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Abstract

Abstract

Phosphorus chemistry has undergone a significant revival, particularly within catalysis and
synthetic methodology, reflecting its expanding utility in modern chemical research. This thesis
explores low-valent phosphorus chemistry, focusing on cyanophosphides ([RPCN]") and
phosphorus heterocycles, using sterically demanding terphenyl substituents to enable novel
reactivity. The [PPPTerPCN]~ (PPPTer = 2,6-Dipp-CéHs; Dipp = 2,6-iPr>-C¢H3) anion was
established as a robust platform, exhibiting unprecedented P—CN/P-NC coordination
isomerism upon O oxidation, with the cyanide form thermodynamically favored —
highlighting dynamic electronic behavior in P(V) adducts. Building on this foundation, the
second section of the thesis demonstrates that [PPPTerPCN] ™ served as a cyanophosphide
transfer reagent. The reactions with GeClz yielded a unique chlorogermylene dimer with
Ge:-*NC interactions or a diphosphanylgermylene,, while PCls/AsClz afforded
diphosphane/arsaphosphane species via dehydrohalogenation. These results expand
cyanophosphide chemistry into new P—E (E = Ge, P, As) frameworks. In addition, frustrated
Lewis pair (FLP) reactivity was demonstrated using a PPPTer-derived phosphafluorene.
Coordination to AuCl, BHs, or S gave quaternized derivatives, while the combination with
B(C¢Fs); and terminal arylacetylenes enabled regio- and stereoselective formation of
zwitterionic alkenyl phosphonium borates—a rare transformation for phosphorus heterocycles.
Minimal substituent effects on arylacetylenes suggest a generalizable activation mode governed
by the phosphafluorene—borane system. Collectively, sterically tailored phosphorus centers
unlock novel reactivity: cyanophosphides exhibit structural dynamism (isomerism) and transfer
capabilities, while dibenzophosphole analogs facilitate FLP-mediated alkyne activation. This
work advances main-group chemistry in reactive intermediates (phosphinidenes, germylenes)

and functional materials, establishing new synthetic paradigms for phosphorus-based systems.



Zusammenfassung

Zusammenfassung

Die Phosphorchemie hat eine bedeutende Wiederbelebung erfahren, besonders in der Katalyse
und Synthesemethodik, was ihre wachsenden Nutzungsmoglichkeiten in der modernen
chemischen Forschung unterstreicht. In dieser Dissertation wurde die Chemie niedervalenter
Phosphorverbindungen erforscht mit einem Fokus auf Cyanophosphiden ([RPCN]") und
Phosphorheterocyclen,, wobei sterisch anspruchsvolle Terphenyl-Substituenten neuartige
Reaktivitit ermoglichen. Das [PPPTerPCN] (PPPTer = 2,6-Dipp-CsHs; Dipp = 2,6-iPr2-CeH3) -
Anion wurde als robuste Syntheseplattform etabliert und zeigt nach Oxidation mit O; eine
beispiellose P-CN/P-NC-Koordinationsisomerie, wobei die Cyanid-Form thermodynamisch
bevorzugt wird — ein Beleg fiir das dynamische elektronische Verhalten von P(V)-Addukten.
Basierend darauf dient [PPPTerPCN]~ als Cyanophosphid-Transferreagenz: Reaktionen mit
GeCl; ergaben ein einzigartiges Chlorgermylen-Dimer mit Ge:--NC-Wechselwirkungen oder
ein Diphosphanylgermylen, wahrend PCIl3/AsCl; 1iber eine Dehydrohalogenierung
Diphosphan-/Arsaphosphan-Spezies lieferten. Diese Resultate erweitern die Cyanophosphid-
Chemie auf neue P-E-Gertiste (E = Ge, P, As). Zusétzlich wurde FLP-Reaktivitit (Frustrated
Lewis Pair) an einem PPPTer-abgeleiteten Phosphafluoren demonstriert. Koordination dieses
Phosphafluorens an AuCl, BH; oder S fiihrte zu quaternidren Derivaten, wihrend die
Kombination mit B(CeFs)3 und terminalen Arylacetylenen regio- und stereoselektiv
zwitterionische Alkenylphosphonium-Borate ergab — eine seltene Transformation fiir
Phosphorheterocyclen. Minimale Substituenteneffekte an den Arylacetylenen deuten auf einen
verallgemeinerbaren Aktivierungsmechanismus hin, der durch das Phosphafluoren-Boran-
System bestimmt wird. Zusammenfassend erschlieBen sterisch modulierte Phosphorzentren
neuartige Reaktivitdten: Cyanophosphide zeigen strukturelle Dynamik (Isomerie) und
Transferfdhigkeiten, wéihrend Dibenzophosphol-Analoga FLP-vermittelte Alkinaktivierung
ermoglichen. Diese Arbeit erweitert die Hauptgruppenchemie reaktiver Intermediate
(Phosphinidene, Germylene) und funktioneller Materialien und etabliert neue synthetische

Paradigmen fiir phosphorbasierte Systeme.
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Introduction

1 Introduction

1.1 Phosphanylidenephosphoranes

Species of the general type R—P(R’3) are generally referred to as phosphanylidinephosphoranes.
These species feature a divalent phosphorus atom bearing two lone pairs of electrons (LP) and
a strongly electron-donating PR’; substituent. Multiple nomenclature systems have been used
to describe these species, reflecting divergent bonding interpretations. The term
phosphanylidene-c*-phosphorane specifies a tetrahedral phosphorus center bearing four o-
bonds (Scheme 1, IT). When applying the A-convention, these species are designated as 1A°-
diphosphenes (R’;P=PR), highlighting a formal P=P double bond and a pentavalent,
tetracoordinate P(V) center at one phosphorus (Scheme 1, I). The phosphane moiety (PR’3)
exhibits lability and can undergo thermal/photochemical extrusion or be displaced by stronger
Lewis bases, prompting the alternative designation as phosphane-stabilized phosphinidenes
(Scheme 1, III). The latter term is interchangeable with phosphanediyls.!!!
Phosphanylidenephosphoranes of the type R—P(PR’3) are often termed as phospha-Wittig
reagents by isolobal replacement of the CR: in classic Wittig reagents Ro.C=PR’; with a
phosphinidene fragment P—R. These systems have proven indispensable in synthesizing
complex organophosphorus architectures and for elucidating novel phosphorus-centered
reactivity.?’l Burg and Mahler were the first to report on the action of an excess of PMes on the
phosphorus homocycles, tetramers (PCF3)s and pentamers (PCF3)s, noting the reversible
formation of F3C—P(PMes), a phosphanylidenephosphorane.*** Further analysis revealed that
the NMR spectra are influenced by the concentration of free PMes, indicating an exchange of

coordinated PMes.

| | ]|
RN . R\@® ... R\ ...
R'—P=P, R'—P—P" R'—P —>P*
/ \ / o\ / \
R R R' R R' R
12.°-diphosphenes phosphanylidene- phosphane-stabilized
s*-phosphoranes phosphlnldengs
(or phosphanediyls)

Scheme 1. Different nomenclatures for phosphanylidenephosphoranes of the general formula
R—P(PR’5).l!
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Aryl-substituted phosphanylidenephosphoranes Ar—P(PR’3), pioneered by Protasiewicz and co-
workers, represent the most widely utilized class of these compounds. The discovery emerged
unexpectedly during attempts to synthesize M®Ter-substituted diphosphenes from
Cp2Zr(PMes)PMeTer™) and MTerPCly (similar to Stephan’s Cp2Zr(PMes)PMes* work).[°!
Instead of the anticipated formation of product mixtures, M*Ter-P(PMes) was identified
(Scheme 2, top). Subsequently, a rational synthesis was developed using sterically hindered
aryldichlorophosphanes (ArPCl,), excess PMes, and Zn as a reductant. Although the role of
zinc dust may seem redundant, it proves crucial for achieving high yields as the system performs
poorly with PMes as the sole reagent (PMes is also oxidized during the reaction, giving
CloPMe;).”) This method enabled access to diverse derivatives with varying aryl-substituents
(Ar = Mes*,[1 EIND,®] CITer, [ MesTer,[7: 101 DippTer 111 TippTerl12]: Scheme 2 bottom). These
compounds function as phospha-Wittig reagents, reacting with aldehydes to yield
phosphaalkenes (R1R2C=P—Ar) while liberating O=PMe3, analogous to the Wittig reaction in

classic organic chemistry.

First evidence for stable aryl-susbtituted phosphanylidenephosphoranes

P PMe

Zr\\

% A

Cl MesTer
+ P—P\ + PMesy + Cp,yZrCl,
Mes Cl

ArPCl, + exc.Zn + exc. PMeg ——> ArPPMe;

P
Et Et ol Q ¢
o alr=a
Ar = tBuQ- - _C' iPr
tBu Et
Mes

Et Et Cl,CeH3 Tiop

Dipp

Mes* EIND ClTer MesTer TippTer DippTer

Scheme 2. First, serendipitous synthesis of M*Ter—P(PMe;) (top) and rational synthesis of Ar—P(PMe3)
along with different aryl-substituents commonly used to obtain robust phospha-Wittig reagents
(bottom).

Phosphanylidenephosphoranes feature electron-rich (Scheme 1), dicoordinate phosphorus
centers, as evidenced by their shielded *'P NMR signals between ca. —10 and.80 ppm in the
region typical of phosphonium P atoms. The 3'P NMR chemical shifts for dicoordinate

phosphorus atoms (where phosphorus has two bonds and one lone pair, typically in
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phosphinidenes (R—P) or phosphaalkenes(P=C)) generally fall in a highly deshielded range
between ca. 200 and 500 ppm due to reduced electron density and low coordination number.
Additionally, large 'Jpp coupling constants (430-700 Hz) indicate potential multiple bonding
between the P atoms of phosphanylidene-c*-phosphoranes, comparable to that observed in
diphosphenes (e.g., Mes*P=PMes, 'Jpp = 574 Hz).l!>'¥! Structural characterization of some
derivatives revealed remarkably short P-P bond distances (ca. 2.06-2.15 A) between the
dicoordinate and tetracoordinate phosphorus centers. These values are significantly shorter than
the theoretically predicted P—P single bond length (Zreov(P—P) = 2.22 A) and approach the
expected double bond distance (Zrcov(P=P) = 2.04 A), further supporting the presence of
multiple bonding interactions.!!>) Bearing two lone pairs of electrons on the dicoordinate P
atom, phosphanylidene-c*-phosphoranes are expected to be potent ligands toward transition
metals and able to react with Lewis acids as well as other electrophiles. Burg and Mahler
reported the first synthesis of highly unstable acyclic trifluoromethyl derivative of P,P-ylide,
F3C-P(PMes) at low temperature (Scheme 3, IV).[* 161 Subsequent work by Weber and
Fluck,!'” Fritz,'81) and Regitz*” expanded this class with further examples such as stable P,P-
ylide IV.

R tBu M
Op F|’6| MINE R [M]<—F|’@—R
| R' / @ — R @ —R!
®p~ ((IPr)2N)oR P—R P—R
RI/P\RI @ S|Me3 R'/ \Rl 7 \Rl
v \" Vi VIl

[M] = BH3, W(CO)s, Cr(CO)s,
Fe(CO),, AuCl, AgOTf

Scheme 3. Selected examples of phosphanylidenephosphorane complexes.

A cyclic P,P-ylide 1A3,2)*-1,2-diphosphete (Scheme 3, V) was synthesized by Regitz and
Bertrand via photolysis of phosphanyl(silyl)diazomethane and fert-butylphosphaalkyne.!?!-2?!
Reactivity towards transition metal fragments were shown in Mathey’s mononuclear
[W(CO)s(RP—PR’3)] complexes (Scheme 3, VI), accessed via phosphate reduction'?’! and
Scheer’s dinuclear complexes (Scheme 3, VII) from reactions of a Cp*-phosphinidene with
tungsten precursors.?*! Protasiewicz and co-workers have shown the successful syntheses of
Lewis acid diadducts using the sterically unhindered Lewis acids AuCl and AgOTf in

combination with stable acyclic aryl phospha-Wittig derivatives (e.g., Mes*~P(PMe3)).!*]
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Similar observations were made by Kilian and co-workers in a peri-substituted acenaphthene
system (a cyclic P,P-ylide (V)) giving related gold diadducts (e.g., [MesP(AuCl)2(PMes)]2).[2*-
271 Additional complexes with diverse metals (Cr, W, Mo, Fe) highlight the structural
variability. 16 22-23: 25281 Scheme 3 underscores the evolution from early unstable species to

well-characterized complexes, emphasizing the synthetic potential of phospha-Wittig reagents.

1.2 Phosphanylidenephosphorane as R—P Transfer Agent

One of the key features of phosphanylidenephosphoranes is their ability to act as phosphinidene
transfer agents. In this context, phosphanylidenephosphoranes serve as precursors to
phosphinidene moieties (R—P), which can be delivered under mild, controlled conditions. The
transfer process often proceeds via an associative substitution pathway, replacing the PR’3
fragment with a stronger nucleophile or electrophile. This behavior has been utilized to
synthesize P-E bonds where E represents transition metals or main-group elements. The
reactivity can be rationalized by considering the electronic structure of R—P(PMe3). The LUMO
of the model compound H-P(PH3) exhibits significant 6* character associated with the P—P
bond. This suggests that photolysis or reaction with a nucleophile should promote P—P bond

cleavage and release of the phosphinidene fragment (H—P).

R1
355 nm R? B: 355 nm
Mes* © TiPPTer
€3
R! ®

I""’sTerl 355 nm

Mes Tlpp 'I'Pr
P_H Mes P
0.5 Ps O
P e
t t
Bu Bu Mes Mes .
iPr
C-H-insertion dimerisation C-C-insertion
1 2 3

Scheme 4. Three different fates of phosphinidenes generated from Ar—P(PMes) upon photolytic
cleavage.
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Upon laser irradiation (355 nm) of aryl-substituted phosphanylidenephosphoranes Ar—P(PMe3)
(Ar = Mes*, M*Ter, TPPTer) bearing bulky aryl groups on the phosphanylidene P atom in CeDs
solution, generates the corresponding phosphinidenes Ar—P (Scheme 4).['2] Analysis by 3!P
NMR spectroscopy confirmed the release of free PMes and revealed distinct reaction pathways
depending on the aryl substituent. For Mes*—P(PMe3), the known 3,3-dimethyl-5,7-di-tert-
butylphosphaindane (1) was formed, which is a decomposition product of the transient Mes*—P,
forming through insertion of the phosphinidene P atom into a vicinal C—H bond of the o-/Bu-
group. Photolysis of M*Ter—P(PMe;) yielded the diphosphene (M*TerP). (2) alongside PMes,
and the inherent photolytic stability of this diphosphene prevented further degradation (Scheme
4, middle). Photolytic P-P bond cleavage in the phospha-Wittig reagent T'PPTerP(PMes)
produced Tipp-phosphafluorene (3) as the primary product forming through Ar—P insertion into
one of the flanking iPr-group in the Tipp-substituent. Pointing in the same direction,
Protasiewicz and co-worker showed the cyclo-addition of Mes*—P(PMes) and M Ter—P(PMes)
with o-quinones affording 1,3,2-dioxophospholanes rather than producing the expected 1,2-

(291 The reaction using

diphosphaalkenes (from phospha-Wittig type reactivity) (Scheme 5, left).
3,5-di-tert-butyl-o-benzoquinone (5) gives excellent yields while reaction with tetrachloro-o-
benzoquinone (4) resulted in low yields. Moreover, phosphinidene transfer to transition metals
MesTer—P(PMes) when combined with  Cp2Zr(PMes),  yielding

Cp2Zr(PM*Ter)(PMes) (6) with a characteristic deshielded *'P NMR signal at 762 ppm

was shown for
corresponding to the phosphinidene P atom (Scheme 5, right). In addition, the first vanadium(V)
phosphinidine complex (PNP)V=PMes*(CHBu) furnished upon treatment of
(PNP)V(CH2tBu)2 (PNP = N[2-P(CHMe»)2-4-methylphenyl]>) with Mes*—P(PMe;) at 50 °C

for 12 h.[3%

was

o O
Mes
Te '
| er R R \ \\\PMe3 Vo
P i i 'S Ter
7\ 4 PMe
o” o R R [ - s Q//P/
<~ V**TerPPMe; > Zre_
R R -PMes 2PMe; QQ TPMes
R R°  R=R=Cl4) 6
R =1Bu,R"=H (5)

Scheme 5 Oxidative addition of Ar—P(PMes) to o-quinones (left) and R-P transfer to access terminal

transition metal phosphinidene complexes (right).
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Aldehydes react with phosphanylidenephosphoranes analogously to Wittig reagents to yield
phosphaalkenes.[”! This P(I) transfer represents a simple, direct synthetic route to low-valent
P(IIT) molecules. Thus, the addition of stronger Lewis bases to ArP(PMes) should result in a
facile exchange of PMe; alongside the respective Lewis base. The reaction of ArP(PMes)
(Ar = Mes*, MeTer, PPPTer) and NHCs (NHC = IMes, IiPr2, IMes, McIMes) gives clean
conversion into NHC-phosphinidene adducts NHC=PAr (7, Ar = Mes*; NHC = IMe4, [Mes,
Me[Mes) upon prolonged heating to 80 °C to 105 °C in Ce¢Ds, while at room temperature the

desired formation was not observed (Scheme 6 (a)).!'!}

NHCs
/ ipr Mes Mes
N N N N
I>[>[> I>
R NN N N
NHC Ar—Ps N Pr Mes Mes
- ), R4
(@) CgHg, 80°C N IMey pr, IMes Me|Mes
-PMe; R® Re \
Mes*PliPry, Mes*PIMey,
7 Mes*PIMes, Mes*PMelMes,
R /OPP MesTerPIMe , Mo TerPliPr,,
N_H MesTerpMelMes, DPPTerPIMe 4
| —C Ar H
\ Ny Y
RT N H P& Diep
(b) Dipp H }\N Ar=Mes*, R =H
R = Mes =
CeHe, 80°C Dipp N RS Ar MeSTer, R=H
-PMej Ar = T%Ter, R = Me
R3 Ar =DPPTer, R=H
H  HDipp 8
c=C N H A
/ A 2 r
H /C_< ] . H /CNP\/
/N Dlpp\ N 7 H
© Dipp N—7
CgHg, 80°C &N—Dipp
-PMej3
9
Ar = Mes*, MesTer

Scheme 6. Ar—P(PMe;) as precursor for NHC-phosphinidene adducts (a) and C(sp?)-H activation in the
reaction with NHOs and enediamines to access P-substituted NHOs or butadienes, respectively (b, c).

