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1. Introduction

Driven by their curiosity very early on, humans tried to understand natural phenomenons.

Often times, one could not comprehend the observations which gave rise to the belief of

an existing higher power. Those who were not satisfied, however, questioned the limits of

their knowledge and started to intentionally study the world.

For a very long time it was believed that every existing compound was made of a particular

mixture of the four elements: fire, earth, water and air. With the manipulation of the

ratio of these elements, alchemists attempted to achieve compounds of higher value. Thus,

the German alchemist H. Brand discovered elemental phosphorus in search for gold by

incandesceing dried human urine with coal under exclusion of air in 1669.[1] The coal

reduces phosphate salts contained in the urine to white phosphorus which later on exposed

to air is oxidized and emits light.[2] Brand named his discovery "kaltes Feuer" ("cold fire")

and soon after that, it was named phosphorus (from Greek phosphoros = "light-bearing").

It took almost another century until phosphorus became classified as chemical element

by A. L. Lavoisier in 1772.

1.1. Phosphorus – Characteristics and Importance

By weight, phosphorus is the 13th most abundant element in the earth’s crust at 0.1%. Due

to its high affinity to oxygen, phosphorus can only naturally be found in phosphates such

as apatite Ca5(PO4)3(OH,F,Cl) and phosphorite Ca3(PO4)2.
[3] Besides the occurrence in

the lithosphere, phosphorus plays an important role in biological life. Phosphorus is part

of our skeleton (Ca3(PO4)2, Mg3(PO)4), phospholipids, DNA and RNA and it allows an

organism to store energy in adenosine triphosphate (ATP).[4,5] The latter also referred

to as "the energy currency of biological life" is essential to drive processes like muscle

contraction or nerve impulse propagation and was first synthesized by Todd et al. in

1949.[6] In the early 19th century J. von Liebig discovered the value of phosphate salts as

fertilizer on crop growth and invented the first superphosphate, a water soluble calcium

phosphate (Ca(H2PO4)2). On the basis of J. Liebig’s findings, the English agriculture

scientist J. B. Lawes established an industrial process to makes superphosphates available

1



1. Introduction

for farming.[7,8] Until today, these superphosphate fertilizer, in combination with nitrogen

fertilizer, guarantee fruitful agriculture.

Ca3(PO4)2 + 2 H2SO4 + 4 H2O −−→ Ca(H2PO4)2 + 2 [CaSO4 · 2 H2O] (1.1)

Unlike dinitrogen N2, diphosphorus P2 can only be generated at temperatures above

750 °C in gas phase and do not exist at ambient conditions because of their high reactivity

and low bond dissociation energy (Table 1.1).[3,9] Elemental nitrogen N2 is chemically inert

and N2-fixation is challenging (industrial (Haber-Bosch-process) ≈ 150 × 106 tonnes per

year (2019)[10], biotic ≈ 193 × 106 tonnes per year[11], abiotic (by lightning) ≈ 14 × 106

tonnes per year[12]). Elemental phosphorus is a substantial building block for phosphorus

containing chemicals. White phosphorus P4 is industrially obtained by heating apatite,

quartzite and coke to 1400-1500 °C in an electric arc furnace. The calcium is slagged with

quarzite, while PV is reduced by the coke to P2. The diphosphorus is cooled down by spray

of water that transforms P2 into P4 wihch is the raw material of the industrial synthesis

of many standard chemicals: phosphorus pentoxide P2O5, red phosphorus, phosphates

PO –
4 , phosphoric acid H3PO4, phosphorus chlorides e.g. PCl3.

1542 kJ + Ca3(PO4)2 + 3 SiO2 + 5 C −−→ 3 CaSiO3 + 5 CO + P2 (1.2)

Table 1.1.: Physical Properties of Pn2, Pn = N, P, As, Sb, Bi.[9]

Compound Bond distance / Å De / kJ · mol−1

N2 1.0977 945.3
P2 1.8937 485.8
As2 2.1026 382.0
Sb2 2.3415 298.3
Bi2 2.6596 192.5

When it comes to chemical bonding, second row elements differ from their heavier ana-

logues such as phosphorous. Heavier elements accommodate a higher number of electrons

which requires additional orbitals of a higher shell. Depending on the orbitals’ shape,

electrons of a higher shell interact to varying degrees with core electrons. Electrons in

np-orbitals experience a larger increase of Pauli repulsion to (n-1)p-electrons in compari-

son to their corresponding ns- and (n-1)s-electrons.[13] Thus, the expectation value for the

radius of the p-orbitals <r>p is growing faster than for s-orbitals <r>s (Figure 1.1). As a

consequence, electrons of s-orbitals become less involved in chemical bonding for heavier

2



1.1. Phosphorus – Characteristics and Importance

elements – also known as the inert s-pair effect. For example this causes the tendency of

a lower oxidation state of elements than their group valence would suggest.

The size of atomic orbitals also plays an important role for the consideration of an atom’s

ability of hybridization. To increase the overlap with orbitals of adjacent atoms for chem-

ical binding, atomic orbitals of the central atom are mixed to become hybrid orbitals.

Usually the concept of hybridization is introduced as a useful tool to describe binding

situations of second row elements with sp, sp2 and sp3 hybrid orbitals (Scheme 1.1). This

is done early in our education usually in organic chemistry unfortunately without dis-

cussing which requirements are needed to apply this concept. For hybridization, electrons

of the ns-orbital need to be promoted to the energy level of np-orbitals. The promotion

energy can be determined by Es−Ep. The more energy needed for the promotion means

that the hybridization of atomic orbitals are less favorable. Secondly, atomic orbitals

participating in the hybridization should have similar space extension. Even though the

promotion energy for third row elements is slightly smaller than for second row elements,

hybridization of third row elements is less favorable because of the differences in size of

3s and 3p orbitals compared to 2s and 2p orbitals.[13] 2s- and 2p-orbitals of nitrogen are

very similar in energy and radii. Therefore, they are ideal to form hybrid orbitals which

enable two nitrogen atoms to be bound via a very stable and short triple bond (1.0977Å).

In contrast to nitrogen, multiple bonds are less favored for heavier analogues of group 15.

In P4, the four phosphorus atoms form a regular tetrahedron. Every phosphorus atom is

connected to three other P-atoms by single bonds. Thus, phosphorus effectively avoids a

P-P triple bond such as in N−−−N.

The H–E–H angle of 93.5° in PH3 is much smaller than in ammonia 106.7° or in methane

109.5°. The latter angle of methane corresponds to the ideal tetrahedral angle of four equal

substituents evenly spaced out around a central atom. This geometry can be perfectly

predicted by the model of hybridization. In comparison, the H–E–H angle of ammonia

is reduced by 2.8° because of the demand of space of the free electron pair caused by

coulomb repulsion. Considering the difference in size of phosphorus and nitrogen, one

could expect an H–E–H angle closer to 109.5° for phosphane because of a greater space

around the phosphorus and thus fewer coulomb repulsion. However, the observed angle

of 93.5° in phosphane is significantly smaller than in methane or ammonia and suggests

that atomic orbitals of phosphorus do not form sp3 hybrid orbitals. Instead, the PH

bonds could arise from an atomic orbital overlap of 1s orbitals of hydrogen and three

orthogonally arranged 3p orbitals of phosphorus offering a 3s orbital on the phosphorus

to accommodate electrons of the free electron pair. In contrast to amines, phosphanes

3



1. Introduction

can be chiral compounds because of the reluctance of its atomic orbitals to form hybrid

orbitals.

Against this background, it seems rather unexpected that there is a plethora of similarities

between the chemistry of phosphorous and carbon that will be summarized briefly in the

following.

Li

Be

B

C

N
O

F

Na

Mg
Al

Si

P

S

Cl

3p

3s

2p

2s

Figure 1.1.: Expectation values <r>s and <r>p for s and p valence atomic orbitals.[14]

C H C

1s

2p

2s

a1

t2

a1

t2

sp3

Scheme 1.1: Qualitative molecule orbital scheme of methane CH4; left: formation of
molecule orbitals from atomic orbitals, right: formation of molecule orbitals
after hybridization of atomic orbitals of carbon to sp3-orbitals.

Since the middle of the 20th, century general principles were questioned leading to new

pioneering discoveries that influenced the following decades. Apart from very few exemp-
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tions (e.g. CS2), for a long time it was assumed that due to the size of orbitals of third row

elements and their lack of forming stable double bonds, low valent compounds and mul-

tiple bonds involving third row elements would not exist.[15] Incorporation of phosphorus

in conjugated π-systems allowed to isolate compounds with a lower coordination number

than one would have suspected at that time. K. Dimroth and P. Hoffmann were able to

stabilize a two coordinated λ3 phosphorus in phosphamethincyanine cations[16] two years

before the notable discovery of 2,4,6-triphenylphosphabenzene in 1966 by G. Märkl[17] and

its unsubstituted congener by A. J. Ashe 1971.[18] With these groundbreaking results, the

door was opened to a new chapter in main group phosphorus chemistry.

1.2. Low Valent Phosphorus Compounds

Based on the positioning of phosphorus in the periodic table of elements, Grimm’s hy-

dride displacement law[19] and its diagonal relationship to carbon, similar properties were

expected between these two elements. Both elements have a comparable electronegativity

on the Allred-Rochow scale [EN(C) = 2.50, EN(P) = 2.06] which results in similar bond

polarity.[20,21] Besides carbon, phosphorus is the element with the most known element-

element bonds including a series of element-hydrides of PnHn+2 with n = 1-9 analog to

carbohydrides.[22]

Becker et al. introduced a new synthetic approach for phosphaalkenes bearing an isolated

PC double bond (Scheme 1.2).[23] Reaction of pivaloylchloride with bis(trimethylsilyl)-

phosphane gave bis(trimethylsilyl)-acetylphosphanes which were able to rearrange to

siloxyalkylidene phosphanes by 1,3-silyl migration. By changing the stochiometry and the

use of tris(trimethylsilyl)phosphane, the reaction could be manipulated to yield diacyl-

trimethylsilylphosphane which readily forms the enol form upon heating to 60 °C.[24,25]

Lithium congener [RC(O)]2PLi could be achieved from 3:2 reaction of lithium phosphanide

with pivaloylchloride which could be successfully crystallized. The molecule structure

shows coordination of the lithium cation by both oxygen atoms of the ligand. Atom dis-

tances of phosphorus to adjacent carbons are almost equal [181.5(3) pm and 179.6(3) pm]

indicating delocalization of the negative charge over the OCPCO unit.[26]

The concept of silyl-migration for the formation of low valent phosphorus compounds

due to the silicon’s oxophilicity was picked up by Regitz et al. to synthesize compounds

containing a PX (X = N, P, S) double bond (Scheme 1.3).[28,29] Salt metathesis of acid
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tBu

TMSO

R'

P
tBu

O

P

OTMS

tBu

R'
P

TMS

R

- 2 TMSCl

+ 2 tBuC(O)Cl

-TMSCl

+ tBuC(O)Cl

tBu

O

R'

P

R

tBu

O

P

O

tBu

TMS

R = Alkyl, Aryl
R' = TMS

if: R = R' = TMS

Scheme 1.2: Synthetic access of a variety of low valent phosphorus compounds
by reactions of trimethylsilyl substituted phosphane with pivaloylchlo-
ride: siloxyalkylidene phosphanes (ii) formed by silyl migration of acyl-
trimethylsilylphosphane (i), subsequent elimination of TMS2O to phos-
phaalkyne (iii); enolization of diacyl-trimethylsilylphosphane (iv) enoliza-
tion to (v).[23–25,27]

chlorides with silylated phosphanides yielded iminophosphanes, phosphanylidene phos-

phoranes and phosphanylidene sulfuranes – the latter two unknown until then. In all

cases, after salt metathesis the intermediate could not be observed due to very fast silyl-

migration under the given conditions (diethylether, 20 °C).

In phosphanylidene phosphorane derivates (X = P) large 1JPP of about 429 Hz could be

observed. Related cyanophosphanylidene phosphates and phosphinates [R2P(O)PCN]–

were synthesized by Schmidpeter et al. from dicyanophosphanides and phosphinites or

phosphates R2PO– R = Ph, OEt, NMe2 showing similar 1JPP coupling constants of

362.5 Hz and 392.5 Hz.[30]

P

R

R R

SiMe2R'

Li X
O

Cl
LiCl

P

R

R R

SiMe2R'

X O
P

R

R R

X

SiMe2R'

R

R'

X

tBu

tBu

N

Me

Me

P(tBu)2

Me

Me/tBu

S-(1)Ada

Me

Me/tBu

S-Mes

Scheme 1.3: Selection of synthesis of low valent phosphorus compounds containing a PX
double bond (X = N, P, S).[28,29]
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1.3. Mixed Valent Phosphorus Compounds

Phophane oxides and related isoelectronic R2P(O)ER’ derivates are of great interest in the

field of phosphorus chemistry (Scheme 1.4). Whereas phosphine oxides (IVa) are stable

compounds, their heavier silicon congener (IVb) immediately rearranges to siloxy phos-

phanes.[31–34] Group VI derivates of phosphinates (VIa) and S -organyl phosphinothioates

(VIb) are commonly investigated compounds and thus commercially available.[35–37] Nitro-

gen congeners (Va) are potentially the most extensively studied among those R2P(O)ER’

derivates.[38–41] Phosphanylphosphane oxides Ph2P(O)−PR2 (Vb) were synthesized by

various methods[42–46] and investigated for their interesting reaction behavior towards

alkenes: The phosphanylphosphane oxide unit gets expanded by the alkene to an PCCP

unit.[46]

P CH2R

O

R R'

P NHR

O

R R'

P OR

O

R R'

P PHR

O

R R'

P SR

O

R R'

3

P SiR'3R

O

R

PR

OSiR'

R

(IVb) (Vb) (VIb)

(Va) (VIa)(IVa)

Scheme 1.4: Mixed valent phosphorus compound phosphanylphosphane oxide (Vb) and
isoelectronic analogs R2P(O)−ER’ of group (IV) (E = CH2, SiH2), (V)
(E = NH, PH) and (VI) (E = O, S) of the (a) 2nd and (b) 3rd period;
(IVb) immediately rearranges to a siloxy phosphane.

Representatives of phosphanylphosphane oxides R2P(O)−P(H)R bearing only one or-

ganyl substituent at the λ3 phosphorus are rare. Recent examples published are de-

picted in Scheme 1.5. Phosphanylphosphane oxide (i) originates from reactivity studies

of diphosphenes with bulky 2,6-bis(2,4,6-trimethylphenyl)phenyl substituents (TerMes).[47]

Because of sterical shielding of the PP double bond by TerMes, TerMesP−−PTerMes is inert

against hydrolysis. However, as soon as one of the phosphorus is coordinated by an NHC,

the other phosphorus is carrying a negative charge which now can be attacked by a water

molecule. Under dissociation of the NHC, the addition of water is completed to yield phos-

phanylphosphane oxide. Ott et al. introduced the first metal-free phosphanylphospho-

nate (ii) which was utilized later on in analogy to a Horner-Wadsworth-Emmons (HWE)

reagent (EtO)2(O)P−C(R)H2 to establish PC double bonds.[48] The phosphanylphospho-

nate could be synthesized from "supermesityl"-phosphane chloride and triethylphosphite
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under elimination of ethyl chloride upon heating to reflux in toluene. Metal coordinated

phospha-HWE reagents have been known since the late 1980s.[49] The metal-free phos-

phanylphosphonate (ii) can be deprotonated with LDA. NMR spectroscopic measurements

show a strong 1JPP coupling of 615 Hz indicative of a PP double bond.

(i)

(ii) Mes*P(H)Cl
P(OEt)3

toluene
reflux, 2h

P P

O

EtO
EtO Mes*

H

P P

TerMes

TerMes

P P

O

H
TerMes TerMes

H

P P

TerMes

TerMes

N
N + H2O

- NHC

+ NHC

Scheme 1.5: Mixed valent (i) phosphanylphosphane oxide from the addition of water to
NHC-activated diphosphene TerMesP−−PTerMes and (ii) phosphanylphos-
phonate synthesized from "supermesityl"-phosphane chloride and tri-
ethylphosphite eliminating ethyl chloride.[47,48]

This spectroscopic data is comparable to phosphanylidene phosphoranes ArP−−PMe3 used

as a phosphinidene transfer reagent for the synthesis of phosphaalkenes by Protasiewicz

et al.[50] The synthesis of such phosphanylidene phosphoranes ArP−−PMe3 from dihalides

ArPCl2 reduced by zinc in the presence of trimethyl phosphane only succeeds if the aryl

substituent is very bulky such as "supermesityl" or TerMes. Even with large substituents,

phosphanylidene phosphoranes slowly decomposes in solution to trimethyl phosphane and

diphosphene. Recent results of Junghans-Hering et al. demonstrate the limitation of

this synthesis: The steric demand of 2,4,6-triisopropylphenyl substitution is not sufficient

enough to observe the phospha-Wittig reagent but triaryl phosphiranes (Scheme 1.6).[51,52]

The lability of the PP double bond had been previously described by Cowley et al. study-

ing an exchange reaction in Me3P−−PCF3 from the reaction of trimethylphosphane with

trifluormethyl substituted phosphirane and phosphetane using 19F and 31P NMR spec-

troscopic methods. The fluorine signal showing a doublet of doublets at room temper-

ature representing phosphanylidene phosphorane Me3P−−PCF3 becomes a doublet signal

at 80 °C with a coalescence temperature of 65 °C indicating reversible dissociation of the

PP double bond.[53] Lability of the PP double bond in phosphanylidene phosphoranes has

also been observed for mixing the latter with bulky substituted aryl phosphane dichlo-

rides (Scheme 1.6). The reversible reaction favors the formation of the phosphanylidene

phosphorane with the more bulky substituent.[54]
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P

P
P

A�
A�

A�

A�� PA�

PCl2A� Zn PMe3
P

Ar

PMe3++
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tBu

tBu

tBu

Mes Tipp

iPr

iPr

iPr

Ar = Mes*, TerMes

Ar = Mes, Tipp

(iii)

(ii)

Scheme 1.6: Reaction of aryl substituted phosphane dichlorides with zinc and
trimethylphosphane to phospha-Wittig reagent (i) for Ar = Mes*, TerMes;
subsequent decomposition of (i) in solution to diphosphenes (ii) over days;
Mes and Tipp substituted phosphane dichlorides directly yield phosphi-
ranes (iii).[51,52]

P
PMe3Ar

P
PMe3���

���
P��2

Ar
P��2

��2PMe3
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P*Me3 PMe3Me3P P*Me3P:
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(ii)

Scheme 1.7: (i) Phosphinidene exchange reaction in phosphanylidene phoshorane
Me3P−−PCF3 showing lability of the PP double bond[53] and (ii) proposed
mechanism of PMe3 promoted chlorine atom transfer.[54]
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2. Results and Discussion

2.1. Phosphanes and Phosphanides

Phosphanes and phosphanides play an important role in many fields of synthetic chemistry

such as main group chemistry, transition metal chemistry, or catalysis. Because of the

trivalent character of phosphorus, there are a multitude of ways to modify the properties

of phosphanes depending on the field of interest. Whereas fully substituted tertiary

phosphanes play an important role in homogeneous catalysis as transition metal ligands

or catalytically active species themselves, lower substitution is required in the course of

this work.

2.1.1. Synthetic Approaches for Phosphanes and Alkali Metal

Phosphanides

The synthesis of phosphanes is essential to access the field of modern phosphorus chem-

istry. Regardless of the starting material chosen, all synthetic approaches include chemical

transitions or intermediates that are sensitive to oxidation or hydrolysis. Therefore, the

synthesis of phosphanes requires exclusion of air and water. The resulting phosphane’s

reactivity strongly depends on the degree of substitution: Whereas tertiary phosphanes

R3P such as PPh3 are stable in air, secondary R2PH and primary phosphanes RPH2 are

readily oxidized by atmospheric oxygen O2 to their corresponding phosphane oxides and

may be further oxidized to phosphinic acids R2P(O)OH (resiliance against oxygen: R3P >

R2PH > R−PH2). The challenges that come with that reactivity also opens up numerous

opportunities for chemical transitions and derivatisations of phosphanes.

Synthesis of Phosphanes from elemental Phosphorus: Elemental phosphorus may

be used in its modifications as white phosphorus P4 or red phosphorus for chemical re-

actions. Due to the high toxicity and chemical hazards of white phosphorus, the use

of red phosphorus should always be considered over the use of white phosphorus. In

dimethoxymethane or benzene, elemental phosphorus can be tranferred into the phos-

phide P3– by a sodium potassium alloy which can be further reacted to the useful
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2. Results and Discussion

synthon tris(trimethylsilyl)phosphane TMS3P (Eq. 2.1). Reactivity of (TMS)3P bene-

fits gtom the polar P−Si bond. It can be stepwise hydrolized to either the secondary and

primary trimethylsilyl phosphane by the addition of stoichiometric amounts of degassed

water[55] and can be transformed into secondary trimethylsilyl alkali metal phosphanides

MP(TMS)2 M: Li, Na, K by the addition of butyl lithium or alcoholates of sodium or

potassium.[56]

Na/K−alloy + P −−→ (Na/K)3P

(Na/K)3P + 3 TMS−Cl −−→ TMS3P + 3 (NaCl/KCl)

TMS3P + n H2O −−→ (TMS)3−nPHn + nHO−TMS

TMS3P + BuLi/MOR −−→ MP(TMS)2 + Bu−TMS/RO−TMS

with M: Na/K and R: Me, tBu

(2.1)

Brandsma et al. introduced a synthetic approach avoiding the use of sodium potassium

alloy by the addition of red phosphorus or phosphorus trichloride to a sodium THF or

DME suspension with 0.3 mol% naphthalene (Eq. 2.2).[57] This synthesis also offers to

yield sodium phosphanide NaPH2 2b by the addition of stochiometric amounts of a bulky

alcohol.

Pred + 3 Na + C10H8 −−→ Na3P + C10H8

PCl3 + 6 Na + C10H8 −−→ Na3P + C10H8 + 3 NaCl

(Na)3P + 2 tBu−OH −−→ (Na)PH2 + 2 NaO−tBu

(2.2)

Synthesis of Phosphanes from Monophosphane PH3: Monophosphane PH3 is a col-

orless, toxic gas with a considerably low boiling point of −87.7 °C compared to other

pnictogen hydrides EH3 (b.p.NH3
: −33.3 °C). PH3 is kinetically inert, but due to small

impurities from synthesis, eg. diphosphane P2H2, PH3 is highly pyrophoric and it has a

fish-like or garlic-like odor. In phosphane synthesis it can be used from a gas cylinder or

in situ generation by hydrolysis of inorganic phosphides such as Ca3P2 or AlP. Because

of their chemical hazards and toxicity, nowadays, the availability and use of monophos-

phane and inorganic phosphides may be limited or underlies certain restrictions. Early

advances in phosphane chemistry were made by alkylation or silylation of alkali metal

phosphanides after deprotonation of monophosphane in etheral solvents or benzene by

alkali metal organyls such as phenyl lithium[58] or in liquid ammonia by sodium[59], potas-
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2.1. Phosphanes and Phosphanides

sium[60] or calcium[59](Eq. 2.3). Therefore, the use of monophosphane offers numerous

options for substitution, but also requires great caution in all preparation steps.

Ca3P2
H2O
−−→ PH3 + polyphosphanes

PH3 + R−Li −−→ LiPH2 + R−H

PH3 + Na/K/0.5 Ca
NH3(l)
−−−−→ (Na/K)PH2/0.5 Ca(PH2)2 + 0.5 H2

H2P
− + R3Si−X −−→ R3Si−PH2 + X−

H2P
− + R−X −−→ R−PH2

(2.3)

Synthesis of Phosphanes from Phosphorus Trichloride: Phosphorus trichloride PCl3
is a comparably cheap source of phosphorus to synthesize phosphanes. Depending on the

sterical demand of the substituent to be introduced, all three chlorides can be substituted

by nucleophilic substitution. Suitable nucleophiles can be Grignard reagents or lithium

organyles.[61] Primary and secondary phosphanes are achieved by subsequent reduction

with aluminum hydrides (AlH3, LiAlH4, DIBALH) (Eq. 2.4).

PCl3 + nR−MgX −−→ RnPCl3−n + nMgClX

PCl3 + nR−Li −−→ RnPCl3−n + nLiCl

RnPCl3−n
red.

−−→ RnPHn−3

(2.4)

Another utilization of phosphorus trichloride is the conversion with piperidin to N -

(dichlorophosphanyl)-piperidine and subsequent reaction with lithium in the presence of

trimethylsilylchloride to tris(trimethylsilyl)phosphane TMS3P (equation 2.5).[62,63] This

approach is advantageous over the earlier described methods by avoiding gaseous starting

material, highly toxic solvents, and extremely reactive metal alloys.

PCl3 + 2 PipH −−→ Pip−PCl2 + PipH +
2 Cl−

Pip−PCl2 + 6 Li + 4 TMS−Cl −−→ P(SiMe3)3 + Pip−TMS + 6 LiCl
(2.5)

2.1.2. Silyl Phosphanes and Silyl Phosphanides

For the synthesis of silyl substituted phosphanes trimethylsilyl phosphane TMS−PH2 3a

and triisopropylsilyl phosphane TIPS−PH2 3b, lithium phosphanide 2a was reacted with
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Scheme 2.1: Reaction scheme of silyl phosphane and silyl phosphanide synthesis: (i)
THF, +6 Na, +C10H8, sonicated 20 min, + PCl3, sonicated 6 h/50 °C,
+2 tBu−OH, 2 h, –3 NaCl, –2 NaO−tBu; (ii) Et2O, −78 °C, +2 PipH, –
PipH +

2 Cl– ; (iii) + excess H2O, –3 Ca(OH)2, – polyphosphanes; (iv) DME,
−50 °C, +BuLi, – BuH; (v) THF, 6 Li, +4 TMS−Cl, 2 wks, -5 LiCl, ; (vi)
Et2O, −78 °C, TMS−Cl; (vii) THF, BuLi, −78 °C; (viii) THF, BuLi/NaO-
Me/KO−tBu.

the corresponding chlorosilanes TMS−Cl and TIPS−Cl in THF at low temperatures of

−40 °C to ambient temperature. To avoid multiple substitution, an excess of 1.5 eq of

chloro silane was added. However, 31P-NMR spectrum of the reaction solution indicated

the formation of a mixture of primary, secondary and tertiary (only for TMS-substitution)

silyl phosphanes (Figure 2.1).[64] Formation of the primary silyl phosphane could be selec-

tively achieved by changing the solvent to diethyl ether and low temperatures of −78 °C.

Apart from little traces of the initial chloro silanes, both phosphanes 3 have been isolated

in high purity and yields of 76% 3a and 83% 3b (Figure 2.1).

Over the course of the reaction, the loss of hydride character of the phosphane hydrogens

is observed by a change of chemical shift in the 1H-NMR spectrum from –1.41 ppm 2a

to 1.20 ppm 3a and 1.01 ppm 3b. As a result of the substitution, the phosphorus experi-

ences deshielding in both cases (–236.2 ppm 3a, –274.6 ppm 3b) compared to the starting

material (−287.5 ppm LiPH2·DME). Compared to the TMS-derivate, TIPS−PH2 3b has

a 38.4 ppm higher 31P chemical shift than 3a and a 23 Hz higher 1JP,H coupling constant

than LiPH2·DME 2a. Clearly, TIPS has a stronger shielding effect than TMS.
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-254-250-246-242-238-234-230

[ppm]

-288-284-280-276-272-268-264

[ppm]

3a 3b

Figure 2.1.: Spectra of crude products (bottom) and isolated products (top) of
TMS−PH2 3a (left) and TIPS−PH2 3b (right).

Further deprotonation of 3a and 3b with n-butyllithium leads to mixtures of primary and

secondary phosphanides at ambient temperature, assumingly due to similar reactivities of

P−Si and P−H bonds towards alkali metal bases.[65] However, deprotonation of 3b with

n-butyl lithium at −78 °C, removal of cooling for 30 min, and subsequent quenching with

one equivalent of TIPS−Cl or TMS−Cl yields selectively the secondary silyl phosphanes

(TIPS)2PH 4b and TIPS(TMS)PH 4c. This finding suggests that the kinetic product of

the reaction of silyl phosphanes and alkali metal bases is the corresponding silyl phos-

phanide which undergoes a scrambling-like process, resulting in product mixtures.[66]

Unfortunately, the same approach could not be applied to synthesize (TMS)2PH 4a se-

lectively, indicating that either the scrambling process occurs at even lower temperatures

or the P−SiTMS bond’s reactivity towards alkali metal bases resembles that of the P−H

bond rather than the P−SiTIPS bond. Surprisingly, in almost all cases of −TIPS sub-

stituted phosphanes and phosphanides, one can observe a second set of signals in the
31P-NMR and 29Si-NMR spectrum. This finding has been described earlier by Driess et

al. and was explained by the occurrence of rotameres caused by a rotational barrier of
iPr Groups.[67]

To establish another way to access primary silyl phosphanes, alkali metal phosphanide

NaPH2 2b was synthesized from PCl3 and sodium according to Brandsma et al. to avoid

hazards in the synthesis of LiPH2 2a. The Bradsma’s approach resembles the reaction of

sodium potassium alloy with white phosphorus or PCl3 by replacing the alloy by sodium
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naphthalide solution.[68] The intermediately formed yellow and later on black Na3P was

quenched with two molar equivalents of tBu−OH to yield 2b which shows a triplet in the
31P-NMR spectrum at −298.5 ppm (1JP,H = 155 Hz). Because of the oxophilic character

of silicon, it was questionable whether reacting 2b with TIPS−Cl without isolation from

NaOtBu would give 3b. 31P-NMR spectroscopy confirmed the formation of the primary

phosphane 3b exclusively.

(TMS)3P 5a was synthesized accordingly to the literature procedure of Niecke et al. (Fig-

ure 2.2).[62] Monitoring the reaction by 31P-NMR -spectroscopy suggests that the first

and second substitution by TMS−Cl on the phosphorus happened rather quickly com-

pared to the third. The 31P-NMR resonance signal for N -(dichlorophosphanyl)piperidine

(H10C5N)−PCl2 at 157 ppm vanished in less than three days. Meanwhile, two new

signals appeared that can be most likely assigned to (H10C5N)−P(Cl)TMS (150 ppm)

and (H10C5N)−P(TMS)2 (117 ppm). The latter compound was persistent even over

reaction times longer than 13 days and could not be transferred completely into 5a

(−252 ppm). The reaction was tested with three different dichlorophosphanyl amines

by Niecke et al. leading to comparable yields of 5a: N -(dichlorophosphanyl)-N,N -

diisopropylamine (50-57%), N -(dichlorophosphanyl)-2,6-dimethylpiperidine (70-75%) and

N -(dichlorophosphanyl)-piperidine (71%). Even though the reaction seemed to be straight

forward, we could not match the yield reported in the literature and ended up bthy about

10% less.

Müller et al. investigated the reaction as well and experienced difficulties of the repro-

ducibility of yield.[63] The shortest reaction times (down to 30 h) and the highest yields

(up to 74%) were achieved by keeping the reaction under argon atmosphere instead of

nitrogen, using granular lithium instead of lithium foil or rods and activating the lithium

granular by stirring at high speeds without any solvent prior the reaction. The stirring

supposedly mechanically removed the passivated layer of the lithium surface.

With the same synthetic approach, one cannot prepare (TIPS)3P 5b. Supposedly, the

steric demand of two −TIPS substituents is too large that a third −TIPS addition to the

phosphorus atom is impossible with this method. (TIPS)3P can be synthesized by salt

metathesis reaction of TIPS−PLi2 with two molar equivalents of TIPS−OTf.[67]

The reactivity of the P−SiTMS bond can be utilized to access secondary silyl phosphanides

(TMS)2P−M 7 by desilylation of (TMS)3P with n-butyl lithium or alkali metal alkoxides

to yield 7a , 7b (87 %) and 7c (76 %).[56] The availability of 7a -7c allows to further

study asymmetric substituted tertiary silyl phosphanes by quenching with silylchlorides
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2.1. Phosphanes and Phosphanides

0 min 1min 2 min 15 min 6 d 12d 13d

Figure 2.2.: Synthesis of (TMS3P); reaction progress.

other than TMS−Cl, eg. (TIPS)(TMS)2P 5c. A subsequent desilylation of –TMS to ac-

cess mixed substituted silyl phosphanides (R3Si)(TMS)P−M was possible by P−Si bond

cleavage through alkali metal alkoxides. Since alkali metal alkoxides did not selectively

cleave TMS groups resulting in product mixtures, the attempt to isolate assymetric sub-

stituted tertiary silyl phosphanes was discarded.

The silyl phosphanes and phosphanides synthesized up to this point can be divided into

three groups: TMSnPH(3-n) "only −TMS substituted phosphanes"; TIPS(TMS)nPH(2-n)

"singly −TIPS substituted phosphanes"; (TMS)nH(2-n)PM "alkali metal phosphanides".

By comparing the 31P-NMR -spectroscopic data (Table 2.1) it is striking that the ranges

of chemical shifts of each particular group do not overlap (Figure 2.3). From the present

pattern one can deduce that:

• −TMS groups and −H protons have similar shielding characteristics towards phos-

phorus in phosphanes and phosphanides.

• a −TIPS group has stronger shielding properties compared to −TMS and −H.

• a negative charge on the phosphorus is the strongest shielding factor of those three

mentioned.

Silyl substituted phosphanides TIPS−PHLi 6b and (TMS)2PM 7a-7c were used for the

synthesis of mixed valent phosphorus compounds (Section 2.2.3).
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2. Results and Discussion

(TMS)nH(2-n)PM

(TIPS)(TMS)nPH(2-n)

(TMS)nPH(3-n)

(TMS)2PNa
(TMS)2PLi

(TMS)2PK
TMSP(H)Na

TMSP(H)Li
NaPH2

LiPH2

KPH2

TIPSPH2

(TIPS)(TMS)2P
(TIPS)(TMS)PH

(TMS)3P
PH3

TMSPH2

(TMS)2PH

-240 -250 -260 -270 -280 -290 -300 -310 -320
[ppm]

Figure 2.3.: Comparison of 31P-NMR shifts of silyl substituted phosphanes and phos-
phanides.
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2.1. Phosphanes and Phosphanides

Table 2.1.: Summary of NMR data of silyl phosphanes and alkali silyl phosphanides.

compound δ(31P) m 1JP,H [Hz] δ(29Si) 1JP,Si [Hz] δ(1H) ref.

1 PH3 −244.6 q 186.8 1.76 a) [69,70]

2a LiPH2 −289.5 t 151.8 −1.41 b) [71]

2b NaPH2 −298.2 t 152.7 −1.38 b) -

2c KPH2 −273.3 t 145.6 a) -

3a TMS−PH2 −236.2 t 184.2 2.9 16.2 1.20 a) [66]

3b TIPS−PH2 −270.7 t 184.2 20.9 28.7 1.01 a) [72]

c) −274.6 t 184.3 17.8 27.0 1.01

4a (TMS)2PH −236.0 d 187.0 −0.63 a) [66,73]

4b (TIPS)2PH −286.1 d 200.8 20.5 40.7 0.49 a) [72]

c) −287.1 d 202.8 16.3 38.2

4c TIPS(TMS)PH −261.0 d 193.5 21.8 22.0 1.1 a) -
c) −262.6 d 194.6 1.7 9.2

5a (TMS)3P −252.1 s 2.6 27.0 a)

−311.0 s 22.6 9.0

5c TIPS(TMS)2P −254.0 s -

6a TMS−P(H)Li −291.1 d 154.8 3.1 43.6 −1.94 b) -

6b TIPS−P(H)Li −340.2 d 155.9 26.6 54.2 −2.45 b)

c) −344.3 d 156.7

6c TMS−P(H)Na −296.7 d 151.1 −1.94 b) -

6d TIPS−P(H)Na −348.0 d 153.9 26.6 54.3 −2.41 b)

c) −352.4 d 154.6

7a (TMS)2PLi −303.7 s 0.4 47.9 b) [56]

7b (TMS)2PNa −305.4 s 0.6 51.7 b) [56]

7c (TMS)2PK −298.6 s −0.2 60.1 b) [56]

7d (TIPS)2PLi −375.1 s 21.8 58.0 b) [72]

c) −377.5 s 20.8 64.6

7e (TIPS)2PNa −382.3 s 21.8 59.4 b)

c) −383.5 s 20.7 60.0

7f TIPS(TMS)PLi −288.1 s 20.8 37.5 a)

c) −290.2 s 2.7 26.8

chemical shifts δ in ppm, coupling constants in Hz; measured in a)C6D6,b)[D8]THF, c) 2nd set of
signals due to rotameres according to Driess et al.[67].
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2. Results and Discussion

2.1.3. Synthesis of Aryl and Alkyl Phosphanes and Phosphanides

Whereas a nucleophilic phosphorus is necessary to achieve silyl substituted phosphanes,

alkyl and aryl substituted phosphanes can be obtained by the reaction of a nucleophilic

carbon to an electrophilic phosphorus, such as in phosphorus trichloride PCl3. Two of

the most used types of carbon nucleophiles for phosphane synthesis are grignard reagents

and organo lithium compounds.[74] However, due to the fact that all three chlorides of

PCl3 can be substituted, the synthesis of dichloro phosphanes is somewhat challenging

among the formation of secondary and tertiary phosphanes. Therefore, to avoid multiple

substitutionl low reaction temperatures and an excess of PCl3 were applied.

The substituents 2,4,6-trimethylphenyl (Mes), 2,4,6-triisopropylphenyl (Tipp), 2,4,6-tri-

(tert-butyl)phenyl (Mes*) and 2-methyl-2-phenylpropyl (Nph) were chosen in this work

for their rather simple elucidation in NMR spectroscopic analysis. General synthesis

of primary phosphanes MesPH2 8a, TippPH2 9a, Mes*PH2 10a and NphPH2 11a is

depicted in Scheme 2.2.

R
Hal

R
MgHal

R
P(Hal)2 R

PH2
(i) (ii) (iii) R = Mes

R = Tipp
R = Mes*
R = Neophyl

R
Li 8a

9a
10a
11a

Scheme 2.2: Reaction scheme of phosphane synthesis: (i) Mg/THF, 2 h r.f. (8a, 9a,
11a); BuLi/THF/n-hexane, −78 °C (10a); (ii) excess PCl3/THF, −78 °C;
(iii) reduction by LiAlH4, Et2O (yield: 8a 44%, 9a 59%, 10a 70%, 11a
67%); reduction by DIBAL−H, THF or Et2O (yield: 8a 42%, 9a 68%).

The above mentioned measures to avoid multiple substitution were successful to exclu-

sively yield the dihalophosphanes precursors for 9a, 10a and 11a. The sole nucleophilic

addition of the mesityl Grignard reagent led to a 1:4 mixture of mono- and dihalophos-

phanes which corresponds to a relative yield of 1:2. The loss in yield by the formation of

the secondary halophosphane is causally for the lowest obtained yield of primary phos-

phane (44%) among those four phosphanes. Beside the secondary substitution product,

the 31P-NMR spectrum shows another interesting feature of five singlets in total instead

of two expected singlets (one singlet for MesPCl2 and one for Mes2PCl (Figure 2.4).

