
crystalline powder (m.p. (dec.) > 74 °C). Exposure to air results in a slow
decomposition accompanied by a color change from green to brown-green.
Suitable crystals for XRD were grown from the ethereal reaction mixture
at -28 °C. 'H NMR (500 MHz, [Ds]THF, rt): 6=1.2 (t, ®Jun =7 Hz, 54 H,
NCH2CH3), 1.4 (s, 9 H, NC(CHa)s), 1.4 (s, 36 H, C(CHs)3), 2.2 (d,
2Jpn=8Hz, 1 H, NH), 3.2 (d, q, %Jpn=10Hz, 3Uun=7Hz, 36 H,
NCH2CH3), 3.6 (s, 6 H, OCH3), 6.5 (s, 4 H, meta H), 10.5 ppm (s, br, OH);
3C NMR (500 MHz, [Ds]THF, rt): 6=12.9 (d, ®Je.c = 4 Hz, NCH2CH3), 30.3
(s, C(CHa)s), 31.1 (d, 3Jec = 5 Hz, NC(CHa)3), 35.0 (s, C(CHa)a), 39.1 (d,
2Jp.c = 6 Hz, NCH2CH3), 50.5 (d, 2Jp.c = 4 Hz, NC(CHa)3), 55.5 (s, OCHa),
109.8 (s, meta C), 138.5 (s, ortho C), 147.6 (s, para C), 158.5 ppm (s, ipso
C); ¥'P NMR (500 MHz, [Ds]THF, rt): 6=-33.7 (q, d, 2Jpp = 70 Hz,2Jpn = 7
Hz, 1 P, P=NH), 7.7 ppm (d, tridec, 2Jpp = 70 Hz, %Jpn = 10 Hz, 3 P,
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(EtzN)sP); IR (ATR): 5=2961 (), 2934 (w), 2869 (w), 1461 (w), 1441 (vw),
1411 (w), 1376 (m), 1352 (m), 1279 (s), 1223 (w), 1203 (s), 1176 (vs),
1108 (w), 1056 (m), 1019 (vs), 942 (vs), 891 (w), 848 (m), 817 (w), 791 (s),
779 (vs), 740 (m), 703 {vs), 682 (m), 643 (m), 608 (s), 587 (m), 537 {vs),
525 (s), 509 (vs), 479 (s), 463 (vs), 453 (vs), 438 (vs), 405 (s), 390 (s) cm"
1, MS (ESI, pos.) {m/z (%) [assignment]}: 886.9 (100) [1H]*; MS (ESI, neg.)
{m/z (%) [assignment]}: 235.1 (85) [Me©®Bu2Ph O] ; elemental analysis calcd
for C7oH1a7N1304P4: C 61.87, H 10.90, N 13.40; found: C 61.69, H 11.67,
N 12.83.

Synthesis of [1H][PhO(H20)]

Phosphazene 1 (579 mg, 0.65 mmol) is dissolved in 7 mL of diethyl ether
and the solution of phenol (61 mg, 0.65 mmol) in 2 mL of diethyl ether is
rapidly added. Immediately a second pale yellow phase forms.
Subsequently water (15 mg, 0.83 mmol) is added and the emulsion is
stirred for an additional hour prior to cooling to -28 °C. The supernatant is
removed from the colorless crystalline solid via a syringe and the solid is
dried in a low vacuum (down to 10 mbar). The product (618 mg, 0.62 mmol,
95 %, based on phenol) is isolated as a colorless, slight hygroscopic, sticky
crystalline solid (dec. > 92 °C). Suitable crystals for XRD were grown from
the ethereal reaction mixture at -28 °C. 'H NMR (500 MHz, [Ds]THF, rt):
0=1.2 (t, 3 =7 Hz, 54 H, NCH2CH3), 1.4 (s, 9 H, NC(CHa)), 2.2 (d,
2Jp=8Hz, 1 H, NH), 3.2 (d, q, 3Jpx=10Hz, 3Jn=7Hz, 36 H,
NCHzCHa), 4.3 (s, br, 2 H, H20), 5.7 (s, 1 H, para H), 6.2 (s, 2 H, ortho H),
6.6 ppm (m, 2 H, meta H); "*C NMR (500 MHz, [Dg]THF, rt): 6=13.0 (d,
3Jpc =4 Hz, NCH2CHs), 31.1 (d, 3Jrc=5Hz, NC(CHa)), 39.1 (d,
2Jp.c = 6 Hz, NCH2CH3), 50.5 (d, 2Jr.c = 4 Hz, NC(CHa)s), 104.5 (s, para
C), 119.0 (s, ortho C), 127.6 (s, meta C), 173.6 ppm (s, ipso C); *'P NMR
(500 MHz, [Dg]THF, rt): 6=-33.7 (q, d, 2Jpp =70 Hz, 2/pn=8 Hz, 1 P,
P=NH), 7.7 ppm (d, tridec, 2Jpp = 70 Hz, *Jr 1 = 10 Hz, 3 P, (Et2N)3P); IR
(ATR): ©=3350 (vw), 3047 (vw), 2967 (w), 2930 (vw), 2867 (w), 1577 (w),
1538 (vw), 1484 (w), 1460 (w), 1415 (vw), 1377 (w), 1350 (w), 1326 (w),
1259 (s), 1227 (w), 1201 (s), 1175 (vs), 1108 (w), 1054 (w), 1018 (vs), 979
(m), 942 (vs), 848 (m), 821 (w), 795 (m), 740 (m), 699 (s), 691 (s), 614 (W),
590 (w), 513 (vs), 486 (s), 457 (s), 435 (s) cm'; MS (ESI, pos.) {m/z (%)
[assignment]}: 886.9 (100) [1H]*; MS (ESI, neg.) {m/z (%) [assignment]}:
92.9 (100) [PhO]; elemental analysis calcd for CasH107N1302P4: C 55.34,
H 10.80, N 18.24; found: C 54.88, H 10.77, N 17.28.

Synthesis of [1H][TCNE]

The salt [1H][Me®B«2PhO] (522 mg, 0.47 mmol) is suspended in 12 mL of
diethyl ether and a solution of tetracyanoethylene (64 mg, 0.50 mmol) in
10 mL of diethyl ether is rapidly added. Immediately a deep green-yellow
suspension forms. The suspension is stirred for 5 minutes and then cooled
to -28 °C overnight. The supernatant is removed via a syringe, the solid is
washed with diethyl ether (2 x 10 mL) and dried in a high vacuum. The
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product (422 mg, 0.42 mmol, 88 %, based on [1H][Me®42PhQ]) is isolated
as an orange solid (dec. > 86 °C). Suitable crystals for XRD were grown
from the ethereal reaction mixture at -28 °C. IR (ATR): #= 2968 (vw), 2932
(vw), 2869 (vw), 2182 (vw), 2143 (w), 2123 (vw), 1465 (vw), 1414 (vw),
1378 (w), 1350 (w), 1267 (m, br), 1225 (w), 1202 (s), 1175 (vs), 1108 (w),
1054 (w), 1018 (vs), 942 (vs), 920 (m), 845 (w), 794 (s), 738 (w), 699 (s),
612 (m), 510 (vs), 442 (s), 408 (m) cm™; MS (ESI, pos.) {m/z (%)
[assignment]}: 886.6 (100) [1H]*; MS (ESI, neg.) {m/z (%) [assignment]}:
127.8 (37) [TCNE]-; HRMS (ESI, pos.) m/z calcd for CasoH1o0N13P4:
886.71696; found: 886.7177; HRMS (ESI, neg.) m/z calcd for CeNa: caled.:
128.01284; found: 128.0128; elemental analysis calcd for CasH10o0N17P4: C
54.42, H 9.93, N 23.45; found: C 55.57, H 10.11, N 22.65.

Activation of SFe

General procedure: The phosphazenium phenoclate salt (60 mg) is filled
into a Young NMR tube containing an acetone-ds filled capillary. First THF
or Etz0 (0.4 mL) as the solvent is condensed onto the salt at -196 °C prior
to the condensation of an excess of SFs (3 mbar, 0.075 mmol) onto the
mixture. The reaction is allowed to warm to ambient temperature and the
course of the reaction is monitored by '°F NMR spectroscopy.
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Table 2. Structure refinement data of [1H][PhO(Hz0)], [1H][®**PhO], [NBus][*°®2PhO] and [1H][(*°®B42PhO)zH].