DFT-studies and the inspection of the intrinsic bond orbitals (IBOs) are in line with an initial
nucleophilic attack of the NHC at the 6* P—P orbitals and thus, an Sn2-type substitution is
proposed. As outlined in Scheme 6, this protocol offers an alternative pathway to NHC
phosphinidene adducts,*!! versatile ligands used in transition metal chemistry.*?! Unlike NHCs,

N-Heterocyclic olefins (NHOs) act as strong 6-donors with negligible m-accepting ability.33-34
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The reaction of IDippCH2 with Mes*—P(PMes) in C¢Ds at 80 °C afforded the P-substituted
NHO IDippC(H)P(H)Mes* (8, Scheme 6 (b)), confirmed by a doublet in the 'H NMR spectrum
between 4.11-5.29 ppm ('Jpu~210Hz), indicative of a PH proton. Extending this
methodology, treating the enediamine IDippCsH4>! with Ar—P(PMes) (Ar = Mes*, M*Ter)
affords y-P-substituted enediamines IDippCsH3P(H)Ar (9, Scheme 6 (c)). These adopt
predominantly £E-1,3-diene configurations in solution, while the Z-configured diene

(IDippC3H3P(H)Mes*) was observed in the solid state.['!]

The phosphinidene transfer capability extends to reactions with other simple organic
nucleophiles, where Ar—P(PMes3) reacts with isonitriles (R-NC) to form new 1,3-
phosphaazaallenes (ArPCNR). In the case of fBu—NC these phosphaazaallenes can thermally

[3¢] Heating 1:1 mixtures of the

eliminate iso-butene to yield cyanophosphines (ArP(H)CN).
phospha-Wittig reagents Ar—P(PMe;) (Ar = Mes*, M®Ter, PPPTer) and isonitriles (BuNC,
XyINC; Xyl = 2,6-Me>CgH3) to 80 °C for 16 h in benzene or n-hexane solution afforded six
examples of the phosphaazaallenes ArPCNR (10, Scheme 7). Subsequent prolonged heating of
the 7Bu-substituted phosphaazaallenes (ArPCN/Bu) to 105 °C induced conversion to the
cyanophosphines ArP(H)CN (11), along with iso-butene elimination. Furthermore, treatment
of PPPTerP(H)CN with K[N(SiMes)] (KHMDS) was shown to give an isolable
cyanophosphide (12, Scheme 7). Furthermore, Mes*PCN/Bu underwent hydroborylation
across the C=N bond using Piers' borane (HB(C¢F5)2), yielding the heterobutadiene derivative

Mes*P=C(H)—N(B(CsFs)2)/Bu

? N Ar 105 °C N Di
=N—R KHMDS PP
ArP=PMe; ——> P=C=N —» Ar—P 7% Ter\ e)
CgHg or AN —C4Hg c  CeDe rt P=C=N
n-C6H14, r.t R R =tBu \\;\l
—PMe3
10 12
Ar = Mes*, MesTgr, DippTgr Ar = Mes*, MesTer,
R = tBu, Xyl Ar = PiPPTgr 11

Scheme 7. Facile PMes for CN—R exchange reactions to afford 1,3-phosphaazaallenes 10, which upon
heating yielded cyanophosphine 11 and further deprotonation to form cyanophosphide 12.

Hering-Junghans and co-workers have synthesized phospha- and arsaalumenes,
DipPTerPnAICp* (13, Pn = P, As) by heating 4:1 mixtures of PPPTer—Pn(PMes) and (Cp*Al)4
(Scheme 8).37! After recrystallization from n-hexane, these compounds formed thermally stable

violet (Pn = P) or blue (Pn = As) crystalline solids under inert conditions. This strategy
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leveraged PMes as an innocent and volatile leaving group, analogous to prior work with
alanediyls and organic azides. In contrast, using M*Ter—P(PMes) under identical conditions
did not yield the expected phosphaalumene.*®! Instead, a second Al(I) fragment (from (Cp*Al)4
or Cp*AIP%) (Cp®* = 1,2,4-BusCsHz) added across the putative P=Al bond, forming
MesTerP(AICp*): (x = *, 3t). This reactivity showcases the potential of phospha-Wittig reagents
in phosphinidene transfer and arsa-Wittig reagents for arsinidene transfer in accessing novel

heterodiatomic multiple bonds between main-group elements.[*"]

iPr

O 1/, (AICP*), oD Q

° Dipp > iPr

> Pn CeDs, 80 °C, 16 h Al=Pn  Dipp
: PMe; - PMe3 %
®
13
Pn=P, As

Scheme 8. PMe; for Cp*Al-exchange to afford phospha- and arsaalumenes.

Later, the group demonstrated the facile activation of N—H bonds in NH; using Ar—P(PMe3)
(Ar = Mes*, MTer, PPPTer) without the need for metal, yielding isolable secondary
aminophosphines, ArP(H)NH; (14, Scheme 9). This reactivity was extended to primary and
secondary amines, including chiral variants. Phospha-Wittig reagents thus provide a direct route

to P—N bonds from diverse amine substrates.[*!]

H
HNR R,
ArPPMejy S >  Ar—P
gfle, I
NR4R
- PMe; 2

14
Ar = Mes*, MesTer, DiPPTer

Scheme 9. N-H bond activation in HNRR» using phospha-Wittig reagents (Ar—PPMe3).
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1.3 Formal Phosphinidene Cyanide Adducts

Cyanophosphines (RoP-CN/RP(H)CN) represent a pivotal class of organophosphorus
compounds, historically valued as precursors to phosphinidenes (R—P) and ligands in
coordination chemistry. The ambidentate nature of the cyanide group introduces unique
electronic properties, characterized by strong c-donation and moderate m-acceptance, which
modulates the phosphorus electrophilicity and facilitates complex formation with transition
metals.[*”] Cyanophosphines of the general type RP(H)CN (R = alkyl, aryl) have long remained
elusive and were either found to be unstable,[*¥ or to be stabilized only by coordination to a
transition metal.[*#! Streubel and co-workers showed that the 1,3-phosphaazaallene complex
(Me3Si)HC—P(W(CO)s)CNsBu undergoes thermal loss of iso-butene to give the corresponding
cyanophosphine tungsten complex (15, Scheme 10 (a)).*9) In 2001 the reaction of
dicyanophosphines (RP(CN)) with equimolar amounts of Schwartz's reagent ([Cp2Zr(H)Cl],)
was shown to afford the methyl, fert-butyl, and Mes* derivatives of cyanophosphines,
respectively (16, Scheme 10 (b)).*] Our group has demonstrated the synthesis of
cyanophosphines through the reaction of Ar—P(PMes) and Bu-NC to afford 1,3-
phasphaazallene which later upon heating at 105 °C, converted to cyanophosphine (11)
(Scheme 7), vide supra. The limited research on cyanophosphines motivated our investigation

into this underexplored class of compounds.

(a)

W(CO)s5 W(CO)s
AN 75°C
P=C=N e P—C=N
. / \ 7\
(SiMe3),HC tBu _ :< (SiMe3),HC H
15
b
() /C///N [CpoZrHCI] H
R—P{ R—P_
Ca — [CpyZr(CN)CI] Cq
N 16 N

(c)
N Dipp r\N—Ar Ar
c / \

Ar Ar 4
I\II : | [°PICI N [NHB]Br Ar/N\R N
\ >
\P/P\P/N - [ P« nP—C=N K P:C:NZB/@j
) \ -KCI AEe) - KBr @ N
N N
N\ N \ /
Ar Ar/ Dipp AT
18 17 19
Ar = Dipp Ar = Dipp

Scheme 10. Previous work on cyanophosphine synthesis (a,b) and examples of salt metathesis of
cyanophosphide 17 (c).
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A transformative advancement emerged with the recognition that anionic
cyanophosphides [RPCN]™ serve as isolable phosphinidene equivalents (through MCN
elimination). This concept garnered recognition through work by Schmidtpeter et al.
through reductive decyanation of P(CN)3 where the first dicyanophosphides [P(CN)2]M
were isolated,*”) and alternative synthetic strategies have surfaced since this initial
report.[*3-4°1 Cyanophosphides can be considered as the formal cyanide adducts of
phosphinidenes and are thus another class of P-compounds in the (+1)-oxidation state.[>’!
Later, Schmidtpeter and co-workers synthesized [PhPCN] M" (M" = Na, K, [N(PPh3)2])
via reaction of (PhP)s with cyanide salts, observing equilibrium mixtures that shift
[51-52] Recently, Griitzmacher et al.

developed alkali metal phosphanyl cyanophosphides ([*P]JPCN)M (17, Scheme 10 (c))

toward [PhPCN]™ with weakly coordinating cations.

(M = Na, K; [°P] = [(H2CNDipp)2P]) through oxygen for nitrogen exchange between
phosphanyl phosphaketenes ([FP]JPCO) and M[N(SiMe3):], releasing O(SiMes)>. These
species serve as versatile PCN™ transfer agents, exhibiting ambident nucleophilicity
([*PJPCN) yields either P- or N-functionalized product (18/19, Scheme 10 (c)).[*3! On
the other hand, Wolf and co-workers observed the formation of the phosphanyl-
substituted cyanophosphides [R;PPCN]™ (R = Ph, Cy, rBu, N(iPr)2) as counter anions
for anionic cobalt cyclo-triphosphido complexes.[**! Building on this, our group has
shown that terphenyl cyanophosphines can be deprotonated with KHMDS to afford
[PPPTerPCN]K and addition of 2.2.2-cryptand quantitatively yielded the ion-separated
salt [PPPTerPCN][K(2.2.2-crypt)].[*¢]

R R
/ @@ \@ ,0@ Mes Dipp _
op-O T SF-00 s © /o@ o Dipp
QNN | D) Mes Dipp (') N /P\O@
. >—< ' — ~n\|17 N/ @ | /P\@
Rm R | H Me= | ~Me iPr P
R =Me, R' = Me 7N Me
R=Mes,R'=H R =Me
R = Dipp, R'= H R=H
Tamm, 2017 Manners, 2019 Jana, 2021 Hering-Junghans, 2022 Nikonov, 2023

Scheme 11. Examples of reported dioxophosphorane ArPO- species.

Cyanophosphides represent rare phosphorus(I) species, prompting investigation into the
air oxidation of sterically shielded [(PPPTerPCN)K], which might result in the formation

of the corresponding dioxophosphorane cyanide adducts. Previous studies report several
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stabilized forms of PPPTerPQ,, including its dimer [PPPTerPO,]2,°>! and OPMe; adduct
[PPPTerPO2(OPMes)] (Scheme 11).°%) Beside the adducts of PPPTerPO,, literature
documents NHC adducts of PhPO,,[>”! MTerPO,,[%® dmap-adducts (dmap = 4-NMe:-
CeH4N), and a cyclic phosphine-stabilized amino-dioxophosphorane (Scheme 11).[6]

Notably, free dioxophosphoranes have only been isolated in argon matrixes and were

characterized by vibrational spectroscopy.[®!-%*]
W 7 / Mes (i)
e S

y N, nf c \
Mes Mg—NC/CN ',\lll T>150°C |C|)|
an | — = |

) thf N s

= FaC™ | _CF3 F,C~ 1 “CF3
Mes CF3 CF3
(MeSDPM)Mg(thf),(NC/CN) Cyanide form thermodynamically
NC:CN = 95:5 more stable by ca. 36 kJ/mol

Scheme 12. CN/NC coordination isomerism in magnesium and boron species.

Recently, we have reported a series of crown ether complexes [(PPPTerPCN)M(crown)] (M =
Na, K; crown = 15-crown-5, 18-crown-6), with structural diversity in the solid-state dependent
on the metal ion or crown ether. Investigation of their reactivity towards dry air, nitrous oxide
and sulfurization, lead to the discovery of coordination isomerism in dioxophosphorane
cyanides.!® Similar CN/NC isomerization phenomena in main-group compounds have been
observed for magnesium and boron systems (Scheme 12). For a dipyrromethene-supported
magnesium complex (M®DPM-Mg, Scheme 12(i)), X-ray crystallography revealed
predominant solid-state existence as the Mg-NC isomer (95%), with only minor Mg—CN
contribution (5%).[! Conversely, the borate anion [(F3C);sB-CN]~ was shown experimentally
(via DSC) to be thermodynamically favored over its [(F3C) 3B-NC]~ isomer by 35.2 kJ mol™!
(Scheme 12(ii)).1®) Coordination isomerism remains exceptionally rare in main group
compounds.'®>68 Seminal contribution include Inoue’s report of thermally induced SiP/PSi-
the ((SiTol3)(SiMes)2S1)SiP(IPr)  (IPr

(HCNDipp)2C).[®! while the Goicoechea group discovered a [B]-OCP to [B]-PCO ([B]

isomerism in heavier nitrile derivative

(HCNDipp)2B) isomerism catalysed by fBu—NC.[%”! In contrast, our findings on the oxidation
of cyanophosphides with Sg and N>O afforded isomer-free [PPPTerPS,(CN)]™ and anionic
phosphinidene monoxide adducts, respectively, where no coordination isomerism was

observed.l® We have also demonstrated reactions of cyanophoshine (PPPTerP(H)CN) with
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ECly (E=Ge, n=2; E=P, As, n=3) using either salt metathesis or base-assisted

dehydrohalogenation!®’! These findings will be further elaborated in Chapter 3.

1.4 Dibenzophospholes

Dibenzophospholes (DBP’s) are tricyclic heteroaromatic compounds featuring a central five-
membered P-containing ring fused to two benzene rings, also termed phosphafluorenes. The
first dibenzophospholes were described in the 1950’s, and the interest towards these compounds
surged in the early 21% century due to their potential in organic electronics and the possibility
of designing new m-conjugated, electroluminescent materials for optoelectronic devices.[””!
Important reviews regarding brief introduction to phospholes (I) (Scheme 13) and other

organophosphorus derivatives in the context of molecular electronics were published by

[72-73] 74]

Réau,”!!  Baumgartner, and Hissler.”¥ Dibenzophospholes (II) together with
dibenzofurans (III), dibenzothiophenes (IV) and carbazoles (V) formally belong to a family of

heteroatom-substituted analogs of fluorenes (VI), or fluorene anions (Scheme 13).

R \/R2 — ~— R, R T \/R2 R
IN . R RiC DT T\ R = R
; N\ Y/ \/ \/ N\ Y/ ?\/ \/
| Y |
H H
| I Y =0 (i), v Vi
S (IV)

Scheme 13. Fluorene and heterofluorene derivatives.