The additional number of singlets is a result of a halogen exchange throughout the salt

metathesis reaction of PCl3 and the Grignard reagent prepared from a bromo arene.[75]

Therefore, the 31P-NMR spectrum shows five singlets indicating the dihalophosphanes

MesPCl2 (167.5 ppm), MesP(Cl)Br (161.7 ppm) and MesPBr2 (153.6 ppm), as well as the
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2.1. Phosphanes and Phosphanides

halophosphanes Mes2PCl (85.2 ppm) and Mes2PBr (74.8 ppm). Compounds with chlo-

rides resonate further in the downfield of the 31P-NMR spectrum because of a stronger

deshielding of the phosphorus by a higher electronegativity of chloride compared to com-

pounds with bromide. The same obeservation was made during the synthesis of 9a

(TippPCl2 165.0 ppm, TippP(Cl)Br 159.9 ppm and TippPBr2 152.8 ppm).
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Figure 2.4.: 31P-NMR spectra of dihalophosphanes Ar−PHal2 and halophosphanes
Ar2PHal as intermediates of the synthesis of MesPH2 8a and TippPH2

9a; top: MesPCl2 167.5 ppm, MesP(Cl)Br 161.7 ppm, MesPBr2 153.6 ppm,
Mes2PCl 85.2 ppm, Mes2PBr 74.8 ppm; bottom: TippPCl2 165.0 ppm,
TippP(Cl)Br 159.9 ppm and TippPBr2 152.8 ppm.

Depending on the kind of chemistry one pursues, halophosphanes can be reduced by

different reducing agents. Lithium borohydride LiBH4 is chosen to reduce halophos-

phanes to obtain phosphane borane adducts after the reduction.[76,77] For fluoro substi-

tuted aryl phosphanes, reduction can be achieved by reaction with tri-n-butyl tinhydride

nBu3SnH.[78,79] Other suitable reduction agents are silanes PhSiH3, Ph2SiH2 and HSiCl3.

However, the most commonly used method to reduce halophosphanes in phosphane syn-

thesis is reduction by lithium aluminiumhydride in etheral solvents at low temperatures.

Besides this reducing method, diisobutyl aluminiumhydride appeared to be a suitable

reducing agent for halophosphanes. This approach was inspired by the work on Busacca

et al., who extensivley studied the reduction of phosphane oxides.[80]

Both of the latter two methods achieve 100% conversion of monohalophosphanes to
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2. Results and Discussion

secondary phosphanes. Unfortunately, reduction of dihalophosphanes to primary phos-

phanes leads to side products such as diphsophanes Mes(H)P−P(H)Mes 28a and

Tipp(H)P−P(H)Tipp 44a, triaryl triphosphirane (MesP)3 26a and unidentified polyphos-

phanes Px(Hy)Arz (Table 2.2). It might be reasonably assumed that the availability of

active reducing agent is crucial to avoid an incomplete reduction leading to the mentioned

side products. A key factor in this case seems to be the polarity of the solvent and the

order of the addition of the reactants; the addition of reducing agent to dihalophosphanes

creates an initial shortage of reducing agent and the lower the polarity of the solvent

(-mixture) the more ionic reaction mechanisms would be hampered. Thus, a low polarity

or initital shortage of reducing agent supposedly allows the reaction system to relax to

stable, partial reduced phosphorous species which cannot be reduced any further.

Synthesis of primary phosphines Mes*−PH2 10a and NphPH2 11a surprisingly did not

show any side products after the reduction of their corresponding dihalophosphanes. The

sterical demand of Mes* and presumably differing reactivity of alkylphosphane compared

to arylphosphanes might be causal for this observation.

Table 2.2.: Relative yields of products after reduction of dihalophosphanes with
DIBAL−H and LAH in the synthesis of primary arlyphosphanes: Mes−PH2

8a, Tipp−PH2 9a, Mes(H)P−P(H)Mes 28a, Tipp(H)P−P(H)Tipp 28b,
(MesP)3 26a, unidentified polyphosphanes Px(Hy)Arz.

products / %

reagent 1 reagent 2 solvent ArPH2 (Ar(H)P)2 (ArP)3 Px(Hy)Arz

8a 28a 26a

MesPHal2 DIBAL–H Et2O 0 17 83

MesPHal2 DIBAL–H Et2O 32 67 1

LAH MesPHal2 Et2O 80 20

DIBAL–H MesPHal2 THF 87 13

9a 28b

TippPHal2 DIBAL–H Et2O 85 11 4

LAH TippPHal2 THF 85 15

Primary phosphanes Mes−PH2 8a, Tipp−PH2 9a and Nph−PH2 11a are colorless, py-

rophoric, viscous liquids with a malodorous smell that could be purified by vacuum dis-
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2.1. Phosphanes and Phosphanides

tillation. Secondary phosphane Mes2PH 12a, a colorless solid, was isolated by vacuum

distillation as a side product in the synthesis of its corresponding primary phosphane 8a.

Carbon-coordinated phosphorus(III) compounds show distinct 31P-NMR signals and can

range from –170 to −70 ppm for primary phosphanes, from –100 to 20 ppm for secondary

phosphanes, and from –70 to 70 ppm for tertiary phosphanes.[81] Good estimate values of

their chemical shift δ(31P) of phosphanes can be calculated by the summation of incre-

ments σP with the empirical Eqs. 2.6-2.8 based on the work of Grim and McFarlane[82],

Maier[83] and Fluck and Lorenz[84]. Therefore, primary aryl and alkyl substituted phos-

phanes resonate at quite low chemical shifts in the 31P-NMR spectrum (Table 2.5).

tert. phosphanes: δ = − 63 +
3
∑

n=1

σP
n (2.6)

sec. phosphanes: δ = − 99 + 1.5
2
∑

n=1

σP
n (2.7)

prim. phosphanes: δ = − 163.5 + 2.5 σP (2.8)

The increment contribution σP mostly takes the +I-effect into account. However, the

chemical shift δ also depends on effects like hyperconjugation and mesomeric effect which

are not considered by σP. In the context of aryl substituted phosphanes, one could

expect a greater upfield shift for Mes*−PH2 10a than Mes−PH2 8a due to a stronger

+I-effect of three −tBu groups compared to three −Me groups on the phenyl moiety.

Although, besides electronic effects of the substituent, the chemical shift of phosphorus

depends on the Tolman cone angle as well.[85] With an increase of the cone angle due

to the sterical demand of the substitution, the s-character of the phosphorus lone pair

decreases. This effect can be observed in a deshielding of the phosphorus nucleus in the
31P-NMR spectrum. Due to that, phosphorus resonates in the 31P-NMR spectrum at

δ31P = −126.6 ppm 10a and at δ(31P) = −156.0 ppm 8a.

Another striking characteristic of primary and secondary phosphanes are their 1JP,H-

couplings to a triplet signal or doublet signal, respectively. 1JP,H increases with a decreased

electron density at the phosphorus atom resulting in a trend of PH –
2 < PH3 < PH +

4 as

well as H < alkyl < aryl. This trend can be well observed in the experimental data: 1JP,H

of PH3 1 189 Hz < Nph−PH2 11a 194.1 Hz < Mes−PH2 8a 203.7 Hz.
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2. Results and Discussion

Table 2.3.: Empirical σP constants for equations 2.6-2.8.

Substituent σP

−Me 0

−Et 14

−iPr 27

−nPr 10

−iBu 7

−Ph 18

To utilize phosphanes for further synthesis of organophosphorus compounds, phosphanes

are metallized to their corresponding phosphanides by deprotonation with a metal base.

Not much research has been done on the acidity of phosphanes and their pKa values,

whose base strength is needed for phosphane metallation. Therefore, the acidity is briefly

compared with those of amines. Due to the high oxophilicity, the experimental deter-

mination of pKa(R2PH) is much more difficult than of their corresponding amines. The

solution-phase acidities of organophosphorus compounds are poorly studied up to this

point. The experimental pKa value in water of PH3 pKa = 29[86] and the pKa values of

six phosphanes are reported in the literature by Issleib and Kümmel.[87] In a first attempt

Liu and Guo et al. developed a theoretical protocol to predict pKa values of phosphanes

in DMSO.[86,87] The reliability of the ab initio method was justified by a good agreement

of calculated and experimentally determined pKa values of amines and thiols. It was

assumed that the theoretical protocol may also be applicable on phosphanes since phos-

phorus belongs to the group pnictogens like nitrogen, as well as phosphorus is in the 3rd

period like sulfur. A selection of calculated pKa values are listed in Table 2.4; the higher

the electron density at the phosphorus, the lower the acidity of the phosphane.

On the basis of the comparison of acidities in Table 2.4, organophosphorus compounds

can be deprotonated by strong bases, such as alkali metal amides (eg. [M(HMDS)], MNH2

or LDA), organo lithium reagents (eg. MeLi, nBuLi or tBuLi), and alkali metal hydrides

(eg. NaH or KH).

Metallation of phosphanes with butyl lithium takes place in THF under cooling to −78 °C

immediately and in n-hexane at room temperature after a short time. Metallation could

also be achieved by reaction with potassium hydride in Et2O/THF solution at room tem-
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2.1. Phosphanes and Phosphanides

Table 2.4.: Selection of pKa values of amines and phosphanes in DMSO.[86,88]

Amine pKa
a) Phosphane pKa

b)

NH3 41 PH3 24.1

Me−NH2 42.9 Me−PH2 29.6

tBu−NH2 tBu−PH2 29.8

Ph−NH2 30.6 Ph−PH2 22.4

tBu2NH tBu2PH 36.1

Ph2NH 25 Ph2PH 22.9

a)measured in DMSO,b)predicted by ab initio calcula-
tion.

perature after 18 h. This method is particularly convenient because an excess of potassium

hydride could be filtered off the potassium phosphanide dissolved in Et2O/THF. In case

of –Mes substitution 8c a solvent mixture of Et2O / THF leads to quick crystalliza-

tion after filtration from potassium hydride. The structure of a coordination polymer

of [(thf)2K3{PH(Mes)}3]∞ has been previously reported by Hey-Hawkins et al.[89] Met-

allation with potassium hydride could not be achieved in neither Et2O nor hydrocarbon

solvents. Unfortunately, the analog reaction in THF with sodium hydride and sodium

amide (separately and in combination) has not been successful to deprotonate 8a and 9a

to access the sodium derivates. It can be assumed that both bases are not dissolved well

enough to react with 8a and 9a.

According to results of Hey-Hawkins et al. synthesis of alkali metal phosphanides

Mes−P(H)M (M = Li, Na, K) can also be directly achieved by reacting aryl dichloro

phosphanes Ar−PCl2 and their corresponding alkali metal in THF.[90] Application of this

method resulted in the formation of Mes−P(H)M among a large number of unidentified

side products. However, pure alkali metal phosphanide could not be isolated.

Phosphanides 8b,c - 11b,c resonate in the highfield of the 31P-NMR spectrum similarly

to primary phosphanes 8a - 11a. Though, some differences between the alkyl and aryl

substituted lithium and potassium phosphanides can be observed (Figure 2.5). Whereas
31P-NMR signals of the two aryl substituted phosphanides experience only minor changes

in chemical shift, the signals of 11b,c are shifted much more to lower ppm values. The π-

electron system of the aryl substituents enables a delocalization of the negative charge of

the phosphanide into the substituent. In case of the Nph substituent, the negative charge
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2. Results and Discussion

cannot be distributed to the substituent and is localized on the phosphorus. Therefore,

it causes a greater shielding of the phosphorus nucleus resulting in a highfield shift. It

is also noticeable that the 31P-NMR signals of the potassium phosphanides 8c and 9c

show a large FWHM of ≈ 104.4 Hz 8c and ≈ 132.8 Hz 9c at 24 °C. It could be shown

that the FWHM of the signal in the 31P-NMR spectrum of the former can be reduced by

measurements at low temperatures of −40 °C to ≈ 24.0 Hz. Assumingly, the potassium

cation interacts with the negative charge of Ar−PH– and the π-electron density which

leads to a more dynamic binding situation in solution. As a result of this proposed

dynamic binding situation in solution, the proton signal of the −PH– moiety in 8c and 9c

could not be assigned in the 1H-NMR spectrum. The solid state structure of [(tmeda)0.5K–

P(H)–Tipp] supports this explanation showing a side-on coordination of the metal cation

to the aryl substituent (Figure 2.7).
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Figure 2.5.: 31P-NMR spectra of phosphanes Mes−PH2 8a, Tipp−PH2 9a and NphPH2

11a and their corresponding lithium b and potassium c phosphanides;
31P-NMR of phosphanes (161.98 MHz, C6D6, 297 K); 31P-NMR of phos-
phanides (161.98 MHz, [D8]THF, 297 K).
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Table 2.5.: Overview of selected NMR data of arylphosphanes and arylphosphanides.

compound δ(31P) m 1JP,H δ(1H) ref.

Ph−PH2 −125.7 t 198.7 3.90 [91]

8a Mes−PH2 −156.0 t 203.7 3.60 a) [25,75]

8b Mes−P(H)Li −156.1 d 167.0 1.88 b) [92]

Mes−P(H)Na −161.0 d 162.7 b) [90]

8c Mes−P(H)K −140.8 d 159.3 not detected b) [89]

9a Tipp−PH2 −159.0 t 203.2 3.84 a) [93,94]

9b Tipp−P(H)Li −166.4 d 165.4 2.06 b) [93,94]

9c Tipp−P(H)K −153.8 d 156.1 2.04 b) [93,95]

10a Mes*−PH2 −126.6 t 207.4 4.26 a) [96–98]

10b Mes*−P(H)Li −104.1 d 174.4 a) [96]

TerMes−PH2 −147.9 t 211 3.01 c) [99,100]

11a Nph−PH2 −161.5 t 194.1 2.31 a) [101]

11b Nph−P(H)Li −188.0 d 160.2 0.22 b)

11c Nph−P(H)K −175.6 d 148.0 0.13 b)

Trt−PH2 −70.3 t 189.8 4.34 d) [102]

12a Mes2PH −93.8 d 228.1 5.24 a) [103]

12b Mes2PLi −63.8 s b) [103,104]

13a (Nph)2PH −97.5 d 198.8 2.63 a) [101]

chemical shifts δ in ppm, coupling constants in Hz; measured in a)C6D6,b)[D8]THF, c)CD2Cl2,
d)CDCl3; Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-triisopropylphenyl, Mes* = 2,4,6-tri(tert-
butyl)phenyl, TerMes = 2,6-bis(2,4,6-trimethylphenyl)phenyl, Nph = 2-methyl-2-phenylpropyl, Trt
= triphenylmethyl.
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2. Results and Discussion

The structure of [thf · tmeda · 9b] is illustrated in Figure 2.6. Relevant bond lengths and

bond angles are given in Table 2.6 entry 5. Lithium is tetra coordinated in a common

distorted tetrahedral geometry (entry 2-5) by two nitrogen atoms of TMEDA, oxygen

of THF and the phosphorus atom of the phosphanide. The bond angle of N1–Li1–N2

87.1(4)° shows the largest deviation from the angle of an ideal tetrahedron of 109.5° due

to the ethylene backbone of the chelating ligand, tmeda. All bond angles involving P1 and

Li1 are larger than the ideal 109.5°. This finding can be reasoned on the one hand by the

extra space offered by the small N1–Li1–N2 angle and on the other hand by the sterical

demand of the Tipp substituent. The Li1–N# [Li1–N1 215.2(9) pm, Li1–N2 211.8(10) pm]

and Li1–O1 195.5(9) pm atom distances are in the expected range for tetra-coordinated

lithium complexes.[92]

In comparison to other organo-lithium phosphanides, the Li1–P1 bond length of

264.4(9) pm is in the upper range of reported Li–P bond length (entry 5-7). The P1–

C1 bond length of 184.1(4) pm is inconspicuous and fits right in between the P–C bond

lengths in [(thf)(tmeda)LiP(H)Mes] of 181.9(3) pm with the smaller mesityl substituent[92]

(entry 3) and [LiP(H)Mes*] (entry 1) of 186.3(7) pm with the larger "supermesityl" sub-

stituent.[105] Analysis of the angles P1–C1–C2 125.6(4) ° and P1–C1–C6 118.2(4) ° shows

Table 2.6.: Comparison of bond lengths Li–P and P–Cipso in selected organo lithium
phosphanides.

compound d(Li–P) d(P–Cipso) ref

1 [LiP(H)Mes*]a) 247 (1)b) 186.3(7) [105]

2 [(thf)Li3P(H)Mes] 253.3(9)c) 182.0(5) [103]

3 [(thf)(tmeda)LiP(H)Mes] 256.0(5)c) 181.9(3) [92]

4 [Li(py3)P(H)Mes*] 260.9(7)c) 184.0(3) [106]

5 [(thf)(tmeda)LiP(H)Tipp] 264.4(9)c) 184.1(4) [93]

6 [(thf)Li2P(H)Mes]∞ 264.0(6); 265.6(6)c) 182.5(3) [107]

7 [(py)LiP(H)TerMes]2 267.4(12)d) 182.9(6) [106]

bond lengths given in pm; Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-triisopropylphenyl,
Mes* = 2,4,6-tri(tert-butyl)phenyl, TerMes = 2,6-bis(2,4,6-trimethylphenyl)phenyl; a)

structural fragment of [{Li(2,4,6-tBuPh)}{LiP(H)(2,4,6-tBu)Ph}]2, b)di-coordinated,
c)tetra-coordinated, d)tri-coordinated.

that the –Tipp substituent is slightly tilted to one side caused by intramolecular steric

repulsion. This asymmetry and deviation from a 120 ° angle does not reach further into
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2.1. Phosphanes and Phosphanides

the substituent. For example: The ortho-iPr-groups are both pointing away from the

phenyl moiety with an angle of approximately 120 ° (C1–C2–C7 121.9(4) °, C1–C6–C13

120.8(4) °).

Figure 2.6.: Molecular structure and atom labeling scheme of [(thf)(tmeda)Li–P(H)–
Tipp] [9b·(tmeda)(thf)]. The ellipsoids represent a probability of 50%;
C-bound hydrogen atoms are omitted for clarity reasons. Selected bond
lengths /pm: Li1–O1 195.5(9), Li1–N1 215.2(9), Li1–N2 211.8(10), Li1–P1
264.4(9), P1–H1P1 132(4), P1–C1 184.1(4); angles /°: O1–Li1–N2 114.0(5),
O1–Li1–N1 105.3(4), O1–Li1–P1 118.4(4), N1–Li1–N2 87.1(4), N2–Li1–P1
111.3(4), N1–Li1–P1 116.5(4), Li1–P1–C1 95.4(2), Li1–P1–H1P1 101(2),
C1–P1–H1P1 100.7(19), P1–C1–C2 125.6(4), P1–C1–C6 118.2(4), C2–C1–
C6 116.2(4).

Depending on the P-substituent and conditions of crystallization primary potassium phos-

phanides show an interesting variety of different structural motives in the solid state

(Scheme 2.3) effecting K–P bond lengths between 304.3(2) pm and 393.6(2) pm (Ta-

ble 2.7). Bulky –TerMes substitution and crystallization from toluene/18-crown-6 achieved

crystals of a rare monomeric molecular structure of [(18-crown-6)K{P(H)Mes*}] with a

fairly long K–P bond of 348.22(9) pm [Scheme 2.3 (iii)].[108] Dimeric molecular struc-

tures are known of [K(THF)2{P(H)Ar*}]2[109] Ar* = 2,6-(2,4,6-triisopropylphenyl)phenyl

[Scheme 2.3 (ii)] and [(pmdeta)K{P(H)Mes}]2[90]. In the former structure, the side-on

coordination and the steric demand of two 2,6-(2,4,6-triisopropylphenyl)phenyl shield the

inner K2P2-rhombus. The coordination sphere of potassium is saturated by two THF

solvent molecules. The much smaller –Mes substituent and the chealting nitrogen base

PMDETA with three coordinating nitrogen atoms are sufficient enough to result in a

dimeric structure of the latter. Crystallization from toluene solution of TerMes−P(H)K
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2. Results and Discussion

yielded a tetramer structure of [K{P(H)TerMes}]4 [Scheme 2.3 (iv)].[110]

Among the structures above, potassium phosphanides tend to form coordination polymers

(Table 2.7 entry 5-8). [9c·(tmeda)0.5]∞ crystallizes from Et2O/THF solution as a poly-

meric wavy ladder of K2P2 units.[93] Every unit contains one TMEDA ligand diagonally

bridging two potassium atoms (K1–N1 = K1A–N1A = 297.3(2) pm) alternating from ei-

ther above or below along the chain. Each potassium atom has three phosphorus contacts

and vice versa. The atom distances of K1–P1A 330.49(9) pm and K1–P1B 330.82(8) pm

are similar in value. The third contact of K1–P1 377.13(9) pm is about 14% longer com-

pared to the first two due to an additional side-on coordination of the same phosphanide’s

phenyl moiety (Figure 2.7). This side-on coordination is in agreement with a slightly

shorter P1–C1 bond of 182.7(2) pm than in its lithium congener [(thf)(tmeda)LiP(H)Tipp]

184.1(4) pm. A similar wavy ladder structure was reported for its rubidium congener

[(thf)Rb2{P(H)Tipp}]∞[95] and [K{P(H)Mes*}]∞[111] with tetra-coordinated potassium

[Scheme 2.3 (v)] showing much shorter K–P distances of 318.1(2)-335.7(2) pm. The

THF adduct of 9c [{K(THF)2{P(H)Tipp}–K(THF)(µ-THF){P(H)Tipp}}∞]2 crystallizes

in two polymeric helical strains of [KPKP]∞ repetition units with opposite senses of ro-

tation [Scheme 2.3 (iii)].[95] Every other potassium in the strains is interconnected by two

bridging THF molecules.

30



2.1. Phosphanes and Phosphanides

Table 2.7.: Comparison of bond lengths K–P and P–Cipso in selected organo potassium
phosphanides; average values are given without estimated standard devia-
tions.

compound d(K–P) d(P–Cipso) ref

1 [(18-crown-6)K{P(H)Mes*}] 348.22(9)a) 183.8(2) [108]

2 [(thf)2K{P(H)Ar*}]2 313.76(11)b) 180.7(3) [109]

324.45(11)b)

3 [(pmdeta)K{P(H)Mes}]2 330.0(6)c) - [90]

330.0(5)c)

4 [K{P(H)TerMes}]4 304.3(2)- 181.6 [110]

343.8(2)c)

5 [K{P(H)Mes*}]∞ 318.1(2)- 183.9(4) [111]

335.7(2)b)

6 [{(thf)2K{P(H)Tipp}– 326.1b) 183.3(4) [95]

(thf)K(µ-thf){P(H)Tipp}}∞]2 331.5c)

7 [(thf)2K3{P(H)Mes}3]∞ 329.1(2)- - [89]

393.6(2)c)

8 [(tmeda)K0.5{P(H)Tipp}]∞ 330.49(9)c) 182.7(2) [93]

377.13(9)c)

bond lengths given in pm; Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-
triisopropylphenyl, Mes* = 2,4,6-tri(tert-butyl)phenyl,TerMes = 2,6-bis(2,4,6-
trimethylphenyl)phenyl, Ar* = 2,6-(2,4,6-triisopropylphenyl)phenyl; a)hepta-
coordinated, b)tetra-coordinated, c)penta-coordinated.

31



2. Results and Discussion

Figure 2.7.: Top: molecular structure and atom numbering scheme of [(tmeda)0.5K–
P(H)–Tipp]∞ 9c; bottom: cut-out of ladder structure motive; the el-
lipsoids represent a probability of 50%; hydrogen atoms are omitted for
clarity. Selected bond lengths /pm: K1–N1 297.3(2), K1–P1 377.13(9),
K1–P1A 330.49(9), K1–P1B 330.82(8), K1–C1 300.9(2), K1–C2 322.3(2),
K1–C3 347.4(2), K1–C5 340.6(2), P1–C1 182.7(2); angles /°: P1–C1–C2
125.95(19), P1–C1–C6 117.43(18), C2–C1–C6 116.6(2).
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Scheme 2.3: Structure motives of potassium phosphanides; (i) monomer [(18-
crown-6)K{P(H)Mes*}][108], (ii) dimer [(thf)K2{P(H)Ar*}]2[109] Ar* =
2,6-(2,4,6-triisopropylphenyl)phenyl, (iii) two polymeric helical strains
[{(thf)K2{P(H)Tipp}–K(thf)(µ-thf){P(H)Tipp}}∞]2[95], (iv) tetramer
[K{P(H)TerMes}]4[110], (v) ladder structure [K{P(H)Mes*}]∞[111], (vi)
single strain [(thf)2K3{P(H)Mes}3]∞[89].

33



2. Results and Discussion

2.1.4. Mixed substituted Aryl/Alkyl, Silyl Phosphanes, and

Phosphanides

To increase the spectrum of different reactivities, aryl substituted phosphanes and phos-

phanides can be further derivatized to mixed substituted phosphanes and phosphanides.

In the following section, alkyl/aryl,silyl substituted phosphanes will be discussed and

characterized by NMR spectroscopic methods. Since a higher stability of P–C bonds

compared to P–Si bonds (cf. Section 2.1.2) mixed aryl, silyl phosphanes 14a-16d were

synthesized by quenching the lithium alkyl/aryl phosphanides (8-11)b with the corre-

sponding silylchloride. To make 14a-16d applicable again for salt metathesis reactions

the in situ generated aryl,silyl-phosphanes were deprotonated by butyl lithium to yield

solutions of alkyl/aryl,silyl substituted phosphanides 17a-19d. Silylation of Mes*−PH2

10a has not been successfull which is most likely due to steric reasons.

R
PHLi (��

R = Mes

R = Tipp

R � ���

SiR'3

H
P

R SiR'3

Li
P

R

(���

- -

,

,

,

SiR'3: TMS, TIPS, TBDMS, SiPh3

14 14
15

16 16

1717
18
1919

Scheme 2.4: Synthesis of aryl,silyl-phosphanes 14-16 and phosphanides 17-19;
(i) R’3Si−Cl/THF, −78 °C; (ii) BuLi/THF/n-hexane, −78 °C.

A selection of NMR spectroscopic data of mixed substituted phosphanes and phosphanides

is listed in Table 2.8 and Table 2.9. −PH proton signals of mixed substituted phos-

phanes resonate at similar chemical shifts like their mono substituted arylphosphanes

from –159 ppm to –191 ppm. Their 1JP,H coupling constants are determined by ≈ 192 Hz

16a-d and ≤ 206 Hz 14a-d 15a-d. In all cases additional silyl substitution results in

a highfield shifted 31P signal. −TMS substitution effects the smallest difference to their

mono substituted phosphanes, −TIPS substitution the greatest. The change of δ(31P)

reflects the +I-effect of the four different silyl substituents: H < −TMS < −SiPh3 <

−TBDMS < −TIPS. Deprotonation to mixed substituted lithium phosphanides 17-19

increases the highfield shift of the 31P signal even more by 27-49 ppm. Successful silyl

substitutions could be verified by a doublet signal in the 29Si-NMR spectra. It is notewor-

thy that 1JP,Si coupling constants of phosphanides ranging from 41 Hz to 64 Hz are about

50-100% larger than those of the phosphane derivates ranging from 22 Hz to 40 Hz. An

increase of 1JP,Si has been previously observed for homo-substituted silyl phosphanes and

phosphanides (cf. Table 2.1).
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2.1. Phosphanes and Phosphanides

In contrast to their nitrogen homologous (∆Ginv.(NH3) ≈ 5 kcal/mol) due to a higher

inversion barrier of the phosphorus lone pair (∆Ginv.(PH3) ≈ 35 kcal/mol) mixed substi-

tuted secondary and tertiary phosphanes carry chiral information. Even though mixed

substituted phosphanes were synthesized without any chiral auxiliar yielding racemic

product mixtures, the presence of a chiral center at the phosphorus in combination of a

rotation barrier of the aryl substituent can be observed. In the −Mes 14 and −Tipp 15

substituted derivates ortho −CH3 and ortho −iPr groups are magnetically unequal. Mag-

netic inequality of −CH2− and −CH3 protons of -Nph in Nph−P(H)TMS induced by

chirality is exemplary shown in Figure 2.8. The binding of −Ha and −Hb to the very

same carbon has been confirmed by 2D NMR experiments [13C{1H}-NMR (100.62 MHz,

C6D6, 297 K): δ = 30.6 (d, 1JP,C = 14.6 Hz, −CHaHb)].

-����

-��aHb -��aHb-PH -PH -��3

-TMS

P
H

Si

0.00.10.21.31.41.51.61.71.81.92.02.12.22.32.47.07.17.27.37.47.5

ppm

7.680.922.692.710.981.030.551.004.75

16a

Figure 2.8.: 1H-NMR spectrum of NphP(H)TMS 16a; 1H-NMR (400.13 MHz, C6D6,
297 K): δ = 7.33-7.01 (m, 5H, Ar-H), 2.24 (pseudo-td, 2JH,H = 13.9 Hz,
2JP,H = 7.0 Hz, 3JH,H = 7.0 Hz, 1H, CHaHb), 1.67 (ddd, 1JP,H = 191.0 Hz,
3JH,H = 10.2 Hz, 3JH,H = 6.1 Hz, 1H, -PH), 1.52 (ddd, 2JH,H = 13.2 Hz,
2JP,H = 10.2 Hz, 3JH,H = 6.1 Hz, 1H, CHaHb), 1.39 (s, 3H, -CH3(a/b)), 1.37
(s, 3H, -CH3(a/b)), 0.08 (d, 3JP,H = 4.2 Hz, 9H, -TMS).

The reaction of NphP(H)Li 11b with Ph3Si−Cl did not yield the desired silylated mixed

phosphane NphP(H)SiPh3 16d (Scheme 2.5). Most likely due to an increased acidity of

the −PH proton of the mixed phosphane, the in situ formed 16d is deprotonated by 11b

and undergoes a second substitution to give NphP(SiPh3)2 20d. Similar observations

have been made by Baudler et al. for the reaction of H3C−P(H)K with TMS−Cl yielding

H3C−P(TMS)2 as the main product.[112] The 31P-NMR spectrum confirms the formation

of 20d by showing another signal of almost equal integral intensity of 11a. Only traces

of 2% of 16d could be detected. This finding makes it clear that the acid/base reaction

of 11b with 16d is kinetically preferred over the salt metathesis reaction of 11b with

Ph3Si−Cl. Subsequent reaction of a 1:1 mixture of 11a and 20d with two equivalents
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2. Results and Discussion

of butyl lithium yielded the desired mixed phosphanide NphP(Li)SiPh3 19d. Equivalent

reactivity could not be observed for the aryl substituted mixed phosphanes 14 and 15

which is counterintuitive. In this study, it remains unclear why the synthesis of 19d

describes an individual case.
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Ph3Si
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P SiPh3
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11a 16d

20d
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Scheme 2.5: Reaction scheme of the formation of NphP(SiPh3)2 20d and
NphP(Li)SiPh3 19d.
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2.1. Phosphanes and Phosphanides

Table 2.8.: Summary of NMR spectroscopic data of mixed substituted aryl/alkyl,silyl-
phosphanes.

compound δ(31P) 1JP,H δ(29Si) 1JP,Si δ(1H) ref.

14a (Mes)(TMS)PH −159.4 206.8 3.7 3.44 [113]

14b (Mes)(TIPS)PH −175.8 212.2 13.7 39.5 3.57

a) −176.7 213.9

14c (Mes)(TBDMS)PH −171.1 207.0 15.0 30.9 3.30 [29]

14d (Mes)(Ph3Si)PH −162.8 211.5 −11.4 30.8 3.86 [114]

15a (Tipp)(TMS)PH −165.7 206.7 4 22 3.62 [113]

15b (Tipp)(TIPS)PH −184 213 -

15c (Tipp)(TBDMS)PH −178.0 207.5 12.6 31.3 3.46 -

15d (Tipp)(Ph3Si)PH −170.6 211.2 −10.2 30.8 4.00 [114]

16a (Nph)(TMS)PH −169.7 191.4 1.67

16b (Nph)(TIPS)PH −190.9 194.5 15.2 30.8 1.84

16d (Nph)(Ph3Si)PH −179.5 193.5 2.07

20d (Nph)(Ph3Si)2P −195.2 −6.0 29.4

chemical shifts δ in ppm, coupling constants in Hz; measured in C6D6, Mes = 2,4,6-
trimethylphenyl, Tipp = 2,4,6-triisopropylphenyl, Nph = 2-methyl-2-phenylpropyl; a) 2nd set of
signals due to rotameres according to Driess et al.[67].
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2. Results and Discussion

Table 2.9.: Summary of NMR spectroscopic data of mixed substituted lithium
aryl/alkyl,silyl-phosphanides.

# compound δ(31P) δ(29Si) 1JP,Si ref.

17a (Mes)(TMS)PLi −186.4 −3.0 41.0 [115]

17b (Mes)(TIPS)PLi −214.6 13.8 56.1 -

17c (Mes)(TBDMS)PLi −199.1 9.0 51.1 -

17d (Mes)(Ph3Si)PLi −191.8 −6.7 56.9 -

18b (Tipp)(TIPS)PLi −236.4 12.3 56.2 -

a) −233.2 -

18c (Tipp)(TBDMS)PLi −220.0 8.0 50.8 -

18d (Tipp)(Ph3Si)PLi −210.8 −6.0 57.5 -

19d (Nph)(Ph3Si)PLi −227.8 3.5 63.5

chemical shifts δ in ppm, coupling constants in Hz; measured in C6D6; Mes = 2,4,6-
trimethylphenyl, Tipp = 2,4,6-triisopropylphenyl, Nph = 2-methyl-2-phenylpropyl;
a) 2nd set of signals due to rotameres according to Driess et al.[67].
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2.2. Mixed-Valent Phosphorus Compounds

2.2. Mixed-Valent Phosphorus Compounds

Multivalent phosphorus compounds have been studied since the 1960s and gained in-

creasing interest by the questioning of the phosphorus ability to form P–P double bonds.

A phosphanylidene-σ3- or -σ4-phosphorane (ii,iii) results after formal oxidation of a

diphosphene (i) (Scheme 2.6).

-O
PPP

P
P

P P P-
O

P
P

(i) (ii) (iii) (iv) (v)

Scheme 2.6: Lewis structures of (i) diphosphene (phosphanylidene phosphane), (ii)
phosphanylidene-σ3-phosphorane, (iii) phosphanylidene-σ4-phosphorane,
(iv) phosphanidylphosphane oxide, (v) phosphanylidene phosphinate.

Early synthetic approaches investigated the breakdown of cyclo-pentaphosphanes (R−P)5

as well as white phosphorus P4 by using strong anionic nucleophiles, such as alkali

metal phosphinites R2P−O– .[116–119] The resulting mesomeric compounds can be clas-

sified as phosphanidyl phosphane oxides (iv) or phosphanylidene phosphinates (v). P4

breakdown by M+CN– forms P(CN) –
2 which further reacts with R2PX– (X = O,

S) yielding cyanophosphanylidene phosphinate or thiophosphinate NC−P−−P(R2)X
–

(Scheme 2.7).[30,116,120]
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Scheme 2.7: Synthesis of phosphanylidene (thio-) phosphinates from cyclo-
pentaphosphanes (R−P)5 and white phosphorus P4.

Synthesis of neutral mixed-valent phosphorus compounds of phosphanylphosphane oxide

type (b) has been attempted by salt metathesis of a phosphinic chloride with a phos-

phanide in analogy to the –N and –CH congeners (Scheme 2.8). Reactivity studies of

phosphanylidene phosphinate Ph−P−−P(Ph)2O
– have shown that protonation leads to

39



2. Results and Discussion

P–P bond cleavage forming cyclo-polyphosphanes and phosphane oxide or primary phos-

phine Ph−PH2
[120] whereas reaction with R−X leads to P-alkylation[121,122], reaction with

TMS−Cl to O-silylation forming an instable phenylphosphanylidene siloxyphosphorane

degrading to cyclo-polyphosphanes and diphenyl-siloxyphosphane.[122,123] With the bulkier

–Mes substituent, thermolabile mesitylphosphanylidene siloxyphosphorane could be iso-

lated after salt metathesis reaction of Mes(TMS)PLi with (tBu)2POCl and subsequent

1,3-silyl shift.[29]
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Scheme 2.8: Synthetic approach of (a) amino-, alkyl-, phosphanyl-phosphanes (X =
N, CH, P), (b) amino-, alkyl-, phosphanylphosphane oxides; (c) possible
tautomerization to enol form (X = CH).

In analogy to phospha Wittig reagents phosphanylidene phosphoranes have been pre-

pared. Trifluoromethyl-cyclo-phosphanes are the only cyclo-phosphanes known that can

be degraded by trialkyl phosphanes PR3 and converted into phosphanylidene phospho-

ranes F3C−P−−PR3.
[53,124] Research groups of Protasiewicz and Hering-Junghans success-

fully synthesized ArP−−PMe3 via in situ generation of phosphinidenes Ar−P Ar = Mes*,
MesTer, DippTer in the presence of PMe3.

[50,125] This synthetic method fails for smaller -Ar

such as -Mes, -Dipp and -Tipp forming triphosphiranes (Ar−P)3.
[52]

P
P

P- P+
P:

P

(i) (ii) (iii)

Scheme 2.9: Mesomeric resonance structures describing possible bonding situations
in phosphanylidene phosphoranes: (i) double bonded (ylen), (ii) singly
bonded (yilde), (iii) coordinatively bonded.

On the basis of the previously published results on the synthesis and stability of mixed-

valent phosphorus compounds, a synthetic approach was chosen to achieve formation

of phosphanylphosphane oxides R2(O)P−P(R2)R1 and phosphanidylphosphane oxides

R2P(O)−P(M)R1.

40



2.2. Mixed-Valent Phosphorus Compounds

2.2.1. Aryl-Phosphanylphosphane Oxides R2P(O)−P(H)R’ and

Aryl-Phosphanidylphosphane Oxides [R2P(O)PR’]– M+

According to the example of Regitz et al.,[29] phosphinic chlorides (4 -tBuPh)2P(O)Cl 21a

and Ph2P(O)Cl 21b were reacted with lithium and potassium phosphanides 8b,c, 9b,c,

10b and 11b,c in different stochiometric ratios of 1:1 and 1:2 to introduce a P–P bond

by salt metathesis [Scheme 2.10 (i)].
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Scheme 2.10: (i) general synthesis of phosphanylphosphane oxides 22 and phos-
phanidylphosphane oxides 23 by salt metathesis of phosphinic chloride
21 with primary alkali metal phosphanide and subsequent metallation;
(ii) tautomeric structures of phosphanidylphosphane oxides; (iii) provi-
sional proposed mechanism of in situ formation of a phosphinidene and
alkali metal phosphinite by homolytic P–P bond cleavage in the presence
of primary phosphane, subsequent insertion of the phosphinidene into a
P–H bond of the primary phosphane forming diphosphane.