Compound [1H][PhO(H20)] [1H]["®**PhO] [NBua][MeCtBu2Ph Q] [1H][(Me°B 2PhO)2H]
empirical formula CasH107N1302P4 CssH120N130P4 C31HsaNO2 Co2H177N1307P4
alpm 1270.911(14) 1570.493(16) 919.264(10) 4964.04(4)
b/pm 1334.105(14) 1952.776(17) 1726.121(16) 4964.04(4)
c/pm 1727.395(19) 2297.32(2) 3817.73(3) 2016.72(2)
ale 81.8859(9) 90 90 90
B/ 85.2605(9) 103.5089(11) 90 90
i 79.5752(9) 90 90 120
V7 108 pm? 2846.76(5) 6850.55(12) 6057.82(10) 43037 .5(8)
z 2 4 8 18
Peaic / mg-mm-3 1.165 1.114 1.048 1.098
crystal system triclinic monoclinic orthorhombic trigonal

P-1 P2i/c P212124 R-3

space group
crystal size / mm=

W/ mm

F(000)

20 range for data col. / °

index ranges

reflections col.
independent refl.
R(int)
data/restraints/
parameter

goodness-of-fit on F?
R1/ wRz [I>20(1)]
R1/wR:z (all data)
Apmavmin [ € A?

remarks

CCDC number

0.332 x 0.258 x 0.096
0.180

1100.0

5.36 to 72.636

21<shs21
22< k<22
28=/<28
275615

27575

0.0610
27575/01027

1.041
0.0377/0.0915
0.0559/0.1005
0.59/-0.43

The water molecule is

disordered with a ratio of

1:1

2035834

0.301 x 0.093 x 0.067
1.365

2544.0

5.788 to 153.198

-19<h<19
24 <k<21
-28</<28
60331

14264

0.0418
14264/0/719

1.017
0.0369/0.0931
0.0426/0.0969
0.54/-0.42

2035835

0.339x0.142x0.12
0.476

2144.0

4.63 to 153.718

“A1<h<11
21<k<s 21
A8 < (<47
123549

12696

0.0605
12696/0/1087

1.037
0.0311/0.0768
0.0336/0.0786
0.21/-0.16

Inversion twin with a ratio of
1:1

2035836

0.424 x 0.381 x 0.247
1.145

15768.0

6.986 to 154.76

-50<h<61
-59 k<65
-24<]=25
149772

19943

0.0490
19943/0/1263

1.044
0.0382/0.0990
0.0401/0.1006
0.91/-0.42

A solvent mask was
calculated, 2154 electrons
were found, this is
consistent with the
presence of three
molecules of diethylether
per formula unit, which
count 2268 electrons.

2035837
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Table 3. Structure refinement data of [1H][C10H70], [1H][(C10H70)2H] and [1H][TCNE].

Compound [1H][C10H70] [1H][(C1cH70)zH] [MH][TCNE]
empirical formula CsoH107N130P4 CsoH115N1302P4 CasH100N17P4
alpm 1321.29(3) 1625.06(3) 1111.084(8)
b/pm 1413.71(3) 1804.57(3) 2734.353(13)
c/pm 1630.93(3) 2300.42(4) 1927.356(13)
a.fo 94.8840(18) 90 90
B/° 95.9651(17) 97.1688(15) 97.9077(6)
y/° 105.357(2) 90 90
V1108 pm® 2901.55(12) 6693.34(19) 5799.81(6)
z 2 4 4
Pealc / mg-mm> 1.179 1.166 1.163
crystal system triclinic monoclinic monoclinic
space group P-1 P2i/n P2iin
color shape
crystal size / mm= 0.241 x0.146 x 0.05 0.353x0.269x0.112 0.427 x 0.237 x 0.23
y /mm- 0.177 0.163 1.563
F(000) 1132.0 2568.0 2220.0
26 range for data col. / ° 5.222 to 72.964 5.174 t0 72.638 5.646 to 153.29
21<h<22 -27<h<27 -183<h<13
index ranges 22<k<23 -30< k<30 34<k<34
27<1<26 -38</<38 -23</<23
reflections col. 91248 355625 104415
independent refl. 26937 32422 12103
R(int) 0.0347 0.0783 0.0650
2::’:::?"‘5/ 26937/0/1123 32422/0/1236 12103/7/655
goodness-of-fit on F? 1.048 1.031 1.047
R1/wRz [I1>20(1)] 0.0417/0.0951 0.0438/0.1030 0.0380/0.0993
R1/wRz (all data) 0.0629/0.1040 0.0695/0.1151 0.0420/0.1027
Apmaxmin / € A 0.89/-0.63 0.54/-0.38 0.53/-0.46
The anion and some ethyl One Naphtol molecule is Disorder of one -N(Me)2
groups are disordered with a  gisordered with a ratio of group over two sites (57:43).

remarks

ratio of 90:10, one ethyl
group is disordered in a ratio
of 59:41. Disordered atoms
close together were
constrained to have
equivalent thermal

70:30. The hydrogen atom is
disordered between the two
oxygen atoms with a ratio of
1:1.

Disordered atoms close
together were constrained to

Bond lengths within this
disorder were restraint to be
equal.

peaamsiny have equivalent thermal
parameters
CCDC number 2045902 2045903 2035838
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Abstract: The renaissance of superbases is primarily based on their
pronounced capability for a large variety of chemical transformations
under mild reaction conditions. Four major set screws are available
for the selective tuning of the basicity: the nature of the basic center
(N, P, ...}, the degree of electron donation by substituents to the
central atom, the possibility for charge delocalization and the energy
gain by hydrogen bonding. Within the past decades, a plethora of
neutral electron rich phosphine and phosphazene bases appeared in
the literature. Their outstanding properties and advantages over
inorganic or charged bases have made them now indispensable as
auxiliary bases in deprotonation processes. Also, their utilization in
catalysis or as ligands in coordination chemistry is highlighted due to
broad-spread interest. Here we give an update of the chemistry of
basic phosphines and phosphazenes.

1. Introduction

This mini review discusses the recent progress of the
chemistry of selected non-charged electron abundant phosphines
and phosphazenes within the past five years. Their broad
applicability as superbases or as ligands made them flourish to
highly important tools in organic and inorganic chemistry and
indispensable in catalytic chemistry.t!

The lone pair of electrons at the P-atom in phosphines PR;
marked them out as Lewis bases. Substituents R on phosphorus
are strongly governing its donor capability as obvious by the
comparison of calculated ionization potentials IP, and electron
affinities EA, of tris(trifluoromethyl)phosphine and
trimethylphosphine (Figure 1). While electron donating groups
evoke energetically increased HOMO-LUMO levels accompanied
by an increased donor strength and basicity, electron withdrawing
groups stabilize the HOMO and LUMO significantly and thus
decreas the donation ability and basicity of those species.!]

-0.9
Me BA, 2=
— "~ 04
E/eV IP\ Me — CFs
Me 8.6 4
P, 86 IP\ CF;
. 116 CF,
Figure 1. lonization potential (IP,) and electron affinity (EA.) of

trimethylphosphine and
311+G(d,p)) 7]

tris(triflucromethyljphosphine (B3LYP/6-

It is well known that electron poor phosphines as weakly
basic ligands result in electron deficient transition metal
complexes.*?878 The devise of phosphines with stronger o-
donating properties is of growing interest, since N-heterocyclic

carbenes (NHC) as strong o-donor ligands have already
surpassed the donor capability of simple alkylphosphines. 524

Tris{pyrrolidiny)phosphine  exhibits  similar  ligating
properties as tri(n-butylyphosphine, which can be explained by 171-
donation of free lone pairs of the N-atoms.''” Counterintuitively,
the exchange of one m-donating but o-electron-withdrawing
amino substituent by one alkyl group affords the corresponding
more basic bis{pyrrolidinyljalkylphosphines, featuring similar
donor properties as tri{ ferf)butylphosphine.l''] Thus it is obvious,
that increasing the basicity and the overall donor strength is
achieved by the implementation of strongly Tr-donating N-based
functionalities, which are able to compensate the electron
withdrawing effect of the contact nitrogen atoms.

This concept may also be applied for the design of
phosphazenes (phosphanimines) of the type R:P=NR’. In this
case protonation and metal-coordination is affected by the
nitrogen atom of the imino group, which represents the Lewis
basicity center. The overall donor capacity of the nitrogen lone
pair is improved by TT-donating amino substituents on phosphorus
which also mitigate the positive charges at the P-centers by T1-
back donation.l'*-'%]

The proton affinity as well as the gas-phase basicity of
phosphazenes and phosphines have been chosen as a
qualitative measure for their basicity and overall electron donation
ability, respectively.['418.17.18]

In the following we will highlight modern superbase design
and will also discuss important applications. First of all, we briefly
mention historical milestones in the development of phosphazene
and phosphine compounds with strong donor substituents.
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The roots of phosphazene chemistry date back to the year
1919, when Staudinger presented the first iminophosphoranes 1,
which were obtained by reaction of triorganophosphines with
organic azides (Scheme 1)I'% Most commonly, the transiently
formed phosphazides evade isolation and suffer from liberation of
Na.