Réau and Baumgartner primarily developed phosphole-containing oligo-and polythiophene
materials, whereas Hissler’s review comprehensively covered non-fused phospholes and
diheteroaromatic derivatives of phospholes fused to thiophene, pyrrole, furan, pyridine and
other P-derivatives which were incorporated into electronic devices. In 2015, Gouygou have
discussed the application-potential of phosphole-based ligands, including dibenzophospholes
in both metal- and organo-catalyzed reactions.”> A recent review by Balczewski and co-

workers summarizes the literature on the newest synthetic approaches towards DBP’s and
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outlines functionalization strategies as well as their applications as optoelectronic materials

from 2001-2016.7%

P-phenyl dibenzophosphole was first reported by Wittig and co-workers in 1953,[7¢) and
considerable efforts have been devoted to establishing structural diversity.[’*7®) An updated
overview on synthetic strategies for the construction of dibenzophosphole scaffolds classified
by their reaction modes was provided in a review by Sakai, Hattori and co-workers. The
synthetic strategies in the formation of the ring units in dibenzophosphole can be categorized
into three types (Scheme 14): (a) formation of a phosphole ring using compound with pre-
existing benzene units, (b) formation of a fused-benzene ring into a multi-substituted phosphole
core and (c) sequential formation of the phosphole skeleton followed by the fused-benzene

ring.[”]

l’/’;\\ //15\‘\ l’/’;\\ //15\‘\
- ! \ ! - \
N {/ \5 ) N //7_ _(\\\ 2
\\\‘;’ 5\4/ \t”\ 5\4/
P
(a) phosphole formation (b) fused-benzene (c) phosphole and

ring formation fused-benzene
ring formation

Scheme 14. Overview of the synthetic strategies of a dibenzophosphole scaffold.

In 1999, Power and co-workers reported that the reduction of an m-terphenyldichlorophosphine
(TPPTerPCl,, (24)) with magnesium in THF gave the Tipp-phosphafluorene (3) as the cyclized
product (Scheme 15, b).*% Around the same time, the Protasiewicz group reported on the
photolysis (365 nm) of phospha-Wittig reagent, TPPTerP(PMes) (21) to generate the same Tipp-
phosphafluorene (3) (Scheme 15, a).l'? Later, they have shown that using activated magnesium
(Mg*) has a profound impact on the reduction of 24 to give Tipp-phosphafluorene (3) as the
sole product (Scheme 15, b).B!] Complementing this, our group observed PPPTer—P generation
and subsequent cyclization to phosphafluorene (22) through two pathways: (i) thermal
decomposition (50°C, 2h) of isolated phosphagallene PPPTerPGaCp* (25) (Scheme 15, ¢), and
(ii) room-temperature irradiation (396 nm) of PPPTerP(PMes) (20) in toluene-ds (Scheme 15

a).182] Recently, we have reported an optimized synthetic route towards phosphafluorene (22)

13



Introduction

via reduction of PPPTerPCl, (23) with 2 equivalent of Mg* (Scheme 15, b). This will be further
discussed in Chapter 3. Other related terphenyl-based cyclizations in the formation of DBPs
were also reported by Ionkin and Marshall in potassium mediated reduction of
dichlorophosphanes to give the S5-chlorodibenzophosphole (26) (Scheme 15, d),**! and
Wehmschulte's AlCIs-driven Friedel-Crafts reactions of dichlorophosphines (Scheme 15, e).[84]
Correspondingly, similar intramolecular cyclizations have also been reported for terphenyl-
substituted phosphenium cations, leading to the isolation of 9-phosphafluorenium ions (Scheme
15, £).3 Thermolysis of aryldichlorophosphine at 200-230 °C with HCI evolution has also been

shown to give DBPs derivatives.%4

Thermal, Photochemical and Reductive Phosphafluorene formation
(a)
iPr iPr Mg or Mg iPr

(N yn—te Y o —r2t8 H
iPr P iPr
A P Ar )\ L
®PMe3
Ar = Dipp; R =H (20) Ar = Dipp; R =H (22) Ar = Dipp; R=H (23)
Ar = Tipp; R = iPr (21) Ar =Tipp; R = iPr (3) Ar = Tipp; R = iPr (24)
(c) (d)
iPr CgDg, 50 °C, 2 h
N g Sk o)
iPr

Dipp P—Ga O PCl, ———

\

Cp*
2 weo— )

Lewis Acid-induced Phosphafluorene formation

AICI AICI

Scheme 15. Diverse strategies towards terphenyl-derived DBPs.

[AICI3X]

The phosphole ring of the DBPs can be precisely tuned through functionalizations at the
phosphorus atom, enabling valency expansion and bond formation to diverse elements (O, S,
Se, B, N, P, C) and transition metals. The versatility of P-quarternization strategies for the P

atom in dibenzophospholes include oxidation,®® sulfurization,’®”! complexation with metals
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(e.g., tungsten, gold,®”) iron or ruthenium,®#)), and related transformations. These structural
modifications permit fine-tuning of optoelectronic properties, demonstrating their utility for
tailored implementation in photonic and electronic devices. Several promising
dibenzophospholes (29-41), featuring diverse phosphorus substituents, have been reported for
optoelectronic applications. These compounds demonstrate potential utility in devices such as
photovoltaics, organic light-emitting diodes (OLEDs), bio-/chemical sensors, and nonlinear

optical devices (NLOs) (Scheme 16).183-81

/ \\ / / \\
R R R Se
R =Ph (29) R = Ph (31) R =Ph (33) R = Ph (35)
R = Me (30) R = Me (32) R = Me (34) R = Me (36)
AuCI
R = Ph (37) 39 R = Ph (40)
R = Me (38) R = Me (41)

Scheme 16. P-Functionalized dibenzophospholes 29-41 as optoelectronic materials.

1.5 Frustrated Lewis Pairs (FLPs) with DBPs

Frustrated Lewis Pair (FLP) chemistry has undergone significant advancement in recent years,
emerging as an essential area in modern chemical research.”® The foundational concept of
FLPs, which involves the synergistic interaction between sterically hindered Lewis acids and
bases, has demonstrated remarkable reactivity in the activation of a diverse array of small
molecules. FLPs exhibit the unique capability to activate substrates such as Ha, CO2, SO.,
RNSO, and CO, among others, underscoring their versatility in catalytic and synthetic
applications.!”*-?! FLPs are typically formed through the combination of sterically encumbered
Lewis acids and bases, where the spatial demands of the constituents prevent classical adduct
formation, thereby preserving their cooperative reactivity. FLP systems are well-documented
in alkyne functionalization. The initial exploration of FLP-mediated alkyne functionalization

was first documented in 2009, marking a critical milestone in the field. Early investigations into
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the activation of alkynes by frustrated Lewis pairs composed of the strong Lewis acid B(C¢Fs)3
and phosphine donors, showed two distinct pathways dictated critically by the basicity and

93-97] Stephan and co-workers demonstrated that by combining

steric profile of the phosphine.!
the strongly basic, sterically encumbered phosphine (e.g., tBusP), with strong Lewis acids
B(CeFs)s or Al(CeFs); in phenylacetylene solutions induces alkyne deprotonation. This
generates ionic phosphonium alkynylborate salts (42, Scheme 17).>5 Conversely, less basic
or more

sterically hindered phosphines PhsP, Mes,PH, polyphosphines or

(e.g.,
chloro/phenoxy-substituted variants) cannot abstract the proton efficiently. Instead, they act as
nucleophile in a 1,2-addition across the C=C bond, to form zwitterionic olefinic adducts (43,

Scheme 17).[93-95.97-98]

R3P + E(CgFs)3

Ph——H
strong Lewis acid ‘ ‘ weak Lewis acid
® ©
ltBUS?aI (O-t0|)3P L g
[Ph—=—E(CFs)s] PH  E(CeFs)s
42 43
E =B orAl E =B orAl

Scheme 17. Two pathways for the activation of alkynes by FLPs. Deprotonation to 42 and 1,2-addition
to 43.

The regio-selectivity of this addition consistently places the phosphonium moiety on the more
substituted carbon. This selectivity arises from Lewis acid-induced polarization of the alkyne,
which stabilizes a terminal vinyl carbocation intermediate. The observed trans-stereochemistry
results from nucleophilic approach at the least hindered face of this carbocation.”*! Subsequent
studies by the Stephan group confirmed this contradiction based on investigating a diverse array
of terminal alkynes, phosphines, and boranes,”® 1% with the unexpected observation that
even the classical Lewis adducts like Ph3;P-B(C¢Fs); which were assumed to be inert due to
strong association, yields the 1,2-addition product. However, the isolation of zwitterionic
products such as £-Ph3P(Ph)C=C(H)B(C¢Fs)3; confirmed that reversible dissociation of the P—B
dative bond enables cooperative activation of alkynes, redefining the scope of FLP chemistry
to include 'masked FLPs'.”*** Understanding the mechanism of FLP reactions with alkynes is
attracting growing research interest. However, the facile and rapid natures of these

transformations complicate the kinetic investigation. The most reasonable mechanism involves
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initial m-coordination of the Lewis acid center to the alkyne. This proposal aligns with both
Al(C6Fs)3's established ability to form m-interactions with arene solvents!!®!) and the observed
rapid reaction of terminal alkynes with E(CsFs)3 (E = B or Al) Lewis acids (in the absence of
bases) to form vinylborane species. Such coordination simultaneously activates the alkyne
toward nucleophilic attack and enhances the C—H bond acidity./** These studies have not only
elucidated the electronic and steric factors governing reactivity but also established FLPs as

robust platforms for the selective transformation of unsaturated hydrocarbons.

Arsz, PzPh4, P4CY4, P5Ph5
B(CeFs)3 >
Ph———H
Ph
o H PPhy CyP\PCy php\/ \Pph
AraP, H PhP®  H CyP\PCy PhP—Fpn
—Q —@ N /o ® >_<@
Ph B(CeFs)3 PH B(CeFs)3 - B(CeFe)s B(CeFe)s
44 45 46 47

Scheme 18. Products of FLP-alkyne addition reaction.

The scope of phosphorus donors enabling FLP addition reactions has expanded beyond tertiary
phosphines to include secondary phosphines (Ar2PH; Ar = Ph, Mes) and primary phosphines
(e.g., (2,6-BuxCsH3)PH>).’Y Furthermore, polyphosphines (P2Pha, P4Cya, PsPhs) also facilitate
these transformations, yielding analogous olefinic zwitterionic phosphonium borate products
(Scheme 18). )] Subsequent work extended this reactivity to chloro- and phenoxy-phosphines,
including /BuPCl, catecholborane-rBuP adducts (CsH4O>PrBu), fluorene-derived analogs
(C20H1202PBu), and tris(aryloxy)phosphines ((2,6-1Bu.C¢H30)3P).”?! DBPs exhibit unique
electronic properties. Their steric bulk further enables applications as phosphine components in
frustrated Lewis pairs (FLPs) with hindered Lewis acids. In chapter 3, we will discuss the
reactivity of phosphafluorene22) towards terminal alkynes (4-R-CsH4-C=CH) in the presence
of B(CeF5s)3, proving an FLP-type alkenylation strategy for DBPs.
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2 Objectives of this work

This doctoral thesis is structured around a central theme: the reactivity and structural diversity

of low-valent phosphorus compounds. The objectives of this work are outlined as follows:

1. To synthesize and characterize a series cyanophosphide salts [(PPPTerPCN)M(crown)] and
to explore their oxidation-induced coordination isomerism through various oxidizing
reagents (O2, Sg, N2O). In addition, to understand the mechanisms, energetics and thermal
stabilities associated with CN/NC isomerization using spectroscopic and computational
methods.

2. To establish [PPPTerPCN] ™ as a competent cyanophosphide transfer reagent toward main-
group electrophiles (GeCl,, PCl3, AsCl3) and study their structural characteristics via X-ray
crystallography and multinuclear NMR spectroscopy.

3. To construct novel PPPTer-substituted phosphafluorene derivatives via P-quaternization and
to develop a FLP-mediated alkenylation strategy of this phosphafluorene using B(CsFs)3
and terminal arylacetylenes.

4. Elucidating structures, bonding characteristics, and mechanistic insights through a

combination of spectroscopy, crystallography, and quantum chemical calculations.
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3 Results and Discussion

3.1 Overview

) ) (a)
Thesis Overview
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Schemel8. Overview of the thesis; (a) coordination isomerism in dioxophosphorane cyanides, (b)
cyanophosphide transfer reactions, and (c¢) FLP-alkenylation of a phosphafluorene.

In this thesis two principal research domains are discussed: (1) the reactivity of sterically
demanding cyanophosphides featuring a P'PPTer moiety, and (2) FLP-type alkenylation of a
phosphafluorene derivative (Scheme 19, c). The first project is divided into two subprojects:
On the one hand the investigation of coordination isomerism in dioxophosphorane cyanides
(Scheme 19, a) and on the other hand cyanophosphide transfer reactions (Scheme 19, b). Central
to this work is the phospha-Wittig reagent »PPTer—P(PMes) (20), which served as the precursor
for synthesizing cyanophosphine (11) in Project (1) and previously afforded phosphafluorene
(22) in Project (2).

In the cyanophosphine subproject, a series of cyanophosphide crown ether salts
[(PPPTerPCN)M(crown)] were isolated and their structural diversity was investigated by single
crystal X-ray diffraction experiments (SC-XRD) and multinuclear NMR spectroscopy.
Oxidation of these cyanophosphides with oxygen afforded dioxophosphorane cyanides of the
general form [PPPTerPO»(CN)][M(crown)]. In this formal cyanide adducts of ArPO> we

discovered an unprecedented coordination isomerism between the CN and NC forms. The
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thermodynamically favored isomer, the P-CN adduct, was determined experimentally and
supported by DFT studies. Critically, this isomerism is the first documented at a P(V) center
and was absent in sulfur-oxidized [PPPTerPS2(CN)]~ and mono-oxidized species, underscoring
triplet oxygen’s unique role. This phenomenon shows non-transition metal centered
coordination versatility with potential applications in catalysis. Building on these findings,
subsequent investigation explored cyanophosphide transfer via salt metathesis or base-assisted

dehydrohalogenation with ECl, (E=Ge, n =2; E=P, As, n=13).

For project (2), phosphafluorene (22) was synthesized via Mg reduction of
aryldichlorophosphanes, resulting in a high-yielding route towards 22 and different
quaternization strategies have been explored, including coordination to AuCl, BH; and
sulfurization. The steric bulk of 22 prevented reaction with B(CesFs)3, indicating a potential
FLP-type system. This was exploited to achieve facile phosphafluorene alkenylation, yielding
alkenylphosphonium borate derivatives. To the best our knowledge, this was the first report on
FLP-type functionalization of dibenzophospholes, establishing a novel strategy to fine-tune

electronics in this important class of compounds.
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3.2 Coordination Isomerism in Cyanophosphide Crown Ether Salts

Our group previously reported the deprotonation of cyanophosphines ArP(H)CN (Ar = Mes*,
MesTer and PPPTer 11) with KHMDS to afford the corresponding cyanophopsphides
[(ArPCN)K]. However, in contrast to the other variants, only [(PPPTerPCN)K] and
[PPPTerPCN][K(2.2.2-crypt)] were found to be stable towards KCN elimination.*®! During my
doctoral research, I explored the reactivity of cyanophosphines and their cyanophosphide salts,
with a focus on PPPTerP(H)CN (11). The synthesis of 11 was optimized via a scalable one-pot
protocol, commencing from 1 g of PPPTer—P(PMes) (20) and employing rBu—NC at 105 °C. At
gram scale, an excess of isonitrile and pro-longed heating are required. The synthesis and
structural diversity of alkali-metal-crown ether-stabilized cyanophosphide salts of the general
formula [(°PPTerPCN)M(crown)] (M =Na, K; crown = 15-crown-5 or 18-crown-6),

particularly in terms of their solid-state arrangements were investigated (Figure 1).

rPr
iPr crown ! l, rj

Di P—H + MX Dipp
B c toluene, r.t. o' Cs =N- crown)
'&” - XH
1
M = KH, KHMDS, M = K(18-C-6) (48)
NaHMDS Na(15-C-5) (49)
Na(18-C-6) (50)

Figure 1. Synthesis of diverse cyanophosphide crown ether salts 48-50 (left) and molecular structure of
(PPPTerPCN)K(18-c-6) 48 (right).

Compounds 48-50 were synthesized via the facile deprotonation of 11 with different alkali
metal amides in the presence of crown ethers to afford yellow single crystalline compounds
upon crystallization at —30 °C in moderate yields (Figure 1). Gas evolution was observed in the
formation of compound 48, since KH was used in the reaction instead of KHMDS to avoid
HN(SiMe3): as a byproduct. The quantitative formation of 48-50 is confirmed by 'H NMR
spectroscopy in C¢Dg, where the absence of a P—H resonance and the appearance of a deshielded
(with respect to 22) *'P NMR signal at ca. —128 ppm after 2 hours indicated the generation of
contact ion pairs [(PPPTerPCN)M(crown)]. 48, 49 and 50 crystallize in the triclinic space group
P1 (Figure 2). Notably, beside a monomeric ion pair, compound 49 revealed a rare dimeric ion
pair structure in the solid state, indicating the significant influence of alkali metal and crown

ether selection on supramolecular aggregation (Figure 2, top).
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Figure 2. Structural variety in cyanophosphide salts 49 and 50.