Reaction in DME or diethyl ether of stochiometric amounts of 21a and MesP(H)Li

8b results in an unexpected product mixture of many compounds. The main product

formed is diphosphane Mes(H)P−P(H)Mes 28a showing two characteristic multipletts of

an AA’XX’ spin system for the meso- and d/l-isomere (Figure 2.9). Its 1JPP, 1JPH, 2JPH

and 3JHH coupling constants can be calculated according to equations 2.9.[126] Only minor

amounts of the desired product Ar2P(O)−P(H)Mes Ar = 4-(tert-butyl)phenyl 22d could

be detected in the 31P-NMR spectrum [33.6 ppm (dd, 1JPP = 210.2 Hz, 2JPH = 12.7 Hz),

–95.5 ppm (dd, 1JPP = 210.3 Hz, 1JPH = 220.7 Hz) Table 2.11].
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Figure 2.9.: Section of 31P-NMR spectrum of the reaction of bis[4-(tert-
butyl)phenyl]phosphinic chloride 21a with lithium 2,4,6-trimethylphenyl-
phosphanide 8b / lithium 2,4,6-triisopropylphenyl-phosphanide 9b
showing signals of meso- and (R),(S)-isomers of diphosphanes
Mes(H)P−P(H)Mes 28a and Tipp(H)P−P(H)Tipp 28b, peak as-
signed in Hz (161.96 MHz, [D8]THF, 297 K); 28a: –112.3 (AA’XX’,
1JP,H = 206 Hz, 1JP,P = 181 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, (R),(S)-
28a), –119.7 (AA’XX’, 1JP,H = 201 Hz, 1JP,P = 182 Hz, 2JP,H = 11 Hz,
3JH,H = 6 Hz, meso-28a 28b: –113.5 (AA’XX’, 1JP,H = 205 Hz,
1JP,P = 202 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, (R),(S)-28b), –118.0
(AA’XX’, 1JP,H = 205 Hz, 1JP,P = 190 Hz, 2JP,H = 13 Hz, 3JH,H = 6 Hz,
meso-28b).
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2.2. Mixed-Valent Phosphorus Compounds

ν

ν

ν

ν

K =g − h = i − j

L =
√

(c − f)(d − e)

=
√

(g − j)(h − i)

M =c − d

=e − f

N =a − b

J =0.5 · (N + L)

J ′ =0.5 · (N − L)

JA =0.5 · (K + M)

JX =0.5 · (K − M)

(2.9)

Scheme 2.11: Coupling pattern of an AA’XX’ spin system; equations to calculate cou-
plings J, J’, JA and JX .

Metal-free phosphanyl phosphane oxides R2P(O)P(H)R1 could not be isolated R1 = Ph[120]

due to degradation unless R1 was chosen to be a bulky group. In the course of their stud-

ies on phospha Wittig-Horner reagents, Ott et al. published a Mes* substituted phos-

phanylphosphonate ((EtO)2P(O)P(H)Mes*)[48] and Jana et al. could achieve stabiliza-

tion of a phosphanylphosphane oxide by TerMes substitution [TerMes(H)P(O)P(H)TerMes

TerMes = 2,6-bis(2,4,6-trimethylphenyl)phenyl].[47] The formation of 22a in this work from

protolysis of phosphanylidene siloxyphosphorane Ph2P(OSiR3)−−PMes 36b/36d shows a

sufficient stabilization by the undoubtedly smaller Mes-substituent (cf. Section 2.2.2

p. 67). However, the large number of products of the reaction of 21a and 8b suggests a

competition of reaction pathways followed by degradation or rearrangement of the inter-

mediately formed compounds. The most evident competing reaction of the salt metathe-

sis seems to be an acid base interaction of intermediate formed phosphanylphosphane

oxide 22d and phosphanide 8b leading to formation of phosphanidylphosphane oxide

[Ar2P(O)PMes]– Li+ Ar = 4-(tert-butyl)phenyl 23b.

In order to support and allow quantitative deprotonation of in situ formed 22d, the sto-

chiometry was increased in favor of the phosphanide to 1:2. During the dropwise addition

at low temperatures (−35 °C - −78 °C) of the first equivalent of phosphanide, a decol-

orization of the phosphanide’s characteristic yellow color was observed. Throughout the

addition of the second equivalent of phosphanide, a yellow color returned in the reaction
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2. Results and Discussion

mixture supporting the hypothesis of a two step reaction to lithium phosphanidylphos-

phane oxide 23b via phosphanylphosphane oxide 22d intermediate. Regardless of the

sequence of the reagents, synthesis of 23b was always accompanied by formation of diphos-

phane MesP(H)−P(H)Mes 28a, lithium diarylphosphinite 30a and primary phosphane

8a.

These observations of a 1:1 and 1:2 ratio reaction might allow to propose a reaction mech-

anism for the formation of diphosphane 28a (Scheme 2.10): At first, (i) phosphanylphos-

phane oxide 22d is intermediately formed by salt metathesis reaction. Subsequently, 22d

is transformed into phosphanidylphosphane oxide 23b by an acid base reaction with a

second phosphanide 8b which becomes protonated to primary phoshane 8b itself. In the

presence of the latter the P–P bond of the phosphanidylphosphane oxide degrades form-

ing lithium phosphinite 30a and highly reactive phosphinidene Mes−P:, which could not

be observed spectroscopically. Phosphinidene and present primary phosphane promptly

form diphsophane 28a via insertion of the phosphinidene into the phosphane’s P–H bond.

Lithium phosphinite 30a is known to dismutate into lithium diarylphosphanide Ar2PLi

Ar = 4-(tert-butyl)phenyl (observed as Ar2PH δ31P = −44.1 ppm (d, 1JP,H = 213.7 Hz)

and lithium diaryl phosphinate Ar2P(O)OLi, which can react with remaining diarylphos-

phinic chloride 21a forming diarylphosphinic anhydride Ar2P(O)−O−P(O)Ar2 Ar = 4-

(tert-butyl)phenyl 32a (δ31P = 25.7 ppm).[127,128] The proposed mechanism implies that

the metallation of 22 is significantly faster than the initial salt metathesis, which allows

subsequent reaction steps.

Analog to the synthesis of 23b, two equivalents of phosphanide Tipp−P(H)Li 9b were re-

acted with 21a yielding [Ar2P(O)PTipp]– Li+ Ar = 4-(tert-butyl)phenyl 23d beside Tipp-

substituted diphosphane TippP(H)P−P(H)Tipp 28b, lithium phosphinite Ar2POLi 30a,

and primary phosphane 9a. With the increased sterical demand of the Tipp-substituent,

a higher yield of phosphanidyl phosphane oxide could be achieved. Under similar reac-

tion conditions, the yield of Tipp-substituted phosphanidylphosphane oxide 23d in the

product mixture relative to diphosphane 28 was about 350% higher than for the corre-

sponding Mes-substituted derivate 23b. Reducing the amount of phosphanide back to

a 1:1 stochiometry and slow addition of the phosphanide to the phosphinic chloride in

DME allows to observe another compound in the 31P-NMR spectrum which has been as-

signed to [(tBuPh)2P(O)]2P(Tipp) 24a [34.6 ppm (d, 1JPP = 275.8 Hz) and –47.5 ppm

(t, 1JPP = 274.5 Hz)] among equally dominant signals of diphosphane 28b and pri-

mary phosphane 9a. The formation of a triphosphane 1,3-dioxide could be reproduced

by slow addition of one equivalent 9b to Ph2POCl 21b in THF at −78 °C and sub-
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2.2. Mixed-Valent Phosphorus Compounds

sequent 31P-NMR measurement at room temperature showing [(Ph)2P(O)]2P(Tipp) 24b

[33.8 ppm (d, 1JPP = 274.1 Hz) and –45.8 ppm (t, 1JPP = 274.2 Hz)]. The Mes-substituted

congener [(Ph)2P(O)]2P(Mes) 24c resonates at 33.8 ppm and –41.5 ppm with a PP cou-

pling constant of 1JPP = 259.9 Hz

Diphosphane 28b could be crystallized from DME solution (Figure 2.10). Due to co-

crystallization of meso- and R,R,/S,S -isomeres, phosphorus bound hydrogens are disor-

dered in the molecule structure. The phenyl moieties are co-planar and almost orthogonal

towards the center of the C1–P1–P1A–C1A moiety with a torsion angle of 77.4°. The

P1–P1A single bond of 221.8(1) pm and the P1-C1 bond of 184.6(2) pm lie in the expected

range for diphosphanes such as the Mes-substituted [P–P 222.84(11) pm, P–C 183.7(2) pm]

and Dipp-substituted [P–P 220.60(8) pm, P–C 184.14(13) pm] congener.[129,130]

Figure 2.10.: Molecular structure and atom labeling scheme of TippP(H)P−P(H)Tipp
28b. The ellipsoids represent a probability of 50%; carbon-bound hydro-
gen atoms are omitted for clarity reasons. Selected bond lengths / pm:
P1–P1A 221.80(10), P1–C1 184.62(18); angles °: P1–C1–C2 119.44(14),
P1–C1–C6 121.07(13), C2–C1–C6 119.45(16).

Even though 23d could not be isolated from the reaction mixture, crystallization of

[23d·30a·LiCl·2 Et2O]2 could be achieved from diethyl ether (Figure 2.11, Table 2.10 entry

8 and 13).[93] The molecular structure features a double cube like (Li2O2)(Li2Cl2)(Li2O2)

motive with an inner Li2Cl2 plane containing an inversion center. The Li–Cl atom dis-

tances of Li1–Cl1 246.6(5) pm and Li2–Cl1A 247.9(5) are slightly longer than in the

dimeric structure of [(thf)2Li(µ-Cl)]2 with Li–Cl bonds of 230.8(3) pm and 234.2(3) pm.[131]

Similarily to tetranuclear lithium and potassium diphenylphosphinites structures with a

hetero-cubane center of M4O4 (M = Li, K), O5 is bridging three lithium atoms with bond
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2. Results and Discussion

lengths of Li(1,2,3)–O5 of 196.7(5), 206.(5) and 189.7(5) pm (entry 9).[132] The P3–O5

bond length of 160.12(19) pm is slightly elongated compared to the P–O bond lengths

in tetranuclear lithium diphenylphosphinite (from 158.4(2) pm to 158.8(2) pm). Due to a

lower coordination number, three coordinated O4 of the phosphanylidenephosphane oxide

fragment shows shorter Li–O contacts to Li1 and Li2 (190.0(5) pm and 193.2(5) pm) than

to tetra coordinated O5 of the phosphinite. All lithium atoms are distorted tetraherdric

coordinated. Coordination spheres of lithium atoms Li1 and Li2 are saturated by diethyl

ether molecules (Li1–O6 197.1(5) pm, Li2–O7 196.3(5) pm).

Figure 2.11.: Molecular structure and atom labeling scheme of [23d·30a·LiCl·2 Et2O]2.
The ellipsoids represent a probability of 50%; hydrogen atoms are omitted
for clarity reasons. Selected bond lengths / pm: P1–P2 210.50(10), P1–C1
181.6(3), P1–C11 182.4(3), P1–O4 153.69(19), P2–C21 186.4(3), P2–Li3A
256.4(5), Li1–Cl1 246.6(5), Li1–O4 190.0(5), Li1–O5 196.7(5), Li1–O6
197.1(5), Li2–Cl1A 247.9(5), Li2–O4 193.2(5), Li2–O5 200.6(5), Li2–O7
196.3(5), Li3–Cl1 241.2(5), Li3–Cl1A 245.2(5), Li3–O5 189.7(5); angles °:
P1–P2–C21 105.51(9), P1–P2–Li3A 102.86(12), C21–P2–Li3A 144.58(14),
P2–P1–O4 106.17(8), P2–P1–C1 114.80(9), P2–P1–C11 115.57(9), O4–
P1–C1 108.63(12), O4–P1–C11 106.32(11), C1–P1–C11 104.93(12), P2–
C21–C22 118.3(2), P2–C21–C26 123.1(2), C22–C21–C26 118.4(3).

The bond length of P1–P2 210.50(10) pm is much shorter than a typical P–P single bond

in diphosphanes [28b 221.8(1) pm, entry 2; 12a 226.0(1) pm, entry 3] and somewhat

longer than P–P double bonds usually ranging between 203-205 pm.[117] In comparison to

P–P single bond lengths in diphosphanes, PP distances of phosphanylphosphane oxides

with values of 219.46(8) pm TerMesP(H)–P(O)(H)TerMes[47] (entry 6) and 218.54(7) pm

Mes*P(H)–P(O)OEt)2[48] (entry 7) are slightly shorter whereas the P–P bond of diphos-

phane dioxide Ph(tBu)P(O)−P(O)(tBu)Ph [227.4(1) pm, entry 8][133] is longer. A P–P

bond is elongated by a higher coordination number but shortened by electrostatic attrac-
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2.2. Mixed-Valent Phosphorus Compounds

tion of differently charged phosphorus atoms. This explains why formal single oxidation

of diphosphanes leads to a P–P bond shortening in phosphanylphosphane oxides, and

double oxidation to elongation in diphosphane dioxides. Due to the negatively charged

phosphanidyl phosphorus, electrostatic attraction is pronounced in phosphanidylphos-

phane oxides causing a shortening of the P–P atom distance in [Ar*P–P(O)(H)Ar*]−[Im]+

210.99(11) pm and [Ar2P(O)PTipp]– Li+ 23d (entry 13,14).[134]

The P1-O4 bond length of 153.69(19) is longer than those observed in phosphane ox-

ides (entry 4,5), phosphanylphosphane oxides (entry 6,7) with mainly P–O double bond

character, and in lithium diphenylphosphinate with formal bond order of 1.5 (entry 10).

Based on this comparison of P–O bond lengths, the P1-O4 bond has a strong single bond

character. P2 coordinates Li3A at a shorter distance of 256.4(5) pm than in its corre-

sponding phosphanide and shows at the same time a longer P2–C21 bond of 186.4(3) pm

([9b· (tmeda)(thf)] P–Li 264.4(9) pm, P–C 184.1(4) pm). These findings – a P1–O4 bond

with single bond character, a shorter P1–P2 bond compared to phosphanylphosphane

oxides, and a strong P2–Li3A coordination – allow to describe the bonding situation in

the Li3A–P2–P1–O4 fragment as phosphanidylphosphonium oxide (Scheme 2.12).

P- P+
O-

Ar
Ar

P P
O-

Ar
Ar

Scheme 2.12: Mesomeric forms of the Li3A–P2–P1–O4 fragment of
[23d·30a·LiCl·2 Et2O]2 showing ionic and covalent P–P bonding
modes; Ar = 4-(tert-butyl)phenyl.
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2. Results and Discussion

Table 2.10.: Comparison of selected P-containing compounds to elucidate the depen-
dency between bond order and bond length for P–P and P–O bonds; aver-
age values are given without estimated standard deviations.

compound d(P–P) d(P–O) ref

1 Ar−P−−P−Ar 203-205 - [117]

2 TippP(H)–P(H)Tipp 28b 221.8(1) - [135]

3 Mes2P−PMes2 12a 226.0(1) - [136]

4 Ph2P(O)H - 148.81(11) [RN149]

5 Mes2P(H)O - 148.54(13) [137]

6 TerMesP(H)–P(O)(H)TerMes 219.46(8) 147.8(2) [47]

7 Mes*P(H)–P(O)(OEt)2 218.54(7) 147,16(13) [48]

8 Ph(tBu)P(O)−P(O)(tBu)Ph 227.4(1) 149.2 [133]

9 Ar*2POLi 30a a) - 160.12(19) [135]

10 [Ph2POLi(thf)]4 - 158.6 [132]

11 [Mes2P(O)−OLi(thf)2]2 - 149.9 [138]

12 [Ph2P(O)−N(Mes)Li(thf)2] - 149.7 [139]

13 [TerMesP–P(O)(H)TerMes]− [ImH]+ b) 210.99(11) 149.2(2) [47]

14 [Ar2P(O)PTipp]– Li+ 23d a) 210.50(10) 153.69(19) [135]

bond lengths given in pm; Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-triisopropylphenyl,
Mes* = 2,4,6-tri(tert-butyl)phenyl, TerMes = 2,6-bis(2,4,6-trimethylphenyl)phenyl, Ar*
= 4-(tert-butyl)phenyl; a)substructure of [23d·30a·LiCl·2 Et2O]2, b) [ImH]+ = 1,3,4,5-
tetramethylimidazolium, bound via a C−H···O hydrogen bond.
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2.2. Mixed-Valent Phosphorus Compounds

Potassium phosphanidylphosphane oxides were synthesized accordingly from two equiva-

lents of potassium phosphanides 8c and 9c showing much higher yield in solution of 23f

and 23h than their lithium congeners Figure 2.12. Unfortunately, any attempt to isolate

lithium and potassium phosphanidylphosphane oxides from the solution by evaporation

of the solvent under reduced pressure always leads to decomposition.

-170-150-130-110-90-70-50-30-101030507090

ppm
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\] L ^_tBuPh

23b23b

23d23d

23f23f

23h23h

Figure 2.12.: 31P-NMR spectra of product mixture of lithium and potassium phos-
phanidylphosphane oxides synthesis [4 -tBuPh2P(O)PR]– M+ 23b-23h
(161.98 MHz, [D8]THF, 297 K).

With the change from aryl substituted phosphanides 8b and 9b to alkyl substituted

lithium neophylphosphanide 11b, salt metathesis reaction with 0.5 equivalents of 21a in

diethyl ether or THF did not yield any phosphanylphosphane oxide or phosphanidylphos-

phane oxide. Once again, formation of lithium phosphinite 30a and primary phosphane

11a was observed; but only minor amounts of (R),(S)- and meso-isomers of diphos-

phane Nph(H)P−P(H)Nph 28c (–112.7 ppm, –117.0 ppm). Instead, cyclic polyphos-

phanes (NphP)3 26c [−158.1 ppm and 173.0 ppm (d, 1JPP = 176.8 Hz)] and (NphP)4

27a [−63.3 ppm (s)] could be observed in the 31P-NMR spectrum after the reaction

in diethyl ether[cf. (secBu−P)4 −65.5 ppm (s)].[140] 31P-NMR signals from reaction in

THF could be assigned to 27a, disphosphanide NphP(Li)−P(H)Nph 29c (–73.2 ppm (dd,
1JPP = 329.3 Hz, 1JPH = 192.3 Hz and −154.4 ppm (d, 1JPP = 329.3 Hz) and supposedly
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polyphosphanes, such as cyclo-pentaphosphane (NphP)5 indicated by two dominant sets

of complex multiplets at 13.5 - 10.5 ppm and –5.8 - (–7.4) ppm.[140,141]

Control of reaction specifity did not benefit from further increase of phosphanide’s sto-

chiometry up to a ratio of 1:4. The increased amount of phosphanide deprotonates

one P–H of the formed diphosphanes 28a and 28b to give the corresponding lithium

diphosphanides 29a-29d. Phosphanyl P resonances appear in the expected range of

secondary phoshanes at around −85 ppm with typical aryl- and alkylphosphane 1JPH

of 192.3-213.3 Hz. Phosphanidyl phosphorus resonate in the range similarly to primary

phosphanes/phosphanides at around −150 ppm, being not much effected by the kind

of aryl or alkyl substituent. However, 1JPP coupling constants seem to depend on the

sterical demand of the substituent showing higher values for more bulky groups: Nph

(1JPP = 329.3 Hz) < Mes (1JPP = 391.4 Hz) < Tipp (1JPP = 451.7 Hz).

Since numerous experiments have shown that the synthesis of phosphanylphosphane ox-

ides 22 and phosphanidylphosphane oxides 23 is always accompanied by a consider-

ably large amount of diphosphane 28, the reaction protocol had been changed to avoid

the formation of the latter. It has been concluded to utilize one equivalent of butyl

lithium as a strong base of weaker nucleophilic character than phosphanides to achieve in

situ metallation of intermediately formed phosphanylphosphane oxides 22 (Scheme 2.13).
31P-NMR spectra of phosphanidylphosphane oxides [Ph2P(O)PAr]– Li+ Ar = Mes 23a,

Tipp 23c and Mes* 23e were measured shortly after synthesis (Figure 2.13). It is notice-

able that the bulkier the phosphanidyl substituent Mes < Tipp < Mes*, the fewer side

products have been formed, which allows to conclude that a larger substituent prevents

from interfering side reactions.
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Scheme 2.13: Synthesis of lithium arylphosphanidylphosphane oxides 23 by reaction of
phosphinic chloride 21 with lithium arylphosphanides and butyl lithium.

The stability over a time period of 16 days of phosphanidylphosphane oxide 23c in THF

solution at room temperature is depicted in Figure 2.14. As the 31P-NMR signals of 23c

and TippP(H)Li 9b slowly vanished, signals of PhPOLi 45a and TippP(Li)−P(H)Tipp

29b were increasing with time. Presumably, degradation of 23c deliberates phosphinidene

Tipp–P:, which immediately reacts with remaining 9b forming diphosphanide 29b. In
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Figure 2.13.: 31P-NMR spectra of reaction solutions of lithium phosphanidylphosphane
oxides [Ph2P(O)PAr]– Li+ R = Mes 23a, Tipp 23c and Mes* 23e shortly
after synthesis (161.98 MHz, C6D6, 297 K).

comparison to earlier discussed reactions of phosphinc chlorides and primary lithium phos-

phanides with stochiometries of 1:1 and 1:2, in situ metallation with butyl lithium achieved

higher relative yields of phosphanidylphosphane oxides 23a, 23c, and 23e. According to

the proposed mechanism of diphosphane 28 formation in Scheme 2.10, diphosphanides

29 could be formed in the same manner at a slower rate by insertion of a phosphinidene

into the P–H bond of a phosphanide.

Reaction of two equivalents of benzyl potassium with TippPH2 9a and subsequently

Ph2P(O)Cl 21b yielded [Ph2P(O)PTipp]– K+ 23g. In contrast to its lithium congener

23c, 23g did not degrade over a time period of 29 days at room temperature (Figure 2.15).

31P-NMR data of phosphanylphosphane oxides R2P(O)−P(H)R’ 22, phosphanidylphos-

phane oxides [(R)2P(O)PR’]– Li+ 23 and secondary products are summarized in Table 2.11

and Table 2.12. 1JPP coupling constants of phosphanylphosphane oxides ranging from

210 Hz to 248 Hz are indicative of the P–P single bond character.[47,48] An increase of 1JPP

has been observed for dimesitylphosphanylphosphane oxide 22c (34.2 ppm and −32.9 ppm
1JPP = 290.0 Hz) which is stable at room temperature. Lithium and potassium phos-
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Figure 2.14.: 31P-NMR spectra of the time dependent degradation of phosphanidylphos-
phane oxide [Ph2P(O)PTipp]– Li+ 23c in THF solution at room tem-
perature after reaction of Ph2P(O)Cl 21b with TippP(H)Li 9b and
metallation by butyl lithium; degradation products: Ph2POLi 31a,
Ph2P(O)OP(O)Ph2 32b, Tipp(Li)P−P(H)Tipp 29b (162.01 MHz, C6D6,
297 K).
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Figure 2.15.: 31P-NMR spectrum of potassium phosphanidylphosphane oxide
Ph2P(O)P(K)Tipp 23g after storage for 29 days at room tempera-
ture in THF solution (161.98 MHz, C6D6, 297 K).

phanidylphosphane oxides show 1JPP coupling constants that are more than twice as

large as in 22. 1JPP are similar to those of O-silylated congeners (1JPP > 600 Hz, cf. Sec-

tion 2.2.2). Therefore, it is concluded that P–P bonds of all presented phosphanidylphos-

phane oxides contain a considerable amount of double bond character and can be ac-

cordingly classified as phosphanylidene phosphinates R2P(OM)−−PR to describe the P–P

multiple bond character [cf. mesomeric resonance structures Scheme 2.10 (ii)]. Lithium

congeners have a higher coupling constant than the potassium congeners (23b vs. 23f

∆J(PP) = 17.5 Hz, 23d vs. 23h ∆J(PP) = 33.0 Hz and 23c vs. 23g ∆J(PP) = 30.5 Hz) which

might arise from weaker electrostatic attraction between the alkali metal and 23 (Li <

K) resulting in a stronger P–P double bond character in lithium phosphanidylphosphane

oxides. The chemical shift of phosphanidyl phosphorus hardly differs between lithium and

potassium derivates and is mostly dependent on the aryl substituent. Surprisingly, the

chemical shift of the phosphoryl phosphorus is rather strongly effected by Mes* substitu-

tion of the phosphanidyl phosphorus in 23e, whereas in all other phosphanidylphosphane

oxides the chemical shift of the λ5-P remains unchanged by variation of the cation or aryl

substituent at the phosphanidyl phosphorus. The more electron rich 4-(tert-butyl)phenyl

subtituent effects a small upfield shift of 3 ppm compared to phenyl substitution.

According to the previously proposed degradation pathway of phosphanidylphosphane

oxides 23 with deliberation of phosphinidene (Scheme 2.14), it was expected to yield asym-

metric diphosphanes by the addition of Mes−PH2 to a THF solution of

[Ph2P(O)PTipp]– Li+ 23c. Contrary to the assumed outcome, analysis of the reac-

tion solution did not show any diphosphane formation [Scheme 2.16 (ii)]. Instead, the

signals of the starting material 23c and 8a was observed in solution.

These findings require a reconsideration of the previously proposed mechanism depicted

in Scheme 2.14 of phosphinidene deliberation from P=P bond cleavage and subsequent
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Scheme 2.14: Previously presumed degradation mechanism of phosphanidylphosphane
oxides 23: (i) tautomeric structures of 23; PP double bond cleavage in
the presence of primary phosphane (ii)/ phosphanide (iii) to phosphinite
30/31 and not observed phosphinidene, which subsequently inserts into
P–H bond to form diphosphane 28/ diphosphanide 29.

insertion into a P–H bond of a present primary phosphane or phosphanide. Since phos-

phanidylphosphane oxide 23c is stable and does not react with primary phosphane 8a

[Scheme 2.16 (ii)], the critical step for the formation of disphosphanes has to appear before

the formation of phosphanidylphosphane oxides 23. It is presumed that a nucleophilic at-

tack of the partial positively charged λ5,σ4-phosphorus in phosphanylphosphane oxide 22

by a phosphanide occurs, resulting in an unstable λ5,σ5-phosphorus compound with a trig-

onal bipyramidal geometry [Scheme 2.16 (i)] similar to an unstable oxaphosphetane during

a Wittig reaction [Scheme 2.15 (i)]. The oxaphosphentane undergoes self-decomposition

yielding an alkene and a λ5,σ4 phosphane oxide mostly due to the energetically favoured

PO double bond instead of a ligand coupling reaction (LCR) forming λ3,σ3 triphenylphos-

phane and a strained oxirane. In contrast to the oxaphosphetane, the instability of the

proposed diphosphanylphosphorane is resolved by LCR to λ3,σ3 phosphinite 30/31 and

diphosphane 28. Intermediate trigonal bipyramidal σ5-phosphorus compounds had been

already proposed by Quin et al. during the degradation of dimers of P-methylphosphole

in the presence of 2,3-dimethylbutadiene, ruling out the formation of intermediate phos-

phinidene species.[142]

Primary phosphane 8a did not react with phosphanidylphosphane oxide 23

[Scheme 2.16 (ii)] most likely due to the lack of nucleophilicity on the one hand and

stabilization of phosphanidylphosphane oxide 23 by tautomerization induced delocaliza-
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2.2. Mixed-Valent Phosphorus Compounds

tion of the negative charge over the [O–P–P] moiety on the other hand. With an increased

nucleophilicity of primary phosphanides, 23 reacted with primary phosphanides 8b/9b

which yielded symmetric phosphanides 29 (cf. Figure 2.14).
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Scheme 2.15: Comparison of self-decomposition of (i) hypervalent λ5,σ5 phosphorus in
oxaphosphetane during Wittig reaction and (ii) formation of diphosphane
28 via proposed ligand coupling reaction (LCR) of λ5,σ5 phosphorus.[143]

On the basis of the new presumed reaction mechanism, a second attempt to yield asym-

metric diphosphanes was made by the addition of equimolar amounts of Mes−PHLi 8b

and Tipp−PHLi 9b to phosphinic chloride 21b (Figure 2.16). Both phosphanides 8b

and 9b should be equally able to initiate a nucleophilic addition at intermediately formed

phosphanylphosphane oxides 22a or 22b. 31P-NMR spectroscopic analysis confirmed

the formation of symmetric (28a and 28b) and asymmetric substituted (28d) diphos-

phanes. Besides the four singlet signals of already known meso- and rac-isomers of 28a

and 28b, additional four doublet signals were detected in the 31P-{1H}-NMR spectrum

[isomer a): –104.7 ppm (d, 1JP,P = 172.2 Hz), –119.4 ppm (d, 1JP,P = 174.5 Hz); isomer b):

–111.2 ppm (d, 1JP,P = 191.8 Hz), –126.1 ppm (d, 1JP,P = 191.2 Hz)] indicating the (S)(S)-

, (S)(R)-, (R,S)- and (R,R)- isomers of asymmetric diphosphane 28d.
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Table 2.11.: Summary and comparison of 31P-NMR data of phosphanylphosphane oxides
22, phosphanidylphosphane oxides 23.

Ra) R’b) M+ δ(R2PO) δ(PR’) δ(PHR’) 1JPP

R2P(O)−P(H)R’

22a Ph Mes H 35.2 −95.6 216.7

22c Ph Mes Mes 34.2 −32.9 290.0

22d Ar Mes H 33.6 −95.0 210.2

[48] OEt Mes* H 35.0 −88.8 222

[47] H,TerMes TerMes H 9.6 −77.4 248.7

[R2P(O)−PR’]– M+

23a Ph Mes Li 56.2 −103.3 508.9

23b Ar Mes Li 55.1 −101.8 501.2 c)

23c Ph Tipp Li 61.0 −125.2 515.5

23d Ar Tipp Li 55.1 −126.2 513.7 c)

23e Ph Mes* Li 52.6 −65.8 532.8

23f Ar Mes K 53.5 −103.9 483.7

23g Ph Tipp K 56.4 −130.6 485.0

23h Ar Tipp K 53.4 −126.4 480.7

[30] NMe2 CN Li 73.6 −205 347.9

[30] OEt CN Na 68.5 −202.8 392.5

[30,121] Ph CN Na 55.7 −161.4 362.5

[48] OEt Mes* Li 70.0 d) −120.0 d) 615

[47] H,TerMes TerMes ImH 27.0 −47.0 465

chemical shifts δ in ppm, coupling constants in Hz; a) Ar = 4-(tert-butyl)phenyl, TerMes = 2,6-
dimesitylphenyl; b) Mes = 2,4,6-trimethylphenyl, Mes* = 2,4,6-tri(tert-butyl)phenyl, Tipp = 2,4,6-
tri(iso)propylphenyl; c) broad signal, d)

δ
31P extracted from figure[48].
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2.2. Mixed-Valent Phosphorus Compounds

Table 2.12.: List of 31P-NMR chemical shifts of observed side products and degradation
products in the synthesis of phosphanylphosphane oxides 22 and phos-
phanidylphosphane oxides 23.

compound δ(PO) δ(PM)a) δ(PH)b) 1JPP
1JPH

24a [Ar2P(O)]2P(Tipp) 34.6 −47.5 275.8

24b [(Ph)2P(O)]2P(Tipp) 33.8 −45.8 274.2

24c [(Ph)2P(O)]2P(Mes) 33.5 −41.5 259.9

25 Ar2PP(H)Mes −27.9 −89.7 184.0 205.0

26c (NphP)3 −173.0 −158.1 176.8

27a (NphP)4 −63.3

28a Mes(H)PP(H)Mes (R),(S) −112.3 181 206

Mes(H)PP(H)Mes meso −119.7 182 201

28b Tipp(H)PP(H)Tipp (R),(S) −113.5 202 205

Tipp(H)PP(H)Tipp meso −118.0 190 202

28c Nph(H)PP(H)Nph (R),(S) −112.7 c) c)

Nph(H)PP(H)Nph meso −117.0 c) c)

28d Mes(H)PP(H)Tipp (R),(S) −119.4 −104.7 172.2

Mes(H)PP(H)Tipp (R),(S) −126.1 −111.2 191.8

28e Mes2PPMes2 −30.7

29a Mes(Li)PP(H)Mes −146.2 −89.9 391.4 208.2

29b Tipp(Li)PP(H)Tipp −154.5 −91.5 451.7 209.5

29c Nph(Li)PP(H)Nph −154.4 −73.2 329.3 192.3

29d Tipp(K)PP(H)Tipp −154.7 −94.7 468.4 213.3

30a Ar2POLi 88.0

31a Ph2POLi 89.2

31b Ph2POK 84.6

32a [Ar2P(O)]2O 25.7

32b [Ph2P(O)]2O 33.4

33 Ar2PH −44.1 213.7

34 Ph2PH −87.7 211.4

chemical shifts δ in ppm, coupling constants in Hz; Ar = 4−tBuPh, Mes = 2,4,6-
trimethylphenyl, Tipp = 2,4,6-triisopropylphenyl, Nph = 2-methyl-2-phenylpropyl; ;
a)(4−tBuPh2)PP(H)Mes, P-bound in phosphirane ring, R(H)P– in diphosphaneb) central PIII

of PIV–PIII–PIV moiety, P-bound in phosphirane ring; c)could not be determined.
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2.2.2. Aryl, Silyl- Phosphanylphosphane Oxides R2P(O)−P(SiR”3)R’

and Phosphanylidene-σ4-Siloxyphosphoranes

R2P(OSiR”3)−−PR’

Phosphanidylphosphane oxides 23 discussed in Section 2.2.1 show large PP coupling con-

stants of 1JP,P > 480 Hz indicating undoubtly a double bond character of the PP bond.

This finding in solution has been confirmed by a significant shortening of the P–P bond

length of 210.50(10) pm in the molecular structure of 23d compared to P–P single bonds

in diphosphanes eg. 221.8(1) pm 28b or phosphanylphosphane oxides eg. 219.46(8) pm

TerMesP(H)−P(O)P(H)TerMes (cf. Table 2.10).[47] On the other hand, classic P–P double

bond distances of diaryl-diphosphenes are still somewhat shorter (203-205 pm) than the

observed P–P bond in 23d.

Investigations on derivatization of phosphanidylphosphane oxides /phosphanylidenephos-

phinates have shown that depending on the electrophile, P- or O-substitution could be

achieved.[121–123] The flexibility of mesomeric resonance structures of contact ion pairs

[R2P(O)PR’]– M+ would be cut back by P- or O-substitution and therefore force to either

observe a PP single bond or a PP double bond (Figure 2.20). However, phosphanylidene

siloxyphosphorane Ph2P(OTMS)−−PPh synthesized by O-silylation could not be isolated

in the past due to a degradation processes resulting in siloxyphosphane and polyphos-

phanes.[74,144] In the course of this work, we attempted stabilization of such phosphanyli-

dene siloxyphosphoranes by choosing bulky aryl and silyl groups.

Lithium phosphanidylphosphane oxides 23c and 23e have been quenched at −78 °C by

stochiometric amounts of silylchlorides TMS−Cl and TIPS−Cl, yielding the expected

O-silylated arylphosphanylidene siloxyphosphoranes Ph2P(OSiR”3)−−PR’ 36i/36j R’ =

Tipp R” = TMS/TIPS and 36m R’ = Mes* R” = TMS [Scheme 2.17 (ii)]. Mes* sub-

stituted 36m did not show any degradation processes and was stable in solution at least

for seven days at room temperature. 35i and 35i R’ = Tipp R” = TMS, TIPS fully

degraded within 16 days. These results of degradation are matching those observations

of Schmidpeter et al.[122,123]

In the second half of the 20th century with the rapidly increasing interest in multiple

bonds P=X X = C, N, P, rearrangement reactions involving a 1,3-silyl shift became

important in the synthesis of σ2, λ3-P compounds, such as phospha-alkenes R−P−−CR’2
and diphosphenes R−P−−PR’.[145–147] In analogy to the advances in the synthesis of P=C

bonds by reaction of carbon acid chlorides with silylated phosphanes R−P(TMS)2 by
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Becker et al., the concept of a 1,3-silyl shift to achieve P=C multiple bonds is going to

be transferred in the following for the synthesis of 1(σ4, λ5),2(σ2, λ3)-P2 compounds 36

(Scheme 2.17).[24,25,148]

Aryl,silyl-substituted lithium phosphanides 17-19 were reacted with phosphinic chlo-

rides 21 at −78 °C in THF to initially give aryl,sily-phosphanylphosphane oxides

R2P(O)−P(SiR”3)R’ 35. Due to fast 1,3-silyl migration to phosphanylidene-σ4-siloxy-

phosphoranes R2P(OSiR”3)−−PR’ 36, 35 could only be observed for some derivates by

immediate NMR measurements after preparation and cooling of the sample. A signif-

icant rate of 1,3-silyl migration could be determined by temperature dependent NMR

investigations starting at −20 °C and heating in steps of 10 °C.

31P-NMR spectroscopic data of 35 and 36 are summarized in Table 2.14. Signals of both

aryl,sily-phosphanylphosphane oxides 35 and phosphanylidene-σ4-siloxyphosphoranes 36

are easily assignable by their characteristic AX spin system giving a set of two doublets

each. 1JP,P coupling constants of 35 ranging between 277.5 Hz and 305.2 Hz are matching
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the picture of a PP single bond binding situation and are similar to 1JP,P = 290.0 Hz in

Ph2P(O)−PMes2 22c. The values for 1JP,P coupling constants drastically change with

1,3-silyl migration to values of 617.3 Hz and above, indicating a change of the PP binding

from a single bond to a double bond. Findings of strong 1JP,P coupling constants in

36 are in agreement with 1JP,P coupling constants found in phospha-Wittig reagents

(Me3P−−PTerMes 1JP,P = 576 Hz[149], Me3P−−P(DippTer) 1JP,P = 560 Hz[125], Me3P−−PMes*
1JP,P = 583 Hz[125]).
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Scheme 2.18: Comparison of 31P-NMR spectra of 35j, 23c and 36j representing
substance classes of aryl,silyl-phosphanylphosphane oxides, arylphos-
phanidylphosphane oxides and phosphanylidene-σ4-siloxyphosphoranes;
31P-NMR (161.98 MHz/162.01 MHz, C6D6, 233 K/297 K): 35j [32.8 ppm
(d, 1JP,P = 302.0 Hz), –101.3 ppm (d, 1JP,P = 302.9 Hz)], 23c [61.0 ppm
(d, 1JP,P = 515.5 Hz), –125.2 ppm (d, 1JP,P = 516.4 Hz), 36j [77.3 ppm
(dt, 1JP,P = 636.4 Hz, JP,H = 12.4 Hz), –147.0 ppm (d, 1JP,P = 636.6 Hz)].

Retrospectively, the 1JP,P coupling constants of phosphanidylphosphane oxides

[R2P(O)PR’]– M+ 23 of around 500 Hz lie in the middle of the related compound

classes of 35 and 36, suggesting a mixed bond order in solution. Furthermore, it is

striking that the chemical shifts of λ5- and λ3-phosphorus are drifting more apart with a

higher bond order of the PP bond – the λ5-phosphorus becomes more deshielded while the

λ3-phosphorus becomes more shielded (Scheme 2.18). Among all synthesized 36 with per-
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2.2. Mixed-Valent Phosphorus Compounds

mutations of substituents R, R’ and R” trends for an increase of 1JP,P can be recognized:

R: 4 -tBuPh < Ph, R’; Mes < Tipp < Mes*; R”: TMS < SiPh3 < TBDMS < TIPS.

Phosphanylidene-σ4-siloxyphosphoranes 36 are unstable compounds and degrade under

formation of siloxyphosphanes 38 and triphosphiranes 26 exclusively if R’ = aryl or

tetraphosphetanes 27a and polyphosphanes if R’ = nph (Scheme 2.17). Kinetic aspects

of the 1,3-silyl migration and PP bond degradation are discussed in Section 2.3. Degra-

dation of 36 in solution could be successfully slowed down by low temperatures and large

substituents allowing crystallization of Ph2P(OSiPh3)−−PTipp 36l from THF solution at

−60 °C (Figure 2.17).[135] The structure of 36l features a particularly short PP bond

of 206.47(6) pm which is shorter than in phospha Wittig reagents Me3P−−PR[125,149,150]

(Table 2.13 entries 2-4) or calculated for H3P−−PH 210 pm.[51,151,152] This shortening can

be explained by an enhancement of the positive character of P1 by the P-bound triph-

enylsiloxy subtituent. This kind of shortening could also be observed in phosphanylphos-

phanylidene phosphoranes tBu2PP−−P(R)tBu2. Substitution of R = Me by R = Br at the

λ5 phosphorus causes a shortening of 5 pm of the PP double bond (entry 5 and 6).[20,153]

Bulky substituents on λ3 and λ5 phosphorus may cause sterical strain and effect opening

of the λ5P–λ3P–X angle (entry 3-7). Me3P−−PMes* P–P–C 96.8(2)° and 36l P1–P2–C13

97.16(6)° pose phosphanylidene-σ4-phosphoranes of low sterical strain. Tipp substituent

at P2 effects a distortion of the tetrahedral environment of substituents at P1 observable

by enlarged angles of P2–P1–O1/C7 and a compressed angle of P2–P1–C1.

