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A “Push–Pull” Stabilized Phosphinidene Supported by a
Phosphine-Functionalized b-Diketiminato Ligand
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Abstract: The use of a bis(diphenyl)phosphine func-

tionalized b-diketiminato ligand, [HC{(CH3)C}2{(ortho-
[P(C6H5)2]2C6H4)N}2]@ (PNac), as a support for germanium(II)
and tin(II) chloride and phosphaketene compounds, is de-

scribed. The conformational flexibility and hemilability of
this unique ligand provide a versatile coordination environ-

ment that can accommodate the electronic needs of the li-
gated elements. For example, chloride abstraction from

[(PNac)ECl] (E = Ge, Sn) affords the cationic germyliumylidene

and stannyliumylidene species [(PNac)E]+ in which the pend-

ant phosphine arms associate more strongly with the Lewis
acidic main group element centers, providing further elec-
tronic stabilization. In a similar fashion, chemical decarbony-

lation of the germanium phosphaketene [(PNac)Ge(PCO)]
with tris(pentafluorophenyl)borane affords a “push–pull” sta-

bilized phosphinidene in which one of the phosphine
groups of the ligand backbone associates with the low

valent phosphinidene center.

Introduction

Since their discovery over 40 years ago, b-diketiminato (or

NacNac) ligands have been employed extensively for the syn-
thesis of metal and metalloid complexes from across the peri-
odic table.[1, 2] One of the characteristics of this ligand scaffold

that makes it an attractive support is the ease with which it
can be modified. For example, variation of the N-substituents

can be used to tune the steric demands and electronic proper-
ties of the ligand. Recently, there has been an effort to intro-
duce additional donor capability at the pendant N-substituents
including O-donor or S-donor groups.[3–6] This, in turn, allows

for the formation of flexible coordination pockets possessed
with potentially hemilabile sites. We recently expanded this

class of ligands with the synthesis of a novel bis(diphenyl)-

phosphine functionalized b-diketiminato ligand (PNac) which
shows a wealth of coordination modes with transition

metals.[7] This highly versatile ligand can adapt to the electron-
ic needs of the metals in question acting as a multidentate
donor. As with other b-diketiminato ligands, this system pro-

vides a monoanionic, bidentate support for metal ions,[2] how-
ever the introduction of additional heteroatom donor sites

allows access to more complex coordination motifs, and po-
tentially, a flexible electronic support that can respond to
changes in the electronic needs of the complexed metal
center.

Given the conformational flexibility of this ligand, and the

presence of additional donor sites that can assist in the isola-
tion of otherwise highly reactive species, we were intrigued to
explore the use of this ligand for the synthesis of a series of
germylene and stannylene complexes. Subsequent reactivity

studies of these species show that the bis(diphenyl)phosphine
functionalized b-diketiminato ligand can respond to changes

in the coordination environment of the germanium(II) and
tin(II) metal centers.

Results and Discussion

Deprotonation of the protonated ligand, (PNac)H, with potassi-
um bis(trimethylsilyl)amide followed by addition of one equiv-
alent of either [GeCl2(dioxane)] or SnCl2 affords the correspond-

ing chloride complexes, [(PNac)ECl] where E = Ge (1), Sn (2), in
moderate to high isolated yields (70–80 %) as pictured in

Scheme 1.
The 1H NMR spectrum of 1 reveals the formation of a single

product with a g-H resonance corresponding to the ligand
backbone at 4.90 ppm. All other resonances in the 1H and
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13C{1H} NMR spectra are as expected for a k2-b-diketiminato
ligand. The 31P{1H} NMR spectrum reveals a singlet resonance
at @20.4 ppm, which is shifted to slightly lower frequency than
the protio-ligand (@14.5 ppm) and consistent with weak inter-
actions arising between the two pendant phosphine arms and

the germanium(II) center (this was also confirmed by single-
crystal X-ray diffraction, vide infra).

By contrast, the NMR spectra recorded for solutions of crys-

tals of 2 are more complex, revealing the presence to two iso-
mers that are in a dynamic equilibrium. This can also be seen

in the 31P NMR spectrum where a singlet resonance at
@19.7 ppm (accompanied by satellites due to coupling with
117Sn and 119Sn nuclei ; 1JP@Sn = 342.0 and 357.6 Hz) is accompa-
nied by two doublets at @23.5 and @15.8 ppm (with weak

phosphorus-phosphorus coupling of 4.7 Hz). This behavior is

mirrored by the 119Sn{1H} NMR spectrum which exhibits two
resonances at @367 (d, 1JP@Sn = 260.1 Hz) and @310 (t, 1JP@Sn =

354.3 Hz). We postulate that the two isomers in solution are:
1) a species in which both pendant phosphines associate

weakly with the tin(II) center (giving rise to a singlet in the
31P{1H} and a triplet in the 119Sn{1H} NMR spectra) ; and 2) an

isomer in which an asymmetrical coordination of the phos-

phine groups gives rise to a strong interaction between one
arm and the tin(II) center whilst the second phosphine does

not interact to any significant degree. On account of the ste-
reochemically active lone-pair present on the tin(II) center,

these two extremes would assume a five coordinate square
pyramidal geometry, or a four-coordinate see-saw like struc-

ture, respectively. Variable-temperature 1H and 31P{1H} NMR ex-

periments conducted between 298 and 348 K revealed that
both species interconvert (Figures S16 and S17).

