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PROLOGUE 

This doctoral thesis reports on the synthesis and characterization of novel phosphinine 

coordination compounds and their reactivity toward small molecules. Chapter 1 gives a 

general overview of phosphinine chemistry, discussing their rich coordination chemistry and 

application in catalysis. Chapter 2 reports on the selective halogenation of an anionic 

phosphinine iron(0) complex, which led to the formation of rare halogenated 

phosphacyclohexadienyl complexes. Chapter 3 shows the reactivity of a phospha-bora-

norbornadiene with nitriles and alkynes. The results show phosphinine derivatives 

incorporating a Lewis acidic site can possess frustrated Lewis pair (FLP) type reactivity. In 

Chapter 4, the synthesis of pyridyl-phosphinine-based phosphinoborates is discussed. 

Chapter 5 reports on the facile splitting of carbon dioxide by an anionic pyridyl-phosphinine 

iron(0) complex. Chapter 6 addresses the synthesis on a homoleptic pyridyl-phosphinine 

nickel(0) complex which is capable of splitting carbon-halide bonds. Finally, Chapter 7 

summarizes all results of this thesis followed by a brief outlook on the future of phosphinine 

chemistry. 

 

PROLOG  

Diese Dissertation beschreibt die Synthese und Charakterisierung von neuen 

Phosphininverbindungen und deren Reaktivität gegenüber kleinen Molekülen. Kapitel 1 gibt 

einen generellen Überblick über die Phosphininchemie wieder. Die Vielfältigkeit von 

Phosphininen spiegelt sich in ihrer reichhaltigen Koordinationschemie und ihren Einsatz in 

der Katalyse wider. Kapitel 2 thematisiert die selektive Halogenierung eines anionischen 

Phosphinin-Eisen(0)-Komplexes unter Bildung von halogenierten 

Phosphacyclohexadienylkomplexen. In Kapitel 3 wird der Einsatz von Phosphininen in 

frustrierten Lewis-Paaren (FLP) beschrieben. Hierebei zeigt ein Phosphaboranorbornadien 

eine FLP-artige Reaktivität gegebüber Nitrilen und Alkinen. In Kapitel 4 wird die Synthese 

von Pyridylphosphinin-basierten Phosphinoboranen diskutiert. Kapitel 5 berichtet von der 

einfachen Spaltung von Kohlenstoffdioxid durch einen anionischen Pyridylphosphinin-

Eisen(0)-Komplex. Kapitel 6 beschreibt die Synthese eines homoleptischen 

Pyridylphosphinin-Ni(0)-Komplexes, welcher in der Lage ist, Kohlenstoff-Halogen-

Bindungen zu spalten. Kapitel 7 fasst alle Ergebnisse dieser Arbeit zusammen und gibt einen 

kurzen Ausblick in zukünftige Forschungsgebiete der Phosphinin-Chemie. 
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18c-6 [18crown-6] 

BArF
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bd broad doublet 
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Bu butyl 

cod 1,5-cyclooctadiene 

Cp cyclopentadiene 

Cp* 1,2,3,4,5-pentamethylcyclopentadiene 

DFT density functional theory 

DME 1,2-dimethoxyethane 

EPR electron spin resonance 

m multiplet 

Me methyl 

mes mesityl  

nbd 2,5-norbornadiene 

NMR nuclear magnetic resonance 

Ph phenyl 

s singlet 

THF tetrahydrofuran 

TPP 2,4,6-triphenylphosphinine 

t triplet 

TMS tris(trimethylsilyl) 
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1.1 The discovery of phosphinines 

For a large part of chemical research history, it was believed that pˊīpˊ multiple bonds could 

not occur for heavier main group elements.[1] The ñdouble bond ruleò purports that elements 

with a quantum number greater than two, are not able to form multiple bonds with 

themselves or with other elements.[2] This was disproved in the last century by the isolation 

of low coordinate / multiply bonded compounds containing phosphorus, silicon and their 

heavier congeners.[3ī5] Unsaturated compounds containing phosphorus were of particular 

interest due to being analogous to carbon.[6] These two elements have a diagonal relationship 

in the periodic table of elements, which results in similar reactivity. The Pauling 

electronegativity values (2.55 for C and 2.19 for P) as well as the van der Waals radii (1.70 Å 

for C and 1.80 Å for P) are similar, and, as a result, strong covalent CīP bonds (bond 

dissociation energies for CīC = 605 kJĀmolï1 and PīC = 507.5 kJĀmolï1) can be formed.[7] 

The synthesis of 2,4,6-triphenylphosphabenzene, also known as triphenylphosphinine 

(TPP), in 1966 by Märkl demonstrated that phosphorus-containing heterocycles possessing 

PīC multiple bonds or PīC sp2-hybridization can actually exist.[8] TPP was synthesized by 

reaction of a pyrylium salt with a phosphorus(III) source, e.g. P(CH2OH)3 (Scheme 1). 

Mªrklôs seminal work on the synthesis of phosphinines was a fundamental breakthrough in 

main group chemistry. It allowed easy access to low coordinate phosphorus compounds 

which hitherto only existed in the form of unstable phosphaalkynes or phosphacyanides.[9,10] 

Phosphinines subsequently proved to have promising applications in coordination chemistry 

and catalysis and were intensively investigated by the groups of Märkl, Dimroth, Ashe III, 

Elschenbroich, Mathey, Le Floch, Zenneck and Müller. 

 

 

Scheme 1. First synthesis of TPP by Mªrkl; i) pyridine, ī3 CH2O, īH2O, īHBF4. 

 

1.2  Synthetic routes toward phosphinines 
 

Numerous synthetic routes to phosphinines have been developed over the past five decades. 

The following describes the most common synthetic procedures for these six-membered 

heterocycles. As mentioned above, Märkl used the pyrylium salt 2,4,6-triphenylpyrylium 

tetrafluoroborate for the original synthesis of TPP (Scheme 1).[8] Pyrylium salts are a 

common precursor for the synthesis of phosphinines because of the easy introduction of 

various functional groups and substituents in specific positions of the heterocycle (Scheme 

2).[11] 
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Scheme 2. Different synthetic routes to pyrylium salts. 

 

Synthesizing pyrylium salts via the condensation of aldehydes and ketones is ideal as the 

starting materials are generally commercially available or easily accessible synthetically (a, 

Scheme 2).[12] Pyrylium salts can also be synthesized through two other routes: the 

cyclization of aromatic 1,5-diketones with BF3/HBF4 (b, Scheme 2) or reacting a chalcone 

with acetophenone derivatives in the presence of HBF4 (c, Scheme 2)[13]. The final step of 

the phosphinine synthesis is the O+/P exchange reaction of the pyrylium salt with a 

phosphorus (III) compound such as PH3 or more nucleophilic agents such as P(CH2OH)3
[14] 

or P(SiMe3)3
[15]. With this route, high purity phosphinines can be isolated. However, yields 

of the isolated products typically are low to moderate (i.e. in the range of 10 ï 50%). 

 

 

Scheme 3. Synthesis of phosphinines via pyrylium salt route. 

 

Another common route for the synthesis of phosphinines was reported by Ashe III, who was 

able to obtain the unsubstituted parent phosphinine PC5H5 via tin exchange reaction from a 

stanna-cyclohexadiene (a, Scheme 4).[16] An alternative preparation of PC5H5 is the 

thermolysis of tris(allyl)phosphine at 700 °C (b, Scheme 4).[17] 
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Scheme 4. Synthesis of parent phosphinine via a) stannacyclodiene and by b) thermolysis. 

 

A versatile precursor for the synthesis of substituted phosphinines are phosphaalkynes. 

These low-coordinate phosphorus compounds can act as dienophiles in [4+2] cycloadditions 

with different dienophilic systems (Scheme 5). All of these reactions involve a cycloaddition 

as the first step followed by subsequent elimination of an organic fragment. For example, 

tert-butylphosphaalkyne can be treated with activated stannols (a, Scheme 5)[18] or heated in 

the presence of 1,3-cyclohexadienes (b, Scheme 5)[19] to form phosphinines in good yields 

via the elimination of dimethyl tin and ethene respectively (Scheme 5). Regitz and co-

workers described the synthesis of phosphinines via [4+2] cycloaddition of tert-

butylphosphaalkyne and pyrones (c, Scheme 5)[20] or cyclopentadiones (d, Scheme 5)[21] with 

release of CO2 and CO respectively. 

 

 
Scheme 5. Synthesis of phosphinines via tert-butyl phosphaalkyne. 

 

Another prevalent tool for the synthesis of phosphinines is the one-step ring expansion 

reactions of phospholes.[22] The original reaction, first conducted by Mathey, involved the 

hydrolysis of a mixture of phosphole, aromatic acid chloride and triethylamine (Scheme 
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6).[23] The ring expansion is highly dependent on the substituents of the phosphole and acid 

chloride. Too bulky substituents (R and Ar) or alkyl substituents on the acid chloride prevent 

phosphinine formation. 

 

 

Scheme 6. Synthesis of phosphinines from phospholes. 