Reaction of Ph2P(O)Cl 21b with Mes−P(TMS)Li 17a is of exceptional nature and

does not follow the same reaction pathway as of the –TIPS, –TBDMS, or −SiPh3 sub-

stituted congeners. Only minor signals can be assigned to siloxyphosphane 38a and

triphosphirane 26a [Scheme 2.19 (iii)]. Similar to observations in the synthesis of silyl-

only substituted phosphanes and phosphanides (Section 2.1.2), the –TMS group behaves

rather like a bulky proton than one of the other three tested silyl groups. It is as-

sumed that a -TMS group can be cleaved off from the intermediately formed phos-

phanylphosphane oxide PhP(O)−P(TMS)Mes 35a (not observed) or phosphanylidene

siloxyphosphorane Ph2P(OTMS)−−PMes 36a by present lithium phosphanide 17a, re-

sulting in the metalated phosphanidylphosphane oxide [Ph2P(O)PMes]– Li+ 23a and

Mes−P(TMS)2 37 [Scheme 2.19 (iv)]. In contrast to the degradation of 23a in the

presence of Mes−PH2 8a (cf. Scheme 2.10), formation of a diphosphane 28 was not

observed. Instead, 23a undergoes a second salt metathesis reaction with remaining phos-

phinic chloride 21b to form triphosphane-1,3-dioxide Ph2P(O)−P(Mes)−P(O)Ph2 24c

[35.3 ppm (dt, 1JP,P = 265.3 Hz, JP,H = 13.7 Hz), –41.8 ppm (t, 1JP,P = 263.7 Hz)].
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Table 2.13.: Comparison of PP bond lengths and angles of σ2-phosphorus in phosphanyl-
idene-σ4-phosphoranes.

compound d(P=P) °(PPX) ref

1 Ph2P(OSiPh3)−−PTipp 36l 206.47(6) 97.16(6) [135]

2 Me3P−−PMes* 207.8(6) 96.8(2) [150]

3 Me3P−−PTerMes 208.4(2) 106.79(13) [149]

4 Me3P−−PAr* 209.55(7) 108.47(5) [125]

5 tBu2PP−−P(Br)tBu2 207.7(2) 105.77(7) [20]

6 tBu2PP−−P(Me)tBu2 212.63(2) 100.95(13) [153]

7 tBu(TMS)PP−−P(Me)tBu2 213.58(5) 100.29(2) [153]

8 H3P−−PH 210 91.4 [51,151,152]

bond lengths given in [pm], bond angles given in [°], Tipp = 2,4,6-
triisopropylphenyl, Ar* = 2,6(2,6-diisopropylphenyl)phenyl, TerMes = 2,6-bis(2,4,6-
trimethylphenyl)phenyl .
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Figure 2.17.: Molecular structure and atom labeling scheme of Ph2(Ph3SiO)P−−P−Tipp
36l. The ellipsoids represent a probability of 50%; H atoms are omitted
for clarity reasons. Selected bond lengths (pm): P1–P2 206.47(6), P1–
O1 159.17(13), P1–C1 181.21(17), P1–C7 182.05(17), P2–C13 187.49(17),
Si1–O1 164.89(13), Si1–C28 185.69(19), Si1–C34 185.85(19), Si1–C40
186.90(18); bond angles (°): P1–P2–C13 97.16(6), P2–P1–O1 115.65(5),
P2–P1–C1 108.70(6), P2–P1–C7 118.42(6), O1–P1–C1 108.55(7), O1–P1–
C7 101.03(7), C1-P1–C7 103.48(8), P1–O1–Si1 159.43(9).
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2.2. Mixed-Valent Phosphorus Compounds

Analog to the formation of asymmetric substituted diphosphane 28d (cf. Figure 2.16)

in Section 2.2.1, it was attempted to influence the degradation of phosphanylidene

siloxyphosphorane 36j to avoid triphosphirane 26 formation by the addition of Mes−PH2

8a. NMR spectroscopic analysis confirmed the successful suppression of triphosphirane

and shows undoubtly the formation of diphosphanes 28 including the asymmetric derivate

28d. Formation of Mes2P−P(H)Tipp by the addition of Mes2PH 12a to 36j could not

be observed.
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Figure 2.18.: Asymmetric diposphane 28d - two different approaches and comparison
of 31P-{1H}-NMR and 31P-NMR spectra (161.98 MHz, C6D6, 297 K): (I)
degradation of phosphanylidene siloxyphosphorane 36j in the presence
of primary phosphane 8a forming asymmetric diphosphanes 28a, 28b
and 28d; (II) reaction of stochiometric amounts of 8b and 9b with 21b
yielding symmetric and asymmetric diphosphanes 28 analog to (I)(cf.
Figure 2.16).

Besides the reaction of phosphanylidene siloxyphosphoranes 36 with P–H of primary

phosphanes, the reactivity E–H with E = N, O of diethylamine and methanol with 36

was tested. Both –TIPS 36b and −SiPh3 36d derivates were quenched with methanol

or diethylamine at low temperatures. This resulted in stable phosphanylphosphane oxide
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2. Results and Discussion

22a [δ31P 35.2 ppm (d, 1JP,P = 216.7 Hz), -95.6 ppm (pseudo t, 1JP,P/H = 218.2 Hz)] which

could not be achieved by alleged simple salt metathesis of phosphinic chloride and pri-

mary phosphanide in Section 2.2.1 p. 43. Unlike unstable Ph2P(O)−P(H)Ph described by

Schmidpeter et al., which decomposes to polyphosphanes and phosphane oxide,[120] 22a

was stable in solution at room temperature over days and did not decompose. The degra-

dation of 36 to phosphiranes 26 and siloxy phosphanes 38 was not effected by the addition

of E–H with E = Si of Ph−SiH3 and Ph3PSiH, carbonyl compound Ph2C−−O or CC triple

bond compounds such as in Ph−C−−−CH, Ph−C−−−C−Ph and Ph−C−−−C−C−−−C−Ph.

However, degradation of 36 was effected by the addition of over-stoichiometric amounts

of iso-nitriles. To an NMR sample of 36j (i) 22 eq Cy−NC (ii) 18 eq Bn−NC were added.

Besides the signal of the siloxyphosphane 38b, new signals at (i) δ31P = −140.9 ppm

and (ii) δ31P = −138.4 ppm were observed. Based on the reported 31P-NMR shift of

Mes*−PNC−Ph, the signals in (i) and (ii) were assigned to heterocumulenes phosphanyli-

dene methanimines (i) Tipp−PCN−Cy 39a (ii) Tipp−PCN−Bn 39b.[154,155] Phosphanyli-

dene ethaneimines can be seen as the nitrogen analog of phosphaketenes R−P−−C−−O

which are also described as carbonyl complex of phosphinidenes. Transferring this concept

of phosphaketens on the proposed 39, phosphanylidene methanimines can be understood

as iso-nitrile complexes of phosphinidenes.
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Scheme 2.20: Comparison of resonance structures of (I) phosphanylidene methanimine
39 (iso-nitrile complex) and (II) phospha ketene (carbonyl complex).

Formation of phosphirane 26b could be successfully suppressed. 31P-NMR kinetic mea-

surements of the reaction of 36j with 22 eq Cy−NC are depicted in Figure 2.19. It

becomes clear that formed phosphanylidene methanimie 39a is not stable in THF so-

lution at room temperature. Degradation product(s) of 39a remain(s) unaccounted for

since no new 31P-NMR resonance was detected in the range from 200 - –200 ppm. A de-

crease of the sterical demand of the substituent of the λ3 phosphorus from –Tipp to –Mes

in 36b and lowering the excess of iso-nitrile to 6.9 eq effected simultaneous formation of

phosphirane 26a and Mes−PCN−Bn 39d (δ31P = −132.1 ppm).

With the result of 22a by quenching 36b and 36d with methanol or diethylamine all

possible tautomeric structures of the O–P–P fragment of the studied mixed valent phos-
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2.2. Mixed-Valent Phosphorus Compounds
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Figure 2.19.: PP bond degradation of Ph2P(OTIPS)PTipp 36j in the presence of
Cy−NC presumably yielding unstable phosphanylidene methaneimine
Tipp−P−−C−−N−Cy 39a δ(31P) = −140.9 ppm.

phorus compounds could be observed as fairly stable products in the experiment depend-

ing on substituent R” (Figure 2.20). If R” = H, the compound can be best described

as phosphanylphosphane oxide 22 with a coupling constant of around 1JP,P = 213 Hz

[Figure 2.20 (i)]. If the proton is exchanged by an aryl substituent, the phosphanylphos-

phane oxide remains stable, whereas a silyl group destabilizes the phosphanylphosphane

oxide which readily undergoes 1,3-silyl shift. In both cases, higher substitution of the

λ3 phosphorus of phosphanylphosphane oxides 22c and 35 effects an increase of 1JP,P by

about 80 Hz - 90 Hz. Deprotonation of λ3 phosphorus and therefore R” = Li, K leads to 23

and causes a delocalized negative charge over the O–P–P moiety. Oberserved 1JP,P cou-

plings of around 480 Hz - 532 Hz in 23 and a determined PP bond length of 210.50(10) pm

in 23d (Figure 2.11) reason an increase of the PP bond order and a decrease of PO bond

order. Thus, the bonding situation can be best described as automeric structure (ii). Even

though in this work it is referred to 23 as phosphanidylphosphane oxide, it must be noted

that 23 is more an in-between of the latter and a phosphanylidene phosphinite. Finally,

due to the high oxophilicity of silicon, trihydrylsilyl substitution (R” = SiR3) leads to

phosphanylidene siloxyphosphoranes 36 [cf. Figure 2.20 (iii)]. 1JP,P couplings are reach-

ing values above 600 Hz up to 636.4 Hz which is a strong indication of a PP double bond

confirmed by a short PP bond length of 206.47(6) pm observed in 36l (Figure 2.17).
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Figure 2.20.: Preferred binding situation of the O−P−P structural fragment depend-
ing on R”: (i) P–P single bond in phosphanylphosphane oxides 22 for
R” = H; (ii) PP bond with a mixed bond order of approximately 1.5 in
phosphanidylphosphane oxides/ phosphanylidene phosphinites 23 for R”
= Li, K; (iii) P=P double bond in phosphanylidene siloxyphosphoranes
36.
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2.2. Mixed-Valent Phosphorus Compounds

Table 2.14.: Summary and comparison of 31P-NMR data of phosphanylphosphane
oxides R2P(O)−P(SiR”3)R’ and phosphanylidene-σ4-siloxyphosphoranes
R2P(OSiR”3)−−PR’.

Ra) R’b) SiR”3
c) δ(PA) δ(PB) 1JPP

R2PA(O)−PB(SiR”3)R’

35b Ph Mes TIPS 35.3 −94.9 290.0

35c Ph Mes TBDMS 36.8 −98.1 284.2

35g Ar Mes TBDMS 31.9 −96.3 277.5

35j Ph Tipp TIPS 32.2 −100.8 302.9

35k Ph Tipp TBDMS 35.9 −109.1 305.2

35l Ph Tipp SiPh3 34.5 −93.6 304.1

R2PA(OSiR”3)−−PBR’

36a Ph Mes TMS 74.7 −120.9 617.3

36b Ph Mes TIPS 74.9 −119.6 628.1

36c Ph Mes TBDMS 76.1 −122.4 623.7

36d Ph Mes SiPh3 74.6 −115.5 621.8

36e Ar Mes TMS 75.7 −121.3 608.6

36f Ar Mes TIPS 76.4 −118.2 622.9

36g Ar Mes TBDMS 78.7 −119.3 619.1

36h Ar Mes SiPh3 75.4 −113.5 616.8

36i Ph Tipp TMS 77.8 −132.5 627.9

36j Ph Tipp TIPS 77.3 −147.0 636.4

36k Ph Tipp TBDMS 77.4 −144.1 633.4

36l Ph Tipp SiPh3 74.6 −134.1 632.2

36m Ph Mes* TMS 66.0 −82.8 649.3

[156] tBu Mes TMS 96 −213 429

[29] Alkyla) Mes TMS 78 −209 433

chemical shifts δ in ppm, coupling constants in Hz; a) Ar = 4-tBuPh, Alkyl =
2,3,4-trimethylphentane-2,3-diyl; b) Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-
tri(iso)propylphenyl, Mes* = 2,4,6-tri(tert-butyl)phenyl; c) TMS = trimethylsilyl,
TIPS = tri(iso)propylsilyl, TBDMS = (tert-butyl)-dimethylsilyl.
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2. Results and Discussion

Table 2.15.: Summary and comparison of 31P-NMR data of phosphanylphosphane
oxides R2P(O)−P(SiR”3)R’ and phosphanylidene-σ4-siloxyphosphoranes
R2P(OSiR”3)−−PR’.

compound δ(31PA) δ(31PA) 1JPP

R2PA(OR”)

38a Ph2P(OTMS) 99.5

38b Ph2P(OTIPS) 101.5

38c Ph2P(OTBDMS) 97.0

38d Ph2P(OSiPh3) 101.4

38e Ar2P(OTMS) 98.2

38f Ar2P(OTIPS) 98.4

38g Ar2P(OTBDMS) 98.9

38h Ar2P(OSiPh3) 102.3

(RPA)2PBR

26a (MesP)3 −110.4 −145.1 183.6

26b (TippP)3 −99.5 −132.7 180.0

26c (NphP)3 −163.7 −172.9 174.5

(RPA)4

27a (NphP)4 −63.3

[157] (CyP)4 −70

[112] (PhP)4 −46

R−PA−−C−−N−R’

39a TippPCNCy −140.9

39b TippPCNBn −138.4

39d MesPCNBn −132.1

39e TIPSPCNCy −140.8

[154,155] Mes*PCNPh −107.4

[158] Mes*PCNtBu −105

[158] Mes*PCNnPr −112

chemical shifts δ in ppm, coupling constants in Hz; Ar = 4-tBuPh, Mes =
2,4,6-trimethylphenyl, Tipp = 2,4,6-tri(iso)propylphenyl, Mes* = 2,4,6-tri(tert-
butyl)phenyl, Nph = 2-methyl-2-phenylpropyl, TMS = trimethylsilyl, TIPS =
tri(iso)propylsilyl, TBDMS = (tert-butyl)-dimethylsilyl, Cy = cyclo-hexyl, Bn
= benzyl
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2.2. Mixed-Valent Phosphorus Compounds

2.2.3. Other Phosphanylphosphane Oxides [R2P(O)−PR’]– and

Phosphanylidene-σ4-Phosphoranes R2P(OR”)−−PR’

Investigations of Becker et al. have shown that the reaction of LiPH2 2a with benzoyl

chloride in a stochiometry of 2:1 yielded lithium benzoylphosphanide, but as soon as the

stochiometry regarding to 2a was lowered to 3:2, the product changed to lithium diben-

zoylphosphanide (Scheme 2.21).[26,159] In analog fashion, phosphanidylphosphane oxides

(also referred to as phosphanylidene phosphinites) and phosphorylphosphanylidene phos-

phinites could be prepared from 2a and phosphinic chlorides R2P(O)Cl R = –Ph, –Et,

–tBu.[159] Synthesis of the former was always accompanied by formation of some phospho-

rylphosphanylidene phosphinite indicating a competition between salt metathesis reac-

tion (lithium phosphanide 2a with phosphinic chloride) and metallation reaction (phos-

phanylphosphane oxide with diphosphoryl phosphane). The fact that phosphorylphos-

phanylidene phosphinite was observed in the product mixture could be explained by a

faster metallation compared to salt metathesis, which has been previously proposed for

the reaction of phosphinic chloride 21a with arylphosphanides 8b and 9b (cf. Section

2.2.1).
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Scheme 2.21: Reaction of LiPH2 2a with (i) carbon acid chloride to lithium ben-
zoylphosphanide and lithium dibenzoylphosphanide and with (ii) phos-
phinic chloride to phosphanidylphosphane oxides and phosphorylphos-
phanylidene phosphinites.

In extension to the reaction of phosphinic chlorides 21 with unsubstituted 2a, this work

presents mixed-valent phosphorus compounds from reaction of 21 with silyl-only substi-

tuted phosphanides beside aryl-only (cf. Section 2.2.1) and aryl,silyl-substituted phos-

phanides (cf. Section 2.2.2). In comparison to the formation of [Ph2(O)PH]−Li+] and

[(Ph2P(O))2PP]– Li+ (Scheme 2.21) from 2a, corresponding products were observed from

the reaction of (TMS)2PK 7c with 21a/21b: 2:1 stochiometric reaction gave potassium

trimethylsilylphosphanidyl-diphenylphosphane oxide [Ph2P(O)PTMS]– K+ 23i, whereas

lowering the stochiometry to a 1:1 ratio gave potassium phosphoryl-phosphanylidene

phosphinate 40a [(Ph2P(O))2P]– K+. It seems reasonable to assume that in both cases

bis(trimethylsilyl)phosphanyl-diphenylphosphane oxide was intermediately formed before

another molecule of 7c was able to cleave off one trimethylsilyl group of the intermediate
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2. Results and Discussion

to yield 23i and tris(trimethylsilyl)phosphane 5a. In case of a 1:1 stochiometric reaction,

23i undergoes a second salt metathesis reaction with 21b and again metallation by 7c

which results in the observed 40a. This proposed pathway requires that potassium phos-

phanide 7c metallates phosphanylphosphane oxide by cleavage of a –TMS group instead

of reacting with phosphinic chloride 21b (cf. Scheme 2.19). To support cleavage of a

–TMS group from Ph2P(O)P(TMS)2, 1:1 stochiometric reaction was repeated with an

additional equivalent of potassium tert-butanolate which has been used to synthesize 7c

from (TMS)3P 5a previously (see Section 2.1.2). Potassium tert-butanolate mainly re-

placed 7c as metallation reagent to allow formation of 23i as the main product and about

one third of 40a as a side product. It has to be noted that the ideal stochiometry for the

synthesis of 40a should be 3:2 (7c:21b). However, there was no remaining phosphinic

chloride observed after 1:1 stochiometric reaction.
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Scheme 2.22: Reaction of potassium bis(trimethylsilyl)phosphanid 7c with phosphinic
chloride 21b in a stochiometric ratio of (i) 2:1 and (ii) 3:2 to yield (i)
potassium trimethylsilylphosphanidyl-diphenylphosphane oxide 23i and
(ii) phosphoryl-phosphanylidene phosphinate 40a.

Comparing 31P-NMR spectroscopic data of [Ph2P(O)PTMS]– K+ 23i and 40a (Table 2.17

and Table 2.16) with their related aryl substituted phosphanidylphosphane oxides 23

and triphosphane-1,3-dioxides 24, the following common features and differences can be

highlighted: 31P resonance of λ5 phosphorus of 23i resonates with a chemical shift of

62.2 ppm in the expected range just shifted by about 6 ppm to the downfield compared

to [Ph2P(O)PTipp]– K+ 23g (56.4 ppm). In contrast to that, λ3 phosphorus of 23i res-

onates at a much higher chemical shift than in 23g (–130.6 ppm) at –196.6 ppm, which is

most likely due to the strong shielding effect of the –TMS group. The observed coupling

constant of 1JP,P = 439.7 Hz in 23i is lower than expected. Compared to the previ-

ously discussed bonding modes in λ3-aryl substituted phosphanidylphosphane oxides 23

(cf. Scheme 2.12), the ≈ 40 Hz lower 1JP,P coupling constant may result from a rather

single bond situation between positively charged λ4 phosphorus and a negatively charged
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2.2. Mixed-Valent Phosphorus Compounds

λ2 phosphorus than a covalent double bond (Scheme 2.23). Chemical shifts and 1JP,P

coupling constant of 40a are in good agreement with previously published compounds

of 40 (Table 2.16) but differ significantly from the observed values from the aryl substi-

tuted triphosphane-1,3-dioxides (Ph2(O)P)2PAr 24a-24c observed in Section 2.2.1, p. 59

and section 2.2.2 p. 64 (average values of 31P-NMR signals of (Ph2(O)P)2PAr 24a-24c:

δ(31P) = 34.0 ppm (λ5-P), –44.9 ppm (λ3-P), 1JP,P = 270.0 Hz). σ2-P of 40a experiences

a much greater shielding which is observable by δ(31P) = −115.6 ppm; the 31P-NMR res-

onance signal of σ4-P is found at 49.8 ppm. What is most striking is the increased 1JP,P

value of 397.6 Hz compared to 24a-24c. With the sodium congener (TMS)2PNa 45b,

corresponding results of the reaction of 45c with 21b were achieved.

TMS

P- P+

O-

��
�� TMS

P P

O-
��

��

Scheme 2.23: Mesomeric forms in [Ph2P(O)PTMS]– K+] 23i showing ionic and covalent
P–P bonding modes.

Based on the results of aryl,silyl-phosphanylphosphane oxide synthesis in Section 2.2.2,

it was expected to also yield the corresponding bis(trimethylsilyl)phosphanylphosphane

oxide which becomes trimethylsilyl-phosphanylidene siloxyphosphorane after a 1,3-silyl

shift. However, only a weak set of two doublets in the 31P-NMR spectrum of a 1:1

stochiometric reaction of 7c and 21b hints towards a small quantity of the expected

phosphanylidene siloxyphosphorane [δ(31P): 82.3 ppm and –221.1 ppm 1JP,P = 578.9 Hz].

The doublet signal at 82.3 ppm is overlaid by another double doublet signal that could be

assigned to potassium bis(trimethylsilyl)phosphanyl-phosphanylidene siloxyphosphorane

Ph2(OTMS)P−−P−P(TMS)2 41a. Associated resonance signals of 41a for the σ2, λ3- and

σ3, λ3-phosphorous are found at –26.8 ppm and –136.8 ppm with coupling constants of
1JP=P = 568.9 Hz, 1JP-P = 216.7 Hz and 2JP,P = 94.8 Hz. A possible pathway for the

formation of 41a is shown in Scheme 2.24, involving a ligand coupling reaction at the

λ5 phosphinate phosphorus. The final step of formation of 41a requires an exchange of

potassium with a –TMS group which could not be clarified.

In contrast to the described reaction of bis(trimethylsilyl)-phosphanide 7 with phos-

phinic chloride 21 in a stochiometric ratio of 1:1, reaction of lithium tri-isopropylsilyl

phosphanide 6b unexpectedly yielded silyl-phosphanylidene phosphoryl-phosphinate

Ar2[Ar2(O)PO]P−−PTIPS Ar = 4-tBuPh 42a instead of 2-silyl derivate of triphosphane-

1,3-dioxide (Ph2(O)P)2PR 24 [Scheme 2.25 (i)]. Causally for the different reaction prod-

uct might be a changed reactivity of the intermediately formed lithium tri-isopropylsilyl-
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Figure 2.21.: Sections of 31P-NMR spectra (161.98 MHz, C6D6, 297 K) from reactions
solutions of (i) 2 eq. (TMS)2PK 7c with 1 eq. Ph2P(O)Cl 21b in DME,
(ii) 2 eq. 7c with 1 eq. Ph2P(O)Cl 21b in DME, and (iii) 1 eq. 7c with
1 eq. Ph2P(O)Cl 21b and potassium tert-butanolate in THF yielding 23i
and 40a.
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phosphanidylphosphane oxide [Ph2(O)PPTIPS]– Li+ compared to potassium trimethylsilyl-

phosphanidylphosphane oxide [Ph2(O)PPTMS]– Li+ [Scheme 2.25

(ii) Ph2[Ph2(O)PO]P−−PTIPS 42b].

Phosphinic anhydride crystallizes as a dimer accommodating two units of lithium chlo-

ride and two THF molecules. The crystal structure and atom labeling scheme of

[Ph2(O)POP(O)Ph2 · LiCl]2 is depicted in Figure 2.22. Two molecules of phosphinic

anhydride 32b are connected via two lithium atoms forming a twelve-membered ring of

six oxygen atoms, two lithium atoms, and four phosphorus atoms with an inversion cen-

ter. Excluding phosphorus and lithium atoms from the view of the ring, the arrangement

of the remaining oxygen atoms strongly reminds of a cyclohexane structure in a chair

conformation. Each lithium is coordinated by two P-bound oxygens, a chloride, and a

THF solvent molecule in a tetrahedral coordination environment.
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Scheme 2.25: (i) Possible reaction pathway of the formation of silyl-phosphanylidene
phosphoryl-phosphinate 42a from phosphinic chloride 21a and lithium
silylphosphanide 6b; (ii) comparison of the reactivity of phos-
phanidylphosphane oxide depending on R, R’ and M [7c = (TMS)2PK,
5a = (TMS)3P], (iii) presumed degradation of 42b via formal liberation
of non-observed phosphinidene TIPS−P and subsequent disproportiona-
tion to observed phosphinic anhydride 32b.
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2. Results and Discussion

Figure 2.22.: Molecular structure and atom labeling scheme of
[Ph2(O)POP(O)Ph2 · LiCl]2 32b. The ellipsoids represent a proba-
bility of 50%; hydrogen atoms are omitted for clarity reasons. Selected
bond lengths / pm: Li1–O1 191.0(5), Li1–O4 197.0(5), Li1–O3A 189.5 (4),
Li1–Cl1 230.4(5), P1–O1 146.84(18), P1–O2 161.80(17), P1–C1 178.3(2),
P1–C7 179.3(2), P2–O2 161.11(17), P2–O3 147.00(17). P2–C13 178.5(2),
P2–C19 178.6(3); angles °: O3A–Li1–O1 110.2(2), O3A–Li1–O4 107.6(2),
O1–L1–O4 102.2(2), O3A–Li1–Cl1 114.7(2), O1–Li1–Cl1 118.1(2), O4–
Li1–Cl1 102.32(19).

Following the example of the synthesis of aryl substituted phosphanidylphosphane ox-

ides 23 (cf. Scheme 2.13 p. 50), altering the previous reaction by the addition of one

equivalent of butyl lithium achieved formation of lithium phosphanidylphosphane ox-

ide [Ar2(O)PPTIPS]– Li+ Ar = 4-tBuPh 23k. 23k and 23l could be further trans-

formed into silylphosphanylidene siloxy-phosphoranes Ar2P(OTMS)−−PTIPS 36o and

Ph2P(OTIPS)−−PTIPS 36p by quenching with trimethylsilyl chloride and triisopropylsilyl

chloride. Temperature stability of 23l and 36p was shown by heating an NMR sample

to 50 °C for one hour with almost no change in the 31P-NMR spectrum. The addition of

cyclo-hexyl iso-nitrile to an NMR sample of 36p presumably resulted in the formation

of phosphanylidene methanimine TIPS−P−−C−−N−Cy 39e at 50 °C analog to the –Tipp

substituted congener 39a (cf. Figure 2.19 p. 69).

The synthesis and reactivity of silyl-only substituted, mixed-valent phosphorus com-

pounds differs from those aryl substituted compounds (section 2.2.1) in the following

points: 1. Instead of the formation of diphosphanes 28, 1:1 reaction of silylphos-
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Scheme 2.26: Synthesis of lithium phosphanidylphosphane oxides 23k and 23l; sub-
sequent transformation into 36o and 36p by quenching with TMS–
Cl/TIPS–Cl.

phanide 6b with phosphinic chloride 21 yielded O-substituted silyl-phosphanylidene

phosphoryl-phosphinate 42a; 2. P-bound silyl substituents are not as strongly bound

as aryl substituents which may cause scrambling reactions of the starting material (es-

pecially for –TMS substitution) and –TMS abstraction by strong metal bases including

potassium bis(trimethylsilyl)phosphanide, which allows the formation of phosphoryl-

phosphanylidene phosphinates 40; 3. triisopropylsilyl-phosphanylidene siloxy-

phosphoranes Ar2P(OSiR3)−−PTIPS did not show degradation even during heating to

50 °C for one hour unlike aryl-phosphanylidene siloxy-phosphoranes (cf. Section 2.2.2);

4. silyl-

phosphanylidene siloxy-phosphoranes and aryl-phosphanylidene siloxy-phosphoranes both

react with iso-nitriles, presumably yielding phosphanylidene methanimines; however, tem-

peratures of 50 °C are needed for the reaction to take place with silyl-phosphanylidene

siloxy-phosphoranes.

Table 2.16.: Summary and comparison of 31P-NMR data of phosphoryl-phosphanylidene
phosphinates [(Ph2(O)PA) B

2 ]– M+.

R a) M b) δ(PA) δ(PB) 1JPP

40a Ph K 49.8 −115.6 397.6

40b Ph Na 57.3 −109.9 396.1

40c Ar Na 53.9 −120.7 398.0

[159] Ph Li 58.7 −125.0 398.0

[160] Ph Na 55.6 −116.4 397.7

[30] Ph [K(18-K-6)] 51.7 −114.2 391.2

chemical shifts δ in ppm, coupling constants in Hz; a) Ar = 4−tBuPh,
b) (18-K-6) = 18-crown-6.
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Table 2.17.: Summary and comparison of 31P-NMR data of silyl-
phosphanidylphosphane oxides [R2P(O)PR’]– M+ 23, silyl-phosphanylidene
siloxyphosphoranes R2P(OR”)PR’ 36, phosphanylphosphanylidene
phosphoranes R2(R”)P−−P−PR’2 41 and phosphinic anhydrides
R2(O)POP(R)2

−−PR’2 42.

R a) R’ b) M / R” b) δ(PA) δ(PA) 1JPP

[R2PA(O)PBR’]– M+

[159] Ph H Li 75.9 −190.9 428.5
[161] Ph H Na 70.6 −190.3 400.5

23i Ph TMS K 62.2 −196.6 439.7

23j Ph TMS Na 66.2 −195.7 444.5

23k Ar TIPS Li 63.1 −223.8 491.1

23l Ph TIPS Li 62.8 −229.8 496.5
[159] Et H Li 91.2 −212.8 402.8
[159] tBu H Li 113.0 −234.6 428.5
[30] Ph CN Na 55.7 −161.4 362.5

R2PA(OR”)PBR’

36n Ph TMS TMS 82.3 −221.1 578.0

36o Ar TIPS TMS 78.8 −235.7 601.1

36p Ph TIPS TIPS 80.9 −233.7 608.0

R2(R”)PA−−PB−PCR’2

41a Ph TMS OTMS PA / 1JPA,PB : 85.1 568.9

PB / 1JPB ,PC : −136.8 98.8

PC / 2JPA,PC : −26.8 216.7
[162,163] tBu tBu Br PA / 1JPA,PB : 88.9 683

PB / 1JPB ,PC : −175.6 252

PC / 2JPA,PC : −20.6 40

R2(O)PAOPB(R)2
−−PCR’

42a Ar TIPS PA / 1JPA,PB : 26.8 60.0

PB / 1JPB ,PC : 92.2 633.6

PC / 2JPA,PC : −227.2 -

42b Ph TIPS PA / 1JPA,PB : 26.5 59.8

PB / 1JPB ,PC : 93.0 642.4

PC / 2JPA,PC : −229.7 -

chemical shifts δ in ppm, coupling constants in Hz; a) Ar = 4-tBuPh, b) TMS = trimethylsilyl,
TIPS = tri(iso)propylsilyl.
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2.3. Kinetic Studies of the Degradation Mixed-Valent

Phosphorus Compounds

As stated in Section 2.2.2, many mixed-valent phosphorus compounds are unstable

substances which gave rise to further investigate the substance classes of silyl,aryl-

phosphanylphosphanes oxide 35 and phosphanylidene siloxyphosphorane 36 under the as-

pect of reaction kinetics. For aryl,silyl-phosphanylphosphane oxides R2P(O)−P(SiR”3)R’

35 (R = Ph, 4-tert-butylphenyl; R” = Mes, Tipp; SiR3 = TIPS, TBDMS, SiPh3) 1,3-

silyl-migration to 36, PP bond degradation and formation of secondary products 26, 30

and 31 have been monitored by 31P-NMR spectroscopy.
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Scheme 2.27: 1,3-silyl-migration of aryl,silyl-phosphanylphosphane oxides 35 to
phosphanylidene-σ4-siloxyphosphoranes 36 and subsequent degradation
to final products 38 and 26.

Silyl-migration of Aryl,Silyl-Phosphanylphosphane Oxides

Based on calculations by Pröhl, the intramolecular 1,3-silyl-migration occurs presumably

via a four-membered Si–P–P–O ring (Scheme 2.28). In analogy to carbon chemistry, this

kind of intramolecular silyl-migration involving a four-membered transition state has been

taken into account in allylsilanes.[164–166]

Silyl-migration in aryl, sily- phosphanylphosphane oxides 35 proposed by Regitz et al.[29]

– but not yet observed – could be tracked by 31P-NMR and 29Si-NMR spectroscopy at low

temperatures (T < −20 °C for R” = –TIPS, –TBDMS but not for R” = –TMS, −SiPh3).

Silicon shielding substituents (–TIPS, –TBDMS) supposedly hamper the migration from

P to O whereas more compact substituents (–TMS, −SiPh3) allow a shorter possible

migration trajectory of a more exposed silicon and therefore a faster migration process.

Apart from steric considerations, the phenyl groups of −SiPh3 might have a significant

electronic effect which allows the silyl-migration to happen much faster than for alkyl

substituted silyl groups. While the oxygen and the λ3 phosphorus carry negative partial

charges during the process 35→TS→36, positive partial charges can be assigned to the
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λ5 phosphorus and the silicon. During the silyl-migration, a positive charge of a formal

silylium ion could be much better stabilized by delocalization into adjacent phenyl groups

of −SiPh3, whereas alkyl substitution on the silicon wouldn’t allow any distribution of a

positive charge.

Temperature dependent 31P-NMR spectroscopy of Ph2(O)P−P(TIPS)Mes 35b and

Ph2(O)P−P(TBDMS)Mes 35c indicated a significant amount of silyl-migration at –10 →

0 °C for −SiR3 = –TIPS and 0 → 10 °C for −SiR3 = –TBDMS to form phosphanylidene

siloxyphosphoranes 36b and 36c (Figure 2.23).
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Scheme 2.28: Left: 1,3-silyl-migration of aryl,silyl-phosphanylphosphane oxides 35 to
phosphanylidene-σ4-siloxyphosphoranes 36 via proposed four-membered
O–P–P–Si transition state TS; right: Enthalpy diagram of formation and
degradation of Ph2(R”3)P−−PR’ 36 via 1,3-silyl-migration, yielding sec-
ondary products Ph2P−O−SiR”3 38 and triphosphiranes (R’−P)3 26;
green: R’ = Mes, SiR”3 = TIPS. blue: R’ = Mes, SiR”3 = SiPh3;
red: R’ = Tipp, SiR”3 = SiPh3.

[135]

However, this observation is not in agreement with the calculated enthalpy profile of Pröhl

that pictures a higher activation energy for the silyl-migration of −SiPh3 in 35d (blue,

76.4 kJ mol−1) than for the TIPS derivate 35b (green, 64.8 kJ mol−1) (Scheme 2.28). Half

life of R2(O)P−P(SiR”3)R’ 35b (R = Ph, R’ = Mes, SiR” = TIPS, entries 1 and 2

Table 2.18) and 35c (R = Ph, R’ = Mes, SiR” = TBDMS, entries 4 and 5) in 0.1 M and

0.17 M THF solution have been graphically determined to ω1/2 ≈ 15 min (–TIPS 35b)

and ω1/2 ≈ 45 min (–TBDMS 35c) showing only weak dependency on the concentration

(entries 1 vs 2 and 4 vs 5) (Figure 2.24). Changing R to 4−tBuPh 35g effected shortening

of the half life of ω1/2 ≈ 18 min (entry 14) and changing R’ to –Tipp 35k acceleration

to a half life of ω1/2 ≈ 24 min (entry 14). The 4−tBuPh group might support the silyl

shift by increasing the partial negative charge at the oxygen by its +I-effect to receive the

partial positively charged silicon. The Tipp group assumingly effects an accelerated silyl
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Figure 2.23.: Temperature dependent 31P-NMR spectroscopy (161.97 MHz, C6D6)
showing 1,3-silyl-migration of Ph2P−P(OTIPS)Mes 35b to 36b at –10
- 0 °C (left) and Ph2P−P(OTBDMS)Mes 35c to 36c at 0 - 10 °C (right).
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shift due to higher steric pressure at the phosphanyl phosphorus. 31P-NMR spectroscopic

measurements at 40 °C did not allow any observation of silyl-migration (entry 6).

0'(0)

0'(0)

0'(*)

0'(*)

35b

35b

35c

35c

Figure 2.24.: Concentration dependency of 1,3-silyl-migration of
Ph2P(O)−P(TIPS)Mes 35b (blue) and Ph2P(O)−P(TBDMS)Mes
35c (red) in 0.1 M (squares)/0.17 M (circles) THF solution at room
temperature.

Degradation of Aryl-phosphanylidene-σ4-Siloxy-Phosphoranes

Phosphanylidene-σ4-siloxyphosphoranes 36 formed after silyl-migration of 35 were stable

in THF solution at temperatures T < −20 °C which is supported by calculated values of

the activation barrier to phosphinidene liberation by PP bond cleavage of ≈ 165 kJ mol−1.

At room temperature and at 40 °C, PP bond formation and degradation to secondary

products was monitored by 31P-NMR kinetic measurements. Results are summarized

in Table 2.18. The highest impact of substituents R, R’ and R” on the stability of

phosphanylidene-σ4-siloxyphosphoranes R2P(OSiR”3)−−PR’ 36 has the substituent R’ at

the phosphanylidene phosphorus. Half life at room temperature of 36k and 36l was

not reached within 16 hours (entry 15,16); half life at 40 °C of 36l was determined to

822 min (≈ 12 h) (entry 17), which is still five times faster than the degradation of the

R’ = Mes congener 36d at room temperature (entry 8). The importance of R’ for the syn-

thesis and the stability of phosphanylidene-σ4-phosphoranes has also been described for

84



2.3. Kinetic Studies of the Degradation Mixed-Valent Phosphorus Compounds

phospha-Wittig reagents Me3P−−PR’ which can be prepared by reduction of dichlorophos-

phanes by an excess of zinc/PMe3 for eg. R’ = Mes*, MesTer and DippTer but not for R’

= Mes, Tipp.[52,125] Mes- and Tipp- substitution lead to formation of triphosphiranes

26. Possible concentration dependency of the degradation of R2P(OSiR”3)−−PMes is de-

picted in Figure 2.25. Deduced from the acquired data of 36b-36d and 36f the TIPS

substituted congeners 36b and 36f show weak or almost no concentration dependency,

whereas higher concentrated samples of 36c (entry 5) and 36d (entry 8) degrade faster

than corresponding samples of lower concentration (entries 3,4 and 7).

+,.+/

+,+2/

+,.3/

+,.+/

+,.3/

+,.3/

+,.+/

+,+2/

+,.+/

+,.2/

36b

36b

36c

36c

36c

36d

36d

36f

36f

36f

Figure 2.25.: Evaluation for concentration dependency of formation and degradation of
36 after sample preparation of 35 by 31P-NMR spectroscopic monitoring
at room temperature. Data points are acquired from integrals of 31P signal
of λ5-phosphorus in R2P(OSiR”3)−−PR’. Given concentrations refer to
initial solutions of the corresponding R2P(O)−P(SiR”3)R’ 35. blue: R =
Ph, R’ = Mes, SiR” = TIPS; red: R = Ph, R’ = Mes, SiR” = TBDMS;
green: R = Ph, R’ = Mes, SiR” = SiPh3; black: R = 4−tBuPh, R’ = Mes,
SiR” = TIPS.