9 ®
RP + N=N=N  ——> RP=N

N2 .
RORR=AkAr 1 R

1919

+ _ *3HNR'
Kirzanov RyP + Bry [RSP—Br] Br RyP—N
850 R, R =Alk, Ar - 2 HgNRBr \R'
1
+  +NaNH
Aol RP 4 Gl NHR — [R,P:N(H)R'] o —= RPN,
R = Ph, Al ! .
R o H Ak R=HAK 13 R
. MaCH
H.
Birkofer R3gP + N—N—N RzP—N [—MI- R3P—N
1964 N -Na \
SiMe, R =AK 3 IMey 2 H
o ® + Na
K ReP + 2 N=N=N [ReP=NH,| N;” — RgP=N
1967 oM Az Hy W
R=CH, = NaNy 2

Scheme 1. Preparation of iminophosphoranes.

The protocol of Staudinger represents the most efficient and
nowadays, preferably used pathway to a variety of
iminophosphoranes 212223 However, it should be kept in mind
that the use of sensitive azides is always hazardous due to violent
decompositions,*! which is particularly true for hydrazoic acid
(HN3).

The strategy presented by Kirsanov in 1950 utilizes a
halogeno triorganophosphonium halide, which is converted to the
corresponding iminophosphoranes 1 by primary amines (Scheme
1.1 This method circumvents the need of dangerous and
possibly non-existent azides, delivering products in high yields.

A few years later in 1959, Appel ef al. succeeded in the
isolation of the first iminophosphorane PhyP=NH (2a) by the
deprotonation of the corresponding iminium halide with sodium
amide in liquid ammonia.”8¥l Iminophosphoranes 2 of the
general formula R:P=NH are accessible by the reaction of
phosphines with chloramines." 2% Another convenient method for
the synthesis of 2 was developed by Birkofer in 1964 via
Staudinger reactions of phosphines with trimethylsilylazide and
the subsequent acid catalyzed hydrolysis of initially obtained
trimethylsilyl iminophosphoranes 3 in methanol (Scheme 1).[2228
The reaction of phosphines with hydrazoic acid and the
subsequent reaction with sodium in liguid ammonia is also
described.E031

The availability of iminophosphoranes 2 has opened the
door to a rich chemistry, e. g. the formation of metalorganic
iminophosphoranes 4 and 6 resulting from deprotonation of 2 with
organolithium bases®-%3 (Scheme 2) or from adducts 5 with
organometallic compounds among others (AlMe;, GaMes, ZnMes,
J)BOELES n o order  to study  electron  abundant
iminophosphoranes, Issleib ef al decided to incorporate electron

donating dimethylamino groups at the imino phosphorus atom in
208 The syntheses of the mono- to ftris(dimethylamino)
derivatives were performed according to the procedure by Appel
et al (Scheme 1 and 2) via the reaction of phosphines with
chloramines and the subsequent deprotonation.[*5-2%1 This series
was completed by Goubeau ef al in 1974 with the
tetrakis(dimethylamino)phosphonium ion.?" Two years later in
1976, Schmutzler ef al further explored properties of
{dimethylamino)iminophosphoranes 3 and reported on the first
entirely dialkylamino substituted diphosphazene (Me;N):P=N-
P(NMe,),=N-SiMes (7, Scheme 2).[%

+LIR’
RsP—=N
-HR' \Ll
4
RyP—=N
W e {CHa)n
A aln-1)
2 +M(CHa)y pet), M
RiP—N® —=+ RP=N] N=PR,
M = metal M -2CH, M
5 (CHa)gey
6
(Cl){R s ,P=NR"
n RP=N ——— (RP=N}_ (R P=NR"
iMBs =N c|-s|Mbg
3 7

Scheme 2. Selected reactions of iminophosphoranes and functionalization
possibilities.

Phosphazenylphosphines 8 as early examples of electron
rich phosphines were first described by Schmidbaur in 1968 B
Their syntheses are based upon the reaction of lithium
imino(trialkyl)phosphoranes 4 with chloro(dialkyl)phosphines
(Scheme 3) but also proceeds via transmetalation of 3 with
chlorophosphines.’®l Due to the high electron density at the
tricoordinate phosphorus atom in 8, facile alkylation of
phosphazenylphosphines with alkylhalides affords
bis(trialkylphosphine)iminium salts (9, Scheme 3).F% These
cations show a high thermal stability and moreover are resistant
towards acids and bases.["l Consistently, representatives like
bis(triphenylphosphine)iminium (FNP™) salts, first prepared by
Appel et aiB7 in 19681, finds frequent application as appropriate
cation sources in the stabilization and crystallization of salts
featuring reactive anions. 8

_ CI-PR" P=N +|-R" ® _
RP=N ReP=N, , RsP—N—PRR" ||
Li PR 9
4 8
1} LI base R’
RsP—CR' 2)C-PR"; RzP—CR' +|-R™ @ |
\ —_— N - P—C—PR"; | I”
y bR, RoP—C—PR";
10 1 R™
12
Scheme 3. Comparison of phosphazenylphosphines and

phosphinealkylenephosphines.

More than three decades after Staudinger's seminal
synthesis of the isoelectronic phosphonium methanides or
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methylene phosphoranes 10 in 1919,B% Wittig discovered their
utility as reactants in a carbonyl-olefination process when brought
in contact with aldehydes and ketones.®? The so-called Wittig
reaction remains to be one of the mostimportant methods in olefin
syntheses. ' Through deprotonation and conversion with
chlorophosphines, Issleib and co-workers succeeded in the
functionalization of 10 and reported on first examples of C-
phosphino methylene phosphoranes or ylidylphosphines 11
(YPhos, PhsP=C(R)-PR’;, Scheme 3),#9 of which numerous
representatives are known by today.l¥ In stark contrast to the
reactivity of 8 towards alkylhalides, alkylation of ylidylphosphines
11 occurs at the central carbon atom, resulting in salt-like
phosphinomethyl phosphonium halides 12 (Scheme 3). This
behavior is rationalized by the high negative charge density at
carbon expressed by a zwitterionic resonance structure B4+
Investigations on diphosphinomethanel“l and
diphosphinomethanides™ are also relevant in this context.
Carbodiphosphoranes of the general formula R:P=C=PR;

(13) are isoelectronic to iminiumdiphosphorane cations 9
(Scheme 4).
2RF base H *
- —_ @><O -2 o 2a |x 22 859
CHX; RqF* -MHbaes]X | RsP™ PRy MHbasek  FoF Ra
+ |
o] e
13
Ph._ & ';\\\@ /CHzR RGHz PPhy
Pl W CHR - Ry P=CH
~GH 5
\_/ R b
138 L0
Scheme 4. Carbodiphosphorane preparation and comparison with

iminiumdiphosphorane.

The first symmetric perphenylated carbodiphosphorane
PhsP=C=PPh; was synthesized by Ramirez et al. in 1961,5% and
was followed by non-symmetric examples by Appel in 1978.51
Due to ylid-ylene resonance structures, carbodiphosphoranes 13
can formally be regarded as bisylides with a twofold negative
charge at the central carbon atom (Scheme 4). Consequently they
act as strong carbon bases in a twofold protonation process
towards Brgnsted acids."#'] The negative charge at the carbon
atom of 13 was demonstrated by their capability to function as
bridging four-electron ligands in coordination chemistry.®2:%9 At
higher temperatures carbodiphosphoranes as 13a with a-CH
units may rearrange under formation of ylidylphosphines 11a
(Scheme 4).51

Verkade and co-workers have discovered another important
group of superbasic electron rich phosphines, denoted “Verkade
bases” (14). During their investigation of pentacoordinated
phosphatranes of the general formula [HP{XCH:CH:)sN]* (X = O,
NMe)  with tricyclic aminetriol®2% and triaminoaminel®®.57
substituents (Scheme 5), they revealed unusually robust P-H
bonds. The remarkably high proton affinity of 14 is caused by a
stabilizing electron pair donation of the central nitrogen atom to
the cationic center within the tricyclic substituent (Scheme 5),
which was also subject of theoretical calculations. %8

N RN _ F; N,EE%N R
w ey kap;
[4H*

14aR = Me

Scheme 5. “Verkade bases” 14,

Oxaphosphatranes resists clean deprotonation due to the
large tendency of the anticipated free base towards
polymerization.®®  The corresponding highly stable pro-
azaphosphatranes 14 (“Verkade bases”) are smoothly liberated
with KO 75280 5T1\ith a MetNpKe " value of 32.9 for the methyl
derivative 14a, pro-azaphosphatranes are of similar basicity as
diphosphazenes (RzN):P=N-(RzN):P=N{Bu (16, Scheme &),
which were published a few years later by Schwesinger. The
superbasic phosphines of Verkade type are useful reagents in
organic syntheses!®™l and enable a large bandwidth of reactions
under mild reaction conditions, like the trimerization of
isocyahates to isocyanurates P58 as well as syntheses of
important oxazoles and pyrroles,®7l or monoalkylationsl®® and
dehydrohalogenation reactions.#%/" Pro-azaphosphatranes have
also found application as auxiliary bases in Michael addition""? or
1,2-addition reactions.[™!