Both 1 and 2 could be characterized by single-crystal X-ray
diffraction and exhibit weak interactions between the pendant

phosphine arms and the tetrel(II) element centers. In the case
of 1 (Figure 1), the Ge···P interatomic distances differ signifi-

cantly, 3.384(1) and 4.219(1) a, indicating an asymmetric inter-

action of the phosphine arms. These are both significantly
longer than a Ge@P single bond (2.27–2.32 a),[8, 9] however the

former is shorter than the sum of Van der Waals radii for the
two elements (3.91 a).[10] This asymmetric association of the li-

gands in the solid-state contrasts with the observation of a
single resonance in the 31P NMR spectrum of 1, and suggests

that in solution, the association of the ligand arms is dynamic

and time averaged. The structure of 2 (see Supporting Infor-
mation) is also very similar and reveals short and long Sn···P

contacts with interatomic distances of 3.475(1) and 4.385(2) a.
As with 1, these values are longer than a Sn@P single bond

(2.46–2.51 a),[8, 9] while the shortest is smaller than the sum of
Van der Walls radii (3.97 a).[10]

The Ge@N and Sn@N bond distances in 1 and 2, 1.972(2)/

1.981(2) and 2.177(2)/2.185(2) a, respectively, are in line with
those observed for other comparable b-diketiminato germani-

um and tin chlorides.[11–35] They compare favorably with com-
pounds such as [HC{(CH3)C}2{(Dipp)N}2]ECl (E = Ge, Sn) in which

the Ge@N and Sn@N bond distances are 1.988(2)/1.997(2) and
2.185(2)/2.180(2) a, respectively.[11]

Reaction of 1 and 2 with [Na(dioxane)x]PCO affords the

novel phosphaketene compounds, [(PNac)E(PCO)] where E =

Ge (3), Sn (4) (Scheme 2), accompanied by elimination of

sodium chloride. In both complexes, the phosphaethynolate
ion (PCO@) coordinates to the germanium and tin centers

through the phosphorus atom. Related germanium(II) phos-
phaketene compounds featuring b-diketiminato ligands have
been previously reported by Aldridge, Driess and Zhao.[23, 25, 36]

To the best of our knowledge, no analogous stannylene com-
pounds have been reported to date.

The NMR spectra for 3 reveal the formation of a phosphake-
tene species as evidenced by the two doublet resonances ob-

served in the 31P{1H} NMR spectrum at @21.8 and @326.9 ppm
corresponding to the phosphine-functionalized b-diketiminato

ligand and phosphaketene moieties, respectively. These exhibit
a weak 31P–31P coupling constant of 11.1 Hz. A resonance in
the 13C{1H} NMR spectrum for the phosphaketene was ob-

served at 118.4 ppm, which exhibits a 13C–31P coupling con-

Figure 1. Molecular structure of 1 in the solid state. Anisotropic displace-
ment ellipsoids set at 50 % probability. All phenyl carbon atoms are pictured
as spheres of arbitrary radius. Hydrogen atoms and solvent of crystallization
are omitted for clarity. Selected bond lengths [a] and angles [8]: Ge1@N1
1.981(2), Ge1@N2 1.972(2), Ge1@Cl1 2.377(1), Ge1···P1 3.384(1), Ge1···P2
4.219(1) ; N2-Ge1-N1 90.57(7), N1-Ge1-Cl1 93.09(5), N2-Ge1-Cl1 96.27(5), P1-
Ge1-P2 73.58(2).

Scheme 1. Synthesis of compounds 1 and 2.

Scheme 2. Synthesis of compounds 3 and 4.

Chem. Eur. J. 2020, 26, 9024 – 9031 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9025

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001762

http://www.chemeurj.org


stant of 91.5 Hz, in line with other phosphorus bonded com-
pounds of this type.[37] As with that of 1, the 1H NMR spectrum

of 3 reveals a single resonance corresponding to the g-H posi-
tion of the ligand backbone at 4.76 ppm indicating the forma-

tion of a single isomer (or rapid interconversion of isomers on
the NMR timescale). Both 3 and 4 were found to rapidly de-

compose in solution; consequently, and due to the presence
of two isomeric forms of 4 in solution, suitable NMR spectra

could not be obtained for this compound although colorless

to pale yellow crystals were found to readily precipitate from
the reaction medium.

Compounds 3 and 4 were further characterized by single-
crystal X-ray diffraction (Figure 2 and Supporting Information).

Both exhibit linear phosphaketenes coordinated to the tetrel
element center (ffP-C-O: 177.6(9) and 176.9(5)8, respectively)
with Ge@PCO and Sn@PCO bonds (2.536(2) and 2.691(1) a, re-

spectively) that are in line with related species. The Ge@PCO
bonds for known b-diketiminato germylenes range between

2.476(1) and 2.547(1) a.[23, 25, 36] As with 1 and 2, the single-crys-
tal X-ray structures reveal a significant variation in the intera-

tomic distances between the pendant phosphine arms of the
ligand and the tetrel(II) centers. These values are 3.477(2) and

4.171(2) a for 3 (cf. 3.384(1) and 4.219(1) a for 1), and 3.136(1)

and 3.882(1) for 4 (3.475(1) and 4.385(2) for 2). Of note is that
these are significantly shorter for compound 4, which suggests

that the interaction of the phosphaethynolate ion with the
tin(II) center is weaker than the corresponding interaction with

the chloride ion in 2. The Ge@N and Sn@N distances observed
for 3 and 4, 1.984(5)/1.993(4) and 2.207(3)/2.227(3) a, respec-

tively, are in line with those observed for 1 and 2 and other b-

diketiminato compounds, cf. 1.971(2)/2.016(2) a for
[HC(tBuC)2{(Dipp)N}2]Ge(PCO).[23]

Reaction of 1 and 2 with sodium tetrakis(3,5-bis(trifluorome-
thyl)phenyl)borate (Na[BArF

4]) permits the abstraction of a chlo-

ride ion from the group 14 elements to afford salts [(PNac)E]
[BArF

4] , where E = Ge (5), Sn (6) (Scheme 3). The reactions were

monitored by 1H and 31P{1H} NMR spectroscopy, which reveal
the formation of clean products with singlet chemical shifts in

the 1H NMR spectra at 4.53 and 4.36 ppm, for 5 and 6, respec-
tively, corresponding to the g-H atoms of the ligand backbone.