The combined reaction rates of silyl-migration and PP bond degradation are observed

in the formation of secondary products represented by 31P integrals of siloxyphosphanes

38 in Figure 2.26. The most striking feature is the very slow formation of 38c and

38d from Ph2P(O)−P(SiR”3)Tipp R” = TBDMS 35k and R = SiPh3 35l compared

to all other Ph2P(O)−P(SiR”3)Mes derivates. The formation could be sped up by the

increased temperature to 40 °C (35l, orange star-symbols). As seen with the formation of

R2P(OTIPS)−−PMes R = Ph 36b and R = 4−tBuPh 36f (cf. Figure 2.25), the formation
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of R2P−OTIPS did not show any concentration dependency (blue and black symbols).

0.10 M and 0.17 M samples of Ph2P(OTBDMS)−−PMes 35c at 24 °C show almost identical

formation rates of 38c to their corresponding 0.05 M sample at 40 °C which forms 38c

about three times slower at 24 °C. Heating a 0.10 M sample of Ph2P(O)−P(SiPh3)Mes

35d results in a five time faster formation of siloxyphosphane 38d than at 24 °C.
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Figure 2.26.: Diagram of the formation of siloxyphosphanes R2P−OSiR”3 38 during
31P-NMR kinetic studies at 24 °C or 40 °C (stars) of 1,3-silyl-migration
from 35 to 36 and subsequent PP bond degradation. Data points are ac-
quired from integrals of 31P signal of siloxyphosphanes 38. Given concen-
trations refer to initial solutions of the corresponding R2P(O)−P(SiR”3)R’
35.
blue: R = Ph, R’ = Mes, SiR” = TIPS;
red: R = Ph, R’ = Mes, SiR” = TBDMS;
green: R = Ph, R’ = Mes, SiR” = SiPh3;
black: R = 4−tBuPh, R’ = Mes, SiR” = TIPS;
pink: R = 4−tBuPh, R’ = Mes, SiR” = TBDMS;
light blue: R = Ph, R’ = Tipp, SiR” = TBDMS;
orange: R = Ph, R’ = Tipp, SiR” = SiPh3.

The curves of of PP bond degradation Figure 2.25 and secondary product formation

Figure 2.26 can be best approximated by exponential functions. This analysis suggests

that the PP bond degradation follows a 1st order reaction (rate law Eq. 2.10) and therefore

most likely an unimolecular reaction for the rate-determining step. The assumption of

a unimolecular process is also supported by the concentration independency of PP bond

degradation of 36f (cf. Figure 2.25 and ω1/2 in equations 2.10). However, on the one hand,
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the majority of kinetic measurements show concentration dependency, such as the TBDMS

substituted derivate 36d questioning the assumption of a 1st order reaction. On the other

hand, it cannot be ruled out. For example, this is because the degradation of TBDMS

substituted 36d is overlaid by a delayed 1,3-silyl-migration of 35d (Table 2.18 entries

1-5, 10-14). At the same time, the asymptotic growth with an exponentially decaying

growth rate of siloxyphosphanes 38 pictured in Figure 2.26 and Figure 2.27 hints towards

a 1st order reaction and can be an indication for an unimolecular PP degradation process.

It has not been possible to falsify the hypothesis of a 1st order reaction by applying

2nd order reaction rate laws to the measured data points throughout the kinetic NMR

measurements, which would reason concentration dependency for eg. ω1/2 (cf. Eq.2.11).

The informative value and reliability of kinetic data acquisition could be improved by

determination of the standard deviation of this method by multiple measurements for the

same concentration, including an internal standard.

A → product(s)

−
d[A]
dt

= k · [A]

d[A]
[A]

= −k · dt

∫ [A]

[A]0

1
[A]

d[A] = −k ·
∫ t

0
dt

ln

(

[A]
[A]0

)

= −k · t

[A] = [A]0 · e−kt

⇒ ω1/2 =
ln2
k

(2.10)

A + A → product(s)

−
d[A]
dt

= k · [A] · [A]

d[A]

[A]2
= −k · dt

∫ [A]

[A]0

1

[A]2
d[A] = −k ·

∫ t

0
dt

−
1

[A]
+

1
[A]0

= −k · t

[A] =
1

k · t + 1
[A]0

⇒ ω1/2 =
1

k · [A]0

(2.11)

Besides the hypothesis of phosphinidene liberation by PP double bond cleavage and

therefore an unimolecular degradation mechanism of phosphanylidene siloxyphosphorane

36, different possible degradation pathways involving mechanistic steps of ligand cou-

pling reaction (LCR) previously considered and discussed in section 2.2.1 are depicted

in Scheme 2.29. Since triphosphirane 26 is formally the trimer of phosphinidene D, one

could assume that 26 is formed by combination of three phosphinidenes. However, it

seems rather unlikely that three highly reactive phosphinidene molecules undergo a three-

molecular reaction. At the same time, a [2+2] addition would be thermically forbidden

according to orbital symmetry of 1∆-phosphinidenes. This also excludes [2+2] cycloaddi-
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Figure 2.27.: Graphic analysis of R2P(OSiR”3)−−PMes 36 PP-bond degradation and
siloxyphosphane R2P−OSiR”3 38 formation. Left: Fit of 36 degradation
by exponential decay function and graphic linearization by logarithmic y-
scale supporting 1st order kinetic. Right: Fit of 38 formation by asymtotic
growth function with an exponentially decaying growth rate. 36b: R =
Ph, R” = TIPS; 36d: R = Ph, R” = SiPh3; 36f : R = Ph, R” = TIPS;
38c: R = Ph, R” = TBDMS; 38d: R = Ph, R” = SiPh3; 38f : R =
4−tBuPh, R” = TIPS.

tion of phosphinidene D with diphosphene C. Two pathways avoiding free phosphinidenes

should be considered: Head-to-tail dimerization of 36 to 1λ5,3λ5-tetraphosphetane and

following LCR gives 1λ5-triphosphirane B. From there on, the three membered ring could

be extended by the addition of 36 to unstable phospholanes F1 or F2 yielding 26 after

twofold LCR. Otherwise, B could lose siloxyphosphane by LCR first to diphosphene C

which is added to 36 in a non-concerted [2+2] cycloaddition to 1λ5-phosphetane E. 26

would arise again after LCR.
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Scheme 2.29: Hypothetical degradation pathways of phosphanylidene-σ4-
siloxyphosphorane 36 to triphosphirane 26 possibly involving ligand
coupling reaction (LCR) and phosphinidene liberation by PP bond
cleavage via not observed intermediates; pathways following bold reaction
arrows only, avoid formation of free phosphinidenes: A 2,4-disiloxy-
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2-siloxy-2λ5-triphosphirane from either phosphinidene D addition to
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of B; D phosphinidene from PP bond cleavage of 36; E 2-siloxy-2λ5-
tetraphosphetane from either cycloaddition of 36 and C or addition of D
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Table 2.18.: Comparison of 31P-NMR spectroscopic kinetic measurements of silyl-
migration from 35 to 36 and subsequent PP bond degradation forming
secondary products.

Ra) R’b) R”c) mol L−1 ω1/2(P–P) ω1/2(P=P) T / [K]

1 35b Ph Mes TIPS 0.10 14 48 297

2 35b Ph Mes TIPS 0.17 16 84 297

3 35c Ph Mes TBDMS 0.05 42 d) 297

4 35c Ph Mes TBDMS 0.10 36 d) 297

5 35c Ph Mes TBDMS 0.17 54 e) 297

6 35c Ph Mes TBDMS 0.05 f) 114 313

7 35d Ph Mes SiPh3 0.10 f) 330 297

8 35d Ph Mes SiPh3 0.17 f) 102 297

9 35d Ph Mes SiPh3 0.10 f) 30 313

10 35f Ar Mes TIPS 0.05 12 354 297

11 35f Ar Mes TIPS 0.10 12 348 297

12 35f Ar Mes TIPS 0.10 <6 102 297

13 35f Ar Mes TIPS 0.15 12 354 297

14 35g Ar Mes TBDMS 0.10 18 30 297

15 35k Ph Tipp TBDMS 0.15 24 d) 297

16 35l Ph Tipp SiPh3 0.15 f) d) 297

17 35l Ph Tipp SiPh3 0.15 f) 822 313

a) Ar = 4−tBuPh; b) Mes = 2,4,6-trimethylphenyl, Tipp = 2,4,6-tri(iso)propylphenyl, Mes* =
2,4,6-tri(tert-butyl)phenyl; c) TIPS = tri(iso)propylsilyl, TBDMS = (tert-butyl)-dimethylsilyl;
d) half life not reached during time of measurements; e) PP bond degradation overlaid by on-
going 1,3-silyl-migration; f) 1,3-silyl-migration of 35 not observed.
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3. Summary - Zusammenfassung

The objectives of this work were the synthesis of mixed-valent phosphorus compounds

including related precursor reagents and investigations of their reactivity. The synthetic

approach of salt metathesis of phosphinic chlorides with alkali metal phosphanides, which

was believed to be straightforward to achieve mixed-valent compounds, resulted in un-

expected reaction sequences and products. Optimizing the composition of the reagents

and altering the substitution on the λ3-phosphorus made it possible to observe the target

molecules in solution and some derivates in the solid state. However, the stability of a

PP double bond is inferior compared to a CC double bond which could be observed by

degradation of target molecules in solution. Recently published results in this field suggest

the possibility to utilize mixed-valent phosphorus compounds as phosphinidene transfer

reagents. Thus, the degradation of target molecules was intensively studied by kinetic

measurements using phosphorus NMR techniques. In the following, the main findings are

summarized:

Ziel dieser Arbeit war die Synthese von gemischt-valenten Phosphorverbindungen inklu-

sive deren Ausgangsverbindungen sowie Untersuchung ihrer Reaktiviät. Die synthetis-

che Herangehensweise der Salzmetathese von Phosphinäurechloriden mit Alkalimetall-

Phosphaniden, welche als unkomplizierte Methode eingestuft wurde, resultierte in uner-

warten Reaktionssequenzen und Produkten. Optimierung der Zusammensetzung der

Reagenzien und Variationen von Substituenden am λ3-Phosphor ermöglichte es, die

Zielverbindungen in Lösung als auch manche Derivate im Festkörper zu identifizieren.

Allerdings unterliegt die Stabilität einer PP Doppelbindung der von CC Doppelbindungen,

was als Zersetzung der Zielverbindungen in Lösung zu beobachten war. Kürzlich publizierte

Ergebnisse deuten auf die Möglichkeit hin, gemischt-valente Phosphorverbindungen als

Phosphinidene-Übertragrungsreagenzien einzusetzen. Deshalb wurde die Zersetzung der

Zielmoleüle intensiv mit Phosphor-NMR kinetischen Messungen untersucht. Im Folgen-

den sind die wichtigsten Ergebnisse zusammengefasst:

⇒ Stochiometric reaction of phosphinic chlorides with alkali metal phos-

phanides: In contrast to phosphanylphosphane oxides R2P(O)−PR’R” (eg.

Ph2P(O)−PMes2 22c), phosphanylphosphane oxides R2P(O)−PHR’ 22 could

not be synthesized by 1:1 stochiometric reaction of phosphinic chloride 21 with
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3. Summary - Zusammenfassung

phosphanides. Instead, the formation of diphosphane 28 and alkali metal phosphi-

nite 30/31, as well as incomplete conversion of 21, was observed.

Stöchiometrische Reaktion von Phosphinsäurechloriden mit Alkali-

metall-Phosphaniden: Im Gegensatz zu Phosphanylphosphanoxiden

R2P(O)−PR’R” (z.B. Ph2P(O)−PMes2 22c) konnten Phosphanylphosphanoxide

R2P(O)−PHR’ 22 nicht durch stöchiometriche Umsetzung im Verhältnis 1:1 von

Phosphinsäurechlorid und Phosphanid synthetisiert werden. Stattdessen wurde die

Bildung von Diphosphan 28 und Alkalimetall-Phosphinit 30/31 bei einer nur un-

vollständigen Umsetzung des Phosphinsäurechlorids beobachtet.
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Scheme 3.1: Product mixture from 1:1 stochiometric reaction of phosphinic chloride
with alkali metal phosphanide yielding primary phosphane, alkali phosphi-
nite, and diphosphane 28.

⇒ Synthesis of lithium phosphanidylphosphane oxides [R2P(O)PR’]– Li+

23 could be achieved by stochiometric reaction of aryl substituted primary phos-

phane, 2 eq of butyl lithium and phosphinic chloride. Phosphanidylphosphane

oxides 23 show distinct 1JP,P coupling constants of 480 – 532 Hz. The NMR

data base of this substance class could be extended (Table 2.11 p. 46). Potassium

derivates can be yielded from potassium phosphanides and benzyl potassium ac-

cordingly. Crystallization allowed the determination of the molecular structure

of [23d·30a·LiCl·2 Et2O]2 (Figure 2.11 p. 46). This structure features a short PP

contact of 210.50(10) pm which suggests an ylidic bond mode with a negatively

charged σ2-phosphorus and a positively charged σ4-phosphorus.

Synthese von Lithium Phosphanidylphosphanoxiden [R2P(O)PR’]– Li+

23 konnte erreicht werden durch stöchiometrische Reaktion von Aryl substitu-

iertem primären Phosphan, 2 äq Butyllithium und Phosphinsäurechlorid. Phos-

phanidylphosphaneoxide 23 zeigen charakteristische 1JP,P Kopplungskonstanten

von 480 – 532 Hz. Die NMR Datenbank dieser Substanzklasse konnte erweitert
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werden (Table 2.11 p. 46). Kalium Derivate können entsprechend ausgehend von

Kalium Phosphaniden und Benzylkalium erzielt werden. Kristallisation erlaubte die

Bestimmung der Molekülstruktur von [23d·30a·LiCl·2 Et2O]2 (Figure 2.11 p. 46).

Diese Struktur beinhaltet einen kurzen PP Kontakt von 210.50(10) pm, der einen

ylidischen Bindungscharakter mit einem negativ geladenen σ2-Phosphor und einem

positiv geladenen σ4-Phosphor vermuten lässt.
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Scheme 3.2: Synthesis of lithium phosphanidylphosphane oxides and section of the
molecular structure of [23d·30a·LiCl·2 Et2O]2.

⇒ Synthesis of phosphanylidene-σ4-siloxyphosphoranes R2P(OSiR”3)−−PR’

36 was achieved from salt metathesis reaction of phosphinic chloride and lithium

aryl,silyl-phosphanides via aryl,silyl-phosphanylphosphane oxides

R2P(O)−P(SiR”3)R’ 35 by 1,3-silyl-migration. This process could only be moni-

tored by immediate NMR spectroscopic measurements or temperature dependent

measurements between −40 °C and 0 °C (Figure 2.23 p. 83 and Figure 2.24 p. 84).

35 are already transformed into 36 at temperatures of −20 °C. Synthesis of 36

could also be achieved by quenching phosphanidylphosphane oxides 23 with tri-

hydrylsilyl chlorides. Due to the significant change of the PP bond mode from

R2P(O)−P(SiR”3)R’ 35 to R2P(OSiR”3)−−PR’ 36 both substance classes can be

easily identified by their characteristic set of doublets of 277.5 - 305.5 Hz 35 and

608.6 - 305.2 Hz 35 (Table 2.14 p. 71). A very short PP double bond of 206.47(6) pm

could be observed in the molecular structure of Ph2(Ph3SiO)P−−P−Tipp 36l (Fig-

ure 2.17 p. 66).

Synthese von Phosphanylidene-σ4-Siloxyphosphoranen

R2P(OSiR”3)−−PR’ 36 wurde erreicht durch Salzmetathese von Phosphinsäure-

chlorid mit Lithium Aryl,Silylphosphaniden über Aryl,Silylphosphanylphosphanyl-

phosphanoxide R2P(O)−P(SiR”3)R’ 35 durch 1,3-Silylmigration. Dieser Prozess

konnte ausschlies̈slich durch sofortige oder temperaturabhängige NMR Spektroskopie
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3. Summary - Zusammenfassung

zwischen −40 °C und 0 °C verfolgt werden (Figure 2.23 p. 83 und Figure 2.24 p. 84).

Synthese von 36 war ebenso durch das Quenchen von Phosphanidylphosphanoxiden

23 mit Trihydylsilylchloriden möglich. Aufgrund der signifikanten Veränderung des

PP Bindungsmodus von R2P(O)−P(SiR”3)R’ 35 zu R2P(OSiR”3)−−PR’ 36 können

beide Substanzklassen problemlos durch ihre charakteristischen Paare and Dubletts

von 277.5 − 305.5 Hz 35 beziehungsweise 608.6 − 305.2 Hz 35 (Table 2.14 p. 71)

identifiziert werden.
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Scheme 3.3: Synthesis of phosphanylidene-σ4-siloxyphosphoranes R2P(OSiR”3)−−PR’
36 via aryl,silyl-phosphanylphosphane oxides R2P(O)−P(SiR”3)R’ 35 by
1,3-silyl-migration or quenching of phosphanidylphosphane oxides 23 with
trihydrylsilyl chlorides; molecular structure of Ph2(Ph3SiO)P−−P−Tipp
36l.

⇒ Formation of diphophanes 28: Reaction of 1 eq of phosphinic chloride with

2 eq of alkali metal phosphanide yielded symmetric diphosphanes 28a or 28b.

Formation of asymmetric subtituted diphosphane 28d was observed after reaction

of 1 eq phosphinic chloride 21b with 1 eq each of MesPHLi 8b and TippPHLi

9b (Figure 2.16 p. 57) or reaction of Ph2P(OTIPS)−−PTipp 36j with MesPH2 8a

(Figure 2.18 p. 67). It is presumed that the observed diphosphanes originate from

ligand coupling reaction of a λ5, σ5-phosphorus compound which could arise after

nucleophilic addition of a phosphanide at a partial positively charged phosphorus

of phosphanylphosphane oxide R2P(O)−PHR’ or nucleophilic addition of primary

phosphane 8a at λ5, σ4-phosphorus of 36j.
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Bildung von Diphosphanen 28: Reaktion von 1 äq an Phosphinsäurechlo-

rid mit 2 äq an Alkalimetall Phosphanid ergab symmetrische Diphosphane 28a

oder 28b. Die Bildung von asymmetrisch substituierten Diphosphan 28d kon-

nte nach der Reaktion von 1 äq Phosphinsäurechlorid 21b mit jeweils 1 äq an

MesPHLi 8b und TippPHLi 9b (Figure 2.16 p. 57) sowie nach der Reaktion von

Ph2P(OTIPS)−−PTipp 36j mit MesPH2 8a (Figure 2.18 p. 67) beobachtet wer-

den. Es wird angenommen, dass die beobachteten Diphosphane durch Liganden

Kupplungsreaktion einer λ5, σ5-Phosphorverbindung entstehen, welche entweder aus

nukleophiler Addition eines Phosphanides an einem partiell positiv geladenen Phos-

phor eines Phosphanylphosphanoxides R2P(O)−PHR’ 22 oder aus nukleophiler Ad-

dition eines primären Phosphans 8a am λ5, σ4-Phosphor von Ph2P(OTIPS)−−PTipp

36j hervorgehen könnten.
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Scheme 3.4: Formation of diphosphanes 28 by presumed ligand coupling reaction (LCR)
of non-observed intermediate λ5, σ5-phosphorus compounds.

⇒ Degradation of phosphanylidene-σ4-siloxyphosphoranes 36: As well as

diphosphenes, phosphanylidene-σ4-siloxyphosphoranes R2P(OSiR”3)−−PR’ 36 are

unstable compounds unless stability is increased by bulky subtituents. Ob-

served degradation products of 36 are phosphiranes 26 and siloxyphosphanes

38 (Scheme 2.17 p. 61). The degradation process was investigated by kinetic NMR

studies in Section 2.3. It was concluded that 36 presumably undergoes multiple

reaction steps including ligand coupling reactions to form 26 (Scheme 2.29 p. 89).

Zersetzung von Phosphanylidene-σ4-Siloxyphosphoranen 36: So wie

Diphosphene sind auch Phosphanyliden-σ4-Siloxyphosphorane R2P(OSiR”3)−−PR’

36 instabile Verbindungen, sofern sie nicht durch sterisch anspruchvolle Sub-

stituenten stabilisiert werden. Die beobachteten Zerfallsprodukte von 36 sind Phos-

phirane 26 und Siloxyphosphane 38 (Scheme 2.17 p. 61). Der Zerfallsprozess wurde
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3. Summary - Zusammenfassung

mittels NMR kinetischen Messungen in Kapitel 2.3 untersucht. Es ist zu vermuten,

dass 36 mehrere Reaktionsschritte inklusive Ligand Kupplungsreaktionen durchläuft

und schließlich 26 bildet (Scheme 2.29 p. 89).
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Scheme 3.5: Degradation of phosphanylidene-σ4-siloxyphosphoranes 36 forming phos-
phiranes 26 and siloxyphosphanes 38.

⇒ Reactivity of the phosphorus-silicon bond: Due to the reactivity of the P–Si

bond, the TMS group can be cleaved off from phosphanylphosphane oxides by bases

resulting in the formation of phosphanidylphosphane oxide [R2P(O)−PR’]– M+. De-

pending on the stoichiometry of reagents, the phosphanidylphosphane oxide under-

goes a second salt metathesis reaction with remaining phosphinic chloride to yield

triphosphane-1,3-dioxides R2P(O)−P(R’)−P(O)R2 24 (Scheme 2.19 p. 64). For R’

= TMS, 24 can be metallated by cleavage of the P–Si bond yielding phosphoryl-

phosphanylidene phosphinate 40a (Scheme 2.22 p. 74).

Reactivität der Phosphor-Silizium Bindung: Aufgrund der Reaktivität der

P–Si Bindung kann die TMS Gruppe in Phosphanylphosphanoxiden durch Base

abgespaltet werden, was zur Bildung von Phosphanidylphosphanoxiden

[R2P(O)−PR’]– M+ führt. Abhängig von der Stöchiometrie der Reaktanden durch-

läuft das Phosphanidylphosphanoxid eine zweite Saltmetathese mit verbliebenen

Phosphinsäurechlorid, wodurch Triphosphan-1,3-dioxide R2P(O)−P(R’)−P(O)R2

24 gebildet werden (Scheme 2.19 p. 64). Für R’ = TMS kann die Verbindung nach

wiederholter Spaltung der P–Si Bindung zu Phosphorylphosphanylidenephosphinaten

40a metalliert werden (Scheme 2.22 p. 74).
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4. Experimental

4.1. General Remarks

All listed preparation steps for the synthesis of phosphanes, metal complexes and mixed

valent phosphorus compounds were executed by application of standard Schlenk tech-

nique including oxygen-free and absoluted solvents. THF, Toluene, DME, diethylether,

n-hexane and n-pentane were saturated by nitrogen and distilled over sodium and ben-

zophenone. C6D6 and [D8]THF were dried over sodium, CDCl3 over CaH2. subsequently

the deuterated solvents were distilled under reduced pressure and saturated with nitrogen.

NMR spectroscopic data was acquired with Avance 400 MHz and 600 MHz spectrome-

ter from Bruker. 1H-NMR - and 13C{1H}-NMR -spectra are referred to trimethylsilane

(external standard) and chemical shifts were referenced to residual signals of the applied

deuterated NMR solvent. 31P-NMR -spectra are referred to aequeous phosphoric acid

as external standard. Figures of NMR spectroscopic data were created with MestReN-

ova 14.2.0. Multiplicities of 1H-NMR - and 31P-NMR -signals are assigned to singlet (s),

doublet (d), double doublet (dd), triplet (t), triplet of doublet (td), doublet of multiplet

(dm), multiplet (m), doublet of doublet of doublet (ddd) and doublet of triplet of triplet

(dtt) including the observed related coupling constants nJA,B (coupling between nuclei A

and B via n-bonds).

IR-absorption spectra were acquired by an ALPHA FT-IR-spectromerter from Bruker

(MIR-range 4000-400cm−1). Yields given are not optimized. Substrates were purchased

from Alfa Aesar, Merck or Sigma-Aldrich and used without further purification.

The intensity data for compounds [9b·(tmeda)(thf)], [9c·(tmeda)0.5]∞, 28b, [32b·LiCl],

[23d·30a·LiCl·2 Et2O]2 and 36l were acquired on a Nonius KappaCCD diffractometer uti-

lizing graphite-monochromated Mo-Kα radiation (λ = 0.710 73 Å). Data were corrected

for Lorentz and polarization effects; absorption was considered on a semi-empirical basis

using multiple-scans.[167–169] The structures were solved by direct methods (SHELXS)[170]

and refined by full-matrix least-squares techniques against F2
o (SHELXL-97[171] and

SHELXL-2014[172]). All hydrogen atoms of 28b and those bonded to the phosphorus

atoms P1 of compounds [9b·(tmeda)(thf)] and [9c·(tmeda)0.5]∞ were located by difference

Fourier synthesis and refined isotropically. Otherwise all hydrogen atoms were included
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4. Experimental

at calculated positions with fixed thermal parameters. All atoms other than hydrogen

were refined anisotropically.[170,172] Crystallographic data as well as structure solution and

refinement details are summarized in C.1 and C.2.

4.2. Synthesis of Phosphanes and Phosphanides

4.2.1. Synthesis of mono silyl phosphanes via LiPH2 · DME

Mono silyl phosphanes 3a and 3b were synthesized by salt metathesis of LiPH2 · DME 2a

and the corresponding silyl chloride. 2a was suspended in Et2O and cooled to −78 °C. The

suspension turned into a light blue color under cooling (which becomes pink at ambient

temperature). Under cooling the silyl chloride was rapidly added. The mixture was stirred

for additional 3 h before heating up to room temperature. The colorless suspension was

filtrated and the product isolated by distillation.

Synthesis of Trimethylsilyl Phosphane TMS−PH2 3a

3a was synthesized according to Section 4.2.1 with the addition of 1.5 molar equivalents

of TMS−Cl. The product could be isolated by distillation at ambient pressure. Yield:

3.23 g, 76 %, b.p. 78 °C-82 °C.

H2P
TMS

3a

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 1.20 (d, 1JP,H = 182.0 Hz, -PH2),

0.12 (d, J = 4.1 Hz, -CH3).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 2.2 (d, J = 9.0 Hz, -CH3).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 2.89 (d, 1JP,Si = 16.2 Hz).

31P-NMR (161.94 MHz, C6D6, 297 K): δ = –236.2 (tm, 1JP,H = 184.2 Hz, 3JP,H = 4.0 Hz,

-PH2).
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4.2. Synthesis of Phosphanes and Phosphanides

Synthesis of Tri-iso-propylsilyl Phosphane TIPSPH2 3b Method A

H2P
TIPS

3b

3b was synthesized according to Section 4.2.1 with the addition of 1.7 molar

equivalents of TMS−Cl. The product could be isolated by vacuum distilla-

tion at 28 °C, 1.4 × 10−2 mbar. Yield: 8.9 g, 77 %.

TIPS−PH2 3b/ TIPS−Cl minor:

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 1.05 (d, 1JP,H = 183.7 Hz, -PH2), 1.02 (d,
1JP,H = 184.2 Hz, -PH2), 1.03 (s), 1.01 (s).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 19.2 (d, J = 2.6 Hz, -CH3), 17.9 (s, -CH3),

14.0 (s, -CH), 13.2 (d, J = 6.7 Hz, -CH).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 35.4 (s, TIPS−Cl, 20.9 (d, 1JP,Si = 28.7 Hz,

3b), 17.8 (d, 1JP,Si = 27.0 Hz, 3b).

31P-NMR (161.94 MHz, C6D6, 297 K): δ = –270.7 (t, 1JP,H = 184.2 Hz, -PH2), –274.6 (t,
1JP,H = 184.3 Hz, -PH2).

Synthesis of Tri-iso-propylsilyl Phosphane TIPSPH2 3b Method B

H2P
TIPS

3b

A 500 mL three-necked round bottom flask was loaded with 4 g (174 mmol,

6 eq) freshly cut pieces of sodium and and 1.35 g (10.5 mmol, 0.36 eq) naph-

thalene and suspended in 150 mL THF. After sonication for 20 min 2.54 mL

(29 mmol, 1eq) of PCl3 were added to the dark green solution under con-

stant stirring. The green color instantly vanished and turned into orange. The solution

was stirred for another 48 h and sonicated for 6 h at 50 °C. Untouched a black fine pre-

cipitate settles, the supernatant solution is colorless and clear. Under stirring for 18 h

5.4 mL (58,mmol, 2 eq) tert-butanol were added dropwise. 31P-NMR of a sample from

the now yellow suspension showed a signal at -298.2 ppm (t, J =155 Hz). The suspension

was filtered and all volatiles were evaporated under reduced pressure. The residue was

suspended in 120 ml diethylether and cooled to −78 °C. Via syringe 7 mL of triisopropyl

chloro silane were added quickly. The mixture was let to heat up to ambient temperature

and stirred over night. After evaporation of the solvent the residue was extracted with

two times 80 mL n-pentane. A TIPS−PH2/TIPS−Cl mixture was isolated by vacuum

distillation (28 °C, 3.6 × 10−2 mbar). Yield: 5.4 g, purity 20 %.

NaPH2 2b (not isolated):
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1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = –1.38 (d, 1JP,H = 152.7 Hz, -PH2).

31P-NMR (161.94 MHz, [D8]THF, 297 K): δ = –298.6 (t, 1JP,H = 152.9 Hz).

TIPS−PH2 3b/ TIPS−Cl:

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 1.05 (d, 1JP,H = 183.7 Hz, -PH2), 1.02 (d,
1JP,H = 184.2 Hz, -PH2), 1.02 (s), 1.01 (d, J = 3.4 Hz).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 19.1 (d, J = 2.6 Hz, -CH3), 17.9 (s, -CH3),

14.0 (s, -CH), 13.2 (d, J = 6.9 Hz, -CH).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 35.5 (s, TIPS−Cl, 20.9 (d, J = 28.8 Hz, 3b).

31P-NMR (161.96 MHz, C6D6, 297 K): δ = –270.7 (t, 1JP,H = 184.2 Hz, -PH2), –274.6 (t,
1JP,H = 184.3 Hz, -PH2).

4.2.2. Synthesis of monosilyl phosphanides 6a, 6b, and 6d

Monosilyl phosphanes 3a and 3b were dissolved in THF and cooled to −78 °C. Afterwards

1 equivalent of 1.6 M n-BuLi/n-hexane (6a, 6b) or 1 molar equivalent of NaHMDS (6d)

dissolved in THF was added to the colorless solution. NMR spectroscopic analysis was

carried out without any further purification.

Synthesis of Lithium Trimethylsilyl Phosphanide

TMS−PHLi 6a

LiHP
TMS P

Li
TMSTMS

6a 7a

6a was synthesized according to Section 4.2.2. After heating

up to room temperature all volatiles were evaporized under

reduced pressure. Due to the impurity of (TMS)2−PLi 7a

the yield was not determined.

TMS−PHLi 6a, (TMS)2−PLi 7a:

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 0.11 (d, J = 3.5 Hz, 6a), 0.06 (d, J = 3.1 Hz,

7a), -1.94 (d, 1JP,H = 154.7 Hz, -PH, 6a).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = 3.08 (d, 1JP,Si = 43.6 Hz, 6a), 0.4 (d, 1JP,Si =

47.9 Hz, 7a).
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4.2. Synthesis of Phosphanes and Phosphanides

31P-NMR (161.93 MHz, [D8]THF, 297 K): δ = –291.1 (d, 1JP,H = 154.8 Hz, -PH, 40 %,

6a), –304.0 (s, 60 % 7a).

Synthesis of Lithium Triisopropylsilyl Phosphanide TIPS−P(H)Li 6b

LiHP
TIPS P

Li
TIPSTIPS

6b 7d

6b was synthesized according to Section 4.2.2. NMR spec-

troscopy measurements were conducted of the reaction so-

lution. Due to the impurity of (TIPS)2PLi 7d the yield was

not determined.

TIPS−P(H)Li 6b/ (TIPS)2PLi 7d:

1H-NMR extracted from 31P-1H-HMBC and 29Si-1H-HMBC (400.13 MHz, [D8]THF,

297 K): δ = 1.10 (s), 1.08 (s), 1.02 (s), 1.00 (s), 0.86 (m), -2.45 (d, 1JP,H = 156.8 Hz, -PH,

6b).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 21.3 (d, 3J = 3.6 Hz, -CH3, 7d),

20.7(d, 3J = 2.7 Hz, -CH3, 6b), 17.5 (d, 2J = 9.9 Hz, -CH, 7d), 16.1 (d, 2J = 3.6 Hz,

-CH, 6b).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = 26.6 (d, 1JP,Si = 54.2 Hz, 6b), 21.8 (d,
1JP,Si = 58.0 Hz, 7d), 20.8 (d, 1JP,Si = 64.6 Hz 7d), 16.5 (d, 1JP,Si = 57.0 Hz).

31P-NMR (161.93 MHz, [D8]THF, 297 K): δ = –340.2 (d, 1JP,H = 155.9 Hz, -PH, 6b) and

–344.3 (d, 1JP,H = 156.7 Hz, -PH, 6b) 45 %, –375.1 (s, 7d) and –377.5 (s, 7d) 50 %, –402.2

(s, supposedly Li3P, 5 %).
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Synthesis of Sodium Triisopropylsilyl Phosphanide TIPS−P(H)Na 6d

NaHP
TIPS P

Na
TIPSTIPS

6d 7e

6d was synthesized according to Section 4.2.2. After heating

up to room temperature all volatiles were evaporized under

reduced pressure. Due the impurity of (TIPS)2PLi 7e the

yield was not determined.

TIPS−P(H)Na 6d, (TIPS)2PNa 7e:

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 1.15 (s), 1.13 (s), 1.11 (s), 1.09 (s), 1.08 (s),

1.03 (s), 1.01 (s), 0.36 (d, 1JP,H = 202.7 Hz, PH, (TIPS)2PH), 0.03 (grease), -2.41 (d,
1JP,H = 154.6 Hz, PH, 6d).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 20.1 (d, 3JP,C = 3.8 Hz, -CH3), 19.6

(d, 3JP,C = 2.8 Hz, -CH3), 18.9 (d, 3JP,C = 3.3 Hz, -CH3), 16.3 (d, 2JP,C = 10.0 Hz, -CH),

14.9 (d, 2JP,C = 9.1 Hz, -CH).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = 26.6 (d, 1JP,Si = 54.3 Hz, 6d), 21.8 (d,
1JP,Si = 59.4 Hz, 7e), 20.7 (d, 1JP,Si = 60.0 Hz 7e), 20.4 (d, 1JP,Si = 40.6 Hz, 4b), 16.3 (d,
1JP,Si = 57.9 Hz).

31P-NMR (161.93 MHz, [D8]THF, 297 K): δ = –277.0 (t, 1JP,H = 183.8 Hz, -PH, 8 %,

TIPSPH2), –287.6 (d, 1JP,H = 200.2 Hz, -PH) and –288.0 (d, 1JP,H = 202.8 Hz, -PH) 11 %

(TIPS)2PH, –348.0 (d, 1JP,H = 153.9 Hz, -PH) and –352.4 (d, 1JP,H = 154.6 Hz, -PH) 44 %

6d, –382.3 (s) and –383.5 (s) 37 % 7e.

4.2.3. Synthesis of N-(Dichlorophosphino)piperidine

N
PCl2

In a 1 L three-necked flask 62,5 g (39.8 mL, 456 mmol) PCl3 were

dissolved in 400 mL Et2O and cooled to −78 °C. 77.6 g (90.1 mL,

910 mmol, 2 eq) piperidine were carefully added dropwise under strong

stirring. After heating up to ambient temperature the mixture was

filtrated from the colorless precipitate which was washed with 2x 100 mL n-hexane. The

filtrate was evaporated from all volatiles under reduced pressure. The remainder was

purified by vacuum distillation (1 × 10−3 mbar, 36-42 °C). 62.2 g (74 %) of a clear oil of e

N -(dichlorophosphino)piperidine were isolated.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 3.02 (m, 4H,), 1.33 (m, 6H).
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4.2. Synthesis of Phosphanes and Phosphanides

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 47.7 (d, JP,C = 20.5 Hz), 26.6 (d, JP,C =

5.5 Hz), 24.3 (s).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 156.9 (s).

4.2.4. Synthesis of Tris-trimethylsilyl Phosphane (TMS)3P 5a

P
TMSTMS

TMS
5a

This synthesis was carried out under argon atmosphere. 1.4 g

(201 mmol, 6.7 eq) of grannular Li were at 700 rpm for 30 min. 45 mL

THF and 12.5 g (14.6 mL, 115 mmol, 3.8 eq) TMS−Cl were added

and heated to reflux. While refluxing 5.5 g (30 mmol, 4.1 mL) of N -

(dichlorophosphino)piperidine were added dropwise. The suspension was sonicated and

stirred alternately for 7 d. The formation of (TMS)3P was monitored by 31P-NMR . All

volatiles were evaporated under reduced pressure and the remainder was extracted with

2x 70 mL n-pentane. The product was isolated by fractional distillation under reduced

pressure (70 °C at 3 × 10−1 mbar). 4.3 g (60 %) of (TMS)3P were isolated.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 0.30 (d, 3JP,H = 4.7 Hz,).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 4.5 (d, 2JP,H = 11.3 Hz).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = 2.6 (d, 1JP,Si = 27.0 Hz).

31P-NMR (161.94 MHz, [D8]THF, 297 K): δ = –252.1 (m).

Synthesis of bis-silyl substituted Phophanides 7a, 7b and 7c

Bis-trimethylsilyl phosphanides of lithium 7a, sodium 7b and potassium 7c were synthe-

sized according to Uhlig and Hummeltenberg.[56] Equimolar amounts of n-BuLi / NaOMe

/ KOtBu were reacted with TMS3P 5TMS in THF at ambient temperature.
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4.2.5. Synthesis of (TMS)2PLi 7a

P
TMSTMS

Li
7a

315 mg (1.26 mmol) (TMS)3P 5TMS were dissolved in 20 mL THF.

After cooling to −78 °C 0.8 mL of 1.6 M (1.28 mmol) n-BuLi/n-hexane

were added. Cooling was removed after 20 min and the mixture was

stirred for another 2 h prior evaporation of all volatiles. The remainder

was washed with 40 mL n-pentane and dried in vacuum. 140 mg (60 %) of a yellow solid

were isolated.

31P-NMR (161.94 MHz, [D8]THF, 297 K): δ = –303.7 (m).

4.2.6. Synthesis of (TMS)2PNa 7b

P
TMSTMS

Na
7b

417 mg (8.0 mmol) NaOMe were suspended wit 35 mL THF. 1,91 g

7.6 mmol) (TMS)3P 5TMS were added within 1 min at ambient tem-

perature. The solution becomes yellow, after 4.5 h pink, 1 d yellow. All

volatiles were evaporated under reduced pressure to yield 1.7 g (84 %)

of a yellowish pyrophoric powder.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 0.10 (d, 3JP,H = 3.5 Hz, -CH3).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 8.6 (d, 2JP,C = 10.6 Hz, -CH3).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = 0.6 (d, 1JP,Si = 51.7 Hz).