Later, when Schwesinger's activities were focused on the
preparation and investigation of superbasic proton sponges as
auxiliary bases in dehydrohalogenation reactions 77 he
observed the outstanding proton-accepting properties of amino-
substituted phosphanimines and laid the foundation stone of the
wide field of the so called “Schwesinger bases” [17.13.1883.78.79.80]
High thermal stability, reluctance towards oxygen and base
hydrolysis,[®*#182 as well as their easy accessibility on large
scales were crucial for their great success in synthetic chemistry.

n {(RgN}yP=NH (3-n) RNH ClP=NfBu
l n=03
RzN NR,
R R,N\ NR: P“‘NR
2 NR; NR o
| L2 T RNTRy
R;N—P=N RAN—P=N—P—N N—R=N
NR, B Ry R, B N B
2 Rz RoN—p”
Ve
RyN
NRz=NR; RP,fBu, 16 2% NRy
RP1tBu, 15 NR’; = NP{NR2}y RP;ﬁu. 17 RP4IBI-I, 18
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Scheme 6. Preparation of Schwesinger bases.

Phosphazene bases exhibit extremely high Me=NpKg,*
values, which range from 26.902'%7 for monophosphazene
(MeoN);P=N{Bu (MeP4{Bu, 15a) wup to 427060 for
tetraphosphazene [(Me:N):P=N]:P=N{Bu (MeP4fBu, 18a)
(Scheme 6). As previously described, the superbasicity of
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phosphazenes is due to Tm-donating phosphazenyl- or
dialkylamino substituents bonded at phosphorus, which further
allows an excellent delocalization of the engendered positive
charge of the cations.['2'% This is illustrated by the resonance
structures of the protonated permethyl monophosphazene base
[MeP1tBuH]* ([15aH]*) in Scheme 7.

g

\NfF':N\
/

N VA oA N \T/ H N \'Tl/ A
N—P=Ng N—P—N =+ ENSPN e N—P—N
7 lll By / |L| ‘Bu / |l| By / “ By
. A P /@\

[15aH]"

Scheme 7. Resonance structures of [MeP1#BuH]* ([15aH] ).

The further “homologization” to penta- and heptaphosphazenes
results in an only marginal increase in basicity and for the latter in
a drastically sensitivity towards acids and air.[??!

The bulky phosphazene homologues 18 combine high
basicity with low nucleophilicity,['213.12.82.73-71 which recommends
their  versatile employment in dehydrohalogenation
reactions, 21583 piarylether couplings®?! and alkylation
reactions!'? among others 15784
The direct basicity comparison of Verkade's phosphine
N(CH;CH:;NMe);P 14a with the analogous tricyclic Verkade's
iminophosphorane N{CH;CH;NMe);P=NR and the acyclic
iminophosphorane (MezN)sP=NR 15 revealed the highest basicity
for the phosphine within the row: N{CH,CH:NMe);P =
N(CH;CH;NMe);P=NR > (Me;N):P=NR. Moreover, the cyclic
imine derivative is more basic than the acyclic compound.
Although  Verkade's bases 14 are  capable in
dehydrohalogenation reactions of secondary and tertiary alkyl
halides,[®™ "% a pronounced nucleophilicity of this base leads to
alkylation with primary alkyl halides as well as an eager formation
of coordination adducts with Lewis acids.F5525255.38] The well
accessibility of the P-atoms of the free bases also applies to the
PH-functions of the respective protonated forms, and thus
suggest that Verkade's bases 14 can not be employed for the
realization of non-coordinated or “naked” anions. Alkylamino
saturated phosphazenium ions offer themselves for the
investigation of haked anions, like the haked fluoride anion.287]
However, salt metathesis reactions are required, which are often
accompanied by poor solubilities or solvent removal issues.
Encumbered phosphazene bases like 18 (Scheme 6) can take
remedial action. Since neutral phosphazenes can be handled in
common non-acidic and non-polar solvents, deprotonation of
even weak acids affords the corresponding highly reactive non-
coordinated anions.®® Due to the central location of the accepted
proton in a steric shielded molecule pocket, coordination and a
dynamic proton exchange are hampered.

2. Recent results and discussions
2.1. Electron rich phosphines

Electron rich phosphines are available with a variety of
different substituents.® They play a paramount role as ligands in
transition metal catalysis!'! # and their syntheses are increasingly
supported by computational predictions.®™ Their development in
recent decades has been accompanied by an impressive variety
of commercially available phosphines for nearly every desired
demand. Profound discussion, however, would go beyond the
scope of this mini review. Thus, in the following chapters we will
focus on recent achievements to phosphines of Dielmann,
Sundermeyer and Gessner carrying strongly electron donating
imidazoline-2-ylidenamino, pyridinylidenamino, phosphazenyl
and ylidyl groups.

2.1.1 Meno and bidentate Imidazelin-2-ylidenamine
phosphines (IAPs)

Dielmann and co-workers obtain electron rich phosphines
by employment of strongly Tm-donating imidazolidine-2-
ylidenamino or imidazoline-2-ylidenamino substituents (Scheme
8)_[5,8‘91]
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P |
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Scheme 8. |APs of Dielmann et af.[5851-%3]

Imidazolidine-2-ylidenamino groups already excelled in
syntheses of exotic donor free phosphinonitrene®! and
iminophosphonium cations®® via lowering the electrophilicity at
phosphorus. Advantageously, the incorporated NHC backbones
have been broadly investigated, and thus enable efficient and
easy tuning of steric and electronic properties (Scheme 8). The
established syntheses of |IAPs are depicted in Scheme 9. The
NHC backbones are builded up by starting from imidazolium and
imidazolidinium salts followed by the subsequent deprotonation
with KOfBu prior to the conversion via a Staudinger reaction with
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trimethylsilylazide 5 291-%388 Egtaplished high yield syntheses (iPr
> 99 %, Bu 56 %) of dialkyl-lAPs 19a-¢, 20 and 21a-b proceed
via transmetalation of TMS-imidazolin-2-ylidenamines with R,PCl
or in case of P{NIMesk(iPr) (19¢) with PCls and subsequent
alkylation with iPrMgCl (Scheme 9).158!

The NIiPr-groups are INTRODUCED via the free imine as
building block, which can be furnished by hydrolysis of the
corresponding TMS-compound in methanol.®7 Deprotonation of
H-NIiPr with n-Buli and conversion with (iPryPCl and iPrPCl;
affords mono- and bis-substituted |APs 22a and 22b, respectively,
in high yields of over 87 %. However, the tris-compound of 22¢ is
isolated as the stable adduct P(NIiPr);-LiCl due to the presence
of intermediary formed LiCl from the reaction with PCls. LiCl may
be separated by heating to 130 °C in n-hexane, which affords free
P(NIiPr); (22¢) in a 34 % yield. In a more convenient route the
respective imine itself is employed as the base and used in a
guantitative manner (Scheme 9).B'%  However, while
(NIiPrYiPr)y,P (22a) is easily liberated, H-NIiPr is not sufficient for
the deprotonation of [H-P(NIiPr):(iFr)]CI ([22bH]CI) and [H-
P{NIiPr);]CI ([22¢H]CI), thus deprotonation of these compounds
is accomplished with KOfBu and delivers the desired phosphines
in high yields (> 89 %).P']
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21bR? =R* = {Bu, R% = NIDIpp

P
RY | R3
Rt

TMS-NsIDIpp R'= Dipp, RZ =2H
TMS-NIDipp R'= Dipp, RE=H
TMS-NIMes R'= Mes, RZ=Ma
TMS-NIiPr  R'= IPr, R? = Me

MeCH

T 1) n-Bul

: : H 2} chlorophosphine
I : or

R \R‘ 1) resp. amount of
chlorophosphina

P
R 8
R*

2) KOBu 22b R? = iPr, R* = R® = NIiPr
22¢ R = R* =R = NIIPr
IPr
IPr

nn 1)BICN / w ymBull

@[ 2) KOH @: 7 2)chlerophosphine P
—_— N — R | "R?
™ .
Pr IPr 23a R' = R*= Ph, R? = NBiPr
H-NBiPt 23bR" = Ph, R%= R? = NBIPr

23¢ R' =R2=IPr, R? = NBIPr
23d R' = iPr, R* = R? = NBiPr
23e R' =R%=R?=NBIPr

Scheme 9. IAPs of Dielmann ef a/.[°891-9359]

Compound P(NIiPr)s (22¢) represents the strongest base
within investigated |APs with an experimental ™ pKgy. value of
31.0 (MeNpKgy, = 38.8).01

Benzimidazoline-lIAPs 23a-e are viable in yields of over
84 % via lithiation of H-NBiPr and subsequent reaction with the
respective chlorophosphines .85 |nterestingly, employing this
strategie P{NBiPr); (23e) is accessible without incorporation of
LiCl, for which the stronger electron releasing character of NIiPr-
groups relative to NBiPr may be responsible.