 

A less frequently employed method for the formation of phosphinines are metal-mediated 

syntheses. Titanacycle transfer reactions are very useful for the synthesis of pnictogen 

containing heterocycles.[3] Cp2TiMe2 can be used for the formation of 1,3,2-

dizazaphosphinines via NīTi, NīP bond metathesis (a, Scheme 7).[24] It can also act as a 

mediator for the formation of 2,3,5-substituted phosphinines, which involves a thermal 

rearrangement, an intramolecular [4+2] cycloaddition and a [1,5]-hydrogen shift (b, Scheme 

7).[25]  

 

Scheme 7. Titanium-mediated syntheses of phosphinines. 

It was later found that nitrogen containing P heterocycles also proved to be effective 

precursors for the synthesis of 2,3,5,6-tetra-substituted phosphinines. The two-step reaction 

starts with [4+2] cycloaddition of an alkyne at elevated temperatures (70 °C) which affords 

a 1,2-azaphosphinine with the release of nitrile. Addition of a second equivalent of alkyne 

leads to the formation of the desired tetra-functionalized phosphinine.[24,26] 

 

Scheme 8. Synthesis of 2,3,5,6-tertafunctional phosphinines via reaction of 1,3,2-diazaphosphinines with 

alkynes. 

 

Chromium-[27], iron-[28] and hafnium[29]-mediated syntheses have also been established for 

the synthesis of phosphinines, but the pyrylium salt route is still the most employed due to 

being the easiest, most efficient and cheapest method to obtain substituted phosphinines. 
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1.3  Electronic and structural properties of phosphinines 

 

Due to their unique electronic and structural properties, phosphinines have been intensively 

employed as ligands in coordination chemistry and homogeneous catalysis. General features 

of these heterocycles are their planar structure and aromaticity.[30] The molecular structure 

generally features equal CīC bond lengths (1.395 Å), which are close to the values in 

benzene, and short PīC bonds (mean distance: 1.749 Å). The aromaticity of the parent 

phosphine was estimated to amount to 97% of benzene.[31] Moreover, the electronic 

properties of phosphinines differ significantly from their lighter homologues, pyridines, as 

demonstrated by photoelectron and electron transmission spectroscopy and theoretical 

calculations.[32ï35] An analysis of the frontier molecular orbitals of phosphinines reveals that 

the lone pair of electrons resides in the HOMOī2. The P-lone pair of electrons occupies a 

more diffuse, partially delocalized and less directional orbital compared to pyridine, which 

makes phosphinine a comparably weaker ů-donor. Electrophilic attack on the P atom in 

phosphinines hardly occurs due to the fact that the electron density on the P atom has strong 

3s-orbital character (about 63%) which leads to low basicity (pKa (C5H6P
+) = ī16.1 Ñ1 in 

aqueous solutions).[36] Due to their symmetry the HOMOī1 and HOMO are able to form ˊ-

donor interactions with metal d-orbitals of suitable symmetry in transition metal complexes. 

More importantly, the low-lying LUMO orbital provides phosphinines with great ˊ-acceptor 

abilities (Figure 1).[11] This property is essential for the formation of transition metal 

complexes. 

 

Figure 1. Qualitative MO-diagram; comparison of the frontier orbitals of phosphinine (left) and pyridine 

(right). 
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A classical tool for the quantification of the electron donor properties of a ligand is the 

Tolman electronic parameter ɢ.[37] The Tolman parameter allows the comparison of different 

phosphorus ligands with each other. The parameter ɢ is the result of IR stretching frequencies 

of phosphorous donor ligand (L) nickel carbonyl complexes LNi(CO)3, whereby 

(tBu3P)Ni(CO)3 serves as reference. High ɢ values indicate strong ˊ-acceptor properties, 

which arise from little ˊ-back donation from the metal center to the CO ligand. The 

comparison of phosphinines with other P-ligands shows that they have higher values for the 

CO stretching frequencies in their corresponding Ni complexes and thus are stronger ˊ-

acceptors (Figure 2).[11, 38,39] 

 

 

Figure 2. Tolman electronic parameters of P containing ligands determined by IR CO stretching frequencies 

(in [cmī1]) of LNi(CO)3 (L  = PtBu3, PMe3, PPh3, TPP, PC5H5). 

 

Along with electronic properties the choice of substituent is important in terms of the steric 

demand of the phosphinine. In order to describe the steric situation of a ligand, the Tolman 

steric parameter ɗ (= cone angle) can be utilized.[37] The value ɗ gives a general idea about 

the steric hinderance around the P-centre in phosphine ligands. However, in terms of 

phosphinine ligands, which are plane molecules, the occupancy angles Ŭ and ɓ along the 

orthogonal planes x and y in the heterocycle are more suitable for the description of the steric 

situation (Figure 3).[33] The values of the occupancy angles of TPP, measured from the 

geometry of its calculated structure, are Ŭ = 216 Á and ɓ =54 °. The steric demand in the y 

plane is lower than in the x plane, thus phosphinines are better described as a flattened cone 

rather then a perfectly cylindrical one, which is the case for phosphines.[33] 

 

 

Figure 3. Occupancy angles Ŭ and ɓ in phosphinines. 
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1.4 Phosphinines as ligands for transition metal complexes 

 

As mentioned, the electronic properties of phosphinines (see section 1.3) make them highly 

attractive ligands in coordination chemistry and are able to adopt a range of different 

coordination modes (Figure 4). Phosphinines possess a lone pair of electrons, located at the 

P atom, allowing them to form ɖ1-complexes via ů-coordination (a, Figure 4). Due to a low-

lying LUMO, the ˊ-acceptor ability of phosphines is very high, which enables the formation 

of ˊ-complexes such as ɖ6-complexes (b, Figure 4). The combination of ů-donor and ˊ-

acceptor properties offer several coordination sites on the ligand allowing the formation of 

dinuclear phosphinine complexes (c and d, Figure 4). Adding a substituent to the P atom 

forms ɚ4-phosphinines, also referred as phosphacyclohexadienyl anions, and they coordinate 

mostly in a ɖ5-mode to the metal center (e, Figure 4). There is also the rare ɖ4-mode (f, Figure 

4), which is presented by just a few examples. 

 

 

Figure 4. Range of coordination modes of phosphinine transition metal complexes. 

 

In general, the strong ˊ-accepting capacity of phosphinines enables the stabilization of 

electron-rich transition metal complexes. Late transition metals in low oxidations states 

undergo ɖ1-coordination with phosphinines. This was observed for a range of homoleptic 

complexes by Elschenbroich who used the parent phosphinine as a ligand (Figure 5). 

Tetrahedral Ni(0)[40] (1), octahedral group 6 (Cr(0), Mo(0), W(0))[41] (2) and trigonal 

bipyramidal Fe(0)[42] (3) complexes were prepared and structurally characterized, showing 

ů-coordination of the parent phosphinine to the metal center exclusively. 

 

 

Figure 5. Examples for ů-coordinated transition metal phosphinine complexes in ɖ1-mode. 
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Another common motif is coordination through the ˊ-system of the phosphinine, which 

results in the formation of ɖ6-phosphinine complexes (Figure 6). Bulky substituents on the 

phosphinine ligand in compound 4 prevent the formation of ů-complexes as shown in Figure 

5, above, for the parent phosphinine.[43] In addition, group 8 metals are also able to form ˊ-

complexes with phosphinines. The ɖ6-phosphinine complex 5 was synthesized by reacting 

[Fe(cod)2] (cod = 1,5-cyclooctadiene) with free phosphinine at low temperatures.[44] 

Compound 5 can also be utilized in catalytic reactions which will be discussed in section 

1.6. Compound 6 is an example of a cationic ruthenium phosphinine complex in the ɖ6-

coordination mode. It is formed by the reaction of free ligand with [Cp*Ru(ɖ4-C6H10)Cl] 

(Cp* = 1,2,3,4,5-pentamethylcyclopenatdiene) in the presence of AgBF4.
[45] Again, bulky 

tris-trimethylsilyl substituents prevents ů-coordination from the phosphinine. 

 

 

Figure 6. Examples for ́-coordinated transition metal phosphinine complexes in ɖ6-mode. 

 

Dinuclear or even trinuclear phosphinine complexes are rather scarce.[46ï53] So far, such 

species have not been utilized in catalytic applications. In contrast, ɖ5-phosphinine 

complexes have found several catalytic applications.[54] The ɖ5-coordination mode in 

phosphinine complexes can be achieved by reacting a ɚ4-phosphinine, also known as a 

phosphacyclohexadienyl anion, with transition metal precursors (Figure 7). The first step of 

this method is to react a free phosphinine ligand with a nucleophile, e.g. organolithium 

agents. The addition of the nucleophile occurs at the P atom due to the low-lying LUMO 

which is mainly localized at the P atom.[55] The resulting ɚ4-phosphinine can further react 

with metal precursors such as [Rh(cod)Cl]2 to form ɖ
5-complexes 7 (Figure 7).[56] 

 

Figure 7. Example for ́ -coordinated transition metal phosphinine complex in ɖ5-mode; [Rh] = Rh(cod)Cl]2. 
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There are only a few examples of the ɖ4-mode in the literature, for example the dinuclear 

phosphinine iron(0) complex 8 (Figure 8).[53] The phosphinine ligand in 8 is ɖ4 coordinated 

to an Fe(CO)3 fragment and ɖ
1 coordinated via the P-lone pair of electrons to an Fe(CO)4 

moiety.[53] The anionic iron(0) complex 9 possesses an ɖ4-coordinated TPP ligand and is 

generated by the ligand exchange of TPP with naphthalene (C10H8) in [K([18]crown-

6)][Cp*Fe(ɖ4-C10H8)] (Figure 8).[52] 

 

 

Figure 8. Examples for ́-coordinated transition metal phosphinine complexes in ɖ4 mode and their syntheses. 