31P-NMR (161.94 MHz, [D8]THF, 297 K): δ = –296.7 (dm, 1JP,H = 151.1 Hz, 3JP,H =

2.3 Hz, 8 %, TMSPHNa 6c), –305.4 (m, 92 %, 7b).

4.2.7. Synthesis of (TMS)2PK 7c

P
TMSTMS

K
7c

4.3 g (17.3 mmol) (TMS)3P 5TMS was dissolved at ambient tempera-

ture. 1.9 mg 17.3 mmol KOtBu suspended in 30 mL were added. Solu-

tion turned yellow after a few minutes, pink after 5 h, yellow 1 d. All

volatiles were evaporated under reduced pressure and the remainder

washed with 40 mL + 20 mL n-pentane. The supernatant solution kept a light blue color

until separated from the solid. 2.8 g (76 %) of a light yellow, powdery, highly pyrophoric

solid were isolated.
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4.2. Synthesis of Phosphanes and Phosphanides

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 0.10 (d, 3JP,H = 3.5 Hz, -CH3).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 8.9 (d, 2JP,C = 10.7 Hz, -CH3).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = –0.2 (d, 1JP,Si = 60.1 Hz).

31P-NMR (161.94 MHz, [D8]THF, 297 K): δ = –298.6 (s).

4.2.8. Synthesis of (TIPS)(TMS)PH 4c

P
TIPSTMS

H
P

TIPSTMS

Li
4c 7f

176 mg (0.92 mmol) TIPSPH2 3b were dissolved in 5 mL

THF. Under cooling to −78 °C 0.58 mL 1.6 M (0.93 mmol) n-

BuLi/n-hexane were added dropwise. The solution was let

to heat up prior addition of 1 molar equivalent of TMS−Cl

at −78 °C. All volatiles were evaporated to dryness under reduced pressure and a sample

for NMR analytics was prepared. Due to the impurity of (TIPS)(TMS)PLi 7f the yield

was not determined.

(TIPS)(TMS)PH 4c, (TIPS)(TMS)PLi 7f :

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 1.26 and 1.25 (m, 43H, iPr, 7f), 1.11 and 1.10

(m, 21H, iPr, 4c), 0.59 (d, 1JP,H = 195.0 Hz, 1H, -PH, 4c), 0.41 (d, 3JP,H = 5.1 Hz, 10H,

-TMS, 7f), 0.41 (d, 3JP,H = 4.7 Hz, 9H, -TMS, 4c).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 20.4 (d, 3J = 3.5 Hz, -CH3(TIPS), 7f),

19.7 (d, 3J = 3.1 Hz, -CH3(TIPS), 4c), 16.4 (d, 2J = 10.4 Hz, -CH(TIPS), 7f), 14.2 (d,
2J = 8.1 Hz, -CH(TIPS), 4c), 6.3 (d, 2J = 12.9 Hz, -CH3(TMS), 7f), 3.9 (d, 2J = 11.8 Hz,

-CH3(TMS), 4c).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 21.8 (d, 1JP,Si = 22.0 Hz, SiTIPS, 4c), 20.8 (d,
1JP,Si = 37.5 Hz, SiTIPS, 7f), 2.7 (d, 1JP,Si = 26.8 Hz, SiTMS, 7f), 1.7 (d, 1JP,Si = 9.2 Hz,

SiTMS, 4c).

31P-NMR (161.93 MHz, C6D6, 297 K): δ = –261.0 (d, 1JP,H = 193.5 Hz, -PH, 4c) and

–262.6 (dm, 1JP,H = 194.6 Hz, 1H, -PH, 4c) 46 %, –274.5 (t, 1JP,H = 184.1 Hz, 0.5 %, 3b),

–287.0 (d, JP,H = 202.9 Hz, 3 %), –288.1 and -290.2 (s, 50 %, 7f).

4.2.9. Synthesis of (TIPS)2PH 4b
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P
TIPSTIPS

H
4b

132 mg (0.7 mmol 3b were dissolved at −78 °C. 1 molar equivalent

n-BuLi/n-hexane were added dropwise, cooling was removed for

30 min. The solution was again cooled to −78 °C and 1 molar equiva-

lent of TIPS−Cl were added quickly. Cooling was and the mixture was

stirred for 2 h at ambient temperature before evaporation of all volatiles under reduced

pressure.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 1.17 (s, 4b), 1.15 (s, 4b), 1.03 (s, TIPS−Cl),

1.02 (s, TIPS−Cl), 0.49 (d, 1JP,H = 202.9 Hz, PH, 4b).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 19.4 (d, 3JP,C = 3.4 Hz, -CH3, 4b), 17.9

(s, -CH3, TIPS−Cl), 14.9 (d, 2JP,C = 9.1 Hz, -CH, 4b), 14.0 (s, -CH, TIPS−Cl).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 35.4 (s, TIPS−Cl, trace), 20.5 (d, 1JP,Si =

40.7 Hz, 4b), 16.3 (d, 1JP,Si = 38.2 Hz, 4b).

31P-NMR (161.93 MHz, C6D6, 297 K): δ = –286.5 (d, 1JP,H = 200.8 Hz, -PH 14 %, 4b),

–287.1 (d, 1JP,H = 202.8 Hz, -PH 86 %, 4b).

4.3. Synthesis of Aryl-/Alkyl Substituted Phosphanes

and Phosphanides.

4.3.1. Synthesis of 2,4,6-Trimethylphenyl Phosphane MesPH2 8a

PH2

H
P

8a 12a

Method A (reduction with LAH): 3.2 g

(132 mmol) magnesium turnings and a

little amount of Mg* were added to a

three-neck flask and suspended with 60 mL

THF. To the suspension 2-bromo-1,3,5,-

trimethylbenzene (10 mL, 11.15 g, 56.0 mmol) was added with a syringe while slowly stir-

ring. After 2 min at room temperature the reaction started quickly and heated the solvent

to reflux. The mixture was heated to reflux for 2 h to yield a dark-grey/black solution.

After cooling down to −20 °C the Grignard-reagent was transferred dropwise to a solution

of PCl3 (13 mL, 20.4 g, 148.6 mmol) in 20 mL THF cooled to −60 °C. 30 min after comple-

tion of the addition the mixture was allowed to heat up to r.t. and was stirred overnight.

Volatiles were removed by distillation under vacuum. The remaining solid was extracted
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with three times 20 mL n-pentane. Afterwards the solvent was changed to 10 mL Et2O.

The phosphorushalide was added to a suspension of LiAlH4 (1.57 g, 41 mmol and 60 mL

Et2O for reduction. The excess of LiAlH4 was quenched with degassed water before ex-

tracting the desired phosphane. After separation from the solvent the phosphane was

purified by vacuum distillation (75 °C - 80 °C at 5.8 × 10−2 mbar) yielding 3.8 g (25 mmol,

44%) of a colorless oil with malodorous smell. As a side product pure MesPH 12a was

isolated by continued vacuum distillation at T > 80 °C.

Method B (reduction with DIBAL–H): 70 mmol of MesP(Hal)2 (Hal: Cl, Br) were dis-

solved in 10 mL THF and added to 150 mL of 1 M DIBAL-H/n-hexane solution at 0 °C.

After completion of addition the solution was stirred for another 2 h. The excess of

DIBAL-H was carefully quenched with degassed water. The crude product was extracted

from the organic layer.

MesPHal2/Mes2PHal:

31P-NMR (161.93 MHz, CDCl3, 297 K): δ = 167.5 (s, -PCl2), 161.7 (s, -PBrCl), 153.6 (s,

-PBr2), 85.2 (s, -PCl), 74.8 (s, -Br).

MesPH2 8a:

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 6.70 (d, 4JP,H = 2.3 Hz, 2H, meta-H), 3.60 (d,
1JP,H = 203.7 Hz, 2H, -PH2), 2.21 (d, 4JP,H = 1.87 Hz, 6H, ortho-CH3), 2.09 (s, 3H,

para-CH3).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 141.3 (d, 2JP,C = 10.8 Hz, ortho-C), 137.4

(s, para-C), 129.2 (d, 3JP,C = 2.6 Hz, meta-C), 125.3 (d, 1JP,C = 12.0 Hz, ipso-C), 23.5 (d,
3JP,CJ = 9.6 Hz, ortho-CH3), 21.3 (s, para-CH3.

31P-NMR (161.96 MHz, C6D6, 297 K): δ = –156.0 (t, 1JP,H = 203.7 Hz).

Mes2PH 12a:

31P-NMR (161.93 MHz, C6D6, 297 K): δ = –93.8 (d, 1JP,H = 228.1 Hz).
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4.3.2. Synthesis of 2,4,6-Triisopropylphenyl Phosphane TippPH2 9a

PH2
9a

A three neck round bottom flask equipped with reflux

condenser and dropping funnel was loaded with 3.4 g

(132 mmol) Mg and 100 mL THF. 17 g (60 mmol) 2-bromo-1,3,5-

triisopropylphenylbenzene was added dropwise until the Grignard

reaction started. After complete addition of the bromoarene the

mixture was heated to reflux for additional 1.5 h. After cooling to

room temperature, the Grignard reagent was added dropwise under vigorous stirring at

−78 °C to 15 mL (171 mmol) of PCl3 in a two neck round bottom flask. During addition

the solution turned yellow and a white solid precipitated. The mixture was heated to

room temperature and was stirred for additional 0.5 h. All volatiles were removed under

reduced pressure. The remaining solid was suspended in 100 mL Et2O and filtered. The

filtration residue was washed two times with 20 mL Et2O. The volume of the combined

etheral filtrates was reduced to 40 mL. 150 mL 1 M DIBAL-H/n-hexane (150 mmol) were

added dropwise at −50 °C. The orange solution was heated up to room temperature and

stirred for 1 h. Conversion to the phosphane was monitored by 31P-NMR spectroscopy.

The excess of DIBAL-H was carefully quenched with 40 mL of degassed water at 4 °C.

After separation of the organic layer the aqueous phase was extracted two times with

20 mL n-pentane. The solvent of the organic extracts was evaporated. Subsequently,

2,4,6-triisopropylphenylphoshpine was isolated as a colorless liquid by vacuum distillation

(6 × 10−2 mbar, 85-95 °C). Yield: 9.54 g (40.39 mmol), 68%.

TippPHal2:

31P-NMR (161.93 MHz, CDCl3, 297 K): δ = 165.0 (s, -PCl2), 159.9 (s, -PBrCl), 152.8 (s,

-PBr2).

TippPH2 9a:

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 7.08 (d, 4JP,H = 2.4 Hz, 2H, meta-H), 3.84 (d,
1JP,H = 203.2 Hz, 2H, -PH2), 3.45 (heptd, 4JP,H = 3.2 Hz, 3JH,H = 6.7 Hz, 2H, ortho-

CH(iPr)), 2.77 (hept, 3JH,H = 6.9 Hz, 1H, para-CH(iPr)), 1.22 (d, 3JH,H = 7.0 Hz, 6H,

para-CH3(
iPr)), 1.21 (d, 3JH,H = 6.9 Hz, 12H, ortho-CH3(

iPr)).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 152.3 (d, J = 9.7 Hz, ortho-C), 149.2

(s, para-C), 122.9 (d, J = 12.9 Hz, ipso-C), 121.3 (d, J = 2.8 Hz, meta-C), 34.8 (s,

para-CH(iPr)), 33.3 (d, J = 11.6 Hz, ortho-CH(iPr)), 24.3 (s, para-CH3(
iPr)), 23.9 (s,

ortho-CH3(
iPr)).
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31P-NMR (161.93 MHz, C6D6, 297 K): δ = –159.0 (tm, 1JP,H = 203.2 Hz).

IR (nujol): ν̃ = 2959 (s), 2924 (s), 2864 (s), 2297 (m), 1600 (w), 1559 (w), 1527 (w), 1459

(s), 1417 (s), 1380 (m), 1359 (m), 1313 (m), 1300 (m), 1256 (m), 1237 (w), 1189 (m),

1166 (w), 1127 (m), 1105 (m), 1060 (s), 1041 (m), 941 (w), 922 (w), 884 (s), 871 (s), 829

(w), 807 (w), 754 (s), 732 (m), 714 (m), 640 (m), 623 (m), 510 (m).

4.3.3. Synthsis of 2,4,6-Tri-tertbutylphenyl Phosphane Mes*PH2 10a

PH2
10a

5.4 g (16.6 mmol) 2-bromo-1,3,5-tri-tertbutylbenzene were dis-

solved in 50 mL THF and cooled to −78 °C. 14 mL of 1.3 M n-

BuLi/n-hexane (21.6 mmol, 1.3 eq) were added dropwise. After

stirring for 20 min 2.9 mL of PCl3 (33.2 mmol, 2 eq) were added

to the slightly yellow solution. The mixture was heated slowly to

ambient temperature and refluxed for 10 min. All volatiles were

evaporized under reduced pressure. The solid remainder was suspended in 30 mL Et2O

and the suspension filtered and washed with 20 ml Et2O. The solvent of the combined

etheral phases were switched to 40 mL THF and added to a suspension of LiAlH4/10 mL

THF at −78 °C and stirred for 6 h at room temperature. Degassed water was added un-

til the excess of LiAlH4 was completely quenched and the crude product extracted with

n-hexane. 3.2 g (11.4 mmol, 70%) of 10a were isolated after crystallization from EtOH.

Mes∗PCl2/Mes∗PBrCl:

31P-NMR (161.93 MHz, C6D6, 297 K): δ = 155.0 (s), 153.0 (s).

Mes∗PH2 10a:

1H-NMR (400.22 MHz, C6D6, 297 K): δ = 7.54 (d, 4JP,H = 2.4 Hz, 2H, meta-H), 4.26 (d,
1JP,H = 207.4 Hz, 2H, -PH2), 1.57 (s, 18H, ortho-tBu), 1.30 (s, 9H, para-tBu).

13C{1H}-NMR (100.65 MHz, C6D6, 297 K): δ = 154.5 (d, J = 7.0 Hz, ortho-C), 149.2 (s,

para-C), 125.0 (d, J = 26.0 Hz, ipso-C), 122.3 (d, J = 3.0 Hz, meta-C), 38.2 (s, ortho-Cq),

35.0 (s, para-Cq) 32.8 (d, J = 7.4 Hz, ortho-CH3), 31.5 (s, para-CH3).

31P-NMR (162.01 MHz, C6D6, 297 K): δ = –126.6 (t, 1JP,H = 207.4 Hz).
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4.3.4. Synthesis of 2-Methyl-2-phenylpropyl Phosphane

(Neophylphosphane) NphPH2 11a

PH2

11a

A three neck round bottom flask equipped with reflux

condenser and dropping funnel was loaded with 1.5 g

(62.5 mmol) Mg and 60 mL THF. 4.5 g (26.9 mmol) (2-chloro-

1,1-dimethylethyl)benzene (neophyl chlorid) was added dropwise

until the Grignard reaction started. After complete addition of the alkyl halogenide the

mixture was heated to reflux for additional 1.5 h. After cooling to room temperature,

the Grignard reagent was added dropwise under vigorous stirring at −78 °C to 2.9 mL

(33.2 mmol) of PCl3 in a two neck round bottom flask. After evaporation of all volatiles

under reduced pressure the remainder was extracted with three times 20 mL n-hexane.

The solvent was changed to Et2O and added dropwise at −78 °C to a suspention of 0.55

(14.5 mmol) LiAlH4. The mixture was heated up to room temperature and stirred for

additional 15 min. The excess of LiAlH4 was carefully quenched with degassed water.

The two phase suspension was extracted with three times 20 mL Et2O. 1.8 g (10.8 mmol,

40%) of 11a were isolated by fractionated vacuum distillation (1 × 10−1 mbar, 33 °C).

NphlPCl2:

31P-NMR (162.01 MHz, C6D6, 297 K): δ = 194.5 (s).

NphlPH2 11a:

1H-NMR (400.22 MHz, C6D6, 297 K): δ = 7.1 (m, 5H, Ar-H), 2.31 (dm, 1JP,H = 194.0 Hz,

2H, -PH2), 1.67 (td, 3JH,H = 7.1 Hz, 2JP,H = 3.5 Hz, 2H, CH2), 1.20 (s, 6H, -CH3).

13C{1H}-NMR (100.65 MHz, C6D6, 297 K): δ = 148.4 (d, 3JP,C = 2.6 Hz, ipso), 128.4 (s,

meta-C), 126.12 (s, para-C), 126.09 (s, ortho-C), 37.8 (d, 2JP,C = 5.2 Hz, Cq), 29.4 (d,
2JP,C = 5.6 Hz, -CH3), 29.2 (d, 1JP,C = 11.3 Hz, -CH2).

31P-NMR (162.01 MHz, C6D6, 297 K): δ = –161.5 (tm, 1JP,H = 194.1 Hz).

4.3.5. Synthesis of Lithium Phosphanides 8b, 9b, and 11b

Primary phosphanes MesPH2 8a, TippPH2 9a and NphlPH2 11a were dissolved in n-

hexane and reacted with an equimolar amount of n-BuLi/n-hexane at −78 °C. The sus-

pension was heated up to room temperature and stirred for 1 h. The yellow precipitate
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was collected by filtration, washed two times with n-pentane and dried in vacuo. The

powdery product is highly pyrophoric.

4.3.6. Synthesis of Lithium 2,4,6-Trimethylphenyl Phosphanide

MesPHLi 8b

8b was synthesized according to Section 4.3.5. 769 mg of a powdery solid were isolated.

Yield 97%.

PHLi8b

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 6.41 (s, 2H, meta-

H), 2.16 (d, 4JP,H = 1.7 Hz, 6H, ortho-CH3), 2.05 (s, 3H, para-

CH3), 1.88 (d, 1JP,H = 167.0 Hz, 1H, -PH).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 154.1 (d,
1JP,C = 50.6 Hz, ipso-C), 135.3 (d, 2JP,C = 9.4 Hz, ortho-C), 127.0 (d, 3JP,C = 2.1 Hz,

meta-C), 123.8 (d, 4JP,C = 2.05 Hz, para-C), 25.2 (d, 3JP,C = 13.4 Hz, ortho-CH3), 21.1

(s, para-CH3).

31P-NMR (161.96 MHz, [D8]THF, 297 K): δ = –156.1 (d, 1JP,H = 167.0 Hz).

4.3.7. Synthesis of Lithium 2,4,6-Triisopropylphenyl Phosphanide

TippPHLi 9b

9b was synthesized according to Section 4.3.5. 1.0 g of a powdery solid were isolated.

Yield 98%. Crystallization could be achieved from THF/n-hexane/TMEDA at −20 °C

([(thf)(tmeda)·9b]).

PHLi9b

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 6.60 (s, 2H, meta-

H), 3.74 (s, 2H, ortho-CH(iPr)), 2.69 (s, 1H, para-CH(iPr)), 1.21

(d, 3JH,H = 6.8 Hz, 12H, ortho-CH3(
iPr)), 1.18 (d, 3JH,H = 6.9 Hz,

6H, para-CH3(
iPr)), -PH could not be detected.

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 152.7 (d,
1JP,C = 52.2 Hz ipso-C), 146.6 (s, ortho-C), 137.2 (s, para-C), 118.8 (s, meta-C), 35.3

(s, para-CH(iPr)), 33.3 (d, J = 14.8 Hz, ortho-CH(iPr)), 25.2 (s, para-CH3(
iPr)), 24.2 (s,

ortho-CH3(
iPr)).

31P-NMR (161.98 MHz, [D8]THF, 297 K): δ = –166.4 (tm, 1JP,H = 165.4 Hz).
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4.3.8. Synthesis of Lithium 2-Methyl-2-phenylpropyl Phosphanide

(Lithium Neophylphosphanide) NphlPHLi 11b

11b was synthesized according to Section 4.3.5. 544 mg of a powdery solid were isolated.

Yield 65%.

PHLi

11b

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.32 (m, 2H,

ortho-CH), 7.10 (m, 2H, meta-CH), 6.95 (m, 1H, para-CH),

1.67 (dd, 3JH,H = 8.3 Hz, 2JP,H = 4.3 Hz, 2H, CH2), 1.30 (s,

6H, -CH3), 0.22 (dt, 1JP,H = 160.2 Hz, 3JH,H = 8.2 Hz, 1H,

-PH).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 155.6 (s, ipso), 128.0 (s, meta-C),

126.9 (s, ortho-C), 124.8 (s, para-C), 40.0 (s, Cq), 35.4 (d, 1JP,C = 32.7 Hz, -CH2), 28.7

(d, 2JP,C = 5.6 Hz, -CH3).

31P-NMR (161.98 MHz, [D8]THF, 297 K): δ = –188.0 (dm, 1JP,H = 160.2 Hz).

4.3.9. Synthesis of Potassium Phosphanides 8c, 9c, and 11c

Potassium Phosphanides MesP(H)K 8c, TippP(H)K 9c and NphlP(H)K 11c were syn-

thesized by reacting the corresponding phosphanes (8a, 9a, 11a) with potassium hydride.

1.4 molar equivalents of KH were suspended in a mixture of THF : Et2O (2:1 8c, 7:2 9c,

1:0 11c). The phosphane was added to the suspension at room temperature. The mixture

was stirred 12-72 h. Meanwhile a slow gas evolution and a color change from colorless to

yellow could be observed. Subsequently, the excess of KH was separated by filtration and

the product isolated from the filtrate.

4.3.10. Synthesis of Potassium 2,4,6-Trimethylphenyl Phosphanide

MesPHK 8c

PHK8c

8c was synthesized according to Section 4.3.9. Shortly after the

excess of KH was filtrated yellow needles crystallized in the fil-

trate. The filtrate was stored at −20 °C over night to support

further crystallization. The crystals were isolated by filtrated,
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washed with 15 mL of n-pentane and dried under reduced pressure to yield 801 mg (98%).
31P-NMR titration (internal standard: Ph3P) verified a quantitative conversion.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 6.42 (s, 2H, meta-H), 2.15 (d, 4JP,H = 1.8 Hz,

6H, ortho-CH3), 2.05 (s, 3H, para-CH3), -PH could not be assigned.

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 156.0 (s, very broad, ipso-C), 134.6

(s, broad, ortho-C), 127.3 (s, meta-C), 122.7 (s, broad, para-C), 25.3 (d, 3JP,C = 13.5 Hz,

ortho-CH3), 21.2 (s, para-CH3).

31P-NMR (161.93 MHz, [D8]THF, 297 K): δ = –142.4 (d, broad, 1JP,H = 154.8 Hz, FWHM

104.4 Hz).

31P-NMR (161.93 MHz, [D8]THF, 233 K): δ = –140.8 (d, 1JP,H = 159.3 Hz, FWHM

24.0 Hz).

4.3.11. Synthesis of Potassium 2,4,6-Triisopropylphenyl Phosphanide

TippPHK 9c

PHK9c

9c was synthesized according to Section 4.3.9. The yellow clear

filtrate was evaporated to dryness under reduced pressure yielding

982 mg (96%) of an amorphous yellow solid. Crystallization could

be achieved from a solvent mixture of Et2O/TMEDA with a ratio

of 20:1. 31P-NMR titration (internal standard: Ph3P) verified a

quantitative conversion.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 6.57 (s, 2H, meta-H), 3.67 (m, 4JP,H =

6.4 Hz, 2H, ortho-CH(iPr)), 2.65 (hept, 3JH,H = 6.9 Hz, 1H, para-CH(iPr)), 1.18 (d,
3JH,H = 6.8 Hz, 12H, ortho-CH3(

iPr)), 1.14 (d, 3JH,H = 7.0 Hz, 6H, para-CH3(
iPr)),

-PH could not be assigned.

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 157.7 (s, ipso-C), 145.8 (s, ortho-C),

135.7 (s, para-C), 118.9(s, meta-C), 35.3 (s, para-CH(iPr)), 33.1 (d, J = 15.0 Hz, ortho-

CH(iPr)), 25.1 (s, para-CH3(
iPr)), 24.0 (s, ortho-CH3(

iPr)).

31P-NMR (161.93 MHz, [D8]THF, 297 K): δ = –153.8 (d, 1JP,H = 156.1 Hz, FWHM

132.8 Hz).
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IR (nujol): ν̃ = 3502 (w), 2953 (s), 2926 (s), 2888 (s), 2864 (s), 2259 (m), 1987 (w), 1766

(w), 1665 (w), 1593 (m), 1535 (w), 1460 (s), 1411 (s), 1377 (m), 1360 (m), 1306 (m), 1252

(m), 1237 (m), 1252 (m), 1237 (m), 1224 (m), 1165 (m), 1127 (m), 1100 (m), 1057 (s),

1038 (s), 939 (m), 920 (m), 878 (s), 808 (w), 755 (m), 731 (w), 714 (w), 636 (m), 622 (m),

562 (w), 514 (w), 479 (w), 425(w).

4.3.12. Synthesis of Potassium 2-Methyl-2-phenylpropyl

Phosphanide (Potassium Neophylphosphanide) NphlPHK

11c Method A

11c was synthesized according to Section 4.3.9. The yellow clear filtrate was evaporated

to dryness under reduced pressure of a powdery yellow solid. Due to the impurity of

NphlPH2 11a the yield was not determined.

PHK

11c

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.32 (m, broad,

ortho-CH), 7.16 (m, broad meta-CH), 7.01 (m, broad, para-CH),

2.01 (s, broad, 2H, CH2), 1.32 (s, broad, 6H, -CH3), 0.13 (d,

broad, 1JP,H = 148.2 Hz, 1H, -PH).

31P-NMR (161.98 MHz, [D8]THF, 297 K): δ = –163.7 (t, broad, 1JP,H = 194.4 Hz, 34%,

-PH2), –175.6 (d, broad, 1JP,H = 148.0 Hz, 66%, -PH).

4.3.13. Synthesis of Potassium 2-Methyl-2-phenylpropyl

Phosphanide (Potassium Neophylphosphanide) NphlPHK

11c Method B

PHK

11c

257 mg (2.0 mmol) of benzyl potassium were dissolved in 20 mL

of THF and cooled to −78 °C. To the deep red solution 310 mg

(2.0 mmol) of NphlPH2 11a dissolved in 20 mL of THF were

added. Upon 90% addition the red solution changed its color to

yellow-brown. After complete addition a 2 mL aliquot was taken, evaporized to dryness

and used for NMR spectroscopic analysis.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.33 (m, 2H, ortho-CH), 7.16 (m, 2H, meta-

CH), 7.01 (m, 1H, para-CH), 2.30 (s, toluene-CH3), 2.05 (s, broad, 2H, CH2), 1.30 (s, 6H,

-CH3), 0.10 (d, broad, 1JP,H = 147.9 Hz, 1H, -PH).
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13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 155.5 (s, broad, ipso), 138.6 (s,

toluene), 129.8 (s, toluene), 129.1 (s, toluene), 128.1 (s, broad, meta-C), 127.3 (s, broad,

ortho-C), 126.2 (s, toluene), 124.9 (s, broad, para-C), 40.5 (s, broad, Cq), 36.3 (d, broad,
1JP,C = 38.4 Hz, -CH2), 29.5 (s, broad, -CH3), 21.7 (s, toluene).

31P-NMR (161.98 MHz, [D8]THF, 297 K): δ = –163.7 (t, 1JP,H = 192.7 Hz, 17%, -PH2)

–175.9 (d, 1JP,H = 147.7 Hz, 83%, -PH).

4.3.14. Synthesis of Mes2PLi 12b

Li
P

12b

167 mg (0.6 mmol) of Mes2PH 12a were dissolved in 15 mL

n-hexane and cooled to −78 °C. 0.4 mL of 1.6 M n-BuLi/n-

hexane were added dropwise to the solution. The mixture

was heated up to room temperature and stirred for 18 h.

The solvent of the pale yellow solution was removed under

reduced pressure for NMR spectroscopic analysis. A yield was not determined.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 6.50 (s, 4JP,H = 2.0 Hz, 4H, meta-H), 3.39

(q,3JH,H = 4.0 Hz), 3.12 (s), 2.28 (s), 2.09 (d, 4JP,H = 3.2 Hz, 12H, ortho-CH3), 1.89 (s),

1.30 (m), 1.12 (m), 0.89 (m), –0.11 (m).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 150.6 (d, 1JP,C = 44.5 Hz, ipso-C),

140.0 (d, 2JP,C = 9.3 Hz, ortho-C), 128.3 (s, para-C), 127.6 (s, meta-C), 21.3 (s, ortho-

CH3), 14.2 (s, para-CH3.

31P-NMR (161.93 MHz, [D8]THF, 297 K): δ = –63.8 (s).

4.3.15. Synthesis of Nph2PH 13a

HP

13a

1.5 g (63.0 mmol) magnesium was suspended in 60 mL THF.

3.6 g (21.1 mmol) neophylchloride were added to the suspen-

sion until the grignard reaction started. The remaining neo-

phylchloride was added dropwise. After complete addition

the mixture was heated to reflux for 1.5 h. The grignard so-

lution was added to a flask with 1.44 g (10.5 mmol) of PCl3
in 15 mL THF under cooling to −78 °C. The mixture was heated up and stirred at room
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temperature for 48 h. The solvent was removed under reduced pressure and the remain-

ing solid was extracted with three times 20 mL n-hexane. After changing the solvent to

40 mL Et2O the etheral solution was added dropwise to a suspension of 0.25 g (6.6 mmol)

LiAlH4 in 20 mL Et2O at 0 °C. The suspension was heated to room temperature and

stirred for additional 15 min prior quenching possible excess of LiAlH4 with 30 mL of de-

gassed water. The etheral phase was isolated and the aqueous was extracted with 20 mL

Et2O. The etheral extracts were combined and the solvent removed. The crude product

was purified by fractionated distillation. Fractions: 0.37 mbar, 41 °C; 0.16 mbar , 111 °C;

4 × 10−2 mbar, 122 °C. 1.2 g (3.9 mmol, 37%) of 13a were identified in the third fraction.

Nph2PCl:

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 102.3 (s).

Nph2PH 13a:

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 7.73 (m, 8H, Ar-H), 7.06 (m, 2H, Ar-H), 2.63

(dtt, 1JP,H = 198.8 Hz, 3JH,H = 8.8 Hz, 3JH,H = 6.9 Hz, 1H, -PH), 1.95 (ddd, 1JH,H =

13.6 Hz, 3JH,H = 7.0 Hz, 2JP,H = 5.1 Hz, 2H, CH2-CHa), 1.30 (ddd, 1JH,H = 13.4 Hz,
3JH,H = 8.6 Hz, 2JP,H = 4.6 Hz, 2H, CH2-CHb), 1.27 (s, 6H,

-(CH3)a), 1.26 (s, 6H, -(CH3)b).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 149.5 (d, 3JP,C = 3.1 Hz, ipso), 128.4 (s,

meta-C), 126.04 (s, para-C), 126.02 (s, ortho-C), 38.3 (d, 2JP,C = 5.2 Hz, Cq), 37.8 (d,
1JP,C = 11.3 Hz, -CHaHb), 30.2 (d, 2JP,C = 8.6 Hz, -CH3a), 29.4 (d, 2JP,C = 8.7 Hz, -CH3b).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –97.5 (dm, 1JP,H = 198.8 Hz).
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4.4. Synthesis of Silyl substituted

Aryl-/Alkyl-Phosphanes and Phosphanides

4.4.1. Synthesis of 2,4,6-Trimethylphenyl Trimethylsilyl Phosphane

MesP(H)TMS 14a

H
P

Si

14a

627 mg (3.3 mmol) MesP(H)K 8c were dissolved in 40 mL

THF. At −78 °C 0.43 mL (3.4 mmol) TMS−Cl were added

to the yellow solution. After immediate decolorization a

1 mL aliquot was evaporated in vacuo. The remaining so-

lution was used for the synthesis of MesP(Li)TMS 17a.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 6.78 (s, broad, 2H, meta-H), 3.44 (d, 1JP,H =

206.7 Hz, 1H, -PH), 2.36 (s, 6H, ortho-CH3), 2.10 (s, 3H, para-CH3), 0.10 (d, 3JP,H =

4.2 Hz, 9H, TMS-CH3).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 141.0 (d, J = 10.7 Hz, ortho-C), 135.9

(s, para-C), 129.3 (d, J = 3.4 Hz, meta-C), 24.2 (d, J = 12.0 Hz, ortho-CH3), 21.0 (s,

para-CH3), 0.8 (d, 2JP,C = 9.9 Hz, TMS-CH3).

29Si-NMR HMBC (79.49 MHz, C6D6, 297 K): δ = 3.7.

31P-NMR (161.94 MHz, C6D6, 297 K): δ = –159.4 (d, 1JP,H = 206.8 Hz).

4.4.2. Synthesis of 2,4,6-Trimethylphenyl Triisopropyl Phosphane

MesP(H)TIPS 14b

H
P

Si

14b

119 mg (0.78 mmol) MesPH2 8a were dissolved in 5 mL

THF and cooled to −78 °C. 0.49 mL of 1.6 M n-BuLi/n-

hexane were added yielding a yellow clear solution. 151 mg

(0.78 mmol) TIPS−Cl in 4.8 mL THF were added to the

yellow solution. The solution became colorless. A 0.4 mL

aliquot was taken for NMR spectroscopic analysis.

1H-NMR extracted from 31P-1H-HMBC (400.13 MHz, C6D6, 297 K): δ = 6.61 (s, meta-

H), 3.44 (d, 1JP,H = 212.2 Hz, -PH), 2.31 (s, ortho-CH3), 1.12 (s, para-CH3), 0.66 (s,

TMS-CH3).
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29Si-NMR HMBC (79.49 MHz, C6D6, 297 K): δ = 13.7 (d, 1JP,Si = 39.5 Hz).

31P-NMR (161.94 MHz, C6D6, 297 K): δ = –157.3 (d, 1JP,H = 203.3 Hz, 7%, MesPH2 8a),

–175.8 (d, 1JP,H = 212.2 Hz, 8%, 14b), –176.7 (d, 1JP,H = 213.9 Hz, 85%, 14b).

4.4.3. Synthesis of TippP(H)TMS 15a

H
P

Si
15a

78 mg (0.28 mmol) of TippP(H)K 9c were dissolved in 10 mL

THF and cooled to −78 °C. 1 molar equivalent of TMS−Cl

was added to the yellow solution and heated up slowly to

room temperature. After 15 min the solvent was removed

in vacuo.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 7.13 (d, 4JP,H = 2.3 Hz, 2H, meta-H), 3.62 (d,
1JP,H = 206.7 Hz, 1H, -PH), 3.61 (m, 2H, ortho-CH(iPr)),2.77 (hept, 3JH,H = 6.7 Hz, 1H,

para-CH(iPr)), 1.34 (d, 3JH,H = 6.7 Hz, 6H, ortho-CH3(
iPr)), 1.25 (d, 3JH,H = 7.0 Hz, 6H,

ortho-CH3(
iPr)), 1.21 (d, 3JH,H = 7.0 Hz, 6H, para-CH3(

iPr)), 0.13 (d, 3JP,H = 4.1 Hz,

9H, TMS-CH3).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 152.2 (d, J = 9.5 Hz, ortho-C), 148.1

(s, para-C), 126.0 (d, J = 12.9 Hz, ipso-C), 121.4 (d, J = 3.5 Hz, meta-C), 34.7 (s,

para-CH(iPr)), 33.7 (d, J = 13.4 Hz, ortho-CH(iPr)), 24.3-24.1 (m, ortho-CH3(
iPr), para-

CH3(
iPr)), 0.4 (d, 2JP,C = 10.3 Hz, TMS-CH3).

31P-NMR (161.94 MHz, C6D6, 297 K): δ = –165.7 (d, 1JP,H = 206.7 Hz).

4.4.4. Synthesis of NphP(H)TMS 16a

P
H

Si
16a

98 mg (0.9 mmol, 0.11 mL, 2 eq) TMS−Cl were dissolved in

8 mL THF and cooled to −78 °C. 77 mg (0.45 mmol, 1 eq)

NphlP(H)Li were dissolved in 4 mL THF and added drop-

wise. The solution was heated up to room temperature

and stirred for additional 15 min. Subsequently, all volatiles

were evaporated under reduced pressure.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 7.33-7.01 (m, 5H, Ar-H), 2.24 (pseudo-td,
2JH,H = 13.9 Hz, 2JP,H = 7.0 Hz, 3JH,H = 7.0 Hz, 1H, CHaHb), 1.67 (ddd, 1JP,H = 191.0 Hz,
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3JH,H = 10.2 Hz, 3JH,H = 6.1 Hz, 1H, -PH), 1.52 (ddd, 2JH,H = 13.2 Hz, 2JP,H = 10.2 Hz,
3JH,H = 6.1 Hz, 1H, CHaHb), 1.39 (s, 3H, -CH3(a/b)), 1.37 (s, 3H, -CH3(a/b)), 0.08 (d,
3JP,H = 4.2 Hz, 9H, -TMS).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 149.4 (d, 3JP,C = 3.1 Hz, ipso), 128.5 (s,

meta-C), 126.2 (s, para-C), 126.1 (s, ortho-C), 38.2 (d, 2JP,C = 9.6 Hz, Cq), 30.6 (d,
1JP,C = 14.6 Hz, -CH2), 30.1 (d, 2JP,C = 8.1 Hz, -CH3(a/b)), 28.7 (d, 2JP,C = 8.8 Hz,

-CH3(a/b)), -0.13 (d, 2JP,C = 10.5 Hz, -TMS).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –161.7 (t, 1JP,H = 193.6 Hz, -PH2, 4%, 11a),

–169.7 (ddd, 1JP,H = 191.4 Hz, 3JP,H = 12.0 Hz, 3JP,H = 5.7 Hz, 92%, -PH, 16a), –190.3

(s, 4%, NphP(TMS)2).

4.4.5. Synthesis of NphP(H)TIPS 16b

Si
P
H

16b

328 mg (1.7 mmol) TIPS−Cl were dissolved in 17 mL THF

and cooled to −78 °C. 17 mL of a 0.1 M THF solution of

NphP(H)Li 11b were added dropwise. The clear, colorless

solution was heated up to room temperature and stirred for

additional 15 min. All volatiles were evaporized to yield a

colorless oil.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 7.36-7.05 (m, 5H, Ar-H), 2.40 (m, 2JH,H =

13.9 Hz, 2JP,H/H,H = 7.0 Hz, 1H, CHaHb), 1.84 (ddd, 1JP,H = 194.0 Hz, 3JH,H = 11.2 Hz,
3JH,H = 6.8 Hz, 1H, -PH), 1.52 (ddd, 2JH,H = 13.2 Hz, 2JP,H = 10.2 Hz, 3JH,H = 6.1 Hz,

1H, CHaHb), 1.60 (s, 0.5H), 1.44 (s, 3H, -CH3(a/b)), 1.41 (s, 3H, -CH3(a/b)), 1.19 (s,

0.5H), 1.04-1.02 (m, 21H, -TIPS), 0.28 (s, 1H).

13C{1H}-NMR (100.62 MHz, C6D6, 297 K): δ = 149.4 (d, 3JP,C = 3.2 Hz, ipso), 128.5 (s,

meta-C), 126.3 (s, para-C), 126.1 (s, ortho-C), 38.6 (d, 2JP,C = 9.9 Hz, Cq), 30.4 (d,
1JP,C = 15.1 Hz, -CH2), 30.2 (d, 2JP,C = 7.9 Hz, -CH3(a/b)), 28.3 (d, 2JP,C = 9.6 Hz,

-CH3(a/b)), 19.4 (m, -CHTIPS), 18.0 (s), 12.6 (d, 2JP,C = 7.9 Hz, -CH3TIPS).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 15.2 (d, 1JP,Si = 30.8 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –161.8 (tm, 1JP,H = 194.1 Hz, -PH2, 6%, 11a),

–190.9 (dm, 1JP,H = 194.5 Hz, 95%, -PH, 16b).
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4.4.6. Synthesis of NphP(H)(SiPh3) 16d, NphP(SiPh3)2 20d

Si
Ph

P
Si

P
H

Ph

Ph
Si

PhPh
Ph

16d 20d

525 mg (3.2 mmol) of NphlPH2 11a

were dissolved in 7 mL THF. 2 mL of

1.6 M n-BuLi/n-hexane were added

at −78 °C. To the yellow clear so-

lution 931 mg (3.2 mmol) Ph3Si−Cl

dissolved in 4.8 mL THF were added

under cooling. A 0.1 mL aliquot was

taken from solution for NMR spectroscopic analysis. NMR spectra indicate the formation

of a 1:1 ration of 11a and 20d as well as a trace (2%) of 16d. The remaining solution

was used for the synthesis of NphP(Li)(SiPh3) 19d.