Electron rich and strongly Lewis basic |IAPs have found
application in the activation of small molecules as SFg 100,101

22aR?=R*=IPr, R®= NIIPr

COP %1 and 50,17 and they readily form complexes with
transition metals,##91-93%8 which excel outstanding catalytic
activities in Suzuki-Miyaura cross-couplings and hydroamination
reactions. Moreover, they were employed in FLP systems for the
polymerization of methyl methacrylate ['"!

The mr-donating power of NIiPr-groups does not only
remarkably increase the Lewis and Brgnsted basicity at
phosphorus, but also evoke an increased hydridic character of the
PH-unit in [H-P(NIiPr}]* ([22¢H]*). A salt exchange reaction with
NaX (X = B(CsFs)y or BAr,) and the subsequent hydrid
abstraction affords the first phosphorus dication [P{NIiP)z][X]z.1""

Chelating |1APs 24-26 were also synthesized by the
Dielmann group, whereas the phosphine moieties were either
connected via a ferrocene®® a 1 3-bis(imidazolin-2-
ylidenamino)propylene or a phenylene backbone (Scheme 10).[2%
The 1,3-bis(imidazolin-2-ylidenamino)propylene group is built up
from the respective dicarbene followed by the reaction with N.O
and hydrochloric acid. The desired product was isolated ina 93 %
yield after deprotonation and the subsequent addition of
PCI(iPr),. B

N N 1) aBuLl
N0 é 0 el é e | - 2)PCiiP
-a
N—NF @NHQ
N—~ N-—7 N N iPr
. & g et
Mes TMes “Mes N, iPr
Mes
24
JPr NIPr
L= =
6 | NH + —_
N\ Pl Fl.fOﬁu
Pr NIIPr
H-NIPr

Scheme 10. Bidentate 1APs of Dielmann ef afP°l

The ferrocene backbone is easily incorporated by the
reaction of H-NBiPr with a lithium base and the subsequent
addition of bis(dichlorophosphino)ferrocene by which diphosphine
26 is isolated ina 81 % yield > In contrast to that, and most likely
due to steric repulsion, the analogous reaction of
bis(dichlorophosphino)benzene with H-NIiPr as the bhase and
nucleophile solely afforded the chloro-tris{NIiPr) intermediate. All
attempts to substitute the chlorine atom by an additional NIiPr
group remained challenging and thus substitution by a fert-
butoxide moiety was performed instead to obtain the diphosphine
25

All bidentate phosphine ligands were successfully employed
for the generation of electron rich gold{l), palladium{ll} and
hickel(0) chelate complexes. P9
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2.1.2 Pyridinylidenamino phosphines (PyAPs)

Taking the results of Nifantyev et al in consideration ['0%]
Dielmann and co-workers realized PyAPs
(pyridinylidenaminophosphines) 27-29 via incorporation of readily
available and strongly T-donating pyridinylidenamino substituents
in order to manifest cheap and easy to prepare electron rich
phosphines for broad range applications as ligands or their
employment in stoichiometric quantities (Scheme 11).[100.701.7081 A
comparison of the calculated gas-phase basicities of IAPs and
PyAPs based on the representative examples P{NIiPr); (22¢,
288.0 kcal/mol) and PyAP P(-N=C:;HsN-nBu); (27e, 2843
kcal/mol) reveal similar proton affinities, (00101

Aminopyridines represent cheap and commercially
available starting materials and promise short straight forward
PyAF syntheses. Analogous to imidazoline-2-ylidenamino
substituents, the electronic and steric finetuning of
aminopyridines is easily viable via incorporated substituents
(Scheme 11).

Starting from 2- or 4-aminopyridinium salts the
deprotonation with KHMDS and subsequent reaction with Rz:PCI
delivers the respective mono-PyAFs 27a-d and 28a-d in excellent
yields (> 84 %).['°9

As previously reported by Dielmann and co-workers tris-
PyAP P(-N=CsHsN-nBu): (27e, Scheme 11) may be generated in
THF solution by treatment of PCly with five equivalents of imine
HN=CzH,N-nBu and the subsequent deprotonation with KHMDS.
However, the clean isolation of 27e is hampered by incorporation
of KCl inthe stable coordination adduct 27e-KCI. Due to increased
steric hindrance at the imine nitrogen atom, the respective 2-
pyridinylidenamino groups have been proven beneficial for the
liberation of the corresponding free tris-2-pyridinylidenamino
phosphines 29a and 29b from their HBF, salts in yields over 81 %.
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Scheme 11. PyAPs of Dielmann ef af. and structure of 27e.['00.101.108]

The pronounced Lewis basicity of PyAPs 27-29 is
documented by ready formation of complexes with Cu(l), Au(l)
and Pd(ll} compounds and moreover excel in the activation of
small molecules as SO; and CO; via incorporation as stable Lewis
base adducts.'™ The in situ generation of PyAP 27e and the
subsequent disintegration of SF; is also reported.!'t0.101]

2.1.3 Phosphazenyl phosphines (PAPSs)

Like all electron rich phosphines, phosphazenylphosphines
(PAPs) represent strong Lewis and Brgnsted bases, which is
perceptible in their coordination properties.[7.1%7]

Sundermeyer ef al. developed the strongest phosphine
bases known so far via attachment of Schwesingers
phosphazenyl groups at the tricoordinate P-atom.[118-10]

The monophosphazenylphosphines 30a-d are produced by
treatment of PClk with the respective phosphanimine
(RzN):P=NSiMe3 followed by aminolyses. The applied
phosphanimine derivatives are synthesized via Staudinger
reaction with trimethylsilyl azide [#8.1101
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Scheme 12. Syntheses of mono PAPs [173-11]

Phosphazenylphosphines 31a and 31b as well as the
biphosphazeny| derivative (dma)FsP (32) are only accessible in
their protonated form by starting from (Me2N):PCI or (EtaN):PCI,
respectively, and reaction with mono- or diphosphazenes in THF
solution (Scheme 13).0'0%-1101 Advantageously, the employed
dialkylaminochlorophosphines contain the build-in auxiliary base,
which avoids the formation of inseparable mixtures of
phosphonium and ammonium salts as the products. The
subsequent anion exchange reaction with NaBF, delivers the
desired tetraflucroborate salts in excellent yields (> 83 %,
Scheme 13).

The unsymmetrical substituted (dma)P,P (33) is also
obtained as the HBF, salt by reaction of PAP 30a with either
[(Me:N)sP=NH3][BFs] and  (Me:N)sP=N-P(NMe:}=NH  or
[(Me:zN)sP=N-P(NMe:):=NH:1Br and (Me:N)sP=NH, respectively,
with subseguent salt exchange (Scheme 13).
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Scheme 13. Syntheses of tris PAPs [108-110]

The free P3P and P4P bases 31a-b and 33 can be liberated
from their corresponding phosphonium tetrafluoroborates with
potassium hexamethyldisilazide (KHMDS) in toluene solution,
yielding the desired products as colorless solids in high yields (=
79 %, Scheme 13). Unfortunately, the deprotonation of the higher
homologue  [(dma)PsPH]|[BF.] ([32H][BFs]) remains a
challenge """ |t could neither be realized with potassium in
liquid ammonia or ethylenediamine, nor with several lithium bases
(n- and £BuLli, lithium di-iso-propylamide), among others.[109.109
Solely in the presence of an excessive amount of NaNH: or
potassium pyrrolidide in THF solution, the free base 32 could be
generated and characterized by NMR spectroscopy.

The obtained PAPs exhibit experimental ™F pKgy, values of
34.9for (dma)FP3P (31a) and 36.7 for (pyrr)PsP (31b), respectively,
and up to 37.2 for (dma)P.P (33).'%1%% The ™" pKgy. values of
PAPs largely exceed that of the methyl Verkade superbase 14a
(MFpKep-= 24.1)  and Dielmanns 1AP  P(NIiPr); (22c,
THF pKans = 31.0), and may further surpass Schwesinger's methyl
tetraphosphazene superbase MePsfBu (18a, ™ pKgu. = 33.9)
and pyrrPatBu (18b, T pKgy. = 35.3).1'7'8 The respective mono-
PAPs 30a-d are significantly less basic with calculated V=" pKgy..
values of 26.4 for methyl derivative 30a up to 31.5 for pyrrolidyl
derivative 30d.l'"" The corresponding piperidyl- and azepanyl
derivatives 30b and 30¢ show similar "=Npkg,. values.