In contrast to [PPPTerPCN][K(2.2.2-crypt)],*®! all three compounds demonstrated a close
interaction between the PCN nitrogen and the metal center (48: d(N1-K1) = 2.837(1); 49:
d(N—Na) = 2.387(2), 2.417(2); 50: d(N—Na) = 2.321(2), 2.334(2) A; cf. Zrvaw(K-N) = 4.3;
(Na—N) = 3.82 A), along with substantial n-electron delocalization within the cyanophosphide
moiety, as evidenced by spectroscopic and crystallographic data. Additionally, there are
M—Clarene contacts within the sum of the van-der-Waals radii to one of the flanking Dipp-groups
in 48 and in one of the independent ion pairs in 50.[192] Aligned with the thesis objectives, the
reactivity of cyanophosphide salts was studied towards oxidants such as O2, elemental sulfur
and N;O. Facile oxidation with O vyields the dioxophosphorane cyanide adducts
[PPPTerPO,(CN)]™ at moderate yields (Figure 3, top). Surprisingly, these dioxophosphorane
species exhibiting an unexpected cyanide/isocyanide isomerism (Figure 3, bottom). In the 3'P
NMR spectrum of isolated crystals of 48:02 and 49-02 in CsDs two marginally separated
singlets in a ratio of ca. 1:1 was detected at —9.0 and —9.3 ppm (48-0O2) or —8.5 and —9.3 ppm
(49-02), respectively indicating a mixture of CN/NC isomers. This contrasts 50-Oz, in which a
splitting into two signals at —8.84 and —8.96 ppm was only observed at —30 °C via variable
temperature >'P('"H) NMR experiments. Upon heating to 80 °C in toluene-ds, all compounds
clearly show the presence of only one species, which was shown to be the P-CN isomer.
Furthermore, IR and Raman spectroscopy showed a low intensity mode at ca. 2080 cm™! for
the P-NC and a medium intensity mode for the P-CN unit at 2175 cm™! (only in the Raman
spectrum), in line with the theoretically predicted spectra. Spectroscopic analyses (particularly

variable-temperature *'P NMR and Raman spectroscopy) along with X-ray crystallography
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confirmed the simultaneous presence of both isomers, with approximate ratios varying slightly
depending on the metal-crown system. The isomerization was found to be reversible and
thermally controlled, with the P-CN isomer being thermodynamically favored. DFT and
DLPNO-CCSD(T) calculations revealed a significant stabilization energy (~26.5 kJ/mol) for
the cyanide isomer, and a calculated isomerization barrier of ~100 kJ/mol, implicating the role

of alkali metal ions in facilitating the rearrangement.

P
;Pr 02 (dry air) !
S—— M = K(18-C-6) (48-05) 60%
IPI’ :Pr Na(18-C-6) (49-0,) 48%
oP~csy- ,M(crown ol ®P\ Na(15-C-5) (50-0,) 49%
N i @ N M(crown)
®
/’/ \\ﬁ ( \
‘ g \
\Na U p
k C1 p1 % e 7\/01 ...Nf1 \
.., P1 H C\( <t ; /
CWN“‘ / C31N1A .%
C31N1A N/CH1A /\/ S
N1/C31A AN
48-0, 49-0, 50-0,

Figure 3. Synthesis of 48-0;, 49-03, and 50-O: (top) and its molecular structure (bottom), with the
disorder represented in the form of cake-diagram-type spheres.

In the solid state structures of [PPPTerPO>(CN)] ", the anion exhibits distinct cation interactions:
48-02 (K") shows two close K:--Op contacts, in, while 49-O2 and 50-O2 (Na") display only one
Na---Op interaction (Figure 3, bottom). Due to ambiguity in distinguishing the P-CN vs. P-NC
bonding modes crystallographically, two structural models were refined for each compound.
The P-NC isomer yielded marginally better R-values, but the best fit was achieved with
modelling a CN/NC positional disorder, revealing mixed populations: 63:37 (48-02), 55:45
(49:02), and 51:49 (50-02) P-NC:P—CN ratios (Figure 3, bottom). Natural Resonance Theory
(NRT) and Wiberg Bond Index (WBI) analyses of model systems revealed that the P-CN
1somer possesses a higher degree of covalent character and less polarization compared to the
P-NC form, rationalizing the greater thermodynamic stability of the former. This formal
coordination isomerism is assisted by the metal counterion and to the best of our knowledge the

first report on CN isomerization at a P(V) center.
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a)

iPr, B S P, b) iPr iPr,
e O e Tl ) g (O~ N0 <
,/P—r’ toluene, 2 h, r.t. ’IP_I" o ,,;, toluene, 2 h, r.t. bi iPr
Dipp P Dipp @p__o ipp P -N, ipp P—ro
~C= ~ o C=n_ (o)
© C\Nflé(18—c—6) Ne }S\S\\@ 3N l\g(crown) N///c/ N
© TUK(18-c-6) M(crown)
48S, 48 or 50

M = K, crown = 18-c-6 (48-0)
M = Na, crown = 15-c-5 (50°0)

Scheme 20. Reaction of cyanophosphide salts with sulfur (a) and nitrous oxide (b).

Further exploration of the oxidative behavior demonstrated that the use of elemental sulfur (Sg)
led exclusively to the dithiophosphorane cyanide adduct [PPPTerPS(CN)]™ (48 S2), without any
evidence of CN/NC isomerism, implicating a crucial role of triplet oxygen in the CN/NC
isomerization process (Scheme 20 a). In contrast, treating the cyanide salts with N>O (Scheme
20 b) produced anionic phosphinidene monoxide species [PPPTerPO(CN)]™ (48 O and 50 O),
characterized by deshielded *'P NMR resonances at ca. 81 ppm and indicative of a P! oxidation
state. These were the first examples of anionic phosphinidene monoxide cyanide adducts,
representing a novel class of main-group species. The structural features, especially the
elongated P-CN bond and pyramidal coordination around phosphorus, supported the
assignment. Importantly, we proposed that the CN/NC isomerism occurs via an oxygen-
mediated radical intermediate pathway, as supported by cyclic voltammetry (CV) data and the

absence of isomerism during oxidation with singlet reagents like Sg and N>O.
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3.3 Cyanophosphide Transfer Reaction

This paper builds upon previous work to further investigate the potential application of
cyanophosphide compounds. Cyanophosphides represent an underexplored class of
compounds, and their ambiphilic character has only recently been revealed.l!®! This study
demonstrates the utility of the stable cyanophosphide salt [PPPTerPCN]K as a cyanophosphide
transfer reagent for synthesizing novel group 14/15 compounds in salt metathesis reactions.
Crucially, [PPPTerPCN]K exhibited superior thermal stability with no significant KCN
elimination at 80°C after 24 h, compared to less bulky analogs, enabling its use as a transfer

reagent.[ll 82, 104]

(a)
CI\
Dipp
0.5 5O Ny, . Diep
Ne. C P ©)
ST KHMDS
Dipp \C}e _ (a) GeCl, dioxane iPr ECly Pr
* Dipp (b) 0.5 GeCl, dioxane O 0 NEt; O O
—_—
51 (41 %) CgDsg Pr toluene, r.t Pr
—KCl Dipp  P-H -[ANEGIC pipg”  p—ECl,
(b) N —-HN(SiMe3), c ¢
Dipp Dipp 1y 1 Iy
. N N
p-C8p E =P (53) 57%,
| | 0,
Dipp CN CN Dipp As (54) 58%
52 (not isolated)

Scheme 21. Salt metathesis of 11 yielded 51 and 52 (a,b) and dehydrohalogenation of 11 with NEt;
affrorded 53 and 54 (¢).

Reaction with GeCl, (1 equiv.) yielded an wunusual dimeric chlorogermylene,
[PPPTerP(CN)GeCl] (51) (Scheme 21 a), which was characterized by SC-XRD. This revealed
an unprecedented 8-membered cyclic structure (Figure 4, left) stabilized by Ge—NCP contacts
(Ge—N ~2.05 A) (cf. Zreov(Ge—N) = 1.92 A)1 with elongated, polarized P—Ge (2.54 A) (cf.
Treov(Ge—P) = 1.92 A)'*1 and Ge—N bonds indicating significant ionic character with minimal
back-donation from Ge to the P—CN units, supported by NBO calculations and low Wiberg
bond indices. The dimerization is highly exergonic (ARG® = —136.9 kJ/mol). The *'P NMR
spectrum recorded after 1 h at ambient temperature showed a major species at —77.4 ppm with
a minor component at —74.3 ppm, while the 'H NMR spectrum showed that starting material

11 was fully consumed. Using 0.5 -equivalents GeCl, generated the sensitive
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diphosphanylgermylene [PPPTerP(CN)].Ge (52) in solution (§(*'P) = —73.9 ppm) (Scheme 21
b), cf. [(iPr3Si)(FTipp2Si)P].Ge SC'P) = —62.1 ppm).['%] Attempts to isolate 52 were
unsuccessful due to its extreme sensitivity towards moisture. Thus, mainly PPPTerP(H)CN was

1solated.

51 54

Figure 4. Molecular structure of dimeric chlorogermylene 51 (left) and arsaphosphane 54 (right).

For PClz and AsCls, efficient cyanophosphide transfer via NEts3-assisted dehydrohalogenation
produced the diphosphane PPPTP(CN)PCl, 53 and arsaphosphane PPPTP(CN)AsCl, 54
(Scheme 21 c¢). Compound 54 was structurally characterized (Figure 4 right), showing a
covalent P—As bond (2.3896(6) A) and trigonal pyramidal geometries at the pnictogen atoms.
NMR spectroscopy shows the presence of the second P atom in 53 which appears as a doublet
of doublet (showing P-P coupling in '3C NMR, & (13C) = 116.5 ppm; 'Jep) = 86.6 Hz; 2Jpp) =
15.6 Hz), while only a doublet (5 ('*C) = 118.2 ppm; 'Jpp) = 95.6 Hz) is detected for 54. This
work expands the chemistry cyanophosphide species, accessing rare germylenes and novel

pnictogen-phosphorus compounds.
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3.4 P-Quaternization and FLP-type Alkenylation of a Phosphafluorene

P-Quarternization FLP-type Alkenylation
iPr = AuCl. SMe,, iPr
Q BH3.SMey, Sg Q Q B(CgFs)s
O B — — >
.. 5 RPhC=CH
Dipp A Dipp |
iPr iPr
CeF
= AuClI 55 (50%), 22 R = H (58), Me (59), (CoFs)s
BH; 56 (65%), tBu (60), OMe (61),
S 57 (55%), CF; (62) &

Scheme 22. P-Quaternization (left) and FLP-type alkenylation (right) of a phosphafluorene (22).

In this contribution, we have shown the synthesis and functionalization of
phosphafluorene (22) (a dibenzophosphole, DBP), prepared in 77% yield (8(*'P)=—1.1
ppm) through magnesium-mediated reductive cyclization of readily accessible
DippTerPCl, with 2 equiv. of activated magnesium, Mg* (Scheme 15b). Functionalization
strategies at the phosphorus center were explored and quarternization of 22 yielded three
distinct products. Coordination to AuCl afforded complex 55 (§(*'P) = 32.4 ppm)
featuring a P—Au bond length of 2.2247(6) A, consistent with known phosphole-Au
complexes (Figure 5).'%] The reaction of 22 with BH3-SMe, gave adduct 56 (5(3'P)=
37.3 ppm, §('!B) = —38.4 ppm) which exhibits a P-B bond distance of 1.9269(16) A,
within the range of reported dibenzophosphole-BH3 adducts.l'%”] IR spectroscopy
confirmed BH3 coordination with characteristic B—H stretching modes at ~2345 cm-
1.9 Treatment with Sg produced thiophosphafluorene (57) (8('P)= 53.4 ppm),
showing significant deshielding of the *'P NMR signal consistent with P=S bond
formation (Scheme 22, left). X-ray crystallography revealed contracted P—C bonds in 55
and 56 compared to related free phosphafluorenes, consistent with an increased
coordination number at phosphorus (Figure 5). Interestingly, combining 22 with
B(CsFs); showed no reaction, indicating frustrated Lewis pair (FLP) formation due to
steric hindrance. However, upon addition of terminal phenylacetylenes
(R—CsH4s—C=CH; R = H, CH3, Bu, OMe, CF3), clean and E-selective 1,2-addition
occurred, generating zwitterionic (E)-alkenyl phosphonium borates (58-62) in good

yields (Scheme 22, right).
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cin
) \\I\\\‘.\>\Au1

Figure 5. Molecular structures of 55, 56, 58 and 62. Ellipsoids drawn at 50 % with C—H-atoms
omitted (except those at C32 (58) and C29(62)), Dipp-, CsFs-, CF3-, and one of the iPr-groups
rendered as wire-frame for clarity.

The process was diastereo-selective, furnishing FE-configured products with boron
adding to the terminal CH group. NMR characterization confirmed the products (58-62),
showing diagnostic signals for the phosphonium center (8(*!P) = 36 ppm), the
tetracoordinate boron atoms (8(!!B) = —15.0 to —15.4 ppm, d, Jp.s = 18 Hz), and the
alkenyl C=CH proton (8('H) = 7.84-8.0 ppm, d, Jp.u = 38 Hz). SC-XRD experiments of
58 and 62 clearly confirmed the E-configuration with boron attached to the alkyne's CH
terminus and phosphorus to the CR carbon, alongside activated C=C bonds (~1.34 A)
(Figure 5). The reaction scope demonstrated minimal electronic influence from para-
substituents in the phenyl acetylenes (EDG/EWG) on the outcome (Scheme 23) or
spectroscopic properties, highlighting the robustness of the FLP system.

iPr B(CoFs)a

iPr.
Q O B(CsF5)3 Dipp, \HH

pipg. P R—C=CH O O
/K iPr

22
Q—P(CGFS z:%_‘g (CoFs)3 Q—P(CGFS Q—(B(CGFS)S Q_f’(%'%
Dipp iPr, Dipp iPr. Dipp iPr, Dipp iPr. H Dipp iPr,
oD O
iPr /Pr lPr

58 (61%) 59 (61%) 60 (83%) 61 (14%) 62 (82%)

Scheme 23. Reactivity of phosphafluorene (22) towards B(CesFs); in the presence of
phenylacetylene derivatives, resulting alkenyl phosphonium borates (58-62).
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These results present the first example of FLP-type reactivity using a DBP-type
phosphorus heterocycle and offer a new avenue for the functionalization of m-conjugated
systems. The integration of FLP behaviour with phosphorus heterocycles opens the door

for future applications in bond activation, ligand design, and optoelectronic materials.
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4 Conclusion

This thesis demonstrates that low-valent phosphorus chemistry provides a rich platform for
advancing our understanding of bonding, reactivity, and functional group transfer in main-
group systems. Through systematic investigation of the [PPPTerPCN]~ cyanophosphide anion
and PPPTer-derived phosphafluorenes, several key findings emerge that contribute to the

growing field of P(I) and P-heterocycle chemistry.

Firstly, the landmark discovery of coordination isomerism in dioxophosphorane cyanides
highlights the remarkable structural flexibility of phosphorus compounds. The ability to control
and observe reversible isomerization between P—CN and P—NC isomers in phosphorus(V)
compounds opens potential avenues in catalysis and the design of functional materials. The
findings also contribute to understanding oxidation-state manipulation in phosphorus
chemistry, emphasizing the importance of ligand effects and secondary coordination sphere
interactions in directing structure and reactivity. This work also emphasizes the importance of
radical-mediated processes in achieving such rearrangements and points toward future

opportunities in designing isomer-switchable ligands or stimuli-responsive materials.

Secondly, the reactivity of [PPPTerPCN]™ as a cyanophosphide transfer reagent has been
successfully established. Salt metathesis and dehydrohalogenation reactions with GeCly, PCl3,
and AsCl; produced a series of structurally diverse P—E bonded species, including
chlorogermylene dimers, diphosphanylgermylenes, and group 15 heteroatomic dipnictanes.
These results show that cyanophosphide anions are capable of selective and efficient
phosphorus transfer, supporting their broader application in constructing complex main-group

element architectures.

Thirdly, the FLP-type functionalization of a PPPTer-phosphafluorene reveals a new application
of dibenzophosphole scaffolds. The successful activation of terminal arylacetylenes in the
presence of B(C¢Fs)s illustrates the versatility of these heterocycles as Lewis bases in frustrated
Lewis pair chemistry. The formation of zwitterionic alkenyl phosphonium borates in an E-
selective fashion, across a broad range of substituted alkynes, highlights the synthetic potential

of phosphafluorene derivatives for targeted functionalization and materials design.

Collectively, these studies not only showcase the multifaceted reactivity of low-valent

phosphorus compounds but also provide a foundation for their future applications in
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coordination chemistry, ligand development, and small molecule activation. The combination
of experimental and theoretical approaches throughout this thesis ensures that the insights
gained here can guide future synthetic endeavors and expand the chemical utility of

phosphorus-based platforms.
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5 Contribution of Work

The following chapter contains the original papers in which the presented results were
published. The own contribution of the author of the dissertation to each publication is

highlighted separately.