 

Due to the multitude of coordination modes available, phosphinines are highly versatile 

ligands. The examples given in this section illustrate the flexibility of phosphinines resulting 

from their characteristic electronic and steric properties. The subsequent phosphinine metal 

complexes are not only interesting from a coordination chemistry perspective, but also find 

use in many catalytic transformations. Selected examples for such catalytic applications are 

discussed in section 1.6, below. 

 

1.5 Synthesis and coordination of donor-functionalized phosphinines 

 

2,2ǋ-Bipyridines (a, Figure 9) have been extensively used as ligands in transition metal 

complexes for different chemical applications due to their versatile spectroscopic, 

photochemical and electrochemical properties.[57] Hence, there was interest in synthesizing 

the heavier analogue of bipyridines, 2,2ǋ-biphosphinines (b, Figure 9). Donor-functionalized 

phosphinines provide enhanced stability to metal centers through donation from their 

substituents, which has an influence on the coordination chemistry and catalysis. 

 
 

 

Figure 9. Generic examples for group 15 chelate ligands. 
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Although the symmetry of the MOs of bipyridines and biphosphinines is very similar, the 

properties of biphosphinines differ from bipyridines. The LUMO in bipyridines is located at 

the carbocyclic backbone, whereas the LUMO of biphosphinines is localized at the P atom 

and is lower in energy.[58,59] The first biphosphinine was isolated by Le Floch in 1991.[60] 

The multi-step synthesis of 3,3ǋ,4,4ǋ-tetramethyl-2,2ǋ-biphosphinine 10 is formed from 

2-halophosphinines[61] and involves cycloaddition, dehalogenation combined with 

homocoupling and reduction reactions (Scheme 9). 

 

Scheme 9. Synthesis of the first 2,2ǋ-biphosphinine. 

 

Biphosphinine 10 can be isolated in only moderate yields (ca. 22%), which has limited the 

study of its reactivity. However, a range of different transition metal complexes with 10, 

including neutral and anionic complexes, were synthesized (Figure 10). Le Floch and co-

workers reacted 10 with [Cr(CO)5(thf)] (thf = tetrahydrofuran) to form chelate complex 

11.[60] Anionic tetragonal biphosphinine complexes bearing highly reduced metal centers 

(12) were achieved by reducing 10 with an excess of sodium metal and by subsequent 

reaction with [M(acac)3] (M = Co, Rh; acac = acetylacetonate).[62] The same procedure was 

applied for group 4 dianionic octahedral biphosphinine complexes (13). Neutral 

biphosphinine complexes 14 could be obtained by reacting group 6 metal salts MCln 

(M = Cr, Mo, W) with 10 in the presence of an excess of magnesium.[63] Interestingly, 

complexes 14 showed an unusual trigonal prismatic geometry, rather than octahedral. 

 

Figure 10. Transition metal biphosphinine complexes. 
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Apart from bipyridines and biphosphinines, it is also possible to isolate mixed P,N 

heterodonor compounds in the form of 2-pyridylphosphinines (Figure 11). The first pyridyl-

substituted phosphinine ï NIPHOS ī was synthesized by Mathey and co-workers.[64] The 

multi-step synthesis starts from a phosphole and 2-acetylchloride-pyridine (Scheme 10). A 

ring-expansion reaction is followed by condensation and reduction with metallic nickel at 

high temperatures, which affords NIPHOS. 

 

Figure 11. 2-Pyridyl-functionalized phosphinines. 

 
Scheme 10. Synthesis of NIPHOS. 

 

NIPHOS possesses a phosphinine moiety which is sensitive toward bases and nucleophiles, 

and a pyridyl group which does not tolerate acidic mediums. However, combination of these 

two opposing properties does not interfere with follow-up chemistry. A range of different 

neutral and cationic transition metal complexes bearing NIPHOS as a ligand were 

synthesized (Figure 12). After Mathey and co-workers reported on the synthesis of NIPHOS, 

they reacted it with group 6 metal precursors [M(CO)5(thf)] (M = Cr, W) in order to generate 

complexes 15.[65] Dinuclear platinum complexes of the general formula [Pt2Cl4L2] 

(L = PPh3, PMePh2, PMe2Ph, PMe3, P(nBu)3) were reacted with NIPHOS to afford 

mononuclear chelate complexes 16a.[66] Complexes 16a are very sensitive toward 

nucleophilic reagents such as water, causing hydrolysis of the P=C bond in the phosphinine 

moiety forming complexes 16b. Another example of NIPHOS-containing compounds are 

the dimeric group 9 complexes 17.[67] Transition metal precursors [Ir2Cl2(cod)2] and 

[Rh2Cl2(nbd)2] (cod = 1,5-cyclooctadiene; nbd = 2,5-norbornadiene) were reacted with two 

equivalents NIPHOS in order to generate dinuclear chelate complexes 17 which were 

isolated as SbF6 salts in good yields (up to 74%). 
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Figure 12. Transition metal complexes of NIPHOS; cod = 1,5-cyclooctadiene, nbd = 2,5-norbornadiene. 

 

Due to the sophisticated ligand synthesis and lability of NIPHOS-containing complexes, the 

chemistry of pyridylphosphinines is underdeveloped. The group of Müller gave this 

heterodonor ligand a renaissance by the facile synthesis of the pyridyl-functionalized 

phosphinine 2-(2ǋpyridyl)-4,6-diphenylphosphinine [P,N] (d, Figure 11). Müller and co-

workers employed the pyrylium salt route for the synthesis of [P,N] (Scheme 11).[68]  

2-Acetylpyridine undergoes a condensation reaction with trans-chalcone to form a diketone 

which subsequently is reacted with another equivalent chalcone and BF3 to afford the 

pyridyl-substituted pyrylium salt. After reacting the pyrylium salt with P(SiMe3)3, 2-(2ǋ-

pyridyl)-4,6-diphenylphosphinine [P,N] can be isolated in moderate yields (up to 30%). 

Although the pyrylium salt route delivers [P,N] in moderate yield, it is a facile approach 

compared to the multi-step synthesis of NIPHOS. 

 

 

Scheme 11. Synthesis of 2-pyridylphosphinine [P,N] via pyrylium salt route. 
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On account of this new synthetic route for pyridylphosphinines, a number of transition metal 

complexes have been isolated (Figure 13). The general synthesis of such complexes is the 

reaction of [P,N] with group 6 carbonyl complexes.[69] The transition metal precursors 

[Cr(CO)6], [Mo(nbd)(CO)4] and [W(CO)6] were reacted with one equivalent of [P,N] to 

afford mononuclear complexes 18 in which [P,N] acts as a bidentate chelating ligand. 

Cationic complexes 19a were synthesized by the reaction of [P,N] with [Cp*M(Cl2)2] 

(M = Rh, Ir) and they react with H2O regio- and diastereo-selectively at the external P=C 

double bond (19b).[70] Finally, neutral group 10 complexes 20a, were generated from ligand 

exchange reaction of [P,N] and [M(cod)Cl2] (M = Pd, Pt).[71] Reaction of 20a with methanol 

afforded the syn-addition to the P=C double bond quantitavely (20b). 

 

Figure 13. Transition metal complexes of [P,N]. 

 

1.6 Phosphinines in homogeneous catalysis 

 

Organometallic catalysis is an important field in modern chemistry because it allows for the 

selective formation of chemical products under mild conditions. Phosphorus-containing 

ligands have found various applications in homogenous catalysis.[72] The field is mostly 

dominated by phosphines and phosphite ligands, however, phosphinines have garnered more 

attention in the past three decades.[58] As mentioned above, phosphinines are electron 

withdrawing or ˊ- accepting ligands, thus they are able to stabilize metals in low oxidation 

states and electron-rich transition metal complexes which can be utilized as catalysts. 

Zenneck and co-workers reported the first example on phosphinine-mediated homogeneous 

catalysis in 1996. The [2+2+2] cyclotrimerization reaction of electron-poor alkynes with 

butyronitrile was catalyzed by the ɖ6-phosphinine Fe(0) complex 5, affording functionalized 

pyridines and benzenes in high conversions (up to 95 %) under mild conditions (Scheme 

12).[44] Interestingly, complex 5 showed higher catalytic activities in the cyclotrimerization 
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reaction compared to its toluene equivalent [Fe(ɖ6-C7H8)(cod)][73], however, 5 cannot 

compete with classical [CpCo(L)] (Cp = cyclopentadiene; L = cod, (CO)2) catalysts.[74,75] 

 

 

Scheme 12. First catalytic application of a phosphinine complex by Zenneck. 