In addition to the remarkable high observed proton affinities
of PAPs, they surpass the Lewis basicity of IAPs, PyAPs and
YPhos ligands, which is also mirrored in their coordination
chemistry.[108.109]

Complementing the row of dialkyl PAPs, Dielmann
established the syntheses of phosphazenylphosphines 30e and
30f, and gold{l) complexes thereof.['1]
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2.1.4 Ylidylphosphines

Phosphonium ylides, bisylides and yldiides are 1,2-dipolar
compounds with a high electron density at the central carbon
atom.B447112 Thus, they act as strong carbon bases and show a
significant tendency for the addition of electrophiles.['®4% During
research on ylide and yldiide compounds as ligands in transition
metal complexes and the stabilization of reactive low-valent main
group elements, Gessner and coworkers connected the strongly
T-donating ylidyl groups as substituents to phosphorus and
obtained electron abundant ylidylphosphines (YFhos).['13.114.114]
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Scheme 14. Syntheses of YPhos ligands.

Three simple reaction paths A-C in Scheme 14 were
presented to synthesize ylidylphosphines starting from
alkylphosphonium salts, which can be easily prepared via
reaction of the respective phosphine with alkylhalides (Scheme
14).1M18-1201 Depending on the nature of Z, double deprotonation
with metal bases and subsequent nucleophilic substitution at
halophosphines deliver the desired YPhos ligands 34a-e in
moderate to high yields of 69-92 % (route A)[''819 Ag
demonstrated for 34a, the detour via reaction of yldiides with PCly
(70 %) and alkylation with organolithium or Grighard reagents is
also feasible, but requires the isolation of sensitive
intermediates.[''8.118] |n case of cheap starting materials, the way
B is recommendable. Reaction of ylides with halophosphines and
deprotonation by a second equivalent of ylide as the auxiliary
base afforded the target molecules.[''%"'%-129 The route C is
accomplished via reaction of ylides with halophosphines, but
requires an additional equivalent of base as KH or KHMDS.
Routes B and C are reported to proceed in a one pot synthesis
and are therefore the preferable preparation methods.

The corresponding ylidylphosphines Y, PiPr, (34i) and Y PPh;
(34j) were synthesized by Dielmann and co-workers in high yields
(> 85 %) in analogy to the preparation method of Issleib and

Lindner? via the reaction of ylide H:CPPh; with the respective
chlorophosphine (Scheme 14).0111

YPhos ligands represent valuable electron rich phosphines,
which was demonstrated by their readily formation of transition
metal complexes, such as  gold(pi"1ETEL op
palladiumt e 1171181200 complexes, which have been successfully
employed as catalysts in amination and hydroamination reactions,
as well as alpha arylation with arylchlorides among others.['211

2.2 Phosphazenes

While highly electron-rich phosphines generally find
application in transition metal catalyses, low nucleophilic
phosphazene superbases have been preferably established in
deprotonation reactions, which is particularly obvious with regard
to the huge variety of commercially available tailor-made
phosphazenes as auxiliary bases for nearly every purpose.

2.2.1 Basicity enhancement by hydrogen bonding

While several useful methods are known to increase the
basicity of phosphazene bases, the group of Sundermeyer
studied the stabilizing effect of hydrogen bonding in detail and
thereby designed the first phosphazene superbase TDMPP (35)
with an increased basicity due to multiple intramolecular hydrogen
bonding (Scheme 15).'?7
Phosphazene 35 is obtained as its corresponding
phosphazenium tetrafluoroborate by the reaction of 3-
dimethylamino-1-propylamine with PCls and subsequent salt
metathesis reaction in 68 % yield. The following deprotonation
with KOfBu proceeds nearly quantitatively (98 %).

e -~
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DNsEPh, | N Fg;\/\\ prny- KOBu 7N.\MA.N»-‘H’”\F//"\/\:\,(
S P PN RS " AL e
N b H 5
I S
TOMPP, 35

[TDMPPHIBPH,L BSHIBPR,]

Scheme 15. Synthesis of TOMPP (35).

X-ray crystallographic analyses revealed shorter and thus
stronger hydrogen bonds within the protonated base [35H]* with
N-(H}---N distances of 296 pm, compared to free 35 with distances
of 300 to 305 pm.['#

Due to multiple intramolecular hydrogen bonding, 35 exhibits a
basicity of "= pKgy. = 30.4, which is enhanced by up to 2.9 and
1.5 orders of magnitude relative to the presently known
monophosphazenes (Me:N)}:P=NMe and [(H,C}uNEP=NEL.['7127]

2.2.2 Proton sponges derived from phosphazenes

The combination of Alders proton sponge 1,8-
bis(dimethylamino)naphthalene (DMAN)'2'78 with superbasic
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phosphazenyl fragments constitute the class of phosphazene
proton sponges (Scheme 16).1'24-1281
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Scheme 16. Phosphazenyl and phosphazide proton sponges.

Sundermeyer's prototypical HMPN (1,8
bis(hexamethyltriaminophosphazenyl)naphthalene, 36a)
published in 2005 is accessible via Kirsanov reaction with
subsequent deprotonation (43 %, Scheme 186).0124-126.1281 HMPN
(38a) has a proton affinity of PA = 274 kcal/mol and a M=oNpKgy.
value of 29.9, and is thus 12 orders of magnitude more basic than
DMAN and 4 orders more basic than TMGN (1,8
bis(tetramethylguanidyl)naphthalene).l'?4.128 Since the success of
Kirsanov type reactions is limited for sterically demanding groups,
the pyrrolidine-derivative TPPN (36b) and its higher homologue
P2-TPPN (37a) are only viable via Staudinger reactions starting
from 1,8-bis(diazido)naphthalene. The proton pincer ligands 36b
and 37a reach extremely high "=®"pKg,, values of 32.3 and 42.1,
respectively 211 whereas a significant nucleophilicity of
phosphazenyl proton sponges was observed in the reaction with
ethyl iodide. While in case of 37a complete protonation in a
dehydrohalogenation reaction is observed, for the less bulky
proton sponges 36a and 36b alkylation is favored over elimination
reactions. This is also the case for alkyl substituted
biphosphazenyl proton sponges.l'® The corresponding mono
substituted naphthalene derivatives were shown to be
significantly less basic, which is due to the loss of stabilizing
intramolecular hydrogen bonding in the protonated form 124124

Interestingly, Sundermeyer ef al observed a significant
stability of biphosphazides as intermediates in the Staudinger
reactions and obtained the respective compounds in moderate to
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high yields (Scheme 16).[''2'%] By definite reaction conditions
also monophosphazide 36b{1Nz) could be prepared (Scheme 16).

Except compounds 36a(2Nz), 36b(2N:) and 37a(2N:),
which feature relatively small NR,-groups and thus are prone to
thermally induced nitrogen extrusion to yield the phosphazenes
36a-b and 37a, all other biphosphazides are highly stable even at
elevated temperatures, for which the bulky substituents were
made responsible. [

Due to their high nucleophilicity, the proton sponges do not
only act as proton acceptors, but also readily form pincer
complexes with Lewis acids, such as AlMe; and GaMe;.['2%

2.2.3 Chiral phosphazenes

The employment of chiral organocatalysts bearing strongly
basic phosphazene moieties for the activation of only weakly
acidic pronucleophiles has been introduced for the first time in the
asymmetric Henry reaction by Qoi ef af. in 2007.1130-134

The ready availability of chiral phosphazenes!'®! and their
outstanding catalytic activity in enantioselective sulfa-Michael
addition reactions,!'* Mannich-type reactions,'®@ cycloaddition
reactions, ['*8.137 hydrophosphinylations!'.'% as well as 1,2- and
1-4-addition reactions!'*" among others has moved them into the
focus of current interest. Rigid chiral iminophosphoranes are
excellent reagents for challenging enantioselective reactions, as
well [ As an illustration the chiral iminophosphoranes 40 of
Dixon,[134.140.142.143] gpiro-phosphazenes 41 of Ooil'30141 and chiral
guanidinophosphazenes 44 and 45 of Teradall35-139.145.148,147,148]
are depicted in Scheme 17, but will not be discussed in more
detail, since latest advances and achievements has been
reviewed recently.['¥1.132.749 The chiral phosphazenes 43 and 42
of Sunal'®” and Anderst'?! are also included (Scheme 17).
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Scheme 17. Chiral phosphazene bases.