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = -6.0 (d, 1JP,Si = 29.4 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –163.1 (tm, 1JP,H = 193.5 Hz, -PH2, 48%, 11a),

–179.5 (dt, 1JP,H = 193.5 Hz, JP,H = 7.8 Hz, -PH, 2%, 16d), –195.2 (s, 50%, -PH, 20d).

4.4.7. Synthesis of MesP(Li)TMS 17a

Li
P

Si

17a

A solution of 3.2 mmol of MesP(H)TMS 14a in 39 mL was

cooled to −78 °C. 1 molar euivalent of n-BuLi/n-hexane

was added. The solution changed its color from colorless to

yellow. All volatiles were evaporated under reduced pres-

sure.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 6.64 (s, 2H, meta-H), 2.52 (s, 6H, ortho-

CH3), 2.04 (s, 3H, para-CH3), 0.18 (d, 2JP,H = 5.8 Hz), –0.10 (d, 2JP,H = 4.1 Hz, TMS-

CH3).

13C{1H}-NMR (100.62 MHz, [D8]THF, 297 K): δ = 158.9 (s, para-C), 145.8 (d, J =

5.2 Hz), 144.6 (d, J = 39.9 Hz, ipso-C), 130.7 (s), 129.5 (d, J = 1.8 Hz, ortho-C), 127.2

(d, J = 3.4 Hz, meta-C), 27.6 (d, J = 12.0 Hz, ortho-CH3), 21.3 (s, para-CH3), 3.7 (d,
2JP,C = 13.1 Hz, TMS-CH3).

29Si-NMR (79.49 MHz, [D8]THF, 297 K): δ = 3.4 (d, 1JP,Si = 37.7 Hz).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = –3.0 (d, 1JP,Si = 41.0 Hz).
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31P-NMR (161.94 MHz, [D8]THF, 297 K): δ = –185.3 (s).

31P-NMR (161.94 MHz, C6D6, 297 K): δ = –186.4 (s).

4.4.8. Synthesis of MesP(Li)TIPS 17b

Li
P

Si

17b

268 mg (0.78 mmol) MesP(H)TIPS 14b were dissolved in

9 mL THF and cooled to −78 °C. 1 molar equivalent of

1.6 M n-BuLi/n-hexane were added. The mixture was

heated to room temperature.

1H-NMR extracted from 31P-1H-HMBC and 29Si-1H-HMBC

(400.13 MHz, C6D6, 297 K): δ = 6.70 (s, meta-H), 2.73 (s, ortho-CH3), 2.04 (s, para-CH3),

1.10 (s, TIPS-CH3).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 13.8 (d, 1JP,Si = 56.1 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –214.6 (s).

4.4.9. Synthesis of MesP(Li)TBDMS 17c

Li
P

Si

17c

512 mg (3.4 mmol) of MesPH2 8a were dissolved in 8.8 mL

THF and cooled to −78 °C. 2.1 mL of a 1.6 M n-BuLi/n-

hexane were added. The solution turned yellow and was

stirred for 15 min. 3.4 mL of a 1 M solution of Ph3Si−Cl

was added to the yellow solution. 5 min after decolorization

of the solution 2.1 mL of a 1.6 M n-BuLi/n-hexane were added. The 0.2 M solution of 17c

was characterized by NMR spectroscopy from solution.

1H-NMR extracted from 31P-1H-HMBC and 29Si-1H-HMBC (400.13 MHz, C6D6, 297 K):

δ = 6.73 (s, meta-H), 6.50 (s, meta-H, 8b), 2.36 (s, ortho-CH3), 2.03 (d, 1JP,H = 170.4 Hz,

-PH, 8b), 2.06 (s, para-CH3), 0.95 (s, SitBu-CH3), –0.02 (s, Si(CH3)2-CH3).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 9.0 (d, 1JP,Si = 51.1 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –157.3 (d, 1JP,H = 172.2 Hz, -PH, 12%, 8b),

–199.1 (s, 88%, 17c).
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4.4.10. Synthesis of MesP(Li)(SiPh3) 17d

P
Li

Si

17d

457 mg (3 mmol) of MesPH2 8a were dissolved in 7.8 mL

THF and cooled to −78 °C. 1.9 mL of a 1.6 M n-BuLi/n-

hexane were added. The solution turned yellow and was

stirred for 15 min. 3 mL of a 1 M solution of Ph3Si−Cl was

added to the yellow solution. 5 min after decolorization of

the solution 1.9 mL of a 1.6 M n-BuLi/n-hexane were added.

The 0.2 M solution of 17d was characterized by NMR spectroscopy from solution.

1H-NMR extracted from 31P-1H-HMBC and 29Si-1H-HMBC (400.13 MHz, C6D6, 297 K):

δ = 7.49 (s, -SiPh3), 6.63 (s, meta-H), 2.36 (s, ortho-CH3), 2.06 (s, para-CH3).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = –6.7 (d, 1JP,Si = 56.9 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –157.5 (d, 1JP,H = 171.7 Hz, -PH, 5%, 8b),

–191.8 (s, 95%, 17d).

4.4.11. Synthesis of TippP(Li)TIPS 18b

Li
P

Si
18b

945 mg (4 mmol) of Tipp−PH2 9a were dissolved in 10.3 mL

THF and cooled to −78 °C before addition of 2.5 mL of

1.6 M n-BuLi/n-hexane. 4.4 mL of a 0.9 M THF solution

of TIPS–Cl were added to the yellow solution and heated

up to room temperature. Under cooling to −78 °C 1 eq of

1.6 M n-BuLi/n-hexane were added to yield a 0.2 M THF solution of 18b. NMR spec-

troscopic analysis was conducted from solution.

1H-NMR (solvent supressed) (400.13 MHz, C6D6, 297 K): δ = 6.86 (d, 4JP,H = 1.5 Hz,

meta-H), 5.30 (heptd, 3JH,H = 6.6 Hz, 4JP,H = 4.7 Hz, ortho-CH(iPr)), 2.75 (hept, 3JH,H =

6.8 Hz, para-CH(iPr)), 1.26 (d, 3JH,H = 7.0 Hz), 1.17 (m, TIPS-CH(iPr), 0.90 (d, 3JH,H =

6.5 Hz), 0.89-0.76 (m).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 12.3 (d, 1JP,Si = 56.2 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –233.2 (s, 7%, 18d), –236.4 (s, 93%, 18b).
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4.4.12. Synthesis of TippP(Li)TBDMS 18c

Li
P

Si
18c

497 mg of Tipp−PH2 9a were dissolved in 6 mL THF and

cooled to −78 °C. Under cooling 1.3 mL of 1.6 M n-BuLi/n-

hexane, 317 mg of TBDMS–Cl in 1.9 mL THF and 1.3 mL

of 1.6 M n-BuLi/n-hexane were added with 5 min breaks

between each reagent. The resulting 0.2 M THF solution of

18c was heated to room temperature and used for further

synthesis without purification. NMR spectroscopic analysis was conducted from solution.

1H-NMR extracted from 31P-1H-HMBC and 29Si-1H-HMBC (400.13 MHz, C6D6, 297 K):

δ = 6.77 (d, 4JP,H = 1.5 Hz, 2H, meta-H), 6.63 (d, 4JP,H = 2.4 Hz, meta-H, traces, 9b), 5.17

(heptd, 3JH,H = 7.1 Hz, 4JP,H = 5.5 Hz, 2H, ortho-CH(iPr)), 2.17 (d, 1JP,H = 164.2 Hz,

traces, -PH, 9b), 1.24-1.08 (m, n-hexane), 0.98 (s, SitBu-CH3), 0.80-0.73 (m, n-hexane),

0.00 (d, 3JP,H = 3.0 Hz, 6H, Si(CH3)2-CH3).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 8.0 (d, 1JP,Si = 50.8 Hz).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = –166.8 (d, 1JP,H = 167.6 Hz, -PH, 5%, 9b),

–220.0 (s, 95%, 18c).

4.4.13. Synthesis of TippP(Li)(SiPh3) 18d

P
Li

Si
18d

414 mg (1.75 mmol) of Tipp−PH2 9a were dissolved

in 4.8 mL THF and cooled to −78 °C prior addi-

tion of 1.1 mL of 1.6 M n-BuLi/n-hexane, 1.75 mL of

1 M Ph3Si−Cl in THF and 1.1 mL of 1.6 Mn-BuLi/n-

hexane. Between every reagent the reaction mixture

was stirred for 5 min. The resulting 0.2 M THF so-

lution of 18d was used for further synthesis without purification. NMR spectroscopic

analysis was conducted from solution.

1H-NMR (400.13 MHz, C6D6, 297 K): δ = 7.45 (m, 6H, ortho-ArSiPh3
H), 7.01 (m, 9H,

meta/para-ArSiPh3
H), 6.76 (d, 4JP,H = 1.5 Hz, 2H, meta-H), 6.63 (d, 4JP,H = 2.4 Hz,

meta-H, traces, 9b), 4.98 (heptd, 3JH,H = 7.0 Hz, 4JP,H = 5.3 Hz, 2H, ortho-CH(iPr)),

2.72 (m, 2H), 1.24-1.08 (m, n-hexane), 0.80-0.73 (m, n-hexane).

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = -6.0 (d, 1JP,Si = 57.5 Hz).
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31P-NMR (161.98 MHz, C6D6, 297 K): δ = –166.8 (d, 1JP,H = 167.3 Hz, -PH, 9%, 9b),

–210.8 (s, 91%, 18d).

4.4.14. Synthesis of NphP(Li)(SiPh3) 19d

Si
P
Li

19d

13.7 mL of a THF solution containing 1.6 mmol of NphPH2

11a and 1.6 mmol of NphP(SiPh3)2 20d was cooled to

−78 °C. 2 mL of 1.6 M n-BuLi/n-hexane were added drop-

wise to the colorless solution. NMR spectroscopic analysis

was conducted from the solution.

29Si-NMR (79.49 MHz, C6D6, 297 K): δ = 3.5 (d, 1JP,Si = 63.5 Hz).

31P-NMR (161.96 MHz, C6D6, 297 K): δ = –227.8 (s, 19d).

4.5. Synthesis of Mixed-Valent Phosphorus Compounds

4.5.1. Reactions of Phosphinic Chlorides with Arylphosphanides

Reaction of (4 -tBuPh)2P(O)Cl 21a with Mes−PHLi 8b 1:1 in DME

26 mg (0.16 mmol) of 8b and 57 mg (0.16 mg) of 21a were dissolved separately in 5 mL

DME each and cooled to −35 °C. The yellow clear solution of 8b was slowly added to

21a. After heating up to room temperature the solution was evaporated to dryness under

reduced pressure. An NMR sample was prepared from the remaining solid (see B.1).

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.89 (ddd, J = 10.0 Hz, 6.9 Hz, 4.8 Hz, 17H),

7.87 - 7.67 (m, 12H), 7.52 (ddd, J = 8.3 Hz, J = 5.4 Hz, J = 2.6 Hz), 7.42 (dd, J = 6.8 Hz,

J = 1.6 Hz, 14H), 6.86 - 6.77 (m, 12H, 22d-ArH), 5.10 (d, J = 9.5 Hz, 1H), 4.83 (s, 1H),

4.54 (d, J = 6.9 Hz, 1H), 4.33 - 4.26 (m, 1H), 3.44 (s, 8H, DME), 3.28 (s, 13H, DME),

2.36 - 2.08 (m, 61H), 1.39 - 1.21 (m, 184H).

31P-NMR (161.98 MHz, [D8]THF, 297 K): δ = 82.8 (s, (4 -tBuPh)2POLi 30a, 33.6 (d,
1JP,P = 210.0 Hz, 22d-PO), 29.1, 27.2 (s, [(4 -tBuPh)2P(O)]2O 32a), 19.9 (d, 1JP,H =

491.5 Hz, (4 -tBuPh2)P(H)O), –17.3, –23.8 - –30.8 (m), –59.0 (dd, 1JP,P = 287.3 Hz,
1JP,P = 265.1 Hz) -89.6 (dd, 1JP,H = 205.1 Hz, 1JP,P = 184.1 Hz), –95.5 (dd, 1JP,H =
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220.8 Hz, 1JP,P = 210.4 Hz, (4 -tBuPh)2P(O)P(H)Mes 22d-PH ), –112.3 (AA’XX’, 1JP,H =

206 Hz, 1JP,P = 181 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, d,l-28a), –119.7 (AA’XX’, 1JP,H =

201 Hz, 1JP,P = 182 Hz, 2JP,H = 11 Hz, 3JH,H = 6 Hz, meso-28a), –123.1 (dd, J =
1JP,P = 264.9 Hz, 1JP,H = 224.4 Hz), –158.20 (t, 1JP,H = 203.6 Hz, 8a).

Reaction of (4 -tBuPh)2P(O)Cl 21a with Mes−PHLi 8b 1:2 in Et2O

79 mg (0.50 mmol) of 8b and 92 mg (0.26 mg) of 21a were dissolved separately in 4 mL and

11 mL Et2O and cooled to −50 °C. The solution of 21a was slowly added to 8b. After

heating up to room temperature the warm yellow solution was evaporated to dryness

under reduced pressure. An NMR sample was prepared from the remaining solid (see

B.1).

1H{31P} NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.90 (d, J = 7.8 Hz, 1H), 7.69 (m, 1H),

7.55 - 7.42 (m, 4H), 7.39 - 7.14 (m, 7H), 6.88 - 6.77 (m, 5H), 4.56 (s, d,l-28a), 4.39 (s,

meso-28a), 3.39 (q, J = 7.0 Hz, 2H, Et2O), 2.33 (s, 8H), 2.29 (s, 4H), 2.25 (s, 8H), 2.21

(d, J = 4.0 Hz, 9H), 1.27 (s, 35H), 1.12 (t, J = 7.0 Hz, 2H, Et2O).

31P-NMR (162.01 MHz, [D8]THF, 297 K): δ = 88.7 (s, (4 -tBuPh)2POLi, 30a), 55.1

(d, broad, 1JP,P = 501.2 Hz, [(4 -tBuPh)2P (O)PMes]– Li+ 23b), 29.9 (s), 26.2 (s,

[(4 -tBuPh)2P(O)]2O 32a), 18.7, –87.8 (d, J = 196.8 Hz), –101.76 (d, broad, 1JP,P =

492.5 Hz, [(4 -tBuPh)2P(O)PMes]– Li+ 23b), –112.3 (AA’XX’, 1JP,H = 206 Hz, 1JP,P =

181 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, d,l-28a), –119.8 (AA’XX’, 1JP,H = 201 Hz,
1JP,P = 182 Hz, 2JP,H = 11 Hz, 3JH,H = 6 Hz, meso-28a), –158.3 (t, 1JP,H = 203.4 Hz, 8a).

Reaction of (4 -tBuPh)2P(O)Cl 21a with Tipp−PHLi 9b 1:2 in Et2O

323 mg (0.93 mmol) of 21a were suspended in 8 mL Et2O and cooled to −50 °C. 444 mg

(1.83 mmol) of 9b were dissolved in 12 mL Et2O and quickly added to the suspension

of 21a. The warm yellow mixture was stirred at −40 °C for 1 h. 20 mL of Et2O were

added at room temperature. The solution was filtrated with kieselgur. An aliquot of

the yellow filtrate was taken evaporated under reduced pressure and used for NMR anal-

ysis (see B.1). The remaining filtrate was stored at −20 °C achieving crystallization of

[23d·30a·LiCl·2 Et2O]2 after 1 week.

1H{31P} NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.65 (s, 1H), 7.46 (s, 1H), 7.33 - 7.18

(m, 2H), 7.03 (s, 1H), 6.98 (d, J = 9.1 Hz, 1H), 4.54 (s, 28b), 4.53 (s, 28b), 3.52 - 3.33
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(m, 3H), 3.00 - 2.62 (m, 1H), 1.36 - 1.16 (m, 26H), 1.15 - 1.01 (m, 9H), 0.97 - 0.80 (m,

4H).

31P-NMR (161.97 MHz, [D8]THF, 297 K): δ = 88.0 (s, (4 -tBuPh)2POLi, 30a), 55.1 (d,
1JP,P = 509.6 Hz, [(4 -tBuPh)2P(O)PTipp]– Li+ 23d), 30.4 (s, [(4 -tBuPh)2P(O)]2O 32a),

–113.5 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 202 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, d,l-

28b), –118.0 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 190 Hz, 2JP,H = 13 Hz, 3JP,H = 6 Hz,

meso-28b), –126.2 (d, 1JP,P = 513.5 Hz, [(4 -tBuPh)2P(O)PTipp]– Li+ 23d), –161.6 (t,
1JP,H = 202.9 Hz, 9a).

Reaction of (4 -tBuPh)2P(O)Cl 21a with Mes−PHK 8c 1:2 in Et2O

141 mg (0.74 mmol) of 8c were suspended in 20 mL Et2O and cooled to −60 °C. 130 mg

(0.37 mmol) of (4 -tBuPh)2P(O)Cl were dissolved in 10 mL Et2O and quickly added to the

suspension of 8c. The mixture turned intense yellow and was heated up to room temper-

ature. An aliquot was taken, evaporized of all volatiles and use for NMR spectroscopic

analysis (see B.2).

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.74 (q, J = 8.4 Hz, 1H), 7.68 - 7.58 (m,

1H), 7.56 - 7.47 (m, 1H), 7.43 - 7.30 (m, 1H), 7.24 (dt, J = 11.3 Hz, J = 5.6 Hz, 1H), 6.88

- 6.77 (m, 1H), 6.59 (s, 1H), 5.07 - 3.77 (AA’XX’, 1H, meso/d,l-28a), 3.45 - 3.33 (m, 1H),

2.39 - 2.15 (m, 4H), 1.32 (d, J = 5.0 Hz, 2H), 1.31 - 1.22 (m, 6H).

31P-NMR (161.97 MHz, [D8]THF, 297 K): δ = 53.5 (d, 1JP,P = 483.7 Hz,

[(4 -tBuPh)2P(O)−PMes]– K+, 23f), 15.2 (s), –27.9 (d, 1JP,P = 183.4 Hz), –44.1 (d,
1JP,H = 213.7 Hz, (4 -tBuPh)2PH, 33), –89.7 (dd, 1JP,H = 204.9 Hz, 1JP,P = 184.0 Hz),

–103.9 (d, 1JP,P = 483.1 Hz, [(4 -tBuPh)2P(O)PMes]– K+, 23f), –112.3 (AA’XX’, 1JP,H =

206 Hz, 1JP,P = 181 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, d,l-28a), –119.7 (AA’XX’,
1JP,H = 201 Hz, 1JP,P = 182 Hz, 2JP,H = 11 Hz, 3JH,H = 6 Hz, meso-28a), –158.4 (t,

J 1JP,H = 203.4 Hz, 8a).

Reaction of (4 -tBuPh)2P(O)Cl 21a with Tipp−PHK 9c 1:2 in Et2O

65 mg (0.19 mmol) of 21a were dissolved in 10 mL Et2O and cooled to −78 °C. 119 mg

(0.43 mmol) of 9c were dissolved in 10 mL of Et2O and added dropwise to the solution of

21a. The resulting yellow clear solution was stirred for another 1h before an aliquot was

taken, dried and used for NMR spectroscopic analysis (see B.2).
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1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.62 (t, J = 8.9 Hz J = Hz, 1H), 7.16 (d,

J = 7.4 Hz J = 7.4 Hz, 1H), 7.03 (d, J = 2.4 Hz J = 2.4 Hz, 1H), 6.98 (d, J = 9.2 Hz

J = 9.2 Hz, 1H), 6.71 (s, 1H), 3.76 (d, J = 202.9 Hz, 1H, 9a), 3.41 (heptd, J = 6.9 Hz,

J = 3.2 Hz, 1H), 2.84 (ddq, J = 14.0 Hz, J = 10.7 Hz, J = 7.0 Hz, 1H), 1.35 - 1.14 (m,

19H), 1.06 (dd, J = 10.4 Hz, J = 6.8 Hz, 3H), 0.92 (d, J = 6.9 Hz, 3H).

31P-NMR (161.97 MHz, [D8]THF, 297 K): δ = 53.4 (d, 1JP,P = 480.1 Hz,

[(4 -tBuPh)2P(O)PTipp]– K+, 23h), –113.5 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 202 Hz,
2JP,H = 14 Hz, 3JH,H = 5 Hz, d,l-28b), –118.1 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 190 Hz,
2JP,H = 13 Hz, 3JP,H = 6 Hz, meso-28b), –126.4 (d, 1JP,H = 480.7 Hz,

[(4 -tBuPh)2P(O)PTipp]– K+,23h), –161.5 (t, 1JP,H = 202.8 Hz, 9a).

Reaction of Ph2P(O)Cl 21b with Mes2PH 12a and n-BuLi in THF/n-pentane

476 mg (1.76 mmol) of 12a were dissolved in 2 mL THF cooled to −78 °C and 1 eq of

1.6 M (1.1 mL) n-BuLi/n-hexane were added. The mixture quickly turned yellow and

a fine solid precipitated. To the suspension 10 mL were added prior addition of 379 mg

(1.6 mmol) of 21b in 1.6 THF at −78 °C. The mixture turned brown an became colorless

clear upon heating to room temperature. The colorless precipitate was filtered off. The

filtrate was evaporated to dryness and the remaining solid was redissolved in 10 mL of

n-pentane. Crystallization at −78 °C yielded crystals of Mes2P−PMes2 28e (yield not

determined). The precipitate of the initial reaction suspension was extracted with 40 mL

of Et2O and evaporated to dryness and used for NMR analysis (see B.4).

n-pentane phase31P-NMR (161.97 MHz, C6D6, 297 K): δ = -30.7 (s, 28e), -94.0 (d, 1JP,H =

227.3 Hz, 12a, traces).

Et2O phase31P-NMR (161.97 MHz, [D8]THF, 297 K): δ =34.2 (d, 1JP,P = 290.1 Hz,

Ph2P(O)−PMes2 22c), 6.6 (d, 1JP,P = 290.2 Hz, Mes2PHO), -30.7 (s, 28e), -32.9 (d,
1JP,P = 290.2 Hz, Ph2P(O)−PMes2 22c), -94.5 (d, 1JP,H = 228.4 Hz, 12a, traces).

Reaction of Ph2P(O)Cl 21b with Mes−PH2 8a and 2 eq n-BuLi in THF

115 mg (0.76 mmol) of 8a were dissolved in 4 mL THF. At −78 °C 1 eq of 1.6 M n-BuLi/n-

hexane were added to give a lemon yellow clear solution which was added dropwise to

178 mg (0.76 mmol) 21b in 6.4 mL THF at −78 °C. The mixture changed its color to a

warm yellow. Subsequently, 1 eq n-BuLi/n-hexane were added. The resulting clear bright
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orange solution was stored at −78 °C for 1 d. An NMR sample was prepared from 0.4 mL

solution and 0.1 mL C6D6 (see B.3).

31P-NMR (161.98 MHz, C6D6, 295 K): δ = 89.2 (s, Ph2POLi, 31a, 56.2 (d, 1JP,P =

510.5 Hz, [Ph2P (O)PMes]– Li+ 23a), 33.7 (s, Ph2P(O)OP(O)Ph2, 32b), –87.7 (dd, J =

211.4 Hz, J = 8.7 Hz), –89.9 (dd, 1JP,P = 391.4 Hz, 1JP,H = 208.2 Hz, Mes(Li)P−P (H)Mes,

29a), –103.3 (d, 1JP,P = 508.9 Hz, [Ph2P(O)PMes]– Li+ 23a), –146.2 (d, 1JP,P = 390.2 Hz,

Mes(Li)P−P(H)Mes, 29a), –154.2 (d, 1JP,H = 169.2 Hz, 8b).

Reaction of Ph2P(O)Cl 21b with Tipp−PH2 9a and 2 eq n-BuLi in THF

264 mg (1.12 mmol) of 9a were dissolved in 10 mL THF and 2 eq (1.4 mL, 1.6 M) n-BuLi/n-

hexane were added at −78 °C. 264 mg (1.12 mmol) of 21b were dissolved in 3.6 mL THF

and rapidly added to the cooled solution. The color changed immediately to an intense

red. A 0.4 mL aliquot was taken from solution and mixed with 0.1 mL C6D6 for NMR

spectroscopic analysis (see B.3).

31P-NMR (162.01 MHz, C6D6, 297 K): δ = 93.8 (s, Ph2POLi, 31a), 61.0 (d, 1JP,P =

515.5 Hz, [Ph2P (O)PTipp]– Li+ 23c), 48.5 (s), 37.8 (s, Ph2P(O)OP(O)Ph2, 32b, –91.5

(dd, 1JP,P = 451.7 Hz, 1JP,H = 209.5 Hz, Tipp(Li)P−P (H)Tipp, 29b), –125.2 (d, 1JP,P =

516.4 Hz, [Ph2P(O)PTipp]– Li+ 23c), –154.5 (d, 1JP,P = 451.5 Hz, Tipp(Li)P−P(H)Tipp,

29b), –161.0 (d, 1JP,H = 166.3 Hz, 9b).

Reaction of Ph2P(O)Cl 21b with Mes*−PH2 10a and 2 eq n-BuLi in THF

1.0 mL of 1.6 M (1.57 mmol) n-BuLi/n-hexane was added to a solution of 219 mg

(0.79 mmol) of 10a 10 mL THF at −78 °C. To the resulting yellow clear solution 180 mg

(0.76 mmol) of 21b dissolved in 5 mL were added dropwise. The mixture initially turned

dark brown and later on clear yellow. An NMR sample was prepared from 0.4 mL of the

reaction solution and 0.1 mL C6D6 (see B.3).

31P-NMR (161.99 MHz, C6D6, 297 K): δ = 52.6 (d, 1JP,P = 531.8 Hz, [Ph2P (O)PMes*]– Li+

23e), 48.4 (s), 36.7 (s, Ph2P(O)OP(O)Ph2, 32b, –65.8 (d, 1JP,P = 532.8 Hz,

[Ph2P(O)PMes*]– Li+ 23e), –104.1 (d, 1JP,H = 174.4 Hz, 10b).
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Reaction of Ph2P(O)Cl 21b with Tipp−PH2 9a and 2 eq BnK in THF

7 mL of a 0.56 M (3.92 mmol) BnK/THF solution were added to 417 mg (1.76 mmol) 9a

dissolved in 5 mL THF at −78 °C. Up to 50% of BnK addition the reaction solution

turned yellow; after full addition dark red. 417 mg (1.76 mmol) of 21b were dissolved in

4 mL THF and quickly added to the dark red solution at −78 °C. An NMR sample was

prepared from 0.4 mL reaction solution and 0.1 mL C6D6 (see B.2).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 84.6 (s, Ph2POK, 31b), 56.4 (d, 1JP,P =

484.9 Hz, [Ph2P(O)PTipp]– K+ 23g), 26.1 (d, J = 104.1 Hz), –84.2 (d, J = 211.9 Hz), –94.7

(dd, 1JP,P = 469.1 Hz, 1JP,H = 213.3 Hz, Tipp(K)P−P (H)Tipp, 29d), –113.2 (AA’XX’,
1JP,H = 205 Hz, 1JP,P = 202 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz, Tipp(H)P−P(H)Tipp

d,l-28b), –117.8 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 190 Hz, 2JP,H = 13 Hz, 3JP,H =

6 Hz, Tipp(H)P−P(H)Tipp meso-28b), –130.6 (d, 1JP,P = 485.0 Hz, [Ph2P (O)PTipp]– K+

23g), –154.7 (d, 1JP,P = 468.4 Hz, Tipp(K)P−P(H)Tipp, 29d), –160.7 (t, 1JP,H =

202.9 Hz, 9a).

Reaction of (4 -tBuPh)2P(O)Cl 21a with Tipp−PHLi 9b 1:2 in DME

200 mg (0.83 mmol) of 9b were dissolved in 5 mL DME and slowly added to a suspension of

289 mg (0.83 mmol) of 21a over 1.5 h at −35 °C. After 30 min the solvent was evaporated

under reduced pressure yielding a sticky solid.

1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 8.12 - 8.02 (m, 1H), 7.99 - 7.88 (m, 1H),

7.85 (dd, J = 13.4 Hz, J = 8.4 Hz, 1H), 7.78 (dd, J = 11.4 Hz, J = 8.4 Hz, 1H), 7.57 -

7.46 (m, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H), 7.04 (d, J = 2.4 Hz,

1H), 6.99 (d, J = 9.1 Hz, 1H), 3.78 (d, 1JP,H = 202.7 Hz, 1H, 9a), 3.45 (s, 1H), 3.42 (m,

J = 6.7 Hz, J = 3.2 Hz, 1H), 2.83 (m, J = 14.1 Hz, J = 11.0 Hz, J = 6.9 Hz, 1H), 1.38 -

1.18 (m, 21H), 1.15 (dd, J = 6.8 Hz, J = 1.7 Hz, 2H), 1.12 - 1.03 (m, 2H).

31P-NMR (161.98 MHz, [D8]THF, 297 K): δ = 34.6 (d, 1JP,P = 275.9 Hz,

[(4 -tBuPh)2P (O)]2P(Tipp) 24a), 27.1 (s, [(4 -tBuPh)2P(O)]2O 32a), 22.0, 20.0 (d,

J1JP,H = 491.7 Hz, (4 -tBuPh)2P(H)O), –47.5 (t, J1JP,P = 274.5 Hz,

[(4 -tBuPh)2P(O)]2P (Tipp) 24a), –113.5 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 202 Hz,
2JP,H = 14 Hz, 3JH,H = 5 Hz, Tipp(H)P−P(H)Tipp d,l-28b), –118.0 (AA’XX’, 1JP,H =

205 Hz, 1JP,P = 190 Hz, 2JP,H = 13 Hz, 3JP,H = 6 Hz, Tipp(H)P−P(H)Tipp meso-28b),

–161.3 (t, 1JP,H = 202.1 Hz, 9a).
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Reaction of Ph2P(O)Cl 21b with Tipp−PH2 9a and n-BuLi in THF

To a solution of 75 mg (0.3 mmol) of 9a in 2 mL THF 1 eq of n-BuLi/n-hexane was added

at −78 °C. The clear yellow solution was heated up to room temperature and subsequently

dropwise added to 21b in 1.3 mL at −78 °C. A 0.4 mL aliquot was taken from the colorless

and clear reaction mixture and used for NMR spectroscopic analysis with an additional

0.1 mL of C6D6 (see B.4).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 33.8 (d, 1JP,P = 274.0 Hz, [Ph2P (O)]2P(Tipp)

24b), 29.3 (s, [Ph2P(O)]2O 32b), 20.8, –45.8 (t, 1JP,P = 274.2 Hz, [Ph2P(O)]2P (Tipp)

24b), –113.2 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 202 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz,

Tipp(H)P−P(H)Tipp d,l-28b), –117.8 (AA’XX’, 1JP,H = 205 Hz, 1JP,P = 190 Hz, 2JP,H =

13 Hz, 3JP,H = 6 Hz, Tipp(H)P−P(H)Tipp meso-28b), –160.8 (t, 1JP,H = 202.1 Hz, 9a).

Reaction of Ph2P(O)Cl 21b with Mes−PH2 8a and n-BuLi in THF

152 mg (1.0 mmol) of 8a were dissolved in 8 mL THF and 1 eq n-BuLi/n-hexane added at

−78 °C. 237 mg of 21b dissolved in 5.5 mL THF were added dropwise so the yellow clear

solution. Initially the solution became orange, later on yellow and finally turned into a

yellow suspension. Upon heating to room temperature the suspension became clear and

colorless. NMR spectroscopic analysis was conducted on a 0.4 mL aliquot of the solution

with additional 0.1 mL C6D6 (see B.4).

31P-NMR (161.98 MHz, C6D6, 295.1 K): δ = 33.5 (d, 1JP,P = 256.4 Hz, [Ph2P (O)]2P(Mes)

24c), 20.6, 17.4, –41.5 (t, 1JP,P = 259.9 Hz, [Ph2P(O)]2P (Mes) 24c), –95.7 (t, J =

215.0 Hz) –112.1 (AA’XX’, 1JP,H = 206 Hz, 1JP,P = 181 Hz, 2JP,H = 14 Hz, 3JH,H = 5 Hz,

d,l-28a), –119.5 (AA’XX’, 1JP,H = 201 Hz, 1JP,P = 182 Hz, 2JP,H = 11 Hz, 3JH,H = 6 Hz,

meso-28a), –121.2 - –126.69 (m), –157.6 (t, 1JP,H = 203.6 Hz, 8a).

Reaction of (4 -tBuPh)2P(O)Cl 21a with Nph−PHLi 11b in THF

41 mg (0.12 mmol) of 21a were dissolved in 2 mL THF and cooled to −65 °C. A 3 mL THF

solution of 42 mg (0.24 mmol) of 11b were added dropwise. The mixture was stirred for

1.5 h below −40 °C before evaporation of all volatiles at room temperature under reduced

pressure. An NMR sample was prepared from the remaining solid (see B.3).
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1H-NMR (400.13 MHz, [D8]THF, 297 K): δ = 7.38 - 7.31 (m, 1H), 7.32 - 7.23 (m, 2H),

7.18 - 7.07 (m, 1H), 2.69 - 2.43 (m, 1H), 2.11 - 1.93 (m, 1H), 1.40 (s, 1H), 1.33 (s, 1H),

1.28 (s, 5H).

31P-NMR (161.97 MHz, [D8]THF, 297 K): δ = 91.9 (s, (4 -tBuPh)2POLi, 30a), 27.5 (s,

[(4 -tBuPh)2P(O)]2O 32a), 20.6 (s), 14.3 - 12.4 (m), 11.2 (dd, 1JP,P = 152.5 Hz, JP,P =

85.8 Hz), 3.6 (d, J = 261.9 Hz), –6.6 (ddd, 1JP,P = 152.1 Hz, JP,P = 83.8 Hz, J =

32.9 Hz), –63.3 (s, (Nph−P)4, 27a), –73.2 (dd, 1JP,P = 328.4 Hz, 1JP,H = 192.3 Hz,

Nph(Li)P−P (H)Nph 29c), –88.4 (t, J = 189.5 Hz), –112.7 (dd, J = 143.7, 62.1 Hz),

–154.4 (d, 1JP,P = 329.3 Hz, Nph(Li)P−P(H)Nph 29c), –163.5 (tt, 1JP,H = 192.5 Hz,
3JP,H = 4.5 Hz, Nph−PH2 11a).

4.5.2. Reactions of Phosphinic Chlorides with Aryl,silyl-phosphanides

General Synthesis of Aryl,Silyl-Phosphanylphosphane Oxides 35 and corresponding

Aryl-Phophanylidene-σ4-Siloxy-Phosphoranes 36

Aryl,silyl-phosphanylphosphane oxides 35 and corresponding aryl-phophanylidene-σ4-

siloxy-phosphoranes 36 have been synthesized according to the following procedure if not

stated otherwise: R2P(O)Cl 21 was dissolved in THF and cooled to −78 °C. An equimo-

lar amount of freshly prepared lithium aryl,silyl-phosphanide ArP(SiR’3)Li in THF was

added quickly. NMR samples were prepared from 0.4 mL reaction solution and 0.1 mL

C6D6.

Reaction of Ph2P(O)Cl 21b with MesP(TMS)Li 17a in THF

2.5 mL of a freshly prepared 0.2 M THF solution of 17a were added quickly to 0.5 mL of

a 1 M solution of 21b at −78 °C. An NMR sample was prepared from 0.4 mL reaction

solution and 0.1 mL C6D6 (see B.5).

31P-NMR (161.97 MHz, C6D6, 297 K): δ = 95.8 (t, JP,H = 8.6 Hz, Ph2POTMS38a), 74.7

(d, 1JP,P = 617.3 Hz, Ph2P (OTMS)PMes 36a), 35.3 (dt, 1JP,P = 265.3 Hz, JP,H =

13.7 Hz, Ph2P (O)P(Mes)P (O)Ph2 47a), 22.0 (s), 20.2 (s), –41.8 (t, 1JP,P = 263.7 Hz,

Ph2P(O)P (Mes)P(O)Ph2 47a), –110.2 (d, 1JP,P = 185.0 Hz, (Mes−P)3 26a), –120.9 (d,
1JP,P = 617.3 Hz, Ph2P(OTMS)PMes 36a), –144.8 (t 1JP,P = 183.4 Hz, (Mes−P)3 26a),

–160.4 (d, 1JP,P = 205.2 Hz, 14a), –163.0 (s, Mes−P(TMS)2, 37).
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Reaction of Ph2P(O)Cl 21b with MesP(TIPS)Li 17b in THF

1.7 mmol freshly prepared 17b in 9 mL of THF were added quickly to a precooled solution

of 404 mg (1.7 mmol) 21b and 112 mg PPh3 (NMR standard) in 7 mL THF at −78 °C. An

NMR sample was prepared from 0.4 mL reaction solution and 0.1 mL C6D6.
31P-NMR ki-

netic measurements were conducted right after removal of the cooling with 1x spectrum

per 3 min for 96 min (see B.5).

1. spectrum 31P-NMR (161.98 MHz, C6D6, 297 K): δ = 34.7 (d, 1JP,P = 286.8 Hz,

Ph2P (O)P(TIPS)Mes 35b), –5.7 (s, PPh3, internal standard), –95.6 (d, 1JP,P = 287.7 Hz,

Ph2P(O)P (TIPS)Mes 35b).

11. spectrum 31P-NMR (161.98 MHz, C6D6, 297 K): δ = 97.5 (m, JP,H = 8.2 Hz,

Ph2POTIPS38b), 74.8 (d, 1JP,P = 627.8 Hz, Ph2P (OTIPS)PMes 36b), 19.1 (s), –5.6

(s, PPh3, internal standard), –110.4 (d, 1JP,P = 183.6 Hz, (Mes−P)3 26a), –119.7 (d,
1JP,P = 627.8 Hz, Ph2P(OTIPS)PMes 36b), –145.1 (t, 1JP,P = 184.1 Hz, (Mes−P)3 26a),

–177.1 (d, 1JP,H = 213.6 Hz, 14b).

Reaction of Ph2P(O)Cl 21b with MesP(TBDMS)Li 17c in THF

2 mL of a freshly prepared 0.2 M THF solution of 17c were added quickly to 0.4 mL of a

1 M solution of 21b at −78 °C. An NMR sample for immediate measurement was prepared

from 0.4 mL reaction solution and 0.1 mL C6D6 (see B.5). 29Si-NMR (79.49 MHz, C6D6,

263 K): δ = 15.8 (dd, 1JP,Si = 36.0 Hz, 2JP,Si = 3.2 Hz, Ph2P(O)P(TBDMS)Mes 35c).

31P-NMR (161.97 MHz, C6D6, 233 K): δ = 38.7 (d, 1JP,P = 285.9 Hz,

Ph2P (O)P(TBDMS)Mes 35c), –98.4 (d, 1JP,P = 285.6 Hz, Ph2P(O)P (TBDMS)Mes

35c), –171.4 (d, 1JP,H = 207.5 Hz, 14c).