The 31P{1H} NMR spectra reveal singlet resonances at @16.1 (5)
and @14.2 ppm (6), which are moderately shifted from the
chloride precursors. In both cases the spectra are consistent

with the formation of a single isomer in which the two phos-
phine arms associate with the cationic tetrel(II) centers. This is

best illustrated in the case of 6, where the 31P{1H} NMR reso-
nance is accompanied by satellites due to coupling with 117Sn

and 119Sn nuclei with 1JP@Sn values of 1139.1 and 1192.6 Hz. It is
worth highlighting the significant increase in the phosphorus–

tin coupling constant values, which treble relative to the chlo-

ride-containing precursor, indicating a significantly stronger in-
teraction between the phosphine arms of the b-diketiminato

ligand and the tin atom. The 119Sn{1H} NMR spectrum of 6 re-
veals a triplet resonance centered at @505.1 ppm. No spectro-

scopic evidence was observed for a fluxional process such as
that observed for 2, indicating that in the case of the

[(PNac)Sn]+ cation, the increased Lewis acidity of the metal

center gives rise to a tighter association of the phosphine
arms, as also highlighted by the increased coupling between

nuclei. This was also confirmed by single-crystal X-ray diffrac-
tion. Related cationic germanium(II) complexes bearing b-dike-

timinato ligands have been previously synthesized using a re-
lated synthetic strategy.[38, 39]

The single-crystal X-ray structures of 5 and 6 reveal cationic

b-diketiminato supported group 14 elements accompanied by
weakly coordinating [BArF

4]@ anions (see Figure 3 and Support-

ing Information). In both cases, the phosphine arms of the
ligand are more strongly associated with the central group 14

elements than in the chloride-containing precursors. The Ge@P
bond lengths in 5 are 2.536(1) and 2.869(1) a and are notably

shorter than those observed for 1 (3.384(1) and 4.219(1) a)

whereas there is no significant change to the Ge@N distances.
The same is also true of 6, where the Sn@P distances, 2.761(1)

and 2.916(1) a, approach the values for single bonds (2.46–
2.51 a) and are notably shorter than those recorded for 2
(3.475(1) and 4.385(2) a) and 4 (3.136(1) and 3.882(1) a). In the
case of 6, the tin center adopts a square pyramidal geometry

with a sum of bond angles about the tin(II) center of 307.48. It
is interesting to note that in the case of 6, only one isomer is
observed in solution (in contrast to 2 and 4). This suggests
that upon halide abstraction, the ligand associates more
strongly with the tin(II) center and resolves dynamic behavior.

Figure 2. Molecular structure of 3 in the solid state. Anisotropic displace-
ment ellipsoids set at 50 % probability. All phenyl carbon atoms are pictured
as spheres of arbitrary radius. Hydrogen atoms and solvent of crystallization
are omitted for clarity. Selected bond lengths [a] and angles [8]: Ge1@N1
1.993(4), Ge1@N2 1.984(5), Ge1@P1 2.536(2), P1@C1 1.567(8), C1@O1
1.188(11), Ge1···P2 4.171(2), Ge1···P3 3.477(2); N1-Ge1-N2 90.3(2), N2-Ge1-P1
95.24(15), N1-Ge1-P1 89.25(14), C1-P1-Ge1 91.7(3), O1-C1-P1 177.6(9), P2-
Ge1-P3 70.72(4). Scheme 3. Synthesis of compounds 5 and 6.
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The reactivity of these Lewis acidic compounds is currently

being explored, preliminary studies suggest that, given the in-

creased Lewis acidity, the germyliumylidene cation 5 is signifi-
cantly more reactive.

Intrigued by the geometric plasticity of this bis(diphenyl)-
phosphine functionalized b-diketiminato ligand and its ability

to stabilize reactive compounds in an intramolecular fashion,
we explored the chemical decarbonylation of compound 3
using tris(pentafluorophenyl)borane. Analogous reactions with

4 led to decomposition. A number of transition metal and
main group element phosphaketenes have been shown to un-

dergo thermal or photolytic decarbonylation processes.[37]

These reactions are postulated to proceed via the formation of

transient phosphinidenes which often dimerize to afford di-
phosphenes featuring P=P bonds. In selected cases, singlet
and triplet phosphinidene compounds have been ob-

served.[40, 41]

Reaction of 3 with B(C6F5)3 afforded a novel species with

three resonances in its 31P{1H} NMR spectrum. These were ob-
served at 22.1, @19.8 and @123.8 ppm, with the first and last

of these coupling to one another with a coupling constant of
538 Hz. The low frequency chemical shift of the latter of these

resonances is significantly shifted relative to the phosphake-
tene precursor 3 and consistent with decarbonylation
(Scheme 4). It is worth noting that a slight excess of B(C6F5)3 is

required for the stabilization of 7 in solution as the coordina-
tion appears to be reversible. No intermediates were observed

in the reaction mixture. The B(C6F5)3-free species quickly under-
goes further reactivity. In order to obtain a compositionally

pure sample, excess B(C6F5)3 was removed by washing orange

crystals of 7 with hexane followed by removal of all volatiles
under reduced pressure. The purity of this compound was con-

firmed by solid state NMR and elemental analysis investiga-
tions.