In paper 6.1, the work I undertook is carried out large part of the experiments and analyzed
most of the characterization data. In addition, the supporting information corresponding to the

paper was written by me. My contribution: 70 %.

In paper 6.2, the work I undertook is carrying out the experiments and analyzing the
characterization data. In addition, the supporting information corresponding to the paper was

written by me and I was involved in writing co-edited the manuscript. My contribution: 80 %.

In paper 6.3, the work I undertook is carried out all the experimental work, wrote the supporting

information and drafted the manuscript. My contribution: 80 %.
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6.1 Coordination Isomerism in Dioxophosphorane Cyanide

Ayu Afiqah Nasrullah, Edgar Zander, Fabian Dankert, Andrey Petrov, Jonas Surkau, Eszter
Barath and Christian Hering-Junghans
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The 1,3-phosphaazaallene ®PPTerP — C=NtBu (PPPTer = 2,6-(2,6-IPr,CeHzla—CgHz) is thermally labile
towards iso-butene elimination and formation of the corresponding cyanophosphine DipPTerP(H)CN (1).
In previous work we have shown facile deprotonation of 1 with KIN(SiMez) and formation of
cyanophosphide [(PPPTerPCNJKI. We now present the alkali metal tethered cyanophosphides
[(PPPTerPCN)M(crown)] (M = Na, K: crown = 15-c-5, 18-c-6) and their structural diversity in the solid
state depending on the metal (M) and the crown ether. Facile oxidation of [PPPTerPCN][M(crown)] with
O, vyields the formal cyanide adducts of dioxophosphoranes [PIPPTerPOL(CN)] . Surprisingly,
[PPPTerPO,(CN)]™ is obtained as a mixture of the cyanide and isocyanide isomers, indicating
a coordination isomerism. This phenomenon is corroborated by expetimental and theoretical studies
revealing the cyanide isomer to be thermodynamically more stable. The oxidation with elemental sulphur

iiz:;i%g::s:rvfhmzboezrszom gave the corresponding dithiophosphorane cyanide adduct [PPPTerPS,(CN)] , in which no isomerism
was observed. This points to a crucial role of triplet oxygen in the iscmerisation process, Monooxidation

DOI: 10.1035/d4sc07636b occurs when [PPPTerPOL(CN)I~ salts were treated with N»O, giving formal anionic phoshinidene

rsc.li/chemical-science monoxide adducts.

Introduction

Aryl-substituted dioxophosphoranes (Ar-PQ,) are the formal
heavier analogues of nitroarenes, with a highly electrophilic
phosphorus atom. Therefore, R-PO, undergoes immediate self-
aggregation to give cyclic dimers, trimers or linear oligomers.'?
UV-irradiation (A = 254 nm) of arylphosphiranes Ar-P(C,H,) (Ar
= Ph,® Mes') in a solid argon matrix afforded the phosphini-
denes Ar-P in their triplet ground-state (Scheme 1(i)). Subse-
quent reaction of Ar-P with molecular oxygen (*0,) at 10 K
under irradiation gives phenyldioxophosphorane PhPO,. The
formation of Ph-PO, is expected to proceed through a triplet
diradical/zwitterionic intermediate with a terminal Ph-P=00"-
07 unit, which then rearranges to give cyclic 3-phenyl-1,3,2-
dioxophosphorane and eventually Ph-PO,.* In this regard the
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mechanism may involve triplet-singlet curve crossings, which
can only be addressed by sophisticated excited state computa-
tions. Considering the extreme electrophilicity of dioxophos-
phoranes, it is not surprising that mainly Lewis base adducts of
R-PO; have been reported.

Lewis-base stabilized species include the parent compound
HPO, which was isolated as its carbodiphosphorane adduct. The
phosphinidene H-P is not an intermediate in this case, though.?
The exposure of NHC phosphinidene Ar-P(NHC) adducts (NHC =
N-heterocyclic carbene) to dry air yields the corresponding diox-
ophosporane NHC adducts of the type R-PO,(NHC) (Scheme
1(ii)).5* A cyclic phosphine-stabilized amino-dioxophosphorane
was synthesized in similar fashion.® The OPMe; adduct of
DiPPTerpO, [DiPPTerPOZ[OPMeﬂ] (DPPTer = 2,6-(2,6-Pr,CoH,)-
CgHj;) was recently reported, as an unexpected product in the
reaction of "PPTerP(PMe;) with SO,." The dimer of "'PPTerPO,,
[DiPPTerPOZ]Z,“ was afforded by thermal C,H, liberation from
PiPPTerP(OCHS,), or by the addition of catalytic amounts of pyri-
dine or DMAP (DMAP = 4-dimethylaminopyridine) as a Lewis
base (Scheme 1(iii)). Cyclic triphosphonates (RPO,);, the trimers
of the corresponding dioxophosphoranes, give an equilibrium
mixture with DMAP in CDCl; containing the trimer and the
RPO,(DMAP) adduct, substantiating ligand lability in R-PO, base
adducts (Scheme 1(iv))."

Our group has recently shown that deprotonation of the
cyanophosphines ArP(H)CN (Ar = Mes*, 2,4,6-tBus-CoHy; M
Ter, 2,6(2,4,6-Me;CH,)-CgHy; "PPTer) with K[N(SiMe;),]

Chem. Sci, 2025, 16, 6909-6917 | 6908
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Scheme 1 (i) Generation of phosphinidenes and dioxophosphoranes
in Ar matrices. (i) Synthesis of NHC dioxophosphorane adducts. (i)
DMAP-induced ethylene elimination to access PPPTerPOL(DMAP). (iv)
Reversible DMAP coordination at dioxophosphoranes.

(KHMDS) afforded the cyanophosphides [(ArPCN)K].** Even
though [(Mes*PCN)K] (6(*'P) = —146.2 ppm) could be generated
in solution, thermal KCN elimination occurred within 16 h at
ambient temperature, to give a phosphaindane (A, Scheme 2) as
the main product, a decomposition product of the free phos-
phinidene Mes*-P." M*®TerP(H)CN reacted similarly when
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treated with 1 eq. of KHMDS, to give after KCN elimination the
diphosphene (M*TerP), (B, Scheme 2)."* By contrast [(*P"
TerPCN)K], with a characteristic *'P NMR signal at —142 ppm
and [PPPTerPCN][K(2.2.2-crypt)] were found to be stable
towards KCN elimination. It can thus be concluded that [Ar-
P(CN)] are formal cyanide adducts of phosphinidenes and that
air oxidation of the stable [(®'PPTerPCN)K] might result in the
formation of the corresponding dioxophosphorane cyanide
adducts.

In this contribution we report on a series of alkali metal
tethered cyanophosphide [(PPPTerPCN)M(crown)] (M = Na, K;
crown = 18-crown-6, 15-crown-5) salts and outline their struc-
tural diversity in the solid state. In addition, the selective double
oxidation of the phosphorus atoms in the cyanophosphides
with %0, is described, giving formal cyanide adducts of dioxo-
phosphoranes. In the case of [PPPTerP(O,)CN]M(crown)]
a nitrile/isonitrile coordination isomerism is observed,
a phenomenon that is rare in main group chemistry. By contrast
when using Sg as an oxidant only the dithiophosphorane
cyanide adduct is detected, while with N,O oxygen atom trans-
fer results in the cyanide phosphinidene oxide adducts.

Results & discussion

Structural variety in cyanophosphide salts

First, the synthesis of the cyanophoshine ®PPTerP(H)CN (1) was
optimized and was performed on a gram-scale (Scheme 3, top).}
The combination of "PPTerP(PMe,) with three equivalents ¢tBu-
NC in toluene and heating to 105 °C for 90 h afforded 1 (6(*'P
{"H}) = —120.4 ppm in Ce¢Ds) as an off-white powder in 84%
yield (¢f ESIT p. 516 ff.). On a larger scale an excess of the iso-
nitrile and pro-longed heating is required. We first drew our
attention towards the stability of [*'PPTerPCN]~ with respect to
the alkali metal ion and different crown ethers. Therefore, the
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Scheme 3 Optimized synthesis of 1 and syntheses of cyanophosphide
salts 2—4.
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Table1 Selected bond lengths [Al, angles [°] of 2, 3 and 4 and *'P NMR shifts as well as characteristic IR band for the PCN unit. * Shown in Fig. 1

Compound P-Cen ConN N-M P-Con-N CarP-Con 6(*'P) [ppm] # (PCN) [em™"]
2(M=K) 1.770(1) 1.163(2) 2.837(1) 168.6(1) 104.17(5) —127.2 2045
3 (M = Na) 1.767(2) 1.164(3) 2.388(2) 166.4(2) 106.36(8) —129.3 2049
1.762(2)* 1.160(3)* 2.417(2)* 165.7(2)* 105.29(8)*
4 (M = Na) 1.752(2)* 1.159(2)* 2.321(2)* 165.5(1)* 106.85(7)* —-129.9 2059
1.757(2) 1.157(2) 2.334(2) 169.0(2) 104.00(7)

“ Two independent molecules in the asymmetric unit.

cyanophosphide species [(*PPTerPCN)M(L)] (M = K, Na; L = 18-
¢-6, 15-¢c-5) were synthesized and comprehensively character-
ized (Scheme 3, bottom). Deprotonation of 1 with KH, instead of
KHMDS, in the presence of 18-c-6 in toluene was accompanied
by gas evolution to give a yellow solution. Using KH can be
viewed as an alternative base when HN(SiMej;), as a byproduct
needs to be avoided. A similar color change to yellow is observed
when Na[N(SiMe;),] is used as a base, irrespective of whether
15-c-5 or 18-¢-6 is utilized.

The formation of the cyanophosphide salts is indicated in the
'H NMR spectra in CoD; after 2 h by the absence of a PH unit and
minimally shielded *'P NMR signals at ca. —128 ppm (Table 1).
This is indicative of the quantitative formation of the contact ion
pairs [(PPPTerPCN)M(crown)] (2, M = K, crown = 18-c-6; 3, M =
Na, crown = 18-c-6; 4, M = Na, crown = 15-c-5). After recrystal-
lization from toluene at —30 °C, yellow single crystals suitable for
SC-XRD experiments of all species were afforded in moderate
isolated yields.

2, 3 and 4 crystallize in the triclinic space group P1 (Fig. 1, ¢f
Fig. 3 and S47) with varying amounts of toluene in the unit cell.
In the solid state there is a structural variety, which will be out-
lined in the following. In contrast to [*PPTerPCN][K(2.2.2-crypt)],"
the N atom of the PCN unit in 2 (Fig. 1, left), 3 (Fig. 1, middle) and
4 (Fig. 1, right) shows a rather close contact to the alkali metal ion
in the [M(crown)]” fragment (2: d(N1-K1) = 2.837(1); 3: d(N-Na) =
2.387(2), 2.417(2); 4: d(N-Na) = 2.321(2), 2.334(2) A; of. Zr,qw(K-N)
= 4.3; (Na-N) = 3.82 A). Additionally, there are M~Cyene contacts
within the sum of the van-der-Waals radii to one of the flanking
Dipp groups in 2 (d(K1-C10) = 3.464; Zryqw(K-C) = 4.45 A) and in
one of the independent ion pairs in 4 (d(Na2-C63) = 3.106(2) A;
Sraw(Na-C) = 3.97 A).* The P-Ccy and Cen-N atomic distances

(Table 1) correspond to contracted P-C single (¢f Zreo(P-C) =
1.86 A), and slightly longer C=N triple bonds (¢f Zr.oC-N) =
1.14 A), respectively.'” The P-Cen-N (ca. 165°) and Cp—P-Cey
angles (ca. 105°) are generally wider when compared to the
previously reported [K(2.2.2-crypt]” salt’® Overall, the [PPP
TerPCN]  unit closely resembles the isoelectronic ""PTerPCO
(d(P-Ceo) = 1.683(1), d(C-0) = 1.156(1) A),™ and the CN
stretching frequency of ca. 2050 em™ (Table 1) indicates
substantial w-electron delocalization in the cyanophosphide unit.
Interestingly, in 3 beside a monomeric [[D‘PPTerPCN]Na[IS-OE]]
ion pair, a dimeric [("PPTerPCN)Na(18-c-6)], unit was found.
The centrosymmetric dimer (Fig. 1, middle), in which the 18-c-6
molecule occupies the equatorial plane of a distorted hexagonal
bipyramid around the sodium ions, is formed through coordi-
nation of one of the 18-c-6 oxygen atoms to the second sodium,
while the second axial position of each sodium in the dimer is
occupied by the cyanide N atoms (d(N2-Na2 = 2.4172(18) A;
d(011-Na2) = 2.609(3) A). There are only few examples of dimeric
[Na(18-c-6)],>" ion pairs,'®* and the coordination mode is remi-
niscent to the one found in [(18-¢-6),Na,(H,0),], 5[Cd(SCN);].>*

It can thus be concluded that the alkali metal ion and the
crown ether marginally influence the structure in solution, as
indicated by similar NMR data. In the solid state though,
significant differences are observed, which can be attributed to
packing in the crystal and weak interactions of the alkali metal
ion and the flanking P""PTer groups.

Dioxophosphorane cyanide adducts

An initial attempt to crystallize 4 from toluene in the freezer
afforded besides yellow microcrystalline material, colorless

Fig.1 Molecular structures of 2, 3 (one of two ion pairs in the asymmetric unit (AsU), ’ symmetry generated: 1 — x, 1 — y, 1 — z) and 4 (one icn pair
of two in the AsU). Hydrogen atoms omitted for clarity. Dipp groups shown with mixed wireframe/thermal ellipsoid representations. The iPr-
groups and ethylene bridges in the crown ethers are rendered as wireframes. Oxygen atoms rendered as spheres with arbitrary radius. All thermal
ellipsoids are drawn at the 50% probability level. Selected bond lengths and angles are shown in Table 1.

@ 2025 The Author(s). Published by the Royal Society of Chemistry
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blocks suitable for SCG-XRD experiments. These were identified
as the oxidation product [P'PPTerPO,(CN)|[Na(15-c-5)] (4-Oy).
*'P NMR data recorded from the few isolated crystals of 4-0,
showed a signal at —8.3 ppm, in line with those reported for
other ArPO,(LB) species (¢ff PhPO,(dmap) 6(*'P) = 9.4 ppm).*2
Concluding that traces of O, affected the formation of 4-0,,
akin to previous reports on NHC phosphinidene adducts,®
mixtures of 1, base and the respective crown ethers were prop-
erly degassed and reacted with 1 atm of dry air (Fig. 2, top).
After an initial color change to deep purple in all cases, the
solution turned pale-yellow and *'P NMR spectroscopy of the
reaction mixtures revealed the quantitative formation of 2:0,,
3:0, and 4-0,. After recrystallization from toluene the
compounds were isolated as colorless crystalline solids in
moderate yields (Fig. 2, top). In the IR spectrum of isolated
2:0,, 30, and 4-0, the CN stretching frequency at ca.
2080 cm ' raised the question whether these compounds are
the isocyanide adducts with a P-N=C, rather than with
a P-C=N connectivity. Geometry optimizations and frequency
analyses at the PBE0-D3/def2-SVP DFT level of theory, suggested
that the mode at ca. 2080 em ' corresponds to the isocyanide-
form (Fpnceale. = 2100 cm™'). Moreover, the calculated IR
spectra of the P-C=N isomers showed that the C-N stretching
modes (Fpon cate. = 2210 em™ ') are of low intensity and should
not be detected in the TR spectrum (¢f TR spectrum of 4-0,
Fig. 2, bottom), in line with the experimental findings. Conse-
quently, the isolated crystals of 2-0,, 3-0, and 4- 0, were also
investigated by Raman spectroscopy using a 633 nm red laser.
This clearly showed a low intensity mode at ca. 2080 em™"' for
the P-NC and a medium intensity mode for the P-CN unit at
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Fig.2 Synthesis of 2:O,, 3-O; and 4-O» (top) and depiction of the IR-
and Raman spectra of 4-O,.
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2175 cm ' (¢f 4-0,, Fig. 2, bottom), in line with the theoreti-
cally predicted Raman spectra of [PPPTerPO,(NC)][M(crown)]
and ["PPTerPO,(CN)][M(crown)], respectively. In the *'P NMR
spectrum of isolated erystals of 2:0, and 3-0; in CgDg two
marginally separated singlets in a ratio of ca. 1: 1 are detected at
—9.0 and —9.3 ppm (2:0;) (c¢f Fig. $241) or —8.5 and —9.3 ppm
(3-0,) (cf Fig. S40t), respectively. The presence of both isomers
is further indicated by a splitting of the signals for the "PPTer-
moiety in the 'H and "*C NMR spectra, which despite only one
*'P NMR signal is also observed in 4-0,. Variable temperature
Sp{'H} NMR experiments of 4-0, in toluene-dy between —30
and 80 °C clearly show the presence of two species at —30 °C at
—8.84 and —8.96 ppm in a nearly 1:1 ratio. Coalescence of the
two signals is observed at 30 °C accompanied with a gradual
downfield-shift of the signal to —8.25 ppm at 80 °C (Fig. $507).
This combined analytical evidence indicates a coordination
isomerism at a dioxophosphorane in 2-0,, 3-0, and 4-0,. We
thus conclude that upon oxidation of the P atom the CN
substituent (coordinated to [M(crown)]") can undergo a CN/NC
isomerism giving 2-0,, 30, and 4-0, as a mixture of isomers.