 

Phosphinine rhodium complexes have also found use in catalytic reactions. Breit and co-

workers reported on a novel class of phosphinine-based Rh complexes which are able to 

catalyze the hydroformylation reaction of alkenes (Scheme 13). Catalyst 21 was generated 

in-situ by treating [Rh(CO)2(acac)] (acac = acetylacetonate) with phosphinine ligand L  

(Scheme 13) under a high pressures of H2 and CO.[76] The composition of the phosphinine 

ligand is essential for the reactivity of 21: Ŭ-substituted phosphinines (substitution at P) 

inhibit the catalytic reactivity, while 2,4,6-substitued ligands possess high activity and 

regioselectivity, for the formation of the branched product in hydroformylation of styrene.[77] 

The high catalytic activity of the phosphinine complexes originates from its high ˊ-accepting 

ability, which enables the easy dissociation of CO from the metal center, leading to a vacant 

site for substrates.[11] 

 

 

Scheme 13. Hydroformylation of styrene catalyzed by a phosphinine Rh complex 21; acac = acetylacetonate. 

 

Another prevalent transformation for rhodium-based catalysts is the hydroboration of 

ketones.[78] Mansell and co-workers showed that phosphinine complex 22 is a very potent 

catalyst in the hydroboration of acetophenone derivatives with catecholborane (HBcat) 
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(Scheme 14). With only 1 mol% catalyst loading the ketone is reduced under mild conditions 

and yields up to 99% are afforded. 

 

 

Scheme 14. Hydroboration of ketones mediated by Rh complex 22; cat = catechol; BArF4 = .tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate. 

 

Ruthenium also forms catalytically active phosphinine complexes, with Mansell and co-

workers reporting on the phosphinine-catalyzed transfer hydrogenation of ketones (Scheme 

15).[79] The combination of donor-functionalized, small bite-angle 2-phosphinophosphinine 

with [RuCl2(dmso4)] (dmso = dimethoxysulfoxide) leads to the formation of the homoleptic 

Ru(II) chelate complex 23 in the cis-conformation. Compound 23 acts as an excellent pre-

catalyst for the transfer hydrogenation of acetophenone derivatives with isopropanol at 

ambient temperatures. With a catalyst loading of 0.1 mol%, acetophenones could be reduced 

in high yields of up to 94%. The reduction of substrates with electron withdrawing groups 

gave good conversions at room temperature, while reduction of substrates with electron 

donating groups required higher temperatures (up to 82 °C). 

 

 

Scheme 15. Catalytic transfer hydrogenation of ketones with phosphinine Ru complex 23. 

 

In summary, this section highlights the versatility of phosphinines in catalytically active 

transition metal coordination compounds, which can serve as potent catalysts for range of 

different reactions. 
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1.7 Conclusion 

The pioneering work of Gottfried Märkl initiated the development of a whole new area in 

phosphorus chemistry with the synthesis of 2,4,6-triphenylphosphinine. These low-valent 

phosphorus heterocycles act as versatile ligands in coordination chemistry and catalysis due 

to their special electronic and steric properties. Over the last five decades a range of synthetic 

routes to substituted phosphinine ligands have been reported with the pyrylium salt route 

being the most accessible. The six-membered P heterocycles have been utilized as ligands 

for transition metal complexes. These compounds can possess variable coordination modes 

depending on the substituents on the phosphinine ligand. The most common mode is the 

ů-coordination to the metal center via the phosphorus lone pair electrons. ˊ-Coordination 

occurs mostly through ɖ6-mode, but also ɖ4- and ɖ5-coordination compounds are accessible. 

The implementation of a donor substituent leads to chelating phosphinines. Biphosphinines 

and pyridylphosphinines proved as effective chelating ligands for transition metals. 

Phosphinine complexes were successfully utilized as potent catalysts in reactions such as 

hydroformylation, hydroboration and transfer hydrogenation. Although the chemistry of 

phosphinines has been intensively investigated over the past decades, they still emerge in 

modern literature. Several new aspects e.g. the ability of phosphinines to split CO2 or the 

application as a Lewis base in FLPs are described in Chapters 2-6 of this thesis. 
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Chapter 2 

Halide-Substituted Phosphacyclohexadienyl Iron Complexes: 

Covalent Structures vs. Ion Pairs 
 

Abstract:  The coordination chemistry of phosphinines (phosphabenzenes) has been intensively 

investigated over the last decades, but metal complexes of halophosphinines and related halide-

substituted phosphacyclohexadienyls have remained scarce. Here, we describe the synthesis of a 

series of complexes [Cp*Fe(1-F-PC5Ph3H2)] (2-F, Cp* = C5Me5), [Cp*Fe(1-Cl-PC5Ph3H2)] (2-Cl), 

[Cp*Fe(PC5Ph3H2)]Br (2-Br ) and [Cp*Fe(PC5Ph3H2)]I (2-I ), which were obtained by reacting the 

previously reported 2,4,6-triphenylphosphinine iron complex [K([18]crown-6)(thf)2] 

[Cp*Fe(PC5Ph3H2)] (1) with electrophilic halogenating agents. To the best of our knowledge, 2-F 

and 2-Cl are the first p-coordinated ɚ3-halophosphacyclohexadienyl complexes with covalent PīX 

bonds (X = halogen). In the solid state 2-Br and 2-I  show ionic structures with [Cp*Fe(PC5Ph3H2)]+ 

cations and separated X anions. Anion exchange of I in 2-I  for [BArF
4]ī (ArF = 3,5-(CF3)2C6H3) 

affords [Cp*Fe(PC5Ph3H2)][BAr F
4] (2-[BAr F

4]), which also displays an ionic structure. These new 

complexes were further characterized by solid-state and solution 31P NMR spectroscopy, UV-vis 

spectroscopy, elemental analyses, electrical conductivity measurements in solution, and DFT 

calculations. The resulting data indicate that 2-F retains its covalent PīF bond in THF, 

fluorobenzene, and acetonitrile solution, while the remaining 2-X complexes containing heavier 

halogen atoms (X = Cl, Br, and I) apparently form ion pairs in such solvents. 

 

Reproduced with permission from C. M. Hoidn, J. Leitl, C. G. P. Ziegler, I. Shenderovich, R. Wolf, 

Eur. J Inorg. Chem. 2019, 1567ī1574. 

C. M. Hoidn performed initial experiments and, characterized compounds 2-Cl, 2-Br  and 2-[BAr F
4] 

by single crystal X-ray analysis. J. Leitl fully characterized 2-F, 2-Cl, 2-Br  and 2-[BAr F
4] by NMR 

and UV-Vis spectroscopy, elemental analysis, cyclic voltammetry, mass spectrometry and 

conductance measurements. C. G. P. Ziegler performed all DFT calculations. I. Shenderovich 

performed 31P CP-MAS NMR spectroscopic measurements. C. M. Hoidn and J. Leitl wrote the 

manuscript with contribution from all authors. R. Wolf supervised and directed the project.  
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2.1 Introduction  

Phosphinines are six-membered aromatic phosphorus heterocycles with distinct properties 

compared to both related arenes (e.g. pyridines) and other trivalent phosphorus species.[1ï3] 

The presence of a phosphorus atom in the aromatic p-system enables versatile coordination 

behavior, which can be attributed to their special electronic structure.[4] Both the lone pair 

on phosphorus and  

the conjugated p-system may interact with metal-based orbitals, resulting in ambidentate 

ligand properties evident in numerous transition metal complexes.[1,4] In such complexes, 

phosphinines can adopt various coordination modes such as ɖ1, ɖ2, ɖ4, ɖ5, and ɖ6-

coordination to single metal atoms and bridging coordination between two metal atoms.[4ï

26] This highly versatile coordination behavior forms the basis for successful applications in 

homogeneous catalysis.[27ï34] Derivatization reactions of free phosphinines are also 

well-established.[1,4] In particular, reactions with nucleophiles afford 

ɚ3-phosphacyclohexadienide anions (commonly referred to as ɚ4-phosphinine anions),[4,35] 

which can be converted into ɚ5-phosphinines by reaction with electrophiles.[36,37] Reactions 

of neutral phosphinines with electrophiles give ɚ3-phosphininium cations.[38] 

Halophosphinines are of interest because they enable a broad spectrum of further 

modifications.[39,40] 1,1-Dihalo-ɚ5-phosphinines (type A, Figure 1) can be prepared by the 

oxidation of phosphinines with elemental halogens for X = Cl, Br.[39ï42] The synthesis of 

fluoro-substituted phosphinines was achieved by halide, alkoxide or amide substituent 

metathesis of certain ɚ5-phosphinines and 1,1-dibromo-2,4,6-triphenylphosphinine with 

SbF3.
[39] While metal complexes of halogenated phosphinines are scarce, Lückoff and 

Dimroth synthesized p-coordinated 1,1-difluoro-ɚ5-phosphinine chromium complexes B 

(Figure 1) by exchanging three acetonitrile ligands in [Cr(CH3CN)3(CO)3] with 

ɚ5-difluorophosphinine.[41,43] Pincer complexes C published by Le Floch and co-workers 

were the first ů-coordinated ɚ3-halophosphacyclohexadienyl complexes.[44,45] To our 

knowledge, p-complexes of such ligands are unknown. 