Orange crystals of this compound were obtained by slow
diffusion of hexane into a toluene solution of the reaction mix-

ture. Single-crystal X-ray analysis confirmed the structure of

the product as a “push–pull” stabilized phosphinidene, (PNac)-
GeP(BCF) (7), in which the phosphorus atom of the parent

phosphaketene interacts with BCF and with one of the phos-
phine arms of the b-diketiminato ligand (Figure 4). The P@P

distance, 2.132(1) a, is in line with the expected values for a

single bond (2.14–2.22 a), as is the P@B distance, 2.081(2) a. All
of the other bond metric data for this compound are in good

agreement with those of the phosphaketene precursor, the
Ge@P bond length (2.511(1) a) is comparable to that observed

for 3 (2.536(2) a), as are the Ge@N bond lengths, 2.007(2)/
2.024(2) a (cf. 1.984(5)/1.993(4) for 3).

Related “push–pull” stabilized phosphinidenes, the most

common of which are Lewis-acid trapped phosphanylidene-s4-
phosphoranes (RP=PR’3), have been reported in the chemical

literature.[42, 43] The reaction of phosphanyl-phosphaketenes

Figure 3. Molecular structure of 5 in the solid state. Anisotropic displace-
ment ellipsoids set at 50 % probability. All phenyl carbon and CF3 atoms are
pictured as spheres of arbitrary radius. Hydrogen atoms and disordered CF3

groups are omitted for clarity. Selected bond lengths [a] and angles [8]:
Ge1@N1 2.052(2), Ge1@N2 1.975(2), Ge1···P1 2.536(1), Ge1···P2 2.869(1) ; N1-
Ge1-N2 89.41(7), N1-Ge1-P1 72.61(5), N1-Ge1-P2 144.09(5), N2-Ge1-P1
110.41(5), N2-Ge1-P2 73.54(5), P1-Ge1-P2 83.89(2).

Scheme 4. Synthesis of compound 7.

Figure 4. Molecular structure of 7 in the solid state. Anisotropic displace-
ment ellipsoids set at 50 % probability. All phenyl carbon atoms are pictured
as spheres of arbitrary radius. Hydrogen atoms and solvent of crystallization
are omitted for clarity. Selected bond lengths [a] and angles [8]: Ge1@N1
2.007(2), Ge1@N2 2.024(2), Ge1@P1 2.511(1), P1@P2 2.132(1), P1@B1 2.081(2) ;
N1-Ge1-N2 89.62(7), N1-Ge1-P1 97.44(5), N2-Ge1-P1 95.84(5), B1-P1-P2
112.20(6), B1-P1-Ge1 105.36(6), P2-P1-Ge1 94.52(2).
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with strong Lewis bases (isocyanates, carbenes, phosphines) af-
fords base-stabilized phosphinidenes,[44] however, to our

knowledge this is the first report in which an intramolecular in-
teractions has been employed to trap such a species. This

highlights the coordinative flexibility of the phosphine-func-
tionalized b-diketiminato ligand.

Compound 7 can be described as a phosphonium borate
bridged by a phosphine (s3,l3-phosphane) (I, Scheme 4) or, al-
ternatively as a “push–pull” phosphinidene (s3,l1-phosphane)

that is stabilized by donation from a phosphine and donation
to a borane (II, Scheme 4). It is worth noting that we use the
term “push–pull” phosphinidene to refer to a monovalent R@P
compound which is stabilized by donor and acceptor interac-
tions with a Lewis acid and a base.[45] DFT calculations were
conducted to establish the nature of the bonding interactions

present in this species. The electron density (1), the Laplacian

of the electron density (r21), and the energy density (E(r)) at
the bond critical points of the P@P and P@B bonds in 7 are

more in line with dative interactions, such as the Ge@N bonds
in the molecule, than with conventional covalent bonds, such

as the C@C bonds in the molecule (see Supporting Informa-
tion). Electronic structure II is also supported by population

analyses based on the canonical molecular orbitals (Mulliken),

natural bond orbitals (NPA), and topologically defined atomic
basins (AIM) (Table 1). The relative atomic charges from all

methods agree better with II than I. First, P2 and P3 have simi-
lar calculated charges, whereas structure I would result in P2

being much more positive that P3. Second, P1 is more nega-
tive than either P2 or P3, consistent with P1 being monovalent

and P2 and P3 being trivalent. Although these data support

the formulation of 7 as a “push–pull” stabilized phosphinidene,
the reality of the bonding situation lies, as always, somewhere

in between these two bonding extremes.

Conclusions

We have isolated several novel germylene and stannylene
complexes featuring a phosphine-functionalized b-diketiminato

ligand and shown that this novel supporting ligand plays an
active role in the stabilization of electronically unsaturated spe-

cies such as the cationic compounds [(PNac)E]+ (E = Ge, Sn)

and the push–pull stabilized phosphinidene (PNac)GeP(BCF).
The germyliumylidene and stannyliumylidene compounds are

interesting candidates for investigating their behavior towards
nucleophiles and small molecule activation.

Experimental Section

General synthetic and analytical methods : All reactions and prod-
uct manipulations were carried out under an inert atmosphere of
argon or dinitrogen using standard Schlenk-line or glovebox tech-
niques (MBraun UNIlab glovebox maintained at <0.1 ppm H2O
and <0.1 ppm O2). Pentane (pent; Sigma–Aldrich, HPLC grade,
+99 %), n-hexane (hex; Sigma–Aldrich, HPLC grade, +97 %), ben-
zene (Sigma–Aldrich, anhydrous, 99.8 %) and toluene (Sigma–Al-
drich; HPLC grade, 99.8 %) were purified using an MBraun SPS-800
solvent system. Tetrahydrofuran (THF; Sigma–Aldrich, HPLC grade,
+99.9 %,) was distilled over sodium metal/benzophenone. All dry
solvents were stored under argon in gas-tight ampoules. Addition-
ally, pentane, hexane and THF were stored over activated 3 a mo-
lecular sieves. [D8]THF (Sigma–Aldrich, 99.5 %) was dried over CaH2

and vacuum distilled before use. C6D6 (Sigma–Aldrich, 99.5 %) was
stored over activated 3 a molecular sieves and degassed prior to
use. (PNac)H, [Na(dioxane)x]PCO, Na[BArF