2-03, 3:0, and 4-0; all crystallize in the triclinic spacegroup
P1, as their toluene solvates. In all molecular structures the
[PPPTerPO,(CN)]~ anion interacts strongly with the [K(18-c-6)]"
counter-cation through two close K---Op contacts in 2-0,,
whereas in 3:0, and 40, only one close Na:-:Op contact is
detected (Fig. 3). It is difficult to distinguish between the P-CN
and P-NC coordination mode in the solid state. Therefore, two
structural models were tested in all three cases: (a) with a P—NC
unit; (b) with a P-CN unit. The quality of each model was judged
by the R, and wR, values (¢f. ESIT p. S11), as well as by inspection
of the anisotropic displacement parameters (Fig. 3). In both
cases the best R-values are obtained for the P-NC isomer,
however with large displacement parameters for the N atom,
which indicates an underlying disorder. This disorder was
modelled and revealed approximate 63 : 37 (2:0,), 55:45 (3-0,)
and 51:49 (4-0,) ratios between the P-NC and P-CN form,
respectively. This is in line with the observations by *'P NMR
and vibrational spectroscopy, vide supra.

Next, isolated crystals of 2:0, and 3-0;, with an apparent
CN/NC isomer mixture, were re-dissolved in C4Dg and heated to
80 °C overnight and the *'P NMR spectra after cooling to room
temperature clearly showed only one singlet resonance at
—9.3 ppm in both cases, while only one set of signals for the
Dipp groups were observed in the 'H and *C NMR spectra (¢f.
Section 4.4.1 and 4.6.1 of the ESIt). After recrystallization from
toluene, Raman spectroscopy only revealed a medium intensity
mode at 2175 (2-0,, Fig. $281) or 2176 cm ' (3-0,, Fig. $457),
respectively, while no modes were detected in the IR spectra,
which is in line with the P-CN isomers.

It can therefore be concluded that the PO,(CN) isomer
corresponds to the species with the slightly more shielded *'p
NMR signal in the isomer mixture. When a solid sample of 2-0,
is heated to 110 °G for 16 h and is re -dissolved afterwards in
CgDg, only the P-CN isomer with an *'P NMR shift of —9.3 ppm
is detected (¢f Fig. $271), further corroborated by a "*C NMR
signal for the P-CN unit at 124.1 ppm (Y¢p = 91 Hz).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular structure of 2:0;, 3-0; and 4-0; (left), with the disorder represented in the form of cake-diagram-type spheres. ORTEP
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parameters for each isomer. For crystallographic details also see the ESI.

Based on experimental evidence this pointed to the P-CN
isomer being thermodynamically favored over the P-NC isomer.

The observed isomerization and crystallization of both
isomers in the same crystalline matrix raised the question
whether 2 could be oxidized in the solid state when exposed to
dry O, and if isomerization may occur in the crystalline matrix
of 2. Large accessible voids in the solid-state structure should
allow diffusion of O, into the crystal lattice. When yellow single
crystals of 2 were exposed to O, while being agitated with a stir
bar, a color change to light purple was observed in the first 10
minutes.

The purple color then quickly faded and the solid turned into
an off-white powder, which, when re-dissolved in C¢Dg, clearly
showed the presence of an isomer mixture of 2-0, (¢f ESIT
Section 4.4.3).

@ 2025 The Author(s). Published by the Royal Society of Chemistry
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Considering the size of 2:0,, 3:0, and 4-0, and overall
similar structures, truncated models, namely [PhPO,(CN/NC)]M
(M = Na, K), were chosen for further theoretical studies with the
geometry derived from the molecular structures of 2-0, and
4-0, in the crystal, respectively. These studies at the DLPNO-
CCSD(T)/def2-TZVP level of theory,*** using the PBEO (ref.
24-26)-D3 (ref. 27 and 28)/def2-TZVP* optimized geometries for
obtaining the corrections to the free enthalpy (notation:
DLPNO-CCSD(T)/def2-TZVP//PBE0-D3/def2-TZVP; cf ESIT p. $76
ff.), revealed that in both cases the [PhPO,(CN)M isomer is
thermodynamically more stable than the isocyanide form by ca.
26.5 k] mol ', in line with the experimentally observed presence
of only the P-CN isomer after heating 2 0, and 30, in C¢Dsg
solution, vide supra. A transition state that shows N---M inter-
actions was found in both cases, clearly pointing to metal ion
involvement in the thermal isomerization process. In both cases

Chem. Sci, 2025, 16, 6909-6917 | 6913
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Fig.4 Computed thermal reaction pathway for the NC/CN isomerism
in model compounds [PhPO,(NC)IM (M = Na, K) (DLPNC-CCSD(T)/

the barrier is ca. 100 k] mol™ (M = Na, 103.4; M = K,
100.9 kJ mol ') in line with the facile thermal rearrangement at
80 °C in solution and at 110 °C in the solid state (Fig. 4).

As the PO,-CN isomer was found to be thermodynamically
more stable, the isomerization must occur during the initial

Therefore, the electrochemistry of 3 was exemplarily inves-
tigated. CV studies in THF showed an irreversible oxidation
event with a peak potential of —0.6 V vs. Fe/Fe+ (0.1 M [nBuyN]
PF,), accompanied by the aforementioned color change
(Fig. S171). The oxidation at rather negative potential is in line
with reports on the related phosphaethynolate salt Na[PCO] (E**
= —0.31 V vs. F¢/F¢' in THF).*® We therefore propose initial
oxidation of the cyanophosphides by 0, to give a neutral P-
radical species, which then reacts further with the superoxide
anion, to presumably give a linear P-O-O(CN) intermediate. In
the final isomerization step the CN-group becomes labile and
can bind to the metal-crown cation, and eventually rebound to

The involvement of a radical intermediate in the CN/NC
isomerism is further supported by the reaction of 2 with
elemental sulphur, which after stirring overnight in toluene
afforded [PPPTerPs,(CN)][K(18-c-6)] (2°S,), with no interme-
diate color change to violet being observed (Fig. 5, top).

2-S, shows a *'P NMR signal in C¢Dj at 32.3 ppm, signifi-
cantly deshielded when compared to 2-0,. A similar deshield-
ing is observed upon oxygen for sulphur exchange from
PhPO,(IMe,) (6(**P, CDCl;) = 0.8 ppm) to PhPS,(IMe,) (5(*'P,
CDCl;) = 52.9 ppm).* After recrystallization from toluene 28,
was afforded as a toluene solvate, with no indication of an CN/
NC isomer mixture in the solid state (¢f ESTf p. S13). This is
further supported by only one stretching mode in the Raman
spectrum at 2154 cm ' (Fig. $371), while no mode is observed
between 2000-2300 cm ™" in the IR spectrum. In the solid state
(Fig. 5, bottom) the P-Cy distance in 28, (1.822(2) A) is longer
compared to the dioxophosphorane adducts 2-0,, 3-0, and
4-0,, while the C-N distance is shorter (1.149(2) A) and in line
with a triple bond (¢f Ere(C=N) = 1.14 A),"" with a P-C-N
angle (164.1(1)°) that significantly deviates from linearity, while
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Fig. 5 Synthesis of dithiophosphorane cyanide adduct 2-S, (top).
Molecular structure of 2-S, (bottom, cne of two molecules in the
asymmetric unit). Hydrogen atoms omitted and Dipp groups, ethylene
bridges in 18-c-6 rendered as wireframe and O atoms rendered as
spheres with arbitrary radius for clarity. Thermal ellipsoids are drawn at
the 50% probability level. Selected bond lengths (A) and angles (°): P1-
S11.9560(5), P1-52 1.9663(5), P1-C311.822(2), N1-C31 1.149(2), S1-
K1 3.3707(5), S2-Kl1 3.3577(5); S1-P1-S2 120.19(2), C1-P1-S1
114.96(4), C1-P1-52 107.13(4), N1-C31-P1 164.09(14).

in 2:0,, 30, and 4-0, the angles are closer to 180°. Therefore,
we assume that the interaction of the cyanophosphides with 0,
in the first step facilitates the observed isomerisation.

Coordination isomerism in main group species is generally
rare. Goicoechea and co-workers have lately described a [B]-
OCP to [B]-PCO ([B] = (HCNDipp),B) isomerism catalysed by
tBu—NC (Scheme 4(i)).** Inoue and co-workers revealed a ther-
mally induced SiP/PSi-isomerism in the heavier nitrile deriva-
tive {(SiTol;)(SiMej;),Si}SiP(IPr) (IPr = (HCNDipp),C) (Scheme
4(ii)).** CN/NC isomerisations in main group species have been
observed in magnesium and boron compounds. A MgCN
complex with a dipyrromethene ligand (M**DPM, Scheme 4(iii))
was found to mainly exist as the isocyanide MgNC isomer in the
solid state with only minor contribution of the MgCN isomer
(95: 5 ratio).* Moreover, it was shown that the borate anion
[(F3C);B-CN]™ is thermodynamically more stable than its
[(F4C);B-NC] isomer by 35.2 k] mol ' (Scheme 4(iv)), as shown
experimentally by DSC measurements.*

A potential coordination isomerism in the related species
PO,(CN)(DABCO) (DABCO = 1,4-diazabicyclo(2.2.2)octane) is
indicated by *'P NMR spectroscopy, while this phenomenon
was not further investigated by the authors.” In general, it was
shown that the X-CN/X-NC ratio is significantly influenced by
the group electronegativity of X, with the X-CN form being
favored for more electronegative moieties X.**** These findings
are in line with natural resonance theory (NRT) studies carried
out on the model complexes [PhPO,(CN/NC)] ™ (c¢f. ESIT p. 578
ff.), which show that there is a higher covalency in the P-CN
isomer with the covalent form being predominant (41.8%) and
only minor contribution of a non-bonding ionic form (10.4%).
For the P—NC isomer the contribution of the ionic form is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Examples of (i) [B]-PCO/OCP,* (i) SiP/PSi,* (iii) Mg(CN/
NC)* and (iv) BICN/NC) isomerisms.>*

considerably higher (27.8%) (Fig. S61,1 middle), which is
balanced by a lower covalent character (28.8%). This is also
reflected in a larger CN to PhPO, charge transfer in the
[PhPO,(CN)]~ form of 0.51e” compared to only 0.37e for the
isocyanide isomer, with a higher Wiberg bond index (WBI) for
the P-CN isomer (0.72) compared to the P—NC isomer (0.58).
The P-Ccy bond in the cyanide isomer is also considerably less
polarized (P: 31.0%; C: 69.0%) compared to the P-Ny¢ bond (P:
21.6%; N: 78.4%), in line with a smaller ionic character in the
PCN isomer. Considering the high group electronegativity of the
DiPPTerpQ, the fact that the cyanide form is thermodynamically
stable is in line with previous studies.

Phosphinidene monoxide cyanide adducts

Using N,O as an oxidant with isolated 2 or preparing 2 in situ
from 1 and KH in toluene solution, a different product with
a significantly deshielded *'P NMR signal at 81.1 ppm was ob-
tained (Scheme 5). By comparison with a recent report on the
NHC-phosphinidene oxide adduct M*TerPO(IMe,) (6(*'P) =
89.6 ppm),” this was assigned to the formal anionic phosphi-
nidene oxide cyanide adduct [P'PPTerPO(CN)][K(18-c-6)] (2-0),
which is further corroborated by the *'P NMR shift in the gas
phase (Jeuie(**P) = 72.8 ppm) obtained at the PBE0-D3/def2-
TZVP//PBE0-D3-def2-SVP level of theory (Table S61). Interest-
ingly, the formation of 2-0 is not accompanied by an interme-
diate color change to purple, further substantiating that the
coordination isomerism is related to a radical intermediate.
To the best of our knowledge 2-0 is the only example of an
anionic phosphinidene monoxide adduct. Only recently the first
free phosphinidene oxide Ar(Bz)N-PO (Ar = 2,6-(3,5-Tipp,-
CgHj),-CeHj; Bz = benzyl) with a deshielded 31p NMR signal at
ca. 285 ppm was isolated using an exceedingly bulky aryl-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthesis of the phosphinidene monoxide species 2-O and
4-0 (left) and NRT scheme of the truncated model anion [PhPO(CN)]~.

group.” An unstable neutral phosphine-stabilized cyclic ami-
nophosphinidene oxide was recently reported by Nikonov et al.,
which showed a similar *'P NMR shift (89.6 ppm) compared to
2-0.” SC-XRD quality crystals of 2-O were obtained from
a saturated toluene solution (Fig. 6), which revealed the
proposed connectivity with a disordered P(O)CN unit, in
a nearly 50 : 50 ratio (¢f Fig. S51), which is in line with a ster-
eochemically active lone pair of electrons on the P atom and
both enantiomers of 2-0 being present in the crystal. Despite
the disorder, the P-Cy distance (P1A-C31A 1.882(7), P1IB-C31B
1.877(9) A) is clearly elongated compared to 2 (¢f 1.770(1) A), in
line with the description of 2-O as a cyanide adduct of PP
TerPO. The P-O distance (P1A-O1A 1.515(2), P1B-O1B 1.528(2)
A) is rather long, when compared to the recently reported free
phosphinidene oxide R(Bz)N-PO (¢f. d(P-O) = 1.447(6) A), but in
line with that in the NHC adduct M**TerPO(IMe,) (¢f. d(P-0) =
1.522(4) A). The sum of angles at the P atom (E<(P) = 302.7(4) ©)
indicates a trigonal pyramidal coordination environment with

Fig. 6 Molecular structure of 2:O. Hydrogen atoms omitted and Dipp
groups, ethylene bridges in 18-c-6 rendered as wireframe and O
atoms rendered as spheres with arbitrary radius for clarity. Thermal
ellipsoids are drawn at the 50% probability level. Selected bond lengths
(A) and angles (°) [values of minor part B): P1A-C1 1.886(2) [1.860(2)],
P1A-C31A 1.882(7) [1.877(9)], C31A-N1A 1.151(8) [1.150(9)], O1A-P1A
1.515(2) [1.528(2)], O1A-K1 2.671(2) [2.632(2)]; PIA-C31A-N1A 166(1)
[157(1)], O1A-P1A-C31A-104.2(3) [104.6(8)], O1A-P1A-C1 108.04(10)
[106.3(1)], C31A-P1A-C1 93.3(5) [89.9(6)].
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a short Op-+-K contact (2.615(3) A), rendering this a contact ion
pair similar to 2-0, and 4-0,. Likewise, 4-O was prepared
which showed a minimally deshielded *'P NMR signal at
82.9 ppm compared to 2-0. Noteworthy in this case there is
a significant broadening and pseudo-doublet form of the 15-¢-5
signal in the "H NMR spectrum (¢f Fig. $557). In 2:0 and 4-O
two sets of signals for the Dipp-substituents of the PPPTer-
group on P are detected in the 'H and "C NMR spectra,
respectively, which is similar to starting material 1, and indi-
cates a P center with three different substituents. The '*C NMR
signal for the PCN unit could not be detected, while there is also
no mode in the IR spectrum for the CN-group. This is in line
with the theoretically predicted spectrum, with no apparent CN/
NC isomerism in this case.

Natural resonance theory (NRT) on the truncated model
[PhPO(CN)]™ showed the zwitterionic form with just single
bonds on the three-coordinate phosphorus atom to be the
major form (Scheme 4). While minor weight is given to a non-
bonding form with a Ph-P=0 fragment and a cyanide anion,
highlighting the polar character of the P-O bond, in line with
a Wiberg bond index (WBI) for the P-CN bond of 0.82 and
a significant charge transfer from the CN~ fragment to the
PhPO-unit of 0.48e™.

Conclusions

We have shown that different alkali metal bases (KH, KHMDS,
NaHMDS) can be used for the preparation of salts containing
the eyanophosphide anion [PPPTerPCN] ™.