 

Figure 1. Known halophosphinines and halophosphinine metal complexes.[39ï45] 
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2.2 Results and Discussion 

We recently reported the synthesis of the 2,4,6-triphenylphosphinine ferrate anion 1 

(Scheme 1).[9] Various P-substituted phosphacyclohexadienyl complexes can be obtained by 

reacting 1 with electrophiles.[9,10] Similarly, reaction of 1 with elemental iodine afforded 

[Cp*Fe(PC5Ph3H2)]I (2-I ), which shows an essentially ionic structure in the solid state with 

a PīI distance of 3.639(1) Å.[9] Inspired by this promising result, we have now synthesized 

a series of new 1-halophosphacyclohexadienyl complexes [Cp*Fe-(1-F-PC5Ph3H2)] (2-F), 

[Cp*Fe(1-Cl-PC5Ph3H2)] (2-Cl), [Cp*Fe(PC5Ph3H2)]Br (2-Br ), and the reference 

compound [Cp*Fe(PC5Ph3H2)][BAr F
4] (2-[BAr F

4], ArF = 3,5-(CF3)2C6H3). Single crystal X-

ray diffraction studies revealed pronounced structure differences in the solid-state. While 

covalent PīX bonds are present in the structures of 2-F and 2-Cl, ion-separated structures 

were found for 2-Br , 2-I , and 2-[BAr F
4]. To investigate this dichotomy and to gain insight 

into the behavior of these molecules in solution, we have gathered spectroscopic, 

electrochemical, electrical conductivity and quantum chemical data. By analyzing these 

results, we arrive at a comprehensive view of the structural behavior of the complexes 2-X 

in the solid state and in solution. 

 

Scheme 1. Synthesis of complexes 2-F, 2-Cl, 2-Br , 2-I [9] and 2-[BAr F
4] (ArF = 3,5-(CF3)2C6H3); reagents and 

by-products: (a) +N-fluoropyridinium tetrafluoroborate/īKBF4, ī[18]crown-6, īpyridine; (b) +C2Cl6/īKCl, 

īC2Cl4, ī[18]crown-6; (c) +Br2/īKBr, ī[18]crown-6; (d) +I2/īKI, ī[18]crown-6; (e) +Na[BArF4]/īNaI; 

isolated yields are given in parentheses. 

In an initial experiment, we investigated the reaction of 1 with the well-known fluorinating 

agent N-fluoropyridinium tetrafluoroborate (Scheme 1). The formation of a deep red 

reaction mixture was observed, from which the unprecedented P-fluorinated complex 

[Cp*Fe(1-F-PC5Ph3H2)] (2-F) could be isolated in 41% yield. We subsequently prepared 
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[Cp*Fe(1-Cl-PC5Ph3H2)] (2-Cl) in 70% yield in a similar manner by reacting 1 with 

hexachloroethane in THF. 2-F and 2-Cl both dissolve well in toluene and THF and are highly 

moisture sensitive: the compounds hydrolyze in the presences of traces of water to the 

hydrophosphinine oxide complex Cp*Fe(1-H-1-O-PC5Ph3H2)] (2-OH). The brominated 

derivative [Cp*Fe(PC5Ph3H2)]Br (2-Br ) can be prepared in 22% yield by reacting 1 with 

elemental bromine. The preparation of [Cp*Fe(PC5Ph3H2)]I (2-I ) by reaction of 1 with 

elemental iodine (61% yield) was previously reported by us.[9] Additionally, we can now 

report that the iodide anion of 2-I  can be exchanged with the weakly coordinating tetraaryl 

borate anion [BArF4]
ī to give [Cp*Fe(PC5Ph3H2)][BAr F

4] (2-[BAr F
4]), which was isolated 

in 90% yield by crystallization from n-hexane/THF. 2-Br , 2-I and 2-[BAr F
4] are less 

moisture sensitive than 2-F and 2-Cl and dissolve only sparsely in toluene and moderately 

in THF, while the solubility is high in MeCN. 

 

 

Figure 2. Solid-state molecular structures of complexes 2-X (X = F, Cl, Br, I, and [BArF4]). Ellipsoids are 

drawn at the 40% probability level; H atoms, solvent molecules and disorder in the para-phenyl substituent 

and the Cp* ligand of 2-Cl, and in the CF3 groups of 2-[BAr F
4] are omitted for clarity. The crystal of 2-F 

contained a second crystallographically independent molecules with very similar structural parameters; only 

one of these molecules is shown. Selected bond lengths (Å) and angles (°) for 2-F P1īF1 1.658(4), 

1.663(4), C1īP1īF1 104.4(3), 103.6(2), C5īP1īF1 103.8(2), 103.8(8); for 2-Cl P1īCl1 2.295(1), C1īP1īCl1 

102.87(9), C5īP1īCl1 101.9(1); for 2-Br  P1īBr1 6.730(1), for 2-I  P1īI1 3.639(1), see Table 1 for additional 

structural data. 
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Table 1. Selected bond lengths (Å) and angles (°) of 2-X (X = F, Cl, Br, I, and [BArF4]); P1īX distances are 

given in the caption of Figure 2 and Table 3 below. 

 

Single-crystal X-ray diffraction studies on 2-F and 2-Cl revealed sandwich structures with 

ɖ5-coordinated cyclopentadienyl and halogenated ɖ5-phosphacyclohexadienyl ligands 

(Figure 2, Table 1). While the PīF distances in 2-F (1.663(4) Å and 1.658(4) Å for two 

crystallographically independent molecules) are close to PīF single bonds in other 

three-coordinate phosphorus species, the PīCl bond in 2-Cl (2.295(1) Å) is remarkably 

elongated compared to other three-coordinate phosphorus compounds bearing PīCl single 

bonds.[46] It is noteworthy that long PīCl bonds were observed by Gudat et al. in P-chloro-

1,3,2-diazaphospholenes (from 2.3241(4) up to 2.759(2) Å),[47] while the phosphanyl-

substituted phosphacyclohexadienyl complex [Cp*Fe(1-PPh2-PC5Ph3H2)] and 

P-phosphanyldiazaphospholenes display elongated PīP bonds.[10,48] By analogy with these 

previous observations, the elongated P Cl bond in 2-Cl suggests a polarized P Cl interaction 

with significant ionic character. Consistent with this interpretation, compound 2-Br , which 

contains a superior leaving group, shows a fully ionic solid-state structure with a [Cp*Fe(ɖ6-

PC5Ph3H2)]
+ cation well separated from the bromide counterion (the shortest PīBr distance 

being 6.730(1) ¡). A similar ionic structure bearing a planar ɖ6-coordinated phosphinine 

 2-F[a] 2-Cl 2-Br  2-I [9] 2-[BAr F
4] 

Fe1īP1 2.736(2); 
2.737(2) 

2.670(1) 2.340(1) 2.392(1) 2.433(1) 

Fe1īC1 2.135(6); 
2.141(6) 

2.153(3) 2.147(3) 2.157(3) 2.166(3) 

Fe1īC2 2.067(6); 
2.058(6) 

2.055(2) 2.200(3) 2.074(4) 2.133(3) 

Fe1īC3 2.111(6); 
2.108(6) 

2.102(3) 2.132(3) 2.147(3) 2.160(3) 

Fe1īC4 2.056(6); 
2.056(6) 

2.066(3) 2.117(3) 2.095(4) 2.007(6) 

Fe1īC5 2.169(6); 
2.155(6) 

2.145(3) 2.183(3) 2.146(3) 2.145(2) 

P1īC1 1.786(7); 
1.795(6) 

1.772(3) 1.736(4) 1.765(2) 1.761(3) 

C1īC2 1.422(8); 
1.424(8) 

1.414(3) 1.450(5) 1.416(5) 1.437(4) 

C2īC3 1.410(8); 
1.402(8) 

1.416(4) 1.504(4) 1.414(5) 1.430(4) 

C3īC4 1.415(9); 
1.417(8) 

1.420(3) 1.427(4) 1.419(5) 1.470(7) 

C4īC5 1.427(8); 
1.434(8) 

1.421(3) 1.410(5) 1.408(5) 1.348(6) 

P1īC5 1.787(6); 
1.768(7) 

1.772(3) 1.765(3) 1.774(3) 1.787(3) 

C1īP1īC5 96.5(3); 
96.3(3) 

97.6(1) 101.0(2) 98.8(1) 97.6(1) 

[a] Data for two crystallographically independent molecules 
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ligand was found for 2-[BAr F
4] and for 2-I ,[9] where the iodide counterion is separated by 

3.639(1) Å from the next P atom. This PīI distance in 2-I  is in fact little shorter than the sum 

of van der Waals radii (×rvdW = 3.90 Å).[49] 

 

Table 2. Comparison of 31P NMR shifts of compounds 2-X (X = F, Cl, Br, I, [BArF4]) in MAS 31P, 31P{1H} 

NMR spectra and calculated shieldings. 

  31P{1H} NMR shifts (ppm) in solution calculated 31P 
shieldings (ppm)[c] 

 
MAS 31P NMR 

(ppm) [D8]THF FB[a] [D3]MeCN covalent ionic 

2-F 
31.8 

(1JPF = 930 Hz) 

33.2 

(1JPF  = 916 

Hz) 

33.0 

(1JPF  = 905 

Hz) 

33.0 

(1JPF  = 830 Hz) 

[b] 

48.6 ī10.0 

2-Cl 3.8 ī11.9 ī9.9 ī1.5 9.9 ī7.2 

2-Br  ī12.2 ī11.8 ī8.0 ī1.2 8.6 ī8.7 

2-I  4.1 ī5.2 ī4.9 ī1.2 ī3.5 ī6.2 

2-[BAr F
4] ī8.9 ī2.4 ī4.6 ī1.2 - - 

[a] Solvent fluorobenzene/C6D6 capillary. 