4] and B(C6F5)3 were pre-
pared according literature procedures.[7, 46–48] The dioxane content
in [Na(dioxane)x]PCO was determined by 31P{1H} NMR spectroscopy
using PPh3 as internal standard. Potassium bis(trimethylsilyl)amide
(KHMDS or KBTSA; Sigma–Aldrich, 95 %), [GeCl2(dioxane)] (Sigma–
Aldrich) and SnCl2 (Acros Organics, 98 %) were used without further
purification.

NMR samples were prepared inside an inert atmosphere glovebox
in NMR tubes fitted with a gas-tight valve. 1H NMR spectra were re-
corded at either 499.9 MHz or 400.1 MHz on a Bruker AVIII 500 or a
Bruker AVIII 400 NMR spectrometer, respectively. 13C{1H} NMR spec-
tra were recorded at either 125.8 MHz or 100.6 MHz on a Bruker
AVII 500 fitted with a cryoprobe or a Bruker AVIII 400 NMR spec-
trometer, respectively. 31P{1H} NMR spectra were recorded at
202.4 MHz or 162.0 MHz on a Bruker AVIII 500 or a Bruker AVIII 400
NMR spectrometer, respectively. 11B (128.4 MHz), 19F (376.5 MHz)
and 119Sn NMR (149.5 MHz) spectra were recorded at on a Bruker
AVIII 400 NMR spectrometer. 1H and 13C{1H} NMR spectra are re-
ported relative to TMS and referenced to the most downfield resid-
ual solvent resonance where possible. 31P{1H} NMR spectra are ex-
ternally referenced to an 85 % solution of H3PO4 in H2O (d=
0 ppm). 11B NMR spectra are externally referenced to a 15 %
BF3·OEt2 solution in CDCl3. 19F NMR spectra are externally refer-
enced CFCl3. 119Sn NMR spectra are externally referenced to SnMe4

in CDCl3. SSNMR were run on a Bruker AVIIIHD WB400 MHz NMR
spectrometer. Samples were packed in 1.9 mm O.D. rotors.

For details of Density Functional Theory calculations please see
Supporting Information.

Crystallographic data : Deposition numbers 195873, 195874,
195875, 195876, 195877, 195879, and 195880 contain the supple-
mentary crystallographic data for this paper. These data are provid-
ed free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service.

Synthesis of [(PNac)GeCl] (1): (PNac)H (200 mg, 0.32 mmol,
1.00 equiv.) and KHMDS (65 mg, 0.32 mmol, 1.00 equiv.) were
weighted in a Schlenk tube and dissolved in THF (10 mL). The
orange mixture was stirred for 1–2 hours at room temperature and
subsequently dried under vacuum. In the glove box,
[GeCl2(dioxane)] (75 mg, 0.32 mmol, 1.00 equiv.) was added as a
solid to the orange residue. Outside the box, toluene (10 mL) was
added and the mixture was stirred overnight, during which it
turned light yellow. The suspension was cannula filtered and con-
centrated (&2 mL). Large colorless to pale yellow crystals were ob-
tained within hours. After 2 days, crystals were separated from the
mother liquor by decantation and dried under vacuum. Yield:

Table 1. Population analysis of the phosphorus atoms in 7.[a]

Atom[b] Mulliken NPA AIM

P1 @0.11 @0.20 @0.31
P2 0.52 1.32 1.80
P3 0.46 0.92 1.66

[a] Full details in Supporting Information. [b] Atoms labeled as in
Figure 4.
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180 mg (78 %, single crystals). Note: The product is quite soluble in
toluene. Thus, the yield (based on crystalline material) varies de-
pending on crystallization conditions and is usually higher than
the yield reported here. 1H NMR (C6D6, 400.30 MHz): d (ppm) = 1.36
(s, 6 H; CH3), 4.90 (s, 1 H; CNCHCN), 6.81–6.94 (m, 8 H; CH), 7.02–
7.08 (m, 8 H; CH), 7.17–7.25 (m, 6 H; CH), 7.45–7.60 (m, 4 H; CH),
7.72–7.82 (m, 2 H; CH). 13C{1H} NMR (C6D6, 100.67 MHz): d (ppm) =
23.30 (CH3), 100.01 (CNCHCN), 127.70 (CH), 128.30 (CH), 128.35
(CH), 128.49 (t, 3JC-P = 3.1 Hz; CH), 128.78 (t, 4JC-P = 3.6 Hz; CH),
129.15 (CH), 130.63 (CH), 133.63 (t, 2JC-P = 11.6 Hz; CH), 134.85 (CH),
135.39 (t, 3JC-P = 12.3 Hz; CH), 135.87 (dd, JC-P = 6.9 Hz, 3.6 Hz; Cq),
137.13 (dd, JC-P = 8.8 Hz, 5.9 Hz; Cq), 137.54 (dd, JC-P = 7.6 Hz, 4.7 Hz;
Cq), 149.03 (dt, 2JC-P = 24.6 Hz, 12.1 Hz; Cq), 165.04 (CN). 31P{1H} NMR
(C6D6, 162.04 MHz): d (ppm) =@20.4 (s). Elemental analysis calcd
(%) for [C41H35ClGeN2P2·0.5 C7H8] (725.77 g mol@1): C 69.25, H 5.09, N
3.63; Found C 68.98, H 5.15, N 3.52.