Using chelating erown ethers resulted in structural diversity,
showing interactions of the encapsulated cations with the
flanking Dipp groups of the ®'PPTer moiety in some cases, while
in the case of 3 a rare example of a dimeric [Nay(18-c-6),]*
cation was found to bridge two cyanophosphides in a centro-
symmetric dimer. Independent of whether 2, 3 or 4 are
employed, facile oxidation with dry O, afforded the formal
cyanide adducts of the dioxophosphorane "PPTerPO,, as
mixtures of cynanide and isocyanide isomers. The coordination
isomerism was verified by NMR experiments as well as by
vibrational spectroscopy. The cyanide isomer with a PO,-CN
unit was found to be thermodynamically more stable based on
experimental data, supplemented by calculations. These calcu-
lations also showed involvement of the alkali metal ion in the
isomerisation process. With Sg as an oxidant no indication for
a coordination isomerism was found, giving only the cyanide
adduct of the dithiophosphorane in 2-S,. With N,O as an
oxidant, the anionic phosphinidene oxide adducts 2-0 and 4-0
were obtained, which show a *'P NMR shift in the range ex-
pected for this rarely documented class of compounds. The
trend previously observed for the stepwise oxidation of P' to P™
and eventually P¥ is observed in this study as well and shows
rather shielded P atoms in the *'P NMR spectra for anionic P'
compound 2 (5(*'P) = 128.6 ppm), a significant deshielding for
2-0 (6(°'P) = 89.6 ppm), while 2-0, (§(*'P) = —9.3 ppm) is
observed in an intermediate range of the *'P NMR chemical
shift scale.

6916 | Chem. Sci., 2025, 16, 6909-6917
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Future studies will focus on exploiting the concept of coor-
dination isomerism in P¥ compounds for the design of new PY
based catalyst systems.

Data availability

The data supporting this article have been included as part of
the ESL{ This includes: synthesis and characterization of
compounds, NMR spectra, crystallographic, and computational
details. Additionally, a cif-file containing the isomer refine-
ments of 2-0,, 3-0, and 4-0, (not uploaded to the CCDC) and
a multi-structure xyz-file containing all optimized geometries
have been uploaded. Crystallographic data for 2 (2401210), 3
(2401211), 4 (2401212), 2- O, (2401213), 3-0, (2427596), 4-0,
(2401214), 2-S, (2427595), and 2-0 (2401215) have been
deposited at the CCDC and can be obtained from https://
www.ccde.cam.ac.uk.
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Notes and references

i Caution! When working with PCN-compounds the release of hydrogen cyanide,
especially when cleaning glassware, is possible. Therefore, additional safety
precautions and a special waste treatment with hydrogen peroxide are

recommended.
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DPPTerP(CN)ECL, (E = P, As), respectively.

hosphorus compounds usually occur in the (+3)-oxidation

state with two nonbonding electrons, rendering phos-
phanes of the type PR; ubiquitous ligands in coordination
chemistry. Phosphanes are also known to coordinate
phosphinidenes (R—P),' phosphorus species in the (+1)-
oxidation state, giving phosphanylidene phosphoranes of the
general form R—P(—)—P(+)R;, which have been known for
nearly 60 years.” The aryl-substituted variants Mes*P(PMe;)
and M*TerP(PMe;) (A, Mes* = 2,4,6-tBu,C¢Hy; MTer = 2,6-
Mes,CsH;, Mes = 2,4,6-Me;CH,; Scheme 1) were popular-
ized by Protasiewicz and co-workers, who reported on the
Phospha-Wittig reactivity toward aldehydes, giving phosphaal-
kenes in facile fashion.” Furthermore, the potential of
ArP(PMe;) in formal Ar—P transfer reactions has been
explored.*”® For example, when ArP(PMe;) (Ar = Mes¥,
MesTer, DPPTer) were treated with isonitriles R—NC (R = tBu,
Xyl), facile PMe, substitution afforded 1,3-phosphaazaallenes
of the type ArPCNR (B, Scheme 1).” ArPCNtBu were shown
to undergo thermal iso-butene release to give the correspond-
ing cyanophosphines ArP(H)CN (C, Scheme 1). Treatment of
DPererP(H)CN (1) with KHMDS (KHMDS = K[N-
(SiMe;),]) afforded the stable cyanophosphide
[PPPTerPCN]K (2, Scheme 1). Cyanophosphides can be
considered as the formal cyanide adducts of phosphinidenes
and are thus another class of P-compounds in the (+1)-
oxidation state.” The notion that [RPCN]™ can be regarded as
cyanide adducts of R—P is supported by studies that showed
the formation of [PhPCN]M (M* = Na, K, [(PhyP),N]) by
reacting PhyP; with MCN.” Phosphanyl-substituted cyano-
phosphides ([R,PPCN]7; R = Ph, Cy, tBu, N(iPr),) can also
be accessed from cobalt pentaphosphido complexes [(PHDI)-
Co(y*PsR,)] (PHDI = bis(2,6-diisopropylphenyl)phenanth-
rene-9,10-diimine) with the aid of cyanide salts.'” Moreover,
Griitzmacher and co-workers recently reported on alkali

© 2025 The Authors. Published by
American Chemical Society
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phosphanyl cyanophosphides {[*PJPCNIM (D, Scheme 1;
[*'P] = [(H,CNDipp),P], M = Na, K)."' Ambident
nucleophilicity has been shown for {['P]PCN}", giving either
P- (E) or N-functionalized species (F, Scheme 1, bottom) in
salt metatheses reactions. In this contribution, we elucidate the
potential of [P"TerPCN]K as a cyanophosphide transfer
reagent in salt metathesis reactions.

First, we investigated the thermal stability of ["*PTertPCN]K
(2) (obtained by combining 1 and KHMDS) with respect to
KCN-elimination in a C4Dy solution at 80 °C over a period of
24 h. This clearly showed that 2 (§(*'P) = —141.1 ppm) is the
main species in the ¥*P{"H} NMR spectrum after heating, with
only minor quantities of a dibenzophosphole derivative as a
phosphinidene (™**Ter—P) deactivation product being
observed (see Figure $5).* This contrasts [Mes*PCN]K,’
which could be generated in solution, but thermal KCN-
elimination occurred within 16 h at ambient temperature, to
afford phosphaindane G (Scheme 1), a known decomposition
product of Mes*—P.'” Likewise, *TerP(H)CN formed the
phosphinidene dimer (M*TerP), (H, Scheme 1)° when treated
with KHMDS.

Next, we combined 1 with KHMDS and GeCl,-(dioxane) in
a 1:1:1 ratio in a S:1 mixture of CgDy/thf-ds. The *'P NMR
spectrum recorded after 1 h at ambient temperature showed a
major species at —=77.4 ppm with a minor component at —74.3
ppm, while the '"H NMR spectrum showed that 1 was fully
consumed (Scheme 2(i)). Single crystals were grown from n-
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Scheme 1. Summary of Qur Group’s Work on Cyanophosphides (Top) and Examples of Their Ambident Nucleophilicity as
Reported by Griitzmacher and Co-Workers (Bottom) (NHB = [(H,CNDipp),B])"'
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Scheme 2. Reactivity of 1: (i) K[N(SiMe;),], GeCl,-(dioxane), 5:1 C4Dy:thf-dg, r.t., —KCl, —HN(SiMe;),; (ii) K[N(SiMe;),],
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hexane at —30 °C, revealing the formation of the dimeric are significantly polarized toward P (73.6%) or N (88.4%),
chlorogermylene ["##TerP(CN)GeCl], (3; 8...(*'P) = —89.4 respectively. The bonding situation is thus best compared with
ppm) (Figure 1). At the DLNPO-CCSD(T)/def2-TZVP// bis-NHC-phosphinidene complexes of [GeCl]*, showing
PBE0-D3/def2-SVP(benzene) level of theory, the dimerization similar P—Ge distances.'"* The angles at Ge are nearly 90 °,
was calculated to be strongly exergonic (AgG®,55 = —136.9 kJ- while wider angles are detected at P. The P—CN distances
mol™"). The dimer is formed through P—CN--Ge contacts (P1-C1 1.763(4), P2—C2 1.761(3) A) are similar to those in
(Gel=N2 2.041(3), Ge2—N1 2.053(3) A) (cf. Zr_,(Ge—N) [P#PTerPCN][K(2.2.2-crypt)] (cf. P1—-C31 1.768(1) A)/
=1.92 A),"* with both chlorine atoms on the same side of the indicating a sustained [P"TerPCN]~ character in 3, in line
eight-membered ring. In the ring, the P—Ge distances are with the NBO results. Isolated crystals of 3 show broad signals
rather long (Gel—P1 2.5482(9), Ge2—P2 2.5300(9) A) in the "H NMR spectrum, and thus, we conclude that both

r...(Ge—P) = 2,32 A),"* while the N—C distances indicate isomers, with Cl on one side of the eight-membered ring or in
only minimal back-donation from Ge to the P—CN units. The {rans-relation, respectively, are present in solution. This is also
long P—Ge and Ge—N distances in 3 point to strongly in line with two signals in the *'P NMR spectrum, vide supra.
polarized bonds with high ionic character, which is supported Phosphanylchloro- and diphosphanylgermylenes are rare due

by NBO calculations at the PBE0-D3/def2-TZVP level of to insufficient overlap of the s-type lone pair of electrons (LP)
theory giving rather low Wiberg bind indexes (WBIs) for the at phosphorus with the lone p-type valence at the Ge
P—Ge (0.62) and Ge—N (0.43) bonds. Moreover, both bonds atom(s).'™'¢
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Figure 1. Molecular structure of 3. H atoms are omitted, and DippTer
groups are rendered as wireframe for clarity. Thermal ellipsoids at
50% probability level. Selected bond lengths (A) and angles (°):
Gel—N2 2.041(3), Gel—Cl1 2.2307(11), Gel—P1 2.5482(9), Ge2—
N1 2.053(3), Ge2—Cl2 2.2175(12), Ge2—P2 2.5300(9), P1-Cl
1.763(4), P2—C2 1.761(3), P2—C33 1.849(3), N1-C1 1.151(8),
N2—-C2 1.155(5); E(<Gel) 275.94(9), £(<Ge2) 275.17(9), £(<P1)
311.9(2), E(<P1) 312.2(2), NI-C1-P1 166.6(3), N2—C2—P2
165.9(3).

When the reaction of 1, K[N(SiMe,),], and GeCl,-
(dioxane) was carried out in a 2:2:1 ratio (Scheme 2(ii)), a
species with a *'P NMR shift of —73.9 ppm was formed as the
main species, indicating the formation of [P**TerP(CN)],Ge
(4) (cf. [(iPr;Si)(FTipp,Si)P],Ge 8(*'P) = —62.1 ppm).”® In
the '"H NMR spectrum of the reaction mixture, putative
diphosphanylgermylene 4, dioxane, and HN(SiMe,), are
detected in the expected 1:1:2 ratio. Few single crystals
(4cryst) were grown from a saturated n-pentane solution (see
SI). A severe disorder of the main structural motif in between
the two PPPTer groups precludes a detailed discussion of the
structure, yet, the connectivity reveals redistribution of 4,
which is not further discussed due to a certain de&ree of
ambiguity (see the SI for details, Figure S2). Based on 'H and
HMPp{'H} NMR spectroscopy, the formation of 4 in solution is
quantitative. Attempts to isolate 4 were unsuccessful, as
compound 4 is extremely sensitive to moisture; thus, mainly
LirpTerP(H)CN was isolated.

After the addition of PCl, to a 1:1 mixture of 1 and KHMDS
at =78 °C in toluene and warming to ambient temperature, the
formation of the desired diphosphane "**TerP(PCL)CN (5)
was indicated by two doublets at 182.5 (PCl,) and —24.8 ppm
(PCN) (Jipp) = 243.4 Hz). However, there is also a so far
unidentified side product at 27.8 ppm in a 2:3 ratio compared
to 5. As an alternative approach, base-assisted dehydrohaloge-
nation was tested next. Therefore, 1 was combined with PCIl;
in a 1:1 ratio in toluene, and a solution of 1 equiv of NEt, was
added at —78 °C; the mixture was warmed to room
temperature overnight (Scheme 2(iii)). After removal of the
volatiles and extraction with #n-hexane, § was isolated as an off-
white powder in a moderate yield of 57%. X-ray quality crystals
of § were not obtained; thus, the identity of 5 was confirmed
by multinuclear NMR and IR spectroscopy, high-resolution
MS, and elemental analysis. In analogous fashion, the
arsaphosphane "PPTerP(CN)AsCl, (6) was prepared in a
yield of 58% from a 1:1:1 mixture of 1 with NEt; and AsCl,.
Both § and 6 show similar **P NMR shifts for the PCN
phosphorus atoms at ca. —24.8 () and —30.8 ppm (6),
respectively.

The presence of the second phosphorus atom in § is also
clearly reflected in the *C NMR signal of the CN group,

790

which appears as a doublet of doublets (5: 5(**C) = 116.5
ppmy; Jipp) = 86.6 Hz; *Jppy = 15.6 Hz), while only a doublet
(8(*C) = 118.2 ppm; 'Jpp = 95.6 Hz) is detected for 6. In the
'H and "*C NMR spectra, two sets of signals are detected for
the "PTer-moiety, in line with a trisubstituted pnictogen atom
and the formation of § and 6 as racemic mixtures. Crystals
suitable for SC-XRD of 6 were afforded from a saturated n-
hexane solution at —30 °C, revealing 6 to crystallize solvent-
free in the monoclinic space group P2, /n with four molecules
in the unit cell (Figure 2). The P—As distance (2.3896(6) A) is

Figure 2. Molecular structure of 6. H atoms are omitted, and Dipp
groups are rendered as wireframe for clarity. Thermal ellipsoids at
50% probability level. Selected bond lengths (A) and angles (°): P1—
Cl 1.855(2), Pl1-Asl 2.3896(6), P1-C31 1.799(3), C31-NI
1.142(3), Asl—Cll 2.1877(7), Asl-Cl2 2.1965(7); Z(<P1)
302.5(2), E(<Asl) 279.48.

in the range expected for a P—As single bond (cf. Zr,(P—As)
= 232 A)" (cf. SIMesP—AstBu, 2.3133(4) A, *IMes =
[(H,CNMes),C]),"” indicating a covalent P—As bond, while
the P—Ccy distance (1.799(3) A) is longer compared to 3.
Both pnictogen centers are in a trigonal pyramidal coordina-
tion environment (Z>(P) = 302.51°% (As) = 279.48°) with no
intermolecular contacts being detected in the solid state.

This work clearly demonstrates the potential of
[P#PTerPCN]K to act as a cyanophosphide transfer reagent,
affording the unusual phosphide-substituted chlorogermylene
3, with an unprecedented eight-membered cyclic dimer formed
through Ge-~Ney contacts, while with PnCl; (Pn = P, As),
diphosphane § and phosphinoarsane 6 were formed. Studies
harnessing the dual donor capability of ["PPTerPCN]~ and
attempts to trap diphosphanylgermylene 4 are currently under
way.
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Phosphafluorenes, in which the chemically vulnerable C-9 position of the fluorene core has been replaced with phosphorus,
demonstrate enhanced stability compared to conventional fluorene-based materials and belong to the general class of
dibenzophospholes (DBPs). Phosphafluorene formation is commonly observed in the reductive functionalization of

terphenyl-based dihalophosphanes. In here, we outline a high-yielding route towards phosphafluorene 1, starting from
readily available "*PTerPCl, (°PPTer = 2,6-Dipp-CsHs; Dipp = 2,6-iPra-CsHa). Different quarternization strategies of 1 are
outlined, including a complex with AuCl, its BH; adduct, and its corresponding sulphide. Interestingly, facile alkenylation of
1 was achieved in the presence of B(CsFs)s and various phenylacetylene derivatives. This FLP-type alkenylation is E-selective

giving zwitterionic phosphonium borates.

Introduction

Phosphanylidenephosphoranes of the general form RP(PR’3) are
also referred to as Phospha-Wittig reagents.! Specifically, aryl-
substituted variants are commonly used in phosphaalkene
synthesis in the so-called phospha-Wittig reaction. The first aryl-
substituted phosphanylidenephosphoranes, ArP(PMes), were
synthesized by Protasiewicz and co-workers in 1998 through the
combination of Ar-PCl; with an excess of PMe; and zinc
powder.? To date a limited number of ArP(PMes) (Ar = 2,4,6-
tBusz-CeHa, Mes*;2 2,6-(2,6-Cl;CeH3)2-CeHs, CTer;® 2,6-(2,4,6-
Mes-CgHa)2-CeHa, MesTer;2 4 2,6-(2,4,6-iPrs-CgHa)2-CeHa, TPPTer;s
2,6-(2,6-iPra-CeH2)2-CeHs, PPPTer;* 1,1,3,3,5,5,7,7-octaethyl-
1,2,3,5,6,7-hexahydro-s-indacen-4-yl, EIND?) have been
reported and their utility in Wittig-type reactions has been
explored. Moreover, it was shown that Phospha-Wittig reagents
offer a pathway for the generation of arylphosphinidenes, Ar-P,
under photochemical conditions. For example, when
TiePTerP(PMes) was irradiated at 365 nm the formation of a
phosphafluorene was described, through insertion of the
phosphinidene into one of the Ca-Cier bonds of the Tipp groups.®
Our group observed PPPTer-P generation and deactivation to
give phosphafluorene 1 via the thermal decomposition of the
isolated phosphagallene, PPrTerPGaCp* at 50°C for 2h
(Scheme 1, a), or through the irradiation (396 nm) of
DipeTerP(PMes) in toluene-ds at room temperature (Scheme 1,
b).®2 These findings complement
phosphafluorene formation via the reduction of TPPTerPCl; with
magnesium (Scheme 1, f).?

earlier work on

o Leibniz Institut fiir Katalyse e.V. (LIKAT), A.-Einstein-Str. 29a, 18059 Rostock
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Supplementary Information available: Synthesis of compounds, NMR spectra and

crystallographic details. CCDC 2466772-2466775. See DOI: 10.1039/x0xx00000x
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It was later shown that the reducing agent plays an important
role in the outcome of the reaction.’® Related cyclizations of
terphenyl-based dichlorophosphanes were also described by
Marshall!! in the reduction with potassium (Scheme 1, e), and
by Wehmschulte and co-workers in AlCls-mediated Friedel-
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Crafts type reactions (Scheme 1, c).12 Similar intramolecular
cyclizations have also been described for terphenyl-substituted
phosphenium cations, allowing the isolation of the 9-phospha
fluorenium ions (Scheme 1, d).1?