[b] Partial hydrolysis of 2-F to [Cp*Fe(1-H-1-O-PC5Ph3H2)] (2-OH, singlet at ī30.7 ppm) was observed 

(see Figure S7, SI). 

[c] Calculated at the ZORA-OPBE/def2-TZVP level of theory; the calculated chemical shielding of the 

[Cp*Fe(PC5Ph3H2)]+ ion 2+ (ůcalc = 365.7) was referenced to the MAS 31P NMR shift of 2-[BAr F
4] (ŭexp = 

8.9 ppm), see the SI for further details. 
 

 

In order to analyze the covalent vs. ionic nature of the phosphorus-halogen bonds in 2-X 

further, we performed 31P NMR spectroscopic studies in the solid state and in solution 

(Table 2; see the SI for further details). The solid-state 31P MAS spectrum of 2-F shows a 

strongly downfield shifted doublet at 31.8 ppm. The large 1JPF coupling constant of 930 Hz 

is consistent with the presence of a covalent PīF bond.[50] 19F{1H} and 31P{1H} NMR spectra 

of 2-F in [D8]THF, fluorobenzene (FB) and [D3]MeCN (Table 2) show a very similar picture 

as the 31P MAS spectrum recorded in the solid with very similar chemical shifts for the 

observed doublets and a high 1JPF coupling constant. In particular, the large PīF coupling 

strongly indicates that the covalent PīF-bonded structure is retained in solution. 

Significantly, the isotropic 31P MAS signals for 2-Cl, 2-Br , 2-I , and 2-[BAr F
4] are shifted to 

high field compared to that of 2-F, but there are slight variations: The signals of 2-Cl 

(+3.8 ppm) and 2-I  (+4.1 ppm) are deshielded compared to those of 2-Br  (ī12.2 ppm) and 

2-[BAr F
4] (ī8.9 ppm). It is noteworthy that the isotropic 31P NMR shift of 2-Cl significantly 

changes when this compound is dissolved in [D8]THF or FB (ȹŭ = 15.7 ppm for [D8]THF), 

while the shift of 2-Br  in these solvents is very similar to the chemical shift recorded for the 

solid (ȹŭ = 0.4 ppm for [D8]THF). Considering these data, it seems plausible that the 

chloride ion in 2-Cl dissociates in THF due to the polarized nature of the PīCl bond. As a 

consequence, the solution 31P NMR chemical shift of 2-Cl is close to the values detected for 
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the ionic species 2-Br , 2-I  and 2-[BAr F
4], but distinct from the 31P MAS chemical shift 

recorded for solid 2-Cl. The chemical shifts recorded for 2-X (X = F, Cl, Br, I and BArF
4) in 

FB show the same trend as those recorded for the same compounds in [D8]THF. Notably, 

the values for 2-Cl, 2-Br , 2-I , and 2-[BAr F
4] in [D3]MeCN are different from those recorded 

in FB and [D8]THF; moreover, they are in a very close range. This observation might 

indicate that genuine ion-separated species (solvent separated ion-pairs) are formed by these 

species in [D3]MeCN. Larger deviations of the chemical shifts for 2-Cl and 2-Br  in FB and 

[D8]THF from those observed in [D3]MeCN seem to suggest that 2-Cl, 2-Br  and perhaps 

also 2-I  form contact ion pairs in the former two solvents. In contrast, 2-[BAr F
4] likely exist 

as solvent-separated ion pairs in all three solvents. 

Table 3. Comparison of PīX distances (¡) of 2-X (X = F, Cl, Br, I) determined by XRD and DFT geometry 

optimization (OPBE/TZ2P level), and calculated relative thermal enthalpies (ȹH at 298 K) of the geometry 

optimized covalent and ionic structures; the relative free enthalpies (ȹG at 298 K) are given in parentheses; see 

the SI for details. 

 

  geometry optimization (Å) 
relative thermal enthalpies 

(kcal·mol-1) 

2-X XRD (Å)  covalent ionic  covalent ionic 

2-F 
1.658(4); 

1.663(4)[a] 1.659 5.334  0 
+32.8 

(+30.9) 

2-Cl 2.295(1) 2.150 6.177  0 
+19.6 

(+17.9) 

2-Br  6.730(1) 2.340 6.318  0 
+18.2 

(+15.9) 

2-I  3.639(1) 2.588 6.834  0 
+15.5 

(+13.5) 

[a] Data for two crystallographically independent molecules. 

 

Using DFT methods (OPBE/TZ2P level, see the SI for details), both a structure featuring a 

covalent phosphorus-halogen bond and an ionic structure with the halide anion located 

between two phenyl substituents of the ɖ6-coordinated phosphinine ligand were successfully 

optimized for 2-X (X = F, Cl, Br, I, Table 3, see also the SI). The calculated covalently-

bonded structures are all energetically energetically favored over the ionic ones based on the 

calculated thermal enthalpies in the gas phase. In the case of 2-F, the ion-separated structure 
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is +32.8 kcal molī1 less stable than the covalent one. The enthalpy differences are 

significantly reduced for 2-Cl (+19.6 kcal molī1), 2-Br  (+18.2 kcal molī1), and 2-I 

(+15.5 kcal molī1) though. These calculated enthalpies qualitatively mirror the trend 

observed in solution, where the PīX bond in 2-F is retained, whereas in 2-Cl, 2-Br  and 2-I  

dissociation can occur. The optimized covalent structures of 2-F and 2-Cl are in good 

agreement with the crystallographically determined data (vide supra). For 2-Br  and 2-I , it is 

noteworthy that the PīX bonds in the optimized covalent structures (2-Br : 2.340 Å, 2-I : 

2.588 ¡) are considerably longer than the sum of covalent radii for PīBr (×rcov = 2.25 Å) 

and PīI (×rcov = 2.44 Å).[51] In this regard, it is remarkable that the molecular ion of the 

bromine compound 2-Br  was indeed detected at 594.00 m/z by mass spectrometric 

measurements (LIFDI-MS). The molecular ion of 2-I  was not observed. 

We also calculated 31P NMR shieldings for the covalent and ionic forms of 2-X at the 

ZORA-OPBE/def2-TZVP level (X = F, Cl, Br, I, Table 2, see also the SI). The results of 

these calculations are in good agreement with the 31P MAS data (also displayed in Table 2). 

The covalently PīX-bonded isomers feature more strongly deshielded 31P nuclei compared 

to the ionic ones. For the covalent forms of 2-F and the ionic forms of 2-Cl, 2-Br  and 2-I , 

the calculated 31P{1H} NMR shifts are in good agreement with the actual experimental 

values recorded in THF and FB solution. 

 

Table 4. Molar conductivities (ȿm) in ɋ-1 cm2 mol-1 of 2-X (X = F, Cl, Br, I, and [BArF4]). Concentration of 

all solutions: c = 9 mM in THF or MeCN, 300 K. 

 molar conductivities ȿm (ɋ-1 cm2 mol-1) in 

2-X THF MeCN 

2-F 0.23 10.5 

2-Cl 0.51 64.1 

2-Br  0.24 74.0 

2-I  0.24 81.6 

2-[BAr F
4] 20.9 48.2 

 

Considering that the proposed dissociation of the polarized phosphorusīhalogen bonds 

should also influence the electric conductivity in solution, we performed molar conductivity 

measurements for 2-X (X = F, Cl, Br, I, and BArF
4) in THF and MeCN (Table 4).[47] The 

molar conductivities (ȿm) are low for 2-X (X = F, Cl, Br and I) in THF, but drastically higher 

for 2-[BAr F
4]. In good agreement with the 31P NMR spectroscopic data (vide supra), this 

indicates the presence of either covalent structures or strongly associated contact ion pairs 

for 2-X (X = F, Cl, Br and I) in THF. Significantly, high molar conductivities were measured 

for 2-X (X = Cl, Br, I and BArF
4) in acetonitrile. Consistent with the NMR data, the high 

molar conductivities suggest that ion-separated structures are present in this case, whereas 

the relatively low ȿm value for 2-F supports the notion that the covalent P F bond is retained 

in solution. 
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The formation of covalent molecular structures vs. ion pairs is also reflected by the colors 

observed for 2-X. 2-F is orange-colored as a crystalline solid and in solution (THF, FB and 

MeCN). By contrast, 2-[BAr F
4] shows a distinct yellow color. 2-Cl, 2-Br and 2-I  are orange 

solids, but they give yellow MeCN solutions consistent with the proposed presence of ion-

separated structures in this solvent. 2-X (X = F, Cl, Br, and I) are orange in THF and FB, 

while 2-[BAr F
4] remains yellow in these solvents. These visual observations are in line with 

the UV-vis spectra. The spectra of 2-X (X = F, Cl, and Br) recorded in THF are very similar, 

showing strong peaks in the UV and weak absorptions in the visible range at 370 to 380, 455 

and 525 nm (see the SI for graphical representations of the spectra). The UV-vis spectrum 

of 2-I  in THF is distinct showing stronger bands at 390 and 480 nm; absorptions at higher 

wavelength are not observed for this compound. The UV-vis spectrum of 2-[BAr F
4] in THF 

features further hypsochromically shifted absorptions as shoulders at 350 and 420 nm. 