Synthesis of [(PNac)SnCl] (2): (PNac)H (315 mg, 0.51 mmol,
1.00 equiv.) and KHMDS (102 mg, 0.51 mmol, 1.00 equiv.) were
weighted in a Schlenk tube and dissolved in THF (10 mL). The
orange mixture was stirred for 1–2 hours at room temperature and
subsequently dried under vacuum. In the glove box, SnCl2 (97 mg,
0.51 mmol, 1.00 equiv.) was added as a solid to the orange residue.
Outside the box, toluene (10 mL) was added and the mixture was
stirred overnight, during which it turned light yellow. The suspen-
sion was cannula filtered and concentrated (&2 mL). Large color-
less to pale yellow crystals were obtained within hours. After 2
days, crystals were separated from the mother liquor by decanta-
tion and dried under vacuum. Yield: 280 mg (71 %, single crystals).
Note: The product is quite soluble in toluene. Thus, the yield
(based on crystalline material) varies depending on crystallization
conditions and is usually higher than the yield reported here.
1H NMR (C6D6, 400.30 MHz): d (ppm) = 1.33 (s, 6 H; CH3 isomer 1),
1.43 (s, 3H total; CH3 isomer 2), 1.64 (s, 3 H; CH3 isomer 2), 4.67 (s,
1 H; CNCHCN isomer 1), 4.95 (s, 1 H; CNCHCN isomer 2), 6.67–7.01
(m, 8H V 2; CH), 7.01–7.11 (m, 10H V 2; CH), 7.18–7.91 (m, 10H V 2;
CH). 13C{1H} NMR (C6D6, 100.67 MHz): Due to the presence of two
interconverting species, no 13C spectra were recorded. 31P{1H} NMR
(C6D6, 162.04 MHz): d (ppm) =@23.5 (d, 2JP-P = 4.7 Hz; 117/119Sn satel-
lites 1JP-Sn = 67.4 Hz; isomer 2), @19.7 (117/119Sn satellites 1JP-Sn =
342.0 Hz, 1JP-Sn = 357.6 Hz; isomer 1), @15.8 (d, 2JP-P = 4.7 Hz; 117/119Sn
satellites 1JP@Sn = 226.9 Hz; isomer 2). 119Sn{1H} NMR (C6D6,
149.5 MHz): d (ppm) =@368 (br; isomer 2), @311 (t, 1JP-Sn = 354 Hz;
isomer 1). Elemental analysis calcd (%) for [C41H35ClN2P2Sn·0.5C7H8]
(771.85 g mol@1): C 65.35, H 4.81, N 3.43; Found C 65.45, H 4.84, N
3.53.

Synthesis of [(PNac)Ge(PCO)] (3): [(PNac)GeCl] (1) (50 mg,
0.06 mmol, 1.00 equiv.) and [Na(dioxane)2.5]PCO (20 mg, 0.07 mmol,
1.15 equiv.) were weighed into a Schlenk flask and suspended in
toluene (5 mL). The resulting mixture was stirred overnight. Subse-
quently, the mixture was filtered via cannula and concentrated to
dryness. Typically, the target compound was used as prepared for
further reactions, as it is prone to decomposition in solution. Color-
less to pale yellow crystals can be obtained, which were separated
from the mother liquor by decantation and dried under vacuum.
1H NMR (C6D6, 400.30 MHz): d (ppm) 1.32 (s, 6 H; CH3), 4.76 (s, 1 H;
CNCHCN), 6.87–6.94 (m, 6 H; CH), 7.01–7.08 (m, 10 H; CH), 7.20–7.25
(m, 6 H; CH), 7.47–7.55 (m, 4 H; CH), 7.73–7.78 (m, 2 H; CH). 13C{1H}
NMR (C6D6, 100.67 MHz): the sample was found to rapidly decom-
pose preventing the collection of a suitable NMR spectrum, how-
ever a resonance could be observed at 188.40 (d, 1JC-P = 91.5 Hz,
PCO). 31P{1H} NMR (C6D6, 162.04 MHz): d (ppm) @326.9 (t, 1JP-P =
11.1 Hz), @21.8 (d, 1JP-P = 11.1 Hz). Elemental analysis calcd (%) for

[C42H35GeN2O3P2] (749.31 g mol@1): C 67.32, H 4.71, N 3.63; Found C
67.37, H 4.89, N 2.78.

Synthesis of [(PNac)Sn(PCO)] (4): [(PNac)SnCl] (2) (60 mg,
0.07 mmol, 1.00 equiv.) and [Na(dioxane)3.4]PCO (40 mg, 0.10 mmol,
1.40 equiv.) were weighed into a Schlenk flask and suspended in
toluene (5 mL). The resulting mixture was stirred overnight. Subse-
quently, the mixture was filtered via cannula and concentrated.
Typically, the target compound was used as prepared for further
reactions, as it is prone to rapid decomposition in solution. This de-
composition precluded the collection of suitable NMR data. Color-
less to pale yellow crystals can be obtained, which were separated
from the mother liquor by decantation and dried under vacuum.