Phosphafluorenes belong to the broader class of
dibenzophospholes (DBPs),** which are a family of compounds
that have garnered significant interest due to their unique
electronic properties and potential applications in materials
science and catalysis. DBPs are important building blocks for
organic Tm-conjugated compounds, which have enormous
potential as optoelectronic materials for example in light-
emitting diodes (OLED), organic field-effect transistors,
nonlinear optical devices, and organic solar cells.1518 |n recent
years, monodentate non-symmetrical dibenzophospholes have
emerged as ligands in rhodium-catalyzed hydroformylations.!®
Phosphafluorenes, in which the chemically vulnerable C-9
position of the fluorene is replaced with phosphorus,
demonstrate enhanced stability compared to conventional
fluorene-based materials. They usually show fluorescence in the
UV region, while the photophysical properties can be precisely
tuned through functionalization, especially quarternization at
the phosphorus atom. Examples of quarternization strategies
on the P center of phosphafluorenes (DBPs) include oxidation,20
sulfurization,?! complexation with tungsten, gold,?! iron or
ruthenium,12 and related transformation. These structural
modifications enable precise tuning of optoelectronic
properties, highlighting their potential for tailored application
in photeonic and electronic devices.'*

DBPs can also be viewed as sterically encumbered phosphines,
rendering them suitable candidates for frustrated Lewis pair
(FLP) applications when paired with sterically hindered Lewis
acids. The functionalization of alkynes using FLPs has been
intensively studied.?? The outcome of the reactions greatly
depends on the basicity of the phosphine used. In the case of
P/B-FLPs two outcomes are possible: (a) phosphonium alkynyl-
borates, through deprotonation of the alkyne, or (b) addition to
the alkynes resulting in zwitterionic alkenyl phosphonium
borates, when less basic phosphines were employed.?3 24 25

In this contribution, we report on different quarternization
products of phosphafluorene 1 using BHs, Ss or AuCl. Moreover,
the reactivity of 1 towards terminal alkynes (4-R-CgHs-C=C-H) in
the presence of B(CgFs)s was investigated, proving an FLP-type
alkenylation strategy for DBPs (Scheme 1, bottom).

Results and Discussion

At first, the synthesis of phosphafluorene 1 was optimized,
adopting the route Power and co-workers used to make a
TPPTerPCly-derived phosphafluorene (Scheme 1, f).? The
reaction of PPPTerPCl, with two equivalents of activated
magnesium (Mg¥*} in THF at room temperature overnight
produced a light orange, fluffy solid of 1 in 77 % yield after work-
up (Scheme 2, top). The best results were obtained when using
two equivalents of activated magnesium, while stoichiometric
amounts gave 1in lower yield.

2 | Dalton Trans., 2025, 00, 1-5
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Scheme 2. Synthesis of phosphafluorene 1 (top). Quarternization of the phosphorus
center in 1: (i) AuCl-SMe,, toluene, 16 h, r.t.; (ii) H;B-SMe;, n-hexane, 16 h, r.t.; (iii) 1/8
Sg, CH,Cly, 16 h, r.t.

Phosphafluorene 1, formed as the sole product through the
insertion of the P atom into one of the o-C(Ar)-C(iPr) bonds. Its
structure was confirmed by 3P NMR spectroscopy in CgDg
(6(31P{1H}) =-1.1 ppm), consistent with our previous
observations in the decomposition of a phosphagallene
(Scheme 1, a).® Despite their intriguing electronic properties,
phosphafluorenes remain understudied
reactivity. The flexible coordination behavior of the endocyclic
phosphorus atom, along with the accessibility of its lone pair
offers significant potential for structural diversification. Thus,
chemical modifications at the P-center of 1, particularly through
coordination to transition metals, sulfurization, and reactions
with Lewis acids were studied (Scheme 2, bottom). The
combination of 1 with (Me,S)AuCl in toluene and stirring
overnight at ambient temperature in the absence of light
resulted

in terms of their

in the formation of complex 2 (Scheme 2, i).
Recrystallization of the crude product from a 1:5 CHClz:n-
hexane solution at -30 °C afforded colourless single crystals
suitable for single crystal X-ray diffraction (SCXRD) analysis and
2 was isolated in 50 % yield. The 31P{1H} NMR shift in C¢D¢ at
32.4 ppm indicated the formation of complex 2 and
quarternization of the P atom. Characteristic of 1 is that one of
the Me-groups of the iPr-groups on the P atom is rather
shielded, while appearing as a pseudo triplet. Upon
coordination of AuCl, the 3/p-4 coupling constant increases and
results in a clear doublet of doublet splitting of the signal.
Generally, all compounds derived from 1 show a rather complex
IH NMR spectrum with all methyl groups being magnetically
inequivalent, due to C; symmetry in solution.

Next, 1 was treated with borane dimethylsulfide (Me;S-BHs),
which afforded phosphafluorene BH3 adduct 3 in 65 % yield
after crystallization from n-heptane at -30°C as colourless
single crystalline material. The 3'P{'H} and 'B{*H} NMR spectra
of 3in CsDs displayed characteristic shiftsat 37.3 ppm and -38.4
ppm, respectively, indicating tetracoordinate P and B atoms.
Additionally, the BH; moiety was detected by IR spectroscopy,
with weak B—H stretching modes centred at ca. 2345 cm™.%¢
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Figure 1. Molecular structures of 2 and 3. Ellipscids drawn at 50 % with C-H-atoms
omitted, Dipp- and one of the iPr-groups rendered as wire-frame for clarity. Selected
bond lengths [A] and angles [°] of 2: C1-P1 1.845(2), C4-P1 1.798(2), C13-P1 1.805(2),
P1-Aul 2.2247(6), Cl1-Aul 2.2885(6); C4-P1-C13 91.83(10), C4-P1-C1 106.46(10),
€13-P1-C1 105.84(10), C4-P1-Aul 114.61(7), C13-P1-Aul 121.62(7), C1-P1-Aul
113.71(8); C5-C4-P1-C13 179.9(2). 3: P1-C4 1.7991(13), P1-C13 1.8102(13), P1-C1
1.8435(14), P1-B1 1.9269(16); C4-P1-C13 91.52(6), C4-P1-C1 108.29(6), C13-P1-C1
107.20(6), CA-P1-B1 111.38(7), C13-P1-B1 121.08(6), C1-P1-Bl 114.62(7);
C€13-P1-C4-C9 -178.84(12).

In the TH NMR spectrum, the expected quartet resonance for
BHj is significantly broadened and overlaps with the signals of
the iPr-Me groups and could therefore not be unambiguously
assigned. Similarly to 2, the shielded Me-groups of the iPr-
groups on the P atom changes into a doublet of doublets.

As a last quarternization strategy the reaction of 1 with
elemental sulfur was conducted, cleanly furnishing
thiophosphafluorene 4 as a pale-yellow solid in 55 % isolated
yield. The 3P NMR signal of 4 (8(*!P{'H}) = 53.4 ppm; A
4(6(3'P)) = +54.5 ppm)) is notably deshielded compared to 2 and
3, consistent with P=S bond formation. A similar deshielding is
observed in related dibenzophosphapentaphenes upon
sulfurization (cf. A(6(3!P)) = +48.9 ppm).2! Single-crystal X-ray
diffraction experiments (SC-XRD) revealed that 2 and 3
crystallize in the monoclinic space groups P2i/c and P24/n,
respectively. Both 2 and 3 show a four-coordinate P atom
(2(<P) = 304.1(1) (2), 307.01(6) ° (3)). The P-Ca, distances (2:
1.798(2), 1.805(2); 3: 1.799(1), 1.810(1)A) are shorter
compared to the related free phosphafluorene derived from
TiePTerPCl, (cf. 1.805(11), 1.817(4) A).° Similarly, the P—Cis, (2:
1.845(2); 3: 1.844(1) A) bonds are contracted as compared to
the related phosphafluorene. The P1-Aul bond distance
(2.2247(6) A) in 2 aligns with reported gold(l)-phosphole
complexes,?” while the P-B distance in BHs-adduct 3
(1.9269(16) A) is in the range of reported dibenzophosphole
BH3 adducts.?®

In an effort to identify alternative Lewis acid to HsB:SMes; we
explored bulkier derivatives such as B(CgFs)s. When 1 and
B(C¢Fs); were combined in a 1:1 ratio in CgDs, no discernible
reaction was observed according to 3'P NMR spectroscopy. This
lack of reactivity suggests frustrated Lewis pair (FLP) behaviour
arising from steric congestion between the Lewis acid and base.
Upon addition of one equivalent phenylacetylene to the
reaction mixture in C¢Dg, the color of the solution changes from
light orange to dark red. NMR data of the reaction mixture

This journal is © The Royal Society of Chemistry 2025
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showed complete conversion to a new species. Layering of the
reaction mixture in CgDg with n-hexane at ambient temperature
and standing overnight afforded a white powder of
ArPC(Ph)=C(H)B(C¢Fs)s (5; Ar= 1-(2,6-diisopropylphenyl)-5,9-
diisopropyl-9-phosphafluorene) and was isolated in 61 % yield.
Compound 5 features a *H NMR resonance at 7.84 ppm
(d, 3Jp-n = 38.0 Hz) assigned to the alkenyl C=CH moiety (cf.
PhsP(PhC=CH)B(CsFs)s: 8(1H) = 8.32 ppm, ¥p_n = 36.0 Hz).22 The
31p NMR signal at 36.1 ppm is in line with a phosphonium
center, whereas the 19F NMR spectrum showed three sets of
signals for the o-, p-, and m-fluorine atoms of the CsFs groups
located at 6(1°F) -130.5, -161.7, and —166 ppm, respectively, in
line with reported FLP-type activations of phenylacetylene and
free rotation about the B-C axis.? In the 1B NMR spectrum, a
signal at —-15.4 ppm (d, 3Jp-y = 18.0 Hz) is in line with a four-
coordinate boron center and a phosphonium borate
zwitterionic species. Collectively these data, suggested that 5 is
exclusively the 1,2-addition product (Scheme 3, bottom). This
assumption was confirmed by X-ray crystallography showing
that the phosphine and borane added to the alkyne in (E)-
fashion with the B adding to the CH terminus of the alkyne
(Figure 2, left).2* The solid-state structure reveals P-Car
(1.792(2),1.801(2) A) and P-Cyrr (1.828(2) A) distances similar to
those found in 2 and 3 (vide supra). The P-Cc-c distance
(1.828(2) A) is in the range of a contracted P—C single bond
(2reu(P-C) =1.86 A)2?  and minimally longer than in
PhsP(PhC=CH)B(CsFs)s (cf. 1.806(1) A).22 The C31-C32 distance
(1.344(2), cf. Ercou(C=C) = 1.34 A)?2 clearly indicates activation of
the alkyne unit, with the P and B atoms being in trans-
orientation with respect to the C=C bond. Notably, the C=CH
proton is oriented towards the phosphafluorene moiety.

iPr,
B(CeFs)a
P CqDg

MNo Reaction

R Bes)
. \ oFs)s
Dipp ’(p

Dipph

Dipg P R—C=CH

1

\ e \ Bles \ B,
Dipp =y Dlpv = Dmp :}\

OQO

5(61%) 6 (66 %) 7(83 %)
FsC
g B(CanPa s E(Csth
Dipp, :>\p Dipp, p
@ E’
8 114 Ya) 9 (32 %)

Scheme 3. Reactivity of 1 towards B(CgFs); in the absence (top) and presence of
phenylacetylene derivatives, giving alkenyl phosphonium borates 5-9.
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Motivated by these findings, we next tested a series of para-
substituted phenylacetylene (RPhC=CH where R = CHs (6), tBu
(7), OMe (8), CF5 (9)) to investigate possible substituent effects
on this FLP reactivity. Reaction of these alkynes with the
1/B(CsFs)s FLP system proceeded analogously to 5, yielding
diverse zwitterionic alkenyl phosphonium borate products
(Scheme 3), which underlines the generality of this
functionalization strategy.?* This FLP-type alkenylation of a P-
heterocycle is also related to the chemistry of phosphinine-
borane adducts towards phenylacetylene.3? The 3P NMR shifts
for 6-9 are clustered near 36.0 ppm, clearly showing minimal
influence of the para-substituent. All compounds (6-9)
displayed 1*F NMR signals for the B(CgFs)s moiety in the range of
-130.5 (ortho-F), -161.7 (para-F), and -166.0 (meta-F),
mirroring 5, and thereby indicating a similar B(CsFs)s moiety in
all alkenylation products 5-9. Notably, 9 showed an additional
singlet at -63.3 ppm in the 12F NMR spectrum assignable to the
CFs group. The B NMR spectra of 6-2 uniformly exhibited
resonances near —15.0 ppm (d, 3/p_p = 18 Hz) as expected for
borate-type activation products. These observations suggest
minimal electronic influence from the para-substituents of
phenylacetylenes (EDG/EWG) on the regio- and
chemoselectively of the alkenylation. In all derivatives the C=CH
resonance is deshielded at ca. 8 ppm and a 3Jp.y coupling
constant of ca. 38 Hz.

Figure 2. Molecular structures of 5 and 9. Ellipseids drawn at 50 % with C-H-atoms
omitted (except those at €32 (5) and C29(9)), Dipp-, CsFs-, CF3- and one of the iPr-groups
rendered as wire-frame for clarity. Selected bond lengths [A] and angles [*] of 5: P1-C4
1.7915(18), P1-C13 1.8014(16), P1-C1 1.8282(18), P1-C31 1.8282(17), B1-C32 1.648(2),
€31-C32 1.344(2); C4 P1 C13 93.34(8), C4-P1-C1 110.49(8), C13-P1-C1 113.17(8),
C4-P1-C31 107.19(8), €13-P1-C31 112.12(7), C1-P1-C31 117.64(8), C32-C31-P1
112.79(12), €31-C32-B1 138.96(15); C4-P1-C31-C32 65.08(14). 9: C1-P1 1.8007(14),
C12-P1 1.7807(14), €28-P1 1.7969(13), C55-P1 1.8326(14), C28-C29 1.3433(19),
C29-B1 1.642(2); C12-P1-C28 108.96(6), C12-P1-C1 93.52(6), C28-P1-C1 122.55(6),
C12-P1-C55 108.64(7), C28-P1-C55 113.19(6), C1-P1-C55 107.71(6), C29-C28-P1
116.86(10), C28-C29-B1 136.79(13); C29-C28-P1-C12 137.25(11).

These results underscore the robustness of FLP-mediated
alkyne activation, where steric and electronic perturbations at
the para-position are effectively reduced by the conjugated
aromatic system, preserving the core electronic structure of the
adduct.

Single crystals of 9 suitable for SC-XRD were obtained from
layering the CgDg reaction mixture with n-heptane at room
temperature. As previously observed in 5, the alkyne activation
is (E)-selective, with baron attached to the CH terminus (Figure
2, right). All key structural parameters are similar to those found
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in 5. However, the orientation of the C=CH proton is different,
which is not oriented towards the P-iPr group.

Conclusions

We outline a facile synthetic route towards phosphafluorene 1
starting from readily accessible PPPTerPCl; in a reductive
approach. Quarternization of 1 with AuCl, BHs, and sulphur
afforded P-functionalized species 2-4, respectively. When 1 was
combined with B(CsFs)3 no reaction was observed. When adding
phenylacetylene to the mixture, clean FLP-type alkenylation of
the P in 1 was noted giving (E)-configured alkenyl phosphonium
borate 5. This novel alkenylation strategy for DBPs was
extended and facile conversion with para-substituted
phenylacetylenes was achieved giving species 6-9. To the best
of our knowledge this is the first report on FLP-type
functionalization of DBPs and the generality of the concept with
respect to the DBP-precursors is currently investigated,
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