Interestingly, the UV-vis spectra of 2-F and 2-[BAr F
4] in THF are essentially identical to 

those recorded in MeCN, while compounds 2-X (X = Cl, Br and I) in MeCN show the same 

absorption pattern as 2-[BAr F
4], which is in line with the proposed presence of solvent 

separated ion pairs in that solvent. 

Finally we studied the redox properties of 2-F, 2-Cl, and 2-Br  by cyclic voltammetry, in 

order to gain further insight into the redox behavior of these complexes and to compare it to 

the previously published data for 2-I .[9] Interestingly, the cyclic voltammogram (CV) of 2-F 

recorded in THF/[nBu4N](PF6) features a clean reversible one-electron oxidation process at 

E1/2 = 0.110 V vs. Fc/Fc+ (Figures 3, S38 and S39, SI). In comparison, the CVs of 2-X (X = 

Cl, Br, and I) are distinct and feature several (quasi-reversible or irreversible) oxidation and 

reduction processes (Figures S40 and S41, SI, see also ref. [9]). This simpler electrochemical 

behavior for 2-F is again qualitatively consistent with a strong, persistent PīF interaction, 

whereas reversible PīX bonding in either the oxidized or reduced forms of 2-X (X = Cl, Br, 

and I) would be expected to give the complex behavior observed experimentally. 

 

Figure 3. Cyclic voltammogram of 2-F, E1/2 = 0.110 V vs. Fc/Fc+. 
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2.3 Conclusion 

Rare halide-substituted phosphacyclohexadienyl complexes 2-X (X = F, Cl, Br, and I) can 

be synthesized in varying yields by reacting the anionic iron phosphinine complex 1 with 

electrophilic halogenating agents. The related complex [Cp*Fe(PC5Ph3H2)][BAr F
4] (2-

[BAr F
4], ArF = 3,5-(CF3)2C6H3), which contains a more weakly coordinating anion, is 

likewise accessible in high yield by salt metathesis from 2-I . The properties of 2-X were 

studied comprehensively by crystallographic, spectroscopic, analytical and quantum 

chemical techniques. The solid-state molecular structures show covalent PīX bonds for 2-F 

and 2-Cl. To our knowledge, these compounds represent the first structurally authenticated 

transition metal complexes with p-coordinated ɚ3-halophosphacyclohexadienyl ligands. By 

contrast, ionic structures with dissociated halide anions were observed for 2-Br  and 2-I . 

While our DFT calculations suggest that the covalent isomers are favored in the gas phase 

independent of the halogen substituent, the PīX bonds are cleaved for X = Br and I probably 

due to the weaker PīX bonds and packing effects in the solid-state. For 2-Cl, 2-Br , and 2-I , 
31P NMR, UV-vis, CV and computational data indicate that ionic structures are present in 

THF, fluorobenzene and acetonitrile, while only 2-F apparently retains its covalent PīF 

bond in solution. This interesting structural dichotomy has significant implications for 

further functionalization reactions and potential applications in homogeneous catalysis. 

Investigations in these directions are currently ongoing in our laboratory. 
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2.4 Experimental Details 

2.4.1 General Considerations 

All experiments were performed under an atmosphere of dry argon by using standard 

Schlenk and glovebox techniques. THF, toluene, Et2O and n-hexane were purified, dried, 

and degassed with an MBraun SPS800 solvent purification system. MeCN, fluorobenzene 

(FB) and ortho-difluorobenzene (DFB) were dried and degassed over CaH2; benzene was 

dried and degassed over Na. NMR spectra were recorded on Bruker Avance 300 and Avance 

400 spectrometers at 300 K and internally referenced to residual solvent resonances. The 

assignment of the 1H and 13C NMR signals was confirmed by two-dimensional (COSY, 

HSQC, and HMBC) experiments. Solid state 31P MAS-NMR spectra were recorded with a 

Bruker 400 MHz spectrometer. Melting points were measured on samples in sealed 

capillaries on a Stuart SMP10 melting point apparatus. UV/vis spectra were recorded on a 

Varian Cary 50 spectrometer. Cyclic voltammograms were recorded with a CH Instruments 

Electrochemical Analyzer. Elemental analyses were determined by the analytical department 

of Regensburg University. Mass spectra were performed with Jeol AccuTOF GCX LIFDI-

MS by the analytical Department of Regensburg University. Conductance measurements 

were performed in THF and MeCN at ambient temperature (300 K) with a Mettler Toledo 

Seven Compact conductometer and an InLab 710 sensor. [K([18]crown-6)(thf)2][Cp*Fe(ɖ
4-

PC5Ph3H2)] (1)[9] and Na[BArF4]
[52] were prepared according to literature procedures. N-

fluoropyridinium tetrafluoroborate, hexachloroethane and bromine were purchased from 

Sigma-Aldrich and used as received. 

X-ray Crystallography: The single-crystal X-ray diffraction data were recorded on an 

Agilent Technologies SuperNova, an Agilent Technologies Gemini Ultra R and a GV1000, 

TitanS2 diffractometer with Cu-KŬ radiation (ɚ = 1.54184 Å). Either semi-empirical multi-

scan absorption corrections[53] or analytical ones[54] were applied to the data. The structures 

were solved with SHELXT[55] and least-square refinements on F2 were carried out with 

SHELXL.[56] The hydrogen atoms were located in idealized positions and refined 

isotropically with a riding model. 

CCDC 1866340 (for 2-Br ), CCDC 1866341 (for 2-Cl), CCDC 1866342 (for 2-F) and 

CCDC 1866343 (for 2-[BAr F
4]) contain the supplementary crystallographic data for this 

paper. These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre. 
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2.4.2 Synthesis of [Cp*Fe(1-F-PC5Ph3H2] (2-F) 

A solution of N-fluoropyridinium tetrafluoroborate (0.42 mmol, 77 mg, 

1 eq.) in THF (6 mL) was added to a solution of 1 (0.415 mmol, 400 mg, 

1 eq.) in THF (6 mL) at room temperature. After stirring overnight (during 

which time the brown reaction mixture turned deep red), the solvent was 

removed under vacuum and the dark red residue was washed with n-hexane 

(9 x 2 mL), before being extracted into Et2O (10 x 2 mL). The solvent was 

removed under vacuum and the residue was dissolved in toluene (2 mL). 

Red crystals were obtained by layering this toluene solution with n-hexane (20 mL). The 

product was isolated by decanting the solution, washing with n-hexane and drying in vacuo. 

Yield: 90 mg, 41%. M.p. 235 ÁC (decomposition to a black oil). UV/vis: (THF, ɚmax / nm, 

Ůmax / L·molī1·cmī1): 290 (22000), 370sh (4000), 455 (1400), 525sh (1000); (MeCN, ɚmax / 

nm, Ůmax / L·molī1·cmī1): 295 (19000), 370sh (4000), 450 (2000), 520sh (1000); 

(fluorobenzene, ɚmax / nm, Ůmax / L·molī1·cmī1): 290 (18000), 370sh (3000), 450 (800), 

520sh (300). 1H NMR (400.13 MHz, 300 K, [D8]THF): ŭ = 1.11 (s, 15H, C5(CH3)5), 6.28 

(d, 3JPH = 3.0 Hz, 2H, C3,5īH of TPP), 7.23 ī 7.25 (m, 2H, C4īH of C2,6īPh), 7.37 ī 7.41 

(m, 4H, C3,5īH of C2,6īPh), 7.45 ī 7.49 (m, 1H, C4īH of C4īPh), 7.55 ī 7.58 (m, 2H, 

C3,5īH of C4īPh), 8.26 ī 8.28 (m, 6H, C2,6īH of C2,6īPh and C2,6īH of C4īPh). 
13C{1H}  NMR (100.61 MHz, 300 K, [D8]THF): ŭ = 9.0 (s, C5(CH3)5), 65.1 (m, C2,6 of TPP), 

78.9 (d, 2JCP = 4.5 Hz, C3,5īH of TPP), 85.5 (s, C5(CH3)5), 94.2 (m, C4 of TPP), 126.2 (s, 

C4īH of C2,6īPh), 128.3 (s, C2,6īH of C4īPh), 128.4 (s, C4īH of C4īPh), 128.6 (m, C2,6īH 

of C2,6īPh), 128.9 (s, C3,5īH of C2,6īPh), 129.5 (s, C3,5īH of C4īPh), 139.7 (s, C1 of C4īPh), 

143.5 (d, 2JCP = 27.7 Hz, C1 of C2,6īPh). 19F{1H}  NMR (376.50 MHz, 300 K, [D8]THF): ŭ 

= ī60.0 (d, 1JFP = 918 Hz). 19F NMR (376.50 MHz, 300 K, [D8]THF): ŭ = ī60.0 (d, 
1JFP = 

918 Hz). 31P{1H}  NMR (161.98 MHz, 300 K, [D8]THF): ŭ = 33.2 (d, 
1JPF = 918 Hz). 

31P NMR (161.98 MHz, 300 K, [D8]THF): ŭ = 33.2 (d, 
1JPF = 918 Hz). 31P CPMAS 

(5 kHz/6 kHz, 300 K): ŭ = 31.5 (d, 1JPF = 930 Hz). Elemental analysis calcd. for C33H32FePF 

(Mw = 534.44 g·mol-1) C 74.16, H 6.04; found C 74.78, H 6.06. MS (LIFDI, THF): m/z (%) 

= 534.14 (100) M+Å, 515.15 (3) [Cp*Fe(PC5Ph3H2)]
+. 