The basicity of chiral phosphazenes can be increased by
the homologization strategy of Schwesinger,l'2'8 which was
realized by Terada with the cooperative binary base catalyst 44
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consisting of a biphosphazenyl unit bound to a guanidyl
substituent (Scheme 17), and which has proven beneficial for
enantioselective direct Mannich-type reactions.[148.1481

Sundermeyer et al. focused on two biphosphazene units
connected via binaphthyl'> or cyclohexyll'®? backbones in 47a-
b and 46a-b. Whereas biphosphazenes 47a-b can be regarded
as proton sponge derivatives, the cyclohexyl derivatives 46a-b
cannot be considered as such due to the lack of N-electron pair
repulsion.['®]

Chiral phosphazene bases are accessible via prominent
methods as Staudinger reactions of phosphines with chiral azide
compounds,'#  via  Kirsanov type reactions,'271%  via
condensation of chiral amines,'* diamines!"*" or guanidines!'4
with PCls, and combinations thereof.['50]

2.2.4 Carbon superbases containing phosphazenyl groups

As already mentioned, phosphorus ylides behave like
phosphonium-substituted  carbanions,®*=*7 and are thus
significantly more basic than their corresponding phosphanimine
analogues.['®47 Recent achievements in carbodiphosphorane
chemistry have been summarized by Alcarazo® and will not be
discussed in more detail here. However, it should be briefly noted,
that Gessner et al. recently explored a Lewis basic diamino-
substituted carbodiphosphorane, with strong C-donor properties,
and preferentially binds to neutral metals and main group
elements via the carbon center instead of the amino groups.l's3

In order to design a Brensted carbon superbase that
overcomes the basicity of Schwesinger's commercially available
tetraphosphazenes 18 and additionally features a significantly
decreased molecular weight, Sundermeyer and co-workers
focused on the classical proton sponge concept and brought the
basicity centers of phosphonium ylides in spatial proximity.['**.158]

The nucleophilic substitution of 1,8-
bis(bromomethyl)naphthalene with P{NMe;); and the subsequent
deprotonation with benzyl potassium afforded the desired carbon-
based proton sponge MHPN (49) in a 84 % vyield (Scheme 18).
NMR spectroscopic titration experiments reavealed a significantly
enhanced basicity of 49 (M=“MpKg, = 33.3) relative to the
biphosphazenyl proton sponge HMPN (36a,
MetNpKgne = 29.9),1%41%8 although no rigid hydrogen bond
interaction is found in [49H]*. The “acidic” proton bound at carbon
undergoes a rather rapid exchange or “proton hopping” between
both basicity centers, which is accompanied by an increased
kinetic barrier relative to classical proton sponges. Thus, definite
CH and CH; resonances can be observed by 'H NMR
spectroscopy and X-ray diffraction confirms predicted different
structures of CP(NMe-); groups in [49H]*.
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Scheme 18. Syntheses of carbodiphosphoranes.

Since no beneficial basicity increase by interaction of two
carbon basicity centers in spatial proximity was proven, the direct
comparison of ylide 49 with ylide MeC=P(NMe2):
(MeNpKg. = 37.7)'81 suggests a possibly larger increase by
implementation of strongly electron donating substituents at the
carbon basicity center. For this purpose, Sundermeyer ef al.
developed a series of carbodiphosphorane derivatives 50-52
containing -P{NR:):(NR’;) groups at carbon, whereas NR’y
represents already awarded phosphazenyl , tetramethylguanidyl
(TMG) or simple amino groups.['*8 Starting from readily available
bis(dimethylaminophosphino)methane or the respective pyrrolidyl
derivative, oxidative amination with CCl, afforded the desired
dicationic species in all cases (Scheme 18), which were
transferred into their air and water stable HBF. salts according to
described literature procedures. The neutral
carbodiphosphoranes 50 (™FpKgy. = 30.1 329) and 51
(™MF pKap. = 35.8) were liberated via twofold deprotonation with
KHMDS or NaNH; in yields of 60 % and 70 %, respectively.l's®
Guanidyl derivative 51 is the strongest carbon base presently
known and surpasses ylide H.C=P(2,4,6-(Me(C)s-CsgH2).Ph with a
THF pKgy. value of 33.5.08

The higher dicationic phosphazenyl homologue [52H:]**
can be efficiently transferred into the mono cation [52H]" by
treatment with NaNH; (69 %, Scheme 18). A second
deprotonation step at the carbon atom, however, does not occur.
In contrast to the desired carbodiphosphorane 52 (calculated
THF pKgy+ = 39.1), Sundermeyer obtained the
phosphazenylphosphine 53 as the selective product via
elimination of a peripheric dimethylamino group, by which he
clearly demonstrated a potential basicity limit for
dimethylaminophosphazene-incorporated superbases.[' %

2.2.5 Non-coordinated anions with phosphazene bases

Most commonly, phosphazene bases are required for the
deprotonation of only weakly acidic pronucleophiles, as the
trifluoromethane building block in nucleophilic
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trifluoromethylations.l'?7.1%.158 Moreover, the low Lewis-acidity of
the corresponding phosphazenium cation renders the formation
of non-coordinated “naked” anions possible, which feature a
drastically increased reactivity. Combinations of phosphazene
bases with protic reactants are thus frequently used as metal-free
promotors  in  anionic  polymerizations,l'®  as  of
butyrolactone,['81 methyl methacrylate,['®? cyclosiloxanesl'& 1841
or in copolymerizations of epoxides.['59

Clearly, the nature of the respective non-coordinated
anionic species is of broad interest for the elucidation of structural
features and the stability of intermediates, as well as an insight in
conceivable reaction pathways, as prerequisites for an improved
fabrication of products and reliable quantum chemical predictions.

Recently, the first hydroxide trihydrate devoid of significant
cation-anion interactions was obtained and structurally elucidated
by deprotonation of four equivalents of water with the perethyl
tetraphosphazene base 18c (Scheme 19).1157.158]
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.
R, Mel, s-hexane, i Mo
R—P=N_ ™ | -
'S By or K “Bu
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18¢, EtP;Bu X=Gl,1

[18cHalX, [EtP,BuMa]X

Scheme 19. Liberation of tetraphosphazene 18¢ via its hydroxide hydrate salt
and ensured methylation ['5 57

Normally, in mixtures consisting of free and protonated
phosphazene base 18¢ a high kinetic proton exchange barrier is
evidenced at ambient temperature by the presence of two
separated signal sets with characteristic 2J=p couplings of 29 Hz
and 70 Hz as observable in Figure 3. In keeping with this, the 3'P
NMR spectroscopic titration of the free base 18c with water in
chlorobenzene displays a single signal set with a continuous
increasing “Jee coupling from 29 to 70 Hz with increasing amounts
of water (Figure 2).'"71%81 Addition of four equivalents of water
afforded the hydroxide trihydrate anion as a saline
phosphazenium salt, showing the characteristic ?Jsp coupling of
70 Hz, whereas the ?Jen coupling constant of 8 Hz is only resolved
in the presence of an excess of water.
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Figure 2. *'P NMR spectroscopic titration of EtP 4 with different amounts of water
in chlorobenzene. Lock with acetone-ds in a capillary. Bottom: free base; top:
with an excess of water [197.15%]

The *'"P NMR titration of the free tetraphosphazene 18c with
tert-butanol surprisingly delivers the two familiar sighal sets for the
free and the protonated base (Figure 3), which reflects a
significantly impeded proton exchange in comparison to the
hydroxide salt.

+ exc. ferf-butanol

2 1

0 -1
f1 (ppm)

Figure 3. P NMR spectroscopic titration of EtPs with tertbutanol in
chlorobenzene. Lock with acetone-ds in a capillary. Bottom: free base; top: with
an excess of ferf-butanol.

Employment of three equivalents of the alcohol leads to
complete protonation of 18c and suggests the formation of a fert-
butanolate anion with two fert-butanol solvate molecules. This
prediction is confirmed by X-ray analysis of single crystals of
[18cH][{BUuO({HOBU):]"®® obtained from a cooled n-hexane
reaction mixture (Figure 4).
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Figure 4. Anions of the phosphazenium salts [18cH][Mes;SiO(HOSiMes)z] and
[18cH][BUO(HO®BU)2]."% "% The cation [18cH]" is not depicted.

The O1-02 and O1-0O3 distances in the anion amount to
258.2(2) and 253.0(2) pm, respectively, and are similar to those
observed in the trimethylsilanolate anion [Me;SIO(HOSiIMe;)a]
previously reported by us (Figure 4).05.15%  Solid
[18cH][tBUO({HO{Bu):] decomposes rapidly upon warming to
room temperature and reformation of the free base 18¢ is evident
by *'P NMR spectroscopy.