Synthesis of [(PNac)Ge][BArF
4] (5): [(PNac)GeCl] (1) (31.1 mg,

0.04 mmol, 1.00 equiv.) and Na[BArF
4] (38 mg, 0.04 mmol) were

added in a small Schlenk tube and dissolved in benzene (5 mL).
The resulting suspension was gently heated and stirred overnight.
Subsequently, the reaction mixture was filtered via cannula and
concentrated to dryness. The solid residue was recrystallized from
very concentrated benzene solutions or toluene solutions layered
with n-pentane. Yield losses are attributed to the high solubility of
5 in these solvents. Yield: 32 mg (52 %). 1H NMR (C6D6,
400.30 MHz): d (ppm) 1.27 (s, 6 H; CH3), 4.53 (s, 1 H; CNCHCN),
6.52–6.64 (m, 4 H; CH), 6.64–6.75 (m, 2 H; CH), 6.79–7.08 (m, 22 H;
CH), 7.65 (s, 4 H; p-CH), 8.41 (m, 8 H; o-CH). 13C{1H} NMR (C6D6,
100.67 MHz): d (ppm) 22.82 (s; CH3), 103.07 (s; CNCHCN), 118.11
(sept, 3JC-F = 3.9 Hz; C4-BArF

4), 125.26 (q, 1JC-F = 272 Hz; CF3-BArF
4),

127.47 (t, 1JC-P = 22.2 Hz; C-P), 128.79 (d, 1JC-P = 19.4 Hz; C-P), 128.80
(s; p-CPh), 129.33 (2 V t, overlapping, JC-P = 8.6 Hz; CPh), 129.95 (qq,
2JC-F = 31.3 Hz, 4JC-F = 2.7 Hz; C3-BArF

4), 131.42 (d, 2JC-P = 36 Hz; CPh),
132.79 (s; CPh), 132.99 (t, 3JC-P = 6.9 Hz; CPh), 133.61 (t, 3JC-P = 7.5 Hz;
CPh), 133.76 (s; CPh), 135.46 (bs; C2, 6-BArF

4), 147.95 (t, 2JC-P = 9.0 Hz;
Cq-N), 162.79 (q, 1JC-B = 50.3 Hz; C1-BArF

4), 167.07 (s, C=N). 31P{1H}
NMR (C6D6, 162.04 MHz): d (ppm) @16.1 (s). 19F{1H} NMR (C6D6,
376.49 MHz): d (ppm) @62.1 (s). 11B{1H} NMR (C6D6, 128.37 MHz): d

(ppm) @5.9 (s). Elemental analysis calcd (%) for [C73H47BF24GeN2P2]
(1553.54 g mol@1): C 56.44, H 3.05, N 1.80; Found C 56.28, H 3.00, N
1.92.

Synthesis of [(PNac)Sn][BArF
4] (6): [(PNac)SnCl] (2) (20 mg,

0.02 mmol, 1.00 equiv.) and Na[BArF
4] (23 mg, 0.02 mmol,

1.00 equiv.) were added in a small Schlenk tube and dissolved in
benzene (5 mL). The resulting suspension was gently heated and
stirred overnight. Subsequently, the reaction mixture was filtered
via cannula and concentrated to dryness. The solid residue was re-
crystallized from very concentrated benzene solutions or toluene
solutions layered with n-pentane. Yield losses are attributed to the
high solubility of 6 in these solvents. Yield: 20 mg (48 %). 1H NMR
(C6D6, 400.30 MHz): d (ppm) 1.26 (s, 6 H; CH3), 4.36 (s, 1 H;
CNCHCN), 6.47–6.63 (m, 4 H; CH), 6.65–7.14 (m, 24 H; CH), 7.66 (s,
4 H; p-CH), 8.42 (m, 8 H; o-CH). 13C{1H} NMR (C6D6, 100.67 MHz): d

(ppm) 23.23 (s; CH3), 100.51 (s; CNCHCN), 118.11 (sept, 3JC–F =
3.2 Hz; C4-BArF

4), 125.00 (q, 1JC-F = 272 Hz; CF3-BArF
4), 126.00 (t, 1JC-

P = 23.3 Hz; C-P), 127.53 (s; p-CPh), 127.60 (d, 1JC–P = 21.9 Hz; C-P),
129.40 (t, 3JC–P = 4.7 Hz; CPh), 129.60 (t, 3JC–P = 4.8 Hz; CPh), 129.95
(qq, 2JC–F = 31.5 Hz, 4JC–F = 2.8 Hz; C3-BArF

4), 131.70 (d, 2JC–P = 24.5 Hz;
CPh), 132.76 (s; CPh), 133.82 (s; CPh), 133.33 (t, 3JC–P = 6.8 Hz; CPh),
133.62 (t, 3JC–P = 7.2 Hz; CPh), 135.47 (bs; C2, 6-BArF

4), 149.57 (t, 2JC–P =
7.7 Hz; Cq-N), 162.81 (q, 1JC-B = 49.7 Hz; C1-BArF

4), 166.87 (s, C=N).
31P{1H} NMR (C6D6, 162.04 MHz): d (ppm) @14.2 (s), 117/119Sn satellites
(d, 1JP-Sn = 1139 Hz; d, 1JP-Sn = 1192 Hz). 19F{1H} NMR (C6D6,
376.49 MHz): d (ppm) @62.1 (s). 11B{1H} NMR (C6D6, 128.37 MHz): d

(ppm) @5.9 (s). 119Sn{1H} NMR (C6D6, 149.5 MHz): d (ppm) @505 (t,
1JP-Sn = 1191 Hz). Elemental analysis calcd (%) for [C73H47BF24N2P2Sn]
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(1600.19 g mol@1): C 54.81, H 2.96, N 1.75; Found C 54.86, H 3.05, N
1.84.