2.4.3 Synthesis of [Cp*Fe(1-Cl-PC5Ph3H2)] (2-Cl) 

A solution of hexachloroethane (0.31 mmol, 74 mg, 1 eq.) in THF (4 mL) 

was added to a solution of 1 (0.312 mmol, 300 mg, 1 eq.) in THF (3 mL) 

at ī30 °C. After stirring overnight, the reaction mixture turned dark red 

and was evaporated to dryness. The residue was washed with n-hexane 

(7 x 2 mL) and Et2O (7 x 2 mL). The remained residue was extracted into 

toluene (7 x 2 mL) and the solution was reduced (4 mL). Red crystals 

were obtained by layering this toluene solution with n-hexane (20 mL). 

The product was isolated by decanting the solution, washing with n-hexane and drying in 

vacuo. Yield: 120 mg, 70%. M.p. 242 ÁC (decomposition to a black oil). UV/vis: (THF, ɚmax 

/ nm, Ůmax / L·molī1·cmī1): 295 (37000), 370sh (6000), 455 (2000), 530sh (1000); (MeCN, 
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ɚmax / nm, Ůmax / L·molī1·cmī1): 290 (34000), 355sh (4700), 430sh (1000). 1H NMR 

(400.13 MHz, 300 K, [D8]THF): ŭ = 1.13 (s, 15H, C5(CH3)5), 6.47 (d, 3JPH = 2.5 Hz, 2H, 

C3,5īH of TPP), 7.28 ī 7.32 (m, 2H, C4īH of C2,6īPh), 7.40 ī 7.43 (m, 4H, C3,5īH of 

C2,6īPh), 7.49 ī 7.52 (m, 1H, C4īH of C4īPh), 7.57 ī 7.61 (m, 2H, C3,5īH of C4īPh), 

8.24 ī 8.26 (m, 4H, C2,6īH of C2,6īPh), 8.24 ī 8.26 (m, 2H, C2,6īH of 

C4īPh).13C{1H}  NMR (100.61 MHz, 300 K, [D8]THF): ŭ = 9.2 (s, C5(CH3)5), 70.7 (d, 2JCP 

= 34.7 Hz, C2,6 of TPP), 80.6 (d, 2JCP = 9.4 Hz, C3,5īH of TPP), 86.5 (s, C5(CH3)5), 96.5 (d, 
2JCP = 6.7 Hz, C4 of TPP), 127.1 (d, 2JCP = 3.5 Hz, C4īH of C2,6īPh), 128.7 (d, 2JCP = 7.2 Hz, 

C2,6īH of C4īPh), 128.9 (s, C4īH of C4īPh), 129.2 (s, C2,6īH of C2,6īPh), 129.2 (s, C3,5īH 

of C2,6īPh), 129.7 (s, C3,5īH of C4īPh), 138.8 (s, C1 of C4īPh), 141.4 (d, 2JCP = 26.2 Hz, C1 

of C2,6īPh). 31P{1H}  NMR (161.98 MHz, 300 K, [D8]THF): ŭ = ī12.4. 
31P NMR 

(161.98 MHz, 300 K, [D8]THF): ŭ = ī11.5. 31P CPMAS (5 kHz/6 kHz, 300 K): ŭ = 3.8. 

Elemental analysis calcd. for C33H32FePCl (Mw = 550.88 g·mol-1) C 71.95, H 5.86; found 

C 72.39, H 5.85. MS (LIFDI, THF): m/z (%) = 550.11 (100) M+Å, 515.14 (72) 

[Cp*Fe(PC5Ph3H2)]
+. 

2.4.4 Synthesis of [Cp*Fe(PC5Ph3H2)]Br (2-Br ) 

A freshly prepared stock solution (c = 0.193 mmol·mLī1, 0.1 mL Br2 

in 10 mL benzene) of bromine (0.727 mmol, 3.77 mL, 1 eq.) was 

added to a solution of 1 (0.727 mmol, 700 mg, 1 eq.) in THF (10 mL) 

at room temperature and in the absence of light. An orange precipitate 

was formed immediately and the reaction mixture was stirred 

overnight. The solution was decanted, and the remaining orange solid 

was dissolved in THF (10 mL). The product was obtained as an 

orange powder after filtration through silica (in order to remove [18]crown-6), and 

subsequent crystallization from a saturated THF solution. Yield: 96 mg, 22%. M.p. 180 °C. 

UV-Vis: (THF, ɚmax / nm, Ůmax / L·molī1·cmī1): 290 (25000), 380sh (4000), 455 (1400), 

520sh (800); (MeCN, ɚmax / nm, Ůmax / L·molī1·cmī1): 290 (36000), 360sh (5000), 430sh 

(1200). 1H NMR (400.13 MHz, 300 K, [D8]THF): ŭ = 1.16 (s, 15H, C5(CH3)5), 6.62 (d, 3JPH 

= 3.8 Hz, 2H, C3,5īH of TPP), 7.34 ī 7.7.37 (m, 2H, C4īH of C2,6īPh), 7.43 ī 7.47 (m, 4H, 

C3,5īH of C2,6īPh), 7.51 ī 7.55 (m, 1H, C4īH of C4īPh), 7.60 ī 7.64 (m, 2H, C3,5īH of 

C4īPh), 8.27 ī 8.30 (m, 4H, C2,6īH of C2,6īPh), 8.36 ī 8.37 (m, 2H, C2,6īH of C4īPh). 
13C{1H}  NMR (100.61 MHz, 300 K, [D8]THF): ŭ = 9.0 (s, C5(CH3)5), 77.3 ï 76.9(s, C2,6 of 

TPP), 81.7 (d, 2JCP = 9.4 Hz, C3,5īH of TPP), 87.2 (s, C5(CH3)5), 97.03 (s, C4 of TPP), 127.7 

(d, 2JCP = 3 Hz, C4īH of C2,6īPh), 128.7 (d, 2JCP = 7.2 Hz, C2,6īH of C4īPh), 128.9 (s, C4īH 

of C4īPh), 129.2 (s, C2,6īH of C2,6īPh), 129.4 (s, C3,5īH of C2,6īPh), 129.7 (s, C3,5īH of 

C4īPh), 138.3 (s, C1 of C4īPh), 140.4 (d, 2JCP = 26 Hz, C1 of C2,6īPh). 31P{1H}  NMR 

(161.98 MHz, 300 K, [D8]THF): ŭ = ī11.9. 
31P NMR (161.98 MHz, 300 K, [D8]THF): ŭ = 

ī11.9. 31P CPMAS (5 kHz/6 kHz, 300 K): ŭ = ī12.2. Elemental analysis calcd. for 

C33H32FePBr (Mw = 595.34 g·mol-1) C 66.58, H 5.42; found C 66.64, H 6.10. MS (LIFDI, 

THF): m/z (%) = 594.00 (1) M+Å, 515.14 (100) [Cp*Fe(PC5Ph3H2)]
+. 



Chapter 2: Halide-Substituted Phosphacyclohexadienyl Iron Complexes: Covalent Structures vs. Ion Pairs 

 

34 

 

2.4.5 Synthesis of [Cp*Fe(PC5Ph3H2)]I  (2-I ).[9] 

Iodine (0.15 g, 0.61 mmol) was added to a solution of 1 (0.5 g, 0.61 

mmol) in THF (50 mL) at room temperature. An orange solid 

precipitated after a few minutes. The reaction mixture was stirred 

overnight, and the solution was then removed by filtration. The solid 

residue was dissolved in hot MeCN. Orange crystals formed after slow 

cooling of this solution to room temperature. Yield: 0.24 g 0.37 mmol, 

61%; UV/vis: (THF, ɚmax / nm, Ůmax / L·molī1·cmī1): 290 (34000), 340 (22000), 390sh 

(13000), 480sh (4000); (MeCN, ɚmax / nm, Ůmax / L·molī1·cmī1): 290 (40000), 360sh (7000), 

430sh (1400). 1H NMR (400.13 MHz, 300 K, CD3CN): d = 1.26 (s, 15H, C5(CH3)5), 7.16 

(d, 3JPH = 4.7 Hz, 2H, C3,5-H, TPP), 7.60 (m, 6H, C3,4,5-H of C2,6-Ph), 7.71 (m, 3H, C3,4,5-H 

of C4-Ph), 8.14 (m, 4H, C2,6-H of C2,6-Ph), 8.34 (m, 2H, C2,6-H of C4-Ph); 31P{1H} NMR 

(161.98 MHz, 300 K, CD3CN): d = ï0.9 (s). MS (LIFDI, THF): m/z (