Generally solvated anions [OH(OH:)sT, [{BUuO(HO{BuU):| and
[Me;SIO(HOSiIMe;),] are prone to loss of the solvate shell, with
concomitant deprotonation of their phosphazenium cations
[18cH]+_[157,159‘167,158]

As the most common way for the deprotonation of
phosphazenium salts involves hazardous and self-igniting amides
in ligquid ammonia,['215.83.157.138.187.188] ywhich also causes serious
waste disposal problems, alternative strategies for the liberation
of 18¢ and other tetraphosphazenes 18 from their hydrochlorides
are urgently required.

For this purpose the salt metathesis reaction of [18cH]CI
with a strongly basic OH anion exchange resin and the
subsequent thermolysis of the obtained phosphazenium
hydroxide hydrate have been proven beneficial and affords the
free base in high quantity and yield (97 %, Scheme 19).[157.15]

In order to trap a naked hydroxide anion, the “acidic”
iminium functionality of [18cH]* needs protection. The substitution
of the proton by a methyl group in [18cMe]* seems promising and
can be incorporated by alkylation of base 18c with methyl halides
(Scheme 19).F1 While methylation of 18¢c is performed
quantitatively with Mel in n-hexane at ambient temperature, the
analogous reaction with MeCl solely afforded the protonated base
under the same conditions, however, methylation is favored over
protonation in toluene at elevated temperatures.

The methylated base [18cMe]* features a characteristic
quartet of quartet splitting with Jer and 3Jey couplings of 77 and
14 Hz. The described procedure for the generation a
phosphazenium hydroxide salt by means of a basic anion
exchange resin was applied. The subsequent drying in a high
vacuum at ambient temperature resulted in the deterioration of
the phosphazenium cation [18cMe]* and delivered a mixture of
products. Multinuclear NMR  spectroscopy suggests the
decomposition of the ferf-butyl group of the iminium functionality
as the main decomposition pathway. Thus, the generation of a
naked hydroxide anion in the presence of peralkylated
phosphazenium cation [18cMe]* seems to exceed the limits of the
respective protocol.

Phosphazenium hydroxides, which can be employed as
polymerization initiator for cyclosiloxanes,!'8%.184 react readily with
siloxane species in a stoichiometric manner. We recently showed,
that in the presence of weakly coordinating phosphazenium ion
[18cH]* an insertion of the OH- anion into a silicon-oxygen bond
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furnished silancl-silanolate anions as products, that are devoid of
significant cation-anion interactions.l'®-18% Whereas the reaction
with hexamethyldisiloxane delivers the [Me;SiO(HOSIMes)]
anion, the analogous reaction with hexamethyl or hexaphenyl
cyclotrisiloxanes leads to cyclic [(Rz8I0)0H] ([D:OH]) silanol-
silanolates featuring strong intramolecular hydrogen bonds (G-O
separation in the range of 242.8(2) to 242.9(2) pm).[157 .15

R R . R OR
si ut
o S~o  +[18CHIOHOHI] | R H oo
\ R—P=N{ R/ \ R
R"’,SI\O/SI“‘R' -nH0 R ‘Bu R./SI\ ;’SI\R'
R R 0O—H---C
R = -N=P(NEty)s

[18cH][D™*2,0H], R' = Me
[18cH][DP"2,0H], R' = Ph

Scheme 20. Syntheses of [DsOH] anions.['5 5%

Furthermore we showed, that hydrogen bonding patterns in
silanolate anions strongly depend on the employed counterions,
as cyclic moieties are favored in the presence of bulky cations,
whereas in the presence of small tetramethylammonium cations
intermolecular hydrogen bonds are predestinated, leading to
indefinite strands of [DsOHT
anhions.['®[10.1002/chem.202004236]

Besides the discovery of isclated silanol-silanolate
hydrogen bridges devoid of cation-anion
interactions,!"87'%10.1002/chem 202004236] the nature and
characteristics of non-coordinated phenolate anions and their
hydrogen bonded adducts were elucidated with the aid of
pyrrolidine  monophosphazene  pyrrP«#Bu  (15b) and
tetraphosphazene 18¢.I'™ Interestingly, the deprotonation of the
acidic phenol H:Ce-OH molecule (pKg. = 9.98)'711 with 15b
solely afforded the hydrogen bonded anionic phenol-phenclate
moiety with an additional cation-anion interaction.
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Scheme 21. Syntheses of non-coordinated phenolate anions and their adducts
employing 18¢.['™!

In contrast to that, the more powerful tetraphosphazene 18¢
allows the complete deprotonation and the realization of the first
hon-coordinated phenoclate [HsCe-O} anion (Scheme 21).['70
Moreover, several electron rich phenolates were guantitatively
synthesized and show comparable reducing properties as zinc
with redox potentials of up to -0.72V vs. SCE. Those
phosphazenium phenolates found application in activating the
inert and most effective greenhouse gas SFs to produce
pentafluorosulfanide [SFs] and fluoride salts.'™ Moreover,
sterically encumbered phenolates are excellent reducing agents
for the syntheses of radical anion salts featuring weakly
coordinating phosphazenium cation [18cH]*, which represents a
main subject of our current interest.

Beyond that, neutral phosphazene 18¢ render the selective
design of hydrogen bonded phenol-phenolates or phenolate
hydrates possible (Scheme 21), by which we were able to show
the tremendous impact of hydrogen bonding on the redox
properties of phenclate anions, which is especially important for
mechanistic insights of the photosystem ILI'" Since reported
redox potentials of phenolates were commonly obtained by
deprotonation with alkylammonium hydroxides ['"3 the effect of
hydrogen bonded water molecules was neglected. We clearly
demonstrated the hydrogen bond induced oxidation potential
shifts of non-coordinated phenoclate [PhOJ (En. =-0.12(1)V vs
SCE) relative to its adducts [PhO(H.O) (En. =-0.04(1)V vs
SCE) and [PhOQ(HOP)} (Eox = +0.22(1) V vs. SCE) and verified
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the results with quantum chemical calculations at the BP86/6-
311+9(3df,2p) level of theory ']

3. Conclusions and outlook

In this mini review, we have given an account on the most
recent developments of the chemistry of electron-rich phosphines
and phosphazenes. Strategies to increase the Lewis and
Bransted basicity of electron-rich phosphines are based upon the
introduction of strongly Tt-donating substituents. The
phosphazenyl groups introduced by Schwesinger are particularly
suitable for this purpose, as they exert a considerable influence
oh the electronic structure of the central atom via the
homologization strategy. The corresponding phosphazenyl
phosphines (PAPs) can even surpass the basicity of
Schwesinger's commercially available tetraphosphazene bases.
Furthermore, incorporation of NHC-based imidazolin-2-
ylideneamino groups have also proven beneficial. The known
NHC backbones allow efficient fine-tuning of the electronic and
steric  properties  of the corresponding  imidazolin-2-
ylideneaminophosphines (lAPs). Similar donating abilities have
also been demonstrated for pyridinyliden-2-amino groups in
pyridinyliden-2-amino phosphines (PyAPs), which are extremely
cheap alternatives to IAPs. Ylidyl groups in ylidylphosphines
(YPhos) are also suitable for enhancing the Lewis basicity and to
generate efficient transition metal catalysts.

Since Schwesinger's homologization concept for increasing
the basicity of phosphazenes has already reached its limits, there
are versatile approaches to increase the basicity by steric effects.
For example, it has been shown that the basicity of phosphazenes
is significantly increased by the formation of intramolecular
hydrogen bonds in its protonated form. It is also possible to
combine the structure of proton sponges with electron-donating
phosphazenyl groups, thus exceeding the basicity of the
conventional proton sponge 1,8-his(dimethylamino)nhaphthalene
by several orders of magnitude. The inclusion of chiral
substituents at phosphorus or the attachment of phosphazene
units to chiral backbones have enabled the preparation of a
variety of chiral phosphazenes, allowing the catalytic and
stereoselective conversion of weakly acidic pronucleophiles.

In contrast to superbasic phosphines, which tend to add
electrophiles and are therefore used for transition metal-catalyzed
coupling reactions, sterically encumbered tetraphosphazene
bases offer the possibility to deprotonate weakly acidic
compounds and, due to their low tendency for coordination, allow
the study of the corresponding non-coordinated anions.
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The hunt for the most powerful neutral superbase is still ongoing. The steadily growing scope of applications has resulted in a
renaissance of strongly electron rich phosphorus containing Lewis and Brgnsted bases. The recently published variation possibilities

of strongly TT-donating substituents at the basicity center to increase proton affinity and c-donation ability are highlighted in this mini
review especially focusing the past five years.
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