Synthesis of [(PNac)GeP{B(C6F5)3}] (7): [(PNac)Ge(PCO)] (3) (70 mg,
0.09 mmol, 1.00 equiv) was dissolved in toluene and added to a
Schlenk charged with a stir bar. To this solution, B(C6F5)3 (57 mg,
0.11 mmol, 1.2 equiv) was added resulting in a color change from
yellow to orange. The solution was allowed to react overnight and
under ambient conditions. The mother liquors were layered with
n-hexane and slow diffusion yield orange crystals in Yield: 80 mg
(69 % single crystals). Note: A slight excess of B(C6F5)3 is required as
the coordination appears to be reversible. The B(C6F5)3-free species
quickly undergoes further reactivity. Given the functional nature of
this species a clean 13C NMR could not be obtained. Excess B(C6F5)3

was removed by washing orange crystals of 7 with hexane (3 V
20 mL) followed by removal of all volatiles under reduced pressure.
Presence of 7 was confirmed by soli-state NMR and elemental anal-
ysis investigations. 1H NMR (C6D6, 400.30 MHz): d (ppm) 0.51 (s, 3 H;
CH3), 1.04 (s, 3 H; CH3), 3.28 (qd, J = 7.0, 2.2 Hz, 1 H; CNCHCN), 8.13–
7.19 (m, 11 H; CH), 7.13–6.08 (m, 17 H; CH). 31P{1H} NMR (C6D6,
162.04 MHz): d (ppm) 22.10 (d, 1JP–P = 532 Hz, 1P; Ph2PP), @19.81 (s,
1P; Ph2P), @123.84 (dm, 1JP–P = 538 Hz; GeP). 19F{1H} NMR (C6D6,
376.50 MHz): d (ppm) @127.50 (b, 4F; o-C6F5), @132.42 (m, 2F; o-
C6F5), @164.45 (bs, 3F; p-C6F5), @164.54 (bs, 6F; m-C6F5). 11B{1H}
NMR (C6D6, 128.39 MHz): d (ppm) @13.39 (s, B(C6F5)). 31P{1H} NMR
(SS, 161.87 MHz): d (ppm) 21.96 (d, 1JP–P = 399 Hz; Ph2PP), 19.28 (d,
1JP–P = 472 Hz; Ph2PP), @16.48 (s; Ph2P), @18.61(s; Ph2P), @112.86
(bm; GeP). 19F{1H} NMR (SS, 376.22 MHz): d (ppm) @42.36 (s; C6F5),
@43.83 (s; C6F5), @50.46 (s; C6F5), @81.54 (s; C6F5), @90.46 (s; C6F5),
@121.52 (s; C6F5), @129.39 (s; C6F5), @129.89 (s; C6F5), @162.96 (s;
C6F5), @200.85 (s; C6F5), @208.37 (s; C6F5), @240.78 (s; C6F5),
@279.84 (s; C6F5). 11B{1H} NMR (SS, 128.39 MHz): d (ppm) @12.31. El-
emental analysis calcd (%) for [C59H35BF15GeN2P3·C7H8]
(1325.42 g mol@1): C 59.81, H 3.15, N 2.38; Found C 59.56, H: 3.15,
N: 2.33.

Acknowledgements

We acknowledge the Deutsche Forschungsgemeinschaft (S.B. ;
DFG, BE 6401/1-1, project number 380155090) and the Royal

Society (M.M; NF170051) for funding. S.B. acknowledges addi-
tionally Dr. Olaf Fuhr as well as the Karlsruhe Nano Micro Facili-
ty (KNMF), a Helmholtz Research Infrastructure at Karlsruhe In-
stitute of Technology (Proposal-ID 2017-019-020910). We also
thank Dr. Nicholas H. Rees for his assistance with the SSNMR

measurements and the University of Oxford for access to
Chemical Crystallography and Advanced Research Computing
facilities, and Elemental Microanalysis Ltd. (Devon) for elemen-
tal analyses.

Conflict of interest

The authors declare no conflict of interest.

Keywords: phosphaethynolate · phosphine · phosphinidene ·
b-diketimine · tris(pentafluorophenyl)borane

[1] a) S. G. McGeachin, Can. J. Chem. 1968, 46, 1903 – 1912; b) J. E. Parks,
R. H. Holm, Inorg. Chem. 1968, 7, 1408 – 1416; c) R. Bonnett, D. C. Brad-
ley, K. J. Fisher, Chem. Commun.(London) 1968, 886 – 887; d) R. Bonnett,
D. C. Bradley, K. J. Fisher, I. F. Rendall, J. Chem. Soc. A 1971, 1622 – 1627.

[2] For review articles see: a) L. Bourget-Merle, M. F. Lappert, J. R. Severn,
Chem. Rev. 2002, 102, 3031 – 3066; b) W. E. Piers, D. J. H. Emslie, Coord.
Chem. Rev. 2002, 233 – 234, 131 – 155; c) P. W. Roesky in Molecular Cataly-
sis of Rare-Earth Elements, Springer Berlin, Heidelberg, 2010 ; d) A. A.
Mohamed, Coord. Chem. Rev. 2010, 254, 1918 – 1947; e) S. P. Sarish, S.
Nembenna, S. Nagendran, H. W. Roesky, Acc. Chem. Res. 2011, 44, 157 –
170; f) M. Asay, C. Jones, M. Driess, Chem. Rev. 2011, 111, 354 – 396; g) Y.-
C. Tsai, Coord. Chem. Rev. 2012, 256, 722 – 758; h) V. T. Annibale, D. Song,
RSC Adv. 2013, 3, 11432 – 11449; i) D. Zhu, P. H. M. Budzelaar, Dalton
Trans. 2013, 42, 11343 – 11354; j) F. T. Edelmann, Coord. Chem. Rev. 2015,
284, 124 – 205; k) F. T. Edelmann, Coord. Chem. Rev. 2016, 318, 29 – 130;
l) S. J. Malthus, S. A. Cameron, S. Brooker, Coord. Chem. Rev. 2016, 316,
125 – 161; m) R. L. Webster, Dalton Trans. 2017, 46, 4483 – 4498.

[3] R. Olejn&k, Z. Padělkov#, A. Fridrichov#, M. Hor#ček, J. Merna, A. Růžička,
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