29Si-NMR (79.49 MHz, C6D6, 293 K): δ = 21.2 (d, 2JP,Si = 17.6 Hz,

Ph2P(OTBDMS)PMes 36c), 15.9 (dd, 1JP,Si = 36.3 Hz, 2JP,Si = 3.5 Hz,

Ph2P(O)P(TBDMS)Mes 35c).

31P-NMR (161.97 MHz, C6D6, 297 K): δ = 97.0 (m, JP,H = 9.4 Hz, Ph2POTBDMS 38c),

76.0 (d, 1JP,P = 622.3 Hz, Ph2P (OTBDMS)PMes 36c), 35.9 (d, 1JP,P = 282.1 Hz,

Ph2P (O)P(TBDMS)Mes 35c), –98.1 (d, 1JP,P = 281.0 Hz, Ph2P(O)P (TBDMS)Mes

35c), –110.4 (t, 1JP,P = 183.8 Hz, (Mes−P)3 26a), –122.4 (d, 1JP,P = 623.5 Hz,
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Ph2P(OTBDMS)PMes 36c), –145.2 (t, 1JP,P = 184.3 Hz, (Mes−P)3 26a), –171.3 (d,
1JP,H = 207.8 Hz, 14c).

Reaction of Ph2P(O)Cl 21b with MesP(SiPh3)Li 17d in THF

2.5 mL of a freshly prepared 0.2 M THF solution of 17d were added quickly to 0.5 mL of

a 1 M solution of 21b at −78 °C. An NMR sample was prepared from 0.4 mL reaction

solution and 0.1 mL C6D6 (see B.6).

31P-NMR (161.97 MHz, C6D6, 297 K): δ = 74.6 (d, 1JP,P = 620.6 Hz, Ph2P (OSiPh3)PMes

36d), –115.6 (d, 1JP,P = 621.6 Hz, Ph2P(OSiPh3)PMes 36d).

Reaction of (4−tBuPh)2P(O)Cl 21a with MesP(TMS)Li 17a in THF

1.235 g (3.54 mmol) of 21a were dissolved in 30 mL THF. 3.57 mmol freshly prepared 17a

in 36 mL THF were added within 10 min. An NMR sample was prepared at −20 °C from

0.4 mL reaction solution and 0.1 mL C6D6 (see B.6).

31P-NMR (161.98 MHz, C6D6, 253 K): δ = 94.7 (s, (4 -tBuPh)2POTMS 38e), 75.7

(d, 1JP,P = 610.4 Hz, (4 -tBuPh)2P (OTMS)PMes 36e), 54.5 (d, 1JP,P = 506.4 Hz,

[(4 -tBuPh)2P(O)PMes]– Li+ 23b), 36.3 (s), 33.3 (s), 30.5 (s), 21.6 (s), 17.2 (s), –

6.4 (s, PPh3, internal standard), –102.2 (d, 1JP,P = 503.0 Hz, tBuPh2P(O)PLiMes

23b), –111.6 (d, 1JP,P = 183.1 Hz, (Mes−P)3 26a), –121.3 (d, 1JP,P = 608.7 Hz,

(4 -tBuPh)2P(OTMS)PMes 36e), –146.8 (t, 1JP,P = 181.5 Hz, (Mes−P)3 26a), –164.4

(s).

Reaction of (4−tBuPh)2P(O)Cl 21a with MesP(TIPS)Li 17b in THF

1.34 g (3.84 mmol) of 21a were dissolved in 40 mL THF and cooled to −78 °C. 3.9 mmol

In situ prepared 17b in 25 mL THF were added dropwise. An NMR sample was prepared

from 0.4 mL reaction solution and 0.1 mL C6D6 (see B.6).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 98.3 (s, (4 -tBuPh)2POTIPS 38f), 76.43 (d,
1JP,P = 622.9 Hz, (4 -tBuPh)2P (OTIPS)PMes 36f), 31.29 (s, [Ar2P(O)]2O Ar = 4 -tBuPh

32a), 20.19 (s), –118.24 (d, 1JP,P = 622.9 Hz, (4 -tBuPh)2P(OTIPS)PMes 36f).
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Reaction of (4−tBuPh)2P(O)Cl 21a with MesP(TBDMS)Li 17c in THF

2.5 mL of a freshly prepared 0.2 M THF solution of 17c were added quickly to 0.5 mL of

a 1 M solution of 21a at −78 °C. An NMR sample was prepared from 0.4 mL reaction

solution and 0.1 mL C6D6 (see B.6).

31P{1H} NMR (161.97 MHz, C6D6, 297 K): δ = 98.9 (s, (4 -tBuPh)2POTBDMS 38g),

78.7 (d, 1JP,P = 619.1 Hz, (4 -tBuPh)2P (OTBDMS)PMes 36g), 37.9 (d, 1JP,P = 277.7 Hz,

(4 -tBuPh)2P(O)P (TBDMS)Mes 35g), –96.3 (d, 1JP,P = 277.5 Hz,

(4 -tBuPh)2P(O)P (TBDMS)Mes 35g), –119.3 (d, 1JP,P = 618.9 Hz,

(4 -tBuPh)2P(OTBDMS)PMes 36g), –169.8 (s, 14c).

Reaction of (4−tBuPh)2P(O)Cl 21a with MesP(SiPh3)Li 17d in THF

2.5 mL of a freshly prepared 0.2 M THF solution of 17d were added quickly to 0.5 mL of

a 1 M solution of 21a at −78 °C. An NMR sample was prepared from 0.4 mL reaction

solution and 0.1 mL C6D6 (see B.6).

31P{1H} NMR (161.97 MHz, C6D6, 297 K): δ = 102.4 (s, (4 -tBuPh)2POTBDMS 38h),

75.5 (d, 1JP,P = 617.5 Hz, (4 -tBuPh)2P (OSiPh3)PMes 36h), –113.5 (d, 1JP,P = 618.4 Hz,

(4 -tBuPh)2P(OSiPh3)PMes 36h), –163.0 (s, 14d), –166.7 (s,).

Reaction of [Ph2P(O)PTipp]– Li+ 23c with TMS−Cl/TIPS−Cl

To a freshly prepared solution of 23c (from 264 mg (1.12 mmol) of 9a, 2.2 eq n-BuLi/n-

hexane and 264 mg (1.12 mmol) of 21b, c.f. Section 4.5.1) at −78 °C a) 2.2 eq) of TMS−Cl

b) 2.2 eq) of TIPS−Cl were added. The clear red solution turned yellow. A sample for

immediate NMR spectroscopic analysis was prepared from 0.4 mL reaction solution an

0.1 mL C6D6 (see B.7).

a): 31P-NMR (162.01 MHz, C6D6, 297 K): δ = 99.5 (m, JP,H = 7.8 Hz, Ph2P(OTMS) 38a),

77.8 (dt, 1JP,P = 627.8 Hz, JP,H = 13.0 Hz, Ph2P (OTMS)PTipp 36i), 39.3, 36.7, –132.5 (d,
1JP,P = 628.3 Hz, Ph2P(OTMS)PTipp 36i), –162.9 (d, 1JP,H = 206.2 Hz, Tipp(TMS)PH

15a).

b): 31P-NMR (162.01 MHz, C6D6, 297 K): δ = 81.2 (dt, 1JP,P = 636.7 Hz, JP,H = 12.3 Hz,

Ph2P (OTIPS)PTipp 36j), 36.7 (s), -143.2 (d, 1JP,P = 636.9 Hz, Ph2P(OTIPS)PTipp

36j), -180.6 (d, 1JP,H = 212.5 Hz, Tipp(TMS)PH 15b).
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Reaction of Ph2P(O)Cl 21b with TippP(TIPS)Li 18b in THF

0.87 mmol freshly prepared 18b in 4 mL were added quickly to 207 mg (0.88 mmol) 21b

and 95 mg PPh3 (internal standard) in 3.6 mL THF at −78 °C. An NMR sample was

prepared from 0.4 mL reaction solution and 0.1 mL C6D6 (see B.7).

31P-NMR (161.98 MHz, C6D6, 233 K): δ = 35.0 (s, [Ph2P(O)]2O 32b), 32.8 (d, 1JP,P =

302.0 Hz, (Ph2P (O)P(TIPS)Tipp 35j), –6.0 (s, PPh3, internal standard), –101.3 (d,
1JP,P = 302.9 Hz Ph2P(O)P (TIPS)Tipp 35j), –184.8 (d, 1JP,H = 211.9 Hz, 15b).

29Si-NMR (79.49 MHz, C6D6, 273 K): δ = 35.5 (s, TIPS−Cl, 19.1 (d, 2JP,Si = 20.0 Hz,

Ph2P(OTIPS)PTipp 36j), 12.5 (d, 1JP,Si = 39.5 Hz, Ph2P(O)P(TIPS)Tipp 35j).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 77.3 (dt, 1JP,P = 636.5 Hz, JP,H = 12.4 Hz,

Ph2P (OTIPS)PTipp 36j), 33.2 (s, [Ph2P(O)]2O 32b), –5.6 (s, PPh3, internal standard),

–147.0 (d, 1JP,P = 636.6 Hz, Ph2P(OTIPS)PTipp 36j), –184.4 (d, 1JP,H = 212.1 Hz, 15b).

Reaction of Ph2P(O)Cl 21b with TippP(TBDMS)Li 18c in THF

3 mL of a freshly prepared 0.2 M THF solution of 18c were added quickly to 0.6 mL of

a 1 M solution of 21b at −78 °C. An NMR sample was prepared from 0.4 mL reaction

solution and 0.1 mL C6D6 (see B.8).

Immediate measurement of 31P{1H} NMR (161.97 MHz, C6D6, 297 K): δ = 35.9 (d,
1JP,P = 304.6 Hz, (Ph2P (O)P(TBDMS)Tipp 35k), 30.1 (s), 29.8 (s), –104.5 (d, 1JP,P =

305.2 Hz, (Ph2P(O)P (TBDMS)Tipp 35k), –178.2 (s, 15c).

After 108 min 31P{1H} NMR (161.97 MHz, C6D6, 297 K): δ = 97.1 (s, Ph2POTBDMS

38c), 77.5 (d, 1JP,P = 634.0 Hz, Ph2P (OTBDMS)PTipp 36k), 30.3 (s), 29.8 (s), 21.8 (s),

19.9 (s), –103.6 (d, JP,P = 220.0 Hz), –144.1 (d, 1JP,P = 632.6 Hz, Ph2P(OTBDMS)PTipp

36k), –178.2 (s, 15c).

Reaction of Ph2P(O)Cl 21b with TippP(SiPh3)Li 18d in THF

4.4 mL of a freshly prepared 0.2 M THF solution of 18d were added quickly to 0.5 mL

of a 1 M solution of 21b at −78 °C. An NMR sample was prepared from 0.4 mL reac-

tion solution and 0.1 mL C6D6 (see B.8). From the remaining solution crystallization of

Ph2P(OSiPh3)−−PTipp was achieved after 2 weeks at −40 °C.
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31P-NMR (161.97 MHz, C6D6, 233 K): δ = 73.9 (dt, 1JP,P = 624.9 Hz, JP,P = 13.6 Hz,

Ph2P (OSiPh3)PTipp 36l), 34.5 (d, 1JP,P = 309.1 Hz), –93.6 (d, 1JP,P = 304.0 Hz), –137.3

(d, 1JP,P = 625.7 Hz, Ph2P(OSiPh3)PTipp 36l), –171.7 (d, 1JP,H = 211.4 Hz, 15d).

31P-NMR (161.97 MHz, C6D6, 297 K): δ = 74.6 (dt, J = 1JP,P = 632.3 Hz, JP,H = 12.9 Hz,

Ph2P (OSiPh3)PTipp 36l), -134.1 (d, 1JP,P = 632.2 Hz, Ph2P(OSiPh3)PTipp 36l), -170.1

(d, 1JP,H = 210.8 Hz, 15d).

29Si-NMR (79.49 MHz, C6D6, 273 K): δ = –13.5 (d, 1JP,Si = 22.6 Hz, Ph2P(OSiPh3)PTipp

36l).

4.5.3. Reactions of Phosphanylidenephosphane Oxides

Reaction of [Ph2P(O)PMes*]– Li+ 23e with TMS−Cl

To a freshly prepared solution of 23e (from 217 mg (0.78 mmol) of 10a, 2 eq n-BuLi/n-

hexane and 184 mg (0.78 mmol) of 21b, c.f. Section 4.5.1 at −78 °C 93 mg (0.86 mmol,

1.1 eq) of TMS−Cl were added. The dark brown solution turned first orange, then yellow.

A sample for NMR spectroscopic analysis was prepared from 0.4 mL reaction solution an

0.1 mL C6D6 (see B.8).

31P-NMR (162.02 MHz, C6D6, 297 K): δ = 99.4 (m, JP,H = 7.6 Hz, Ph2P(OTMS) 38a),

66.0 (dt, 1JP,P = 649.0 Hz, JP,H = 11.9 Hz, Ph2P (OTMS)PMes* 36m), 39.3 (s), 36.4

(s), -82.9 (d, 1JP,P = 648.6 Hz, Ph2P(OTMS)PMes* 36m), -128.0 (t, 1JP,H = 206.7 Hz,

Mes*−PH210a).

4.5.4. Reactions of Phosphinic Chlorides with Silylphosphanides

Reaction of 2 eq (TMS)2PK 7c with 1 eq Ph2P(O)Cl 21b in DME

7c was dissolved in 5 mL DME and cooled to −40 °C. 21b was dissolved in 1 mL and

slowly added to the solution. The yellow clear solution was stored at −20 °C for 18 h

before taking a 0.4 mL aliquot from solution for NMR spectroscopic analysis (see B.11).

31P-NMR (161.99 MHz, C6D6, 297 K): δ = 62.2 (d, 1JP,P = 439.8 Hz, [Ph2(O)PPTMS]– K+

23i), –196.6 (d, 1JP,P = 439.6 Hz, [Ph2(O)PPTMS]– K+ 23i), –248.4 (s, (TMS)3P 5a),

–292.4 (s, (TMS)2PK 45c).
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4.5. Synthesis of Mixed-Valent Phosphorus Compounds

Reaction of 1 eq (TMS)2PK 7c with 1 eq Ph2P(O)Cl 21b in DME

7c was dissolved in 3 mL DME and cooled to −40 °C. 21b was dissolved in 1.5 mL and

slowly added to the solution. A 0.4 mL aliquot from the yellow solution was taken for

NMR spectroscopic analysis (see B.11).

31P-NMR (161.96 MHz, C6D6, 297 K): δ = 95.7 (s, Ph2OK), 85.1 (dd, 1JP,P = 568.7 Hz,
2JP,P = 95.1 Hz, Ph2P (OK)PP(TMS)2 47c) 82.3 (d, 1JP,P = 578.3 Hz,

Ph2P (OTMSP)PTMS 36n), 49.8 (d, 1JP,P = 397.8 Hz, [(Ph2(O)P )2P]– K+ 40a), 20.3

(s), –26.8 (dd, 1JP,P = 217.7 Hz, 2JP,P = 94.5 Hz, Ph2P(OK)PP (TMS)2 47c), –114.4

(t, 1JP,P = 397.6 Hz, [(Ph2(O)P)2P ]– K+ 40a), –136.8 (dd, 1JP,P = 568.9 Hz, 1JP,P =

215.6 Hz, Ph2P(OK)PP(TMS)2 47c), –206.7 (dd, 1JP,P = 510.9 Hz, JP,P = 151.1 Hz),

–221.1 (d, 1JP,P = 577.8 Hz Ph2P(OTMSP)PTMS 36n), –237.7 (d, 1JP,H = 186.8 Hz,

(TMS)2PH) 4a), –252.2 (s, (TMS)3P 5a).

Reaction of 1 eq (TMS)2PK 7c with 1 eq Ph2P(O)Cl 21b in THF

136 mg (0.6 mmol) 7c were dissolved in 4 mL THF. At −78 °C 137 mg (0.57 mmol) 21b

in 1 mL THF were added dropwise. From the orange clear solution a 0.45 mL aliquot was

taken for NMR spectroscopic analysis with an additional 0,05 mL C6D6 (see B.11).

31P-NMR (161.96 MHz, C6D6, 297 K): δ =95.6 (s, Ph2POTMS 38a, 85.2 (dd, 1JP,P =

569.1 Hz, 2JP,P = 98.6 Hz, Ph2(TMSO)P−−P−P(TMS)2 41a), 82.4 (579.5) 51.1 (d, 1JP,P =

398.8 Hz, [(Ph2(O)P)2P ]– K+ 40a), 20.2 (s), –26.5 (dd, 1JP,P = 216.8 Hz, 2JP,P = 99.1 Hz

Ph2(TMSO)P−−P−P (TMS)2 41a), –118.1 (t, 1JP,P = 399.2 Hz, [(Ph2(O)P)2P ]– K+ 40a),

–137.2 (dd, 1JP,P = 568.5 Hz, 1JP,P = 216.6 Hz Ph2(TMSO)P−−P−P(TMS)2 41a), –206.2

(d, J = 150.0 Hz), –209.4 (d, J = 150.5 Hz), –221.9 (d, 1JP,P = 569.5 Hz), –237.6 (d,
1JP,H = 186.5 Hz, (TMS)2PH 4a), –245.1 (d, 1JP,P = 185.3 Hz, –252.4 (s, (TMS)3P 5a).

Reaction of 1 eq (TMS)2PK 7c with 1 eq tBuOK and 1 eq Ph2P(O)Cl 21b in THF

454 mg (2.1 mmol) 7c was dissolved in 15 mL THF and cooled to −78 °C. 520 mg

(2.2 mmol) 21b in 8 mL were added dropwise to the yellow the suspension changing the

color to orange. After 5 min of stirring 240 mg (2.14 mmol) tBuOH dissolved in 10 mL

THF were added to the solution. An NMR sample was prepared from a 0.4 mL aliquot

and 0.1 mL C6D6 (see B.11).
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31P-NMR (161.96 MHz, C6D6, 297 K): δ = 60.6 (d, 1JP,P = 444.8 Hz, [Ph2(O)PPTMS]– K+

23i), 52.1 (d, 1JP,P = 396.0 Hz, [(Ph2(O)P )2P]– K+ 40a), 23.7 (s), –121.8 (t, 1JP,P =

396.3 Hz, [(Ph2(O)P)2P ]– K+ 40a), –202.4 (d, 1JP,P = 444.9 Hz, [Ph2(O)PPTMS]– K+

23i), –297.1 (s, (TMS)2PK 45c).

Reaction of 1 eq (TMS)2PNa 7b with 1 eq Ph2P(O)Cl 21b in DME

295 mg (1.47 mmol) 7b were dissolved in 15 mL DME and cooled to −40 °C. 174 mg

(0.73 mmol) of 21b in 5.6 mL DME were added slowly to the cooled solution. After

storage at −20 °C for 18 h an NMR sample was prepared from the yellow solution (see

B.11).

31P-NMR (161.99 MHz, C6D6, 297 K): δ =66.2 (d, 1JP,P = 444.5 Hz, [Ph2(O)PPTMS]– Na+

23j), 57.3 (d, 1JP,P = 396.1 Hz, [(Ph2(O)P )2P]– Na+ 40b), -109.9 (d, 1JP,P = 396.0 Hz,

[(Ph2(O)P)2P ]– Na+ 40b), -195.7 (d, 1JP,P = 444.9 Hz, [Ph2(O)PPTMS]– Na+ 23j) -233.3

(d, 1JP,P = 182.9 Hz, (TMS)2PH 4a), -248.4 (m, 3JP,H = 5.3 Hz, (TMS)3P 5a).

Reaction of 1 eq TIPSPH2 3b with 2 eq Butyl Lithium and 1 eq (4-tBuPh)2P(O)Cl

21a in THF and subsequent quenching with TMS–Cl

170 mg (1.42 mmol) 3b were dissolved in 5 mL THF and cooled to −78 °C. 2 eq (1.8 mL,

1.6 M) n-BuLi/n-hexane were added and stirred for 5 min. 494.9 mg (1.42 mmol) 21a

were suspended in 10 mL THF and quickly added to the first solution. An 0.4 mL aliquot

was taken from solution for NMR measurements (i). The remaining solution was stored

at −60 °C for 5 d and then quenched with 0.3 mL TMS–Cl. Again an NMR sample was

prepared from solution).

(i) 31P-NMR (161.96 MHz, C6D6, 297 K): δ =63.1 (d, 1JP,P = 490.8 Hz,

[Ph2(O)PPTIPS]– Li+ 23k), 44.8 (s), 40.4 (s), 34.8 (s, [(4-tBuPh)2P(O)]2O 32a), –223.8

(d, 1JP,P = 491.1 Hz, [Ph2(O)PPTIPS]– Li+ 23k).

(ii) 31P-NMR (161.96 MHz, C6D6, 297 K): δ =96.2 (s, Ph2POTIPS 38b, 78.8 (d, 1JP,P =

600.1 Hz, (4-tBuPh)2P (OTMS)PTIPS 36o), 36.1 (s), 35.2 (s), 32.9 (s), –235.7 (d, 1JP,P =

601.1 Hz, (4-tBuPh)2P(OTMS)PTIPS 36o), –268.2 (s), –288.3 (s), –290.4 (s).
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Reaction of 1 eq TIPSPH2 3b with 2 eq Butyl Lithium and 1 eq (4-tBuPh)2P(O)Cl

21a in THF and subsequent quenching with TMS–Cl; heating to with isonitrile

Cy−NC

226 mg (1.19 mmol) 3b was dissolved in 4 mL THF and mixed with 2 eq (1.6 mL, 1.6 M)

n-BuLi/n-hexane at −78 °C. The slightly yellow and clear solution was added rapidly

to a precooled solution of 21b and 1.2 mL THF. A 0.4 mL sample was taken for NMR

spectroscopic analysis (i). The remaining solution was quenched with 1 eq of TIPS–Cl at

−78 °C before taking another NMR sample from solution (ii). A 2nd NMR sample was

prepared with additional 157 mg Cy−NC. The sample was heated to 50 °C for 2 h prior

NMR measurement (iii).

(i) 31P-NMR (161.96 MHz, C6D6, 297 K): δ =62.8 (d, 1JP,P = 496.4 Hz), 46.1 (s), 44.2 (s),

34.8 (s, [Ph2P(O)]2O 32b), –229.8 (d, 1JP,P = 496.6 Hz), –288.0 (d, 1JP,P = 202.6 Hz,

(TIPS)2PH 4b).

(ii) 31P-NMR (161.96 MHz, C6D6, 297 K): δ =80.7 (d, 1JP,P = 608.4 Hz,

Ph2P(OTMS)PTIPS 36p), 45.5 (s), 44.0 (s), 34.5 (s, [Ph2P(O)]2O 32b), 20.6 (s), –

233.7 (d, 1JP,P = 608.0 Hz, Ph2P(OTMS)PTIPS 36p), –288.0 (d, 1JP,P = 202.6 Hz,

(TIPS)2PH 4b).

(iii) 31P-NMR (161.96 MHz, C6D6, 295 K): δ =97.5 (s, 38b), 80.7 (d, 1JP,P = 608.8 Hz,

Ph2P(OTMS)PTIPS 36p), 35.8 (s), 33.5 (s, [Ph2P(O)]2O 32b), –140.1 (s,

TIPS−PCN−Cy 39e), –233.0 (d, 1JP,P = 608.3 Hz, Ph2P(OTMS)PTIPS 36p), –287.7

(d, 1JP,H = 202.7 Hz, (TIPS)2PH 4b).

Reaction of 1 eq TIPSPH2 3b with 1 eq Butyl Lithium and 1 eq (4-tBuPh)2P(O)Cl

21a in THF

230 mg (1.21 mmol) 3b were dissolved and 0.8 mL (1.6 M, 1.28 mmol) n-BuLi/n-hexane

were added at −78 °C. After 2 min 422 mg (1.21 mmol) 21a in 8.7 mL were added slowly.

An NMR sample was prepared from 0.4 mL reaction solution and 0.1 mL C6D6 after

10 min.

31P-NMR (161.96 MHz, C6D6, 295 K): δ =98.4 (s), 92.2 (dd, 1JP,P = 633.1 Hz, 2JP,P =

59.0 Hz, (4-tBuPh)2(O)POP (4-tBuPh)2
−−PTIPS 42a), 26.8 (d, 2JP,P = 61.5 Hz,

(4-tBuPh)2(O)POP(4-tBuPh)2
−−PTIPS 42a), 21.8, 20.3, 18.5, –205.8 (dd, 1JP,P =

513.1 Hz, 1JP,P = 152.1 Hz, –227.2 (d, 1JP,P = 634.2 Hz,
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(4-tBuPh)2(O)POP(4-tBuPh)2−−PTIPS 42a), –276.3 (t, 1JP,H = 184.1 Hz, TIPSPH2

3b), –287.7 (d, 1JP,H = 202.8 Hz, (TIPS)2PH 4b).

Reaction of 1 eq TIPSPH2 3b with 2 eq n-BuLi/n-hexane and 8 eq Ph2P(O)Cl 21b

in THF

300 mg (1.58 mmol) 3b was dissolved in 15 mL THF and cooled to −20 °C. 2.4 g (12 mmol)

21b in 15 mL THF were added. An NMR sample was prepared from solution. After 1 week

a small quantity of crystals from the NMR sample were isolated for x-ray measurements

showing [Ph2(O)POP(O)Ph2 · LiCl]2.

31P-NMR (161.96 MHz, C6D6, 295 K): δ =97.7, 93.0 (dd, 1JP,P = 642.8 Hz, 1JP,P =

59.5 Hz, Ph2(O)POP (Ph)2−−PTIPS 42b), 41.5 (m, 1JP,H = 14.7 Hz, 21b), 35.9 (s), 32.6

(s, [Ph2P(O)]2O 32b), 29.4 (s), 26.5 (d, 2JP,P = 62.3 Hz, Ph2(O)POP(Ph)2−−PTIPS 42b),

–21.8 (d, J = 203.5 Hz), –229.7 (d, 1JP,P = 634.2 Hz, Ph2(O)POP(Ph)2−−PTIPS 47d),

–287.7 (d, 1JP,H = 202.8 Hz, (TIPS)2PH 4b).

4.5.5. Reactions of Mixed Valent Phosphorus Compounds

Quenching of phosphanylidene siloxyphosphoranes 36b (SiR3 = –TIPS) and 36d

(SiR3 =−SiPh3) with methanol and diethylamine

Quenching with methanol: Phosphanylidene siloxyphosphorane 36d was synthesized from

a 0.2 M THF solution of 17d and a 1 M THF solution of 21b at −78 °C. The yellow clear

solution was quenched with 1 mL of methanol. An NMR sample was prepared from the

decolorized solution at room temperature with an additional 0.1 mL of C6D6 (see B.9).

31P-NMR (161.98 MHz, C6D6, 297 K): δ = 78.7 (dd, 1JP,H = 205.0 Hz, 1JP,H = 9.2 Hz), 35.2

(d, 1JP,P = 216.6 Hz, Ph2P(O)P(H)Mes 22a), 32.4 (s), 21.45 (d, 1JP,H = 497.9 Hz), –95.4

(pseudot, JP,X = 218.6 Hz X= P,H, Ph2P(O)P(H)Mes 22a), –111.0 (AA’XX’, (R),(S)-

28a), –118.2 (AA’XX’, meso-28a), –155.9 (t, 1JP,H = 203.8 Hz, 8a), –161.8 (d, 1JP,H =

211.6 Hz, 14d), –165.9 (s).

31P{1H} NMR (400.13 MHz, C6D6, 297 K): δ = 78.7 (s), 35.2 (d, 1JP,P = 216.8 Hz,

Ph2P(O)P(H)Mes 22a), 32.4 (s), 21.5 (s), -95.4 (d, 1JP,P = 216.9 Hz, Ph2P(O)P(H)Mes

22a), -111.0 (s, (R),(S)-28a), -118.2 (s, meso-28a), -155.9 (s, 8a), -161.8 (s, 14d).
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Quenching with diethylamine: Phosphanylidene siloxyphosphorane 36b was synthesized

from a 250 mg (1.64 mmol) 8a, 2 equivalents of n-BuLi/n-hexane, 316 mg TIPS–Cl and

388 mg (1.6 mmol) 21b in 6.6 ml of THF at −78 °C. The 1 mL of the yellow clear solution

was quenched with 0.1 mL of diethylamine. An NMR sample was prepared from the

decolorized solution at room temperature with an additional 0.1 mL of C6D6 (see B.9).

31P-NMR (161.98 MHz, C6D6, 297 K): δ =97.9 (t, 1JP,H = 8.4 Hz), 34.2 (d, 1JP,H =

214.7 Hz, Ph2P(O)P(H)Mes 22a), –95.1 (pseudot, 1JP,X = 217.7 Hz X= P,H,

Ph2P(O)P(H)Mes 22a), –175.9 (d, 1JP,H = 214.2 Hz).

Reaction of Phosphanylidene Siloxyphosphoranes 36b, 36j and 36p with iso-Nitriles

Cy−NC and Bn−NC

Ph2P(OTIPS)PMes 36b was prepared from 419 mg (2.75 mmol) 8a, 2 eq n-BuLi/n-

hexane, 530.8 mg (2.75 mmol) TIPS−Cl and 323 mg (2.75 mmol) 21b in 10 mL THF. A

0.4 mL aliquot was taken and mixed with 90 mg (0.76 mmol, 6.9 eq) Bn−NC and 0.1 mL

of C6D6 (see B.10).

31P-NMR (161.98 MHz, C6D6, 297 K): δ =97.2 (t, 3JP,H = 8.3 Hz, 38b), 47.8 (d, J =

13.6 Hz), 38.1 (s), 36.3 (d, J = 13.7 Hz), –110.4 (d, 1JP,P = 184.3 Hz, 26a), –132.1 (s,

Mes−PCN−Bn 39d), –145.0 (t, 1JP,P = 183.7 Hz, 26a), –176.8 (d, 1JP,H = 214.4 Hz,

14b).

Ph2P(OTIPS)PTipp 36j was prepared from 223 mg (0.94 mmol) 9a, 2 eq n-BuLi/n-

hexane, 182 mg (0.94 mmol) TIPS−Cl and 323 mg (2.75 mmol) 21b in 10 mL THF. A

0.4 mL aliquot was taken and mixed with (i) 51 mg (0.44 mmol, 18 eq) Bn−NC (ii) 101 mg

(0.93 mmol, 27 eq) Cy−NC and 0.1 mL of C6D6 for NMR spectroscopic analysis (see

B.10).

(i) 31P-NMR (161.98 MHz, C6D6, 297 K): δ =97.4 (s, 38b), 32.8 (s), 30.6 (s), –138.4 (s,

Tipp−PCN−Bn 39b), –184.3 (d, 1JP,H = 213.5 Hz, 15b).

(ii) 31P-NMR (161.98 MHz, C6D6, 297 K): δ =97.4 (s, 38b, –5.6 (m, PPh3 internal stan-

dard), –140.9 (s, Tipp−PCN−Cy 39a), –184.3 (d, 1JP,H = 212.1 Hz, 15b).
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NMR-Figure B.1.: NMR Spectra of the reaction of (1)/(2) (4 -tBuPh)2P(O)Cl 21a
with Mes−PHLi 8b 1:1 in DME, (3) (4 -tBuPh)2P(O)Cl 21a with
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NMR-Figure B.5.: NMR Spectra of the reaction of (1) Ph2P(O)Cl 21b with
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NMR-Figure B.6.: NMR Spectra of the reaction of (1) Ph2P(O)Cl 21b with
MesP(SiPh3)Li 17d in THF, (2) (4−tBuPh)2P(O)Cl 21a with
MesP(TMS)Li 17a in THF, (3) (4−tBuPh)2P(O)Cl 21a with
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NMR-Figure B.7.: NMR Spectra of the reaction of (1) [Ph2P(O)PTipp]– Li+ 23c with
TMS−Cl, (2) [Ph2P(O)PTipp]– Li+ 23c with TIPS−Cl and (3)/(4)
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NMR-Figure B.8.: NMR Spectra of the reaction of (1)/(2) Ph2P(O)Cl 21b with
TippP(TBDMS)Li 18c in THF, (3)/(4) Ph2P(O)Cl 21b with
TippP(SiPh3)Li 18d in THF and (5) [Ph2P(O)PMes*]– Li+ 23e
with TMS−Cl.
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NMR-Figure B.11.: NMR Spectra of the reaction of (1) 2 eq (TMS)2PK 7c with
1 eq Ph2P(O)Cl 21b in DME, (2) 1 eq (TMS)2PK 7c with
1 eq Ph2P(O)Cl 21b in DME, (3) 1 eq (TMS)2PK 7c with 1 eq
Ph2P(O)Cl 21b in THF, (4) 1 eq (TMS)2PK 7c with 1 eq tBuOK
and 1 eq Ph2P(O)Cl 21b in THF and (5) 1 eq (TMS)2PNa 7b with
1 eq Ph2P(O)Cl 21b in DME.

XVI



��������
����������

������������

C���
������ �� 
¡�¢�£ ¤

31P

(4)

��������
����������

������������

C���
������ �� 
¡�¢�£ ¤

31P

(1)

-300-280-260-240-220-200-180-160-140-120-100-80-60-40-20020406080100

ppm

-2
2
5
.3

-2
2
2
.3

3
4
.8

4
0
.4

4
4
.8

6
1
.6

6
4
.6

��������
����������

������������

C���
������ �� 
¡�¢�£ ¤

31P

(2)

-290-270-250-230-210-190-170-150-130-110-90-70-50-30-101030507090110

ppm

-2
9
0
.4

-2
8
8
.3

-2
6
8
.2

-2
3
7
.6

-2
3
3
.9

2
2
.6

3
2
.9

3
2
.9

3
3
.0

3
5
.2

3
6
.0

7
6
.8

7
6
.9

7
7
.0

8
0
.5

8
0
.6

8
0
.7

9
6
.2

9
6
.3

��������
����������

������������

C¥¦¥
§¨§©ª¨ «¬
®ª¯©° ±

31P

(3)

-300-280-260-240-220-200-180-160-140-120-100-80-60-40-20020406080100

ppm

-2
8
8
.4

-2
8
7
.9

-2
8
7
.1

-2
7
7
.5

-2
7
5
.2

-2
2
9
.2

-2
2
5
.2

1
8
.5

2
0
.3

2
1
.8

2
6
.6

2
7
.0

3
1
.8

9
0
.1

9
0
.5

9
4
.0

9
4
.4

9
8
.4

-320-300-280-260-240-220-200-180-160-140-120-100-80-60-40-20020406080100120

ppm

-2
8
8
.3

-2
8
7
.0

-2
3
1
.7

-2
2
7
.7

-2
2
.4

-2
1
.2

2
6
.3

2
6
.7

2
7
.0

2
9
.4

3
2
.6

3
5
.9

4
1
.3

4
1
.4

4
1
.6

4
1
.7

5
6
.1

9
0
.8

9
1
.2

9
4
.8

9
5
.2

9
7
.7

NMR-Figure B.12.: NMR Spectra of the reaction of (1) 1 eq TIPSPH2 3b with 2 eq
Butyl Lithium and 1 eq (4-tBuPh)2P(O)Cl 21a in THF and (2)
subsequent quenching with TMS–Cl, (3) 1 eq TIPSPH2 3b with
1 eq Butyl Lithium and 1 eq (4-tBuPh)2P(O)Cl 21a in THF and
(4) 1 eq TIPSPH2 3b with 2 eq BuLi and 8 eq Ph2P(O)Cl 21b in
THF.
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NMR-Figure B.13.: NMR Spectra of the reaction of (1) 1 eq TIPSPH2 3b with 2 eq
Butyl Lithium and 1 eq (4-tBuPh)2P(O)Cl 21a in THF and (2)
subsequent quenching with TMS–Cl; (3) heating to 50 °C with
isonitrile Cy−NC.

XVIII



C. Crystallographic Data

Table C.1.: Crystal data for the X-ray structure determinations of compounds
[9b· (tmeda)(thf)], [9c·(tmeda)0.5]∞ and 28b.

Compound [9b·(tmeda)(thf)] [9c·(tmeda)0.5]∞ 28b

fo-Nr. 6471 6527 6749

CCDC 1970034 1970035 1970037

Formula C25H48LiN2OP C18H32KNP C30H48P2

fw[g · mol−1] 430.56 332.52 470.62

Temperature [K] 133 (2) 122 (2) 133 (2)

Crystal size [mm] 0.112 0.112 0.112

0.088 0.110 0.098

0.062 0.088 0.082

Crystal system orthorombic monoclinic triclinic

Space group Pna21 C2/c P1

a [Å] 22.60680 (8) 27.4327 (7) 6.1978 (3)

b [Å] 14.2920 (5) 11.4536 (3) 8.4803 (5)

c [Å] 8.5890 (3) 13.2800 (4) 13.8064 (8)

α [◦] 90 90 84.343 (3)

β [◦] 90 105.539 (2) 78.206 (3)

γ [◦] 90 90 84.964 (4)

V [Å3] 2708.93 (17) 4020.10 (19) 705.17 (7)

Z 4 8 1

ρcalc. [g/cm3] 1.056 1.099 1.108

µ [mm−1] 0.118 0.340 0.169

F (000) 952 1448 258

Reflect. coll. 21805 11971 9253

Independ. reflect. (Rint) 5063/0.0688 4600/0.0698 3175/0.0388

wR2(all data) 0.2156 0.1199 0.1073

R1alldata 0.1279 0.0844 0.0663

R1 (2I> σ(I)) 0.0915 0.1104 0.0527

S 1.032 1.098 1.109

Res. dens. [eÅ−3] 0.823/–0.472 0.338/–0.32 0.318/–0.286
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C. Crystallographic Data

Table C.2.: Crystal data for the X-ray structure determinations of compounds
[23d·30a·LiCl·2 Et2O]2, 36l and [32b·LiCl].

Compound [23d·30a·LiCl·2 Et2O]2 36l [32b·LiCl]

fo-Nr. 6507 7239 6899

CCDC 1970036 2048033

Formula C142H230Cl2Li6O12P6 C49H56O2P2Si C28H28ClLiO4P2

fw[g · mol−1] 2427.62 766.96 532.83

Temperature [K] 133 (2) 133 (2) 133 (2)

Crystal size [mm] 0.112 0.112 0.092

0.110 0.092 0.088

0.092 0.090 0.082

Crystal system monoclinic triclinic triclinic

Space group C2/c P1 P1

a [Å] 30.1482 (7) 11.9281 (2) 10.1869 (3)

b [Å] 17.3690 (4) 13.5118 (3) 11.7230 (3)

c [Å] 29.2338 (7) 16.5193 (3) 12.2102 (3)

α [◦] 90 100.152 (1) 111.668 (2)

β [◦] 93.574 (1) 99.979 (1) 100.053 (2)

γ [◦] 90 112.453 (1) 100.096 (2)

V [Å3] 15278.3 (6) 2335.81 (8) 1298.26 (6)

Z 4 2 2

ρcalc. [g/cm3] 1.055 1.090 1.363

µ [mm−1] 0.157 0.154 0.303

F (000) 5280 829 556

Reflect. coll. 76453 27420 12391

Independ. reflect. (Rint) 17427/0.0555 10650/0.0300 5858/0.0358

wR2(all data) 0.1861 0.1296 0.1144

R1alldata 0.1043 0.0598 0.0716

R1 (2I> σ(I)) 0.0766 0.0501 0.0531

S 1.042 1.037 1.043

Res. dens. [eÅ−3] 1.034/–0.704 1.214/–0.386 0.515/–0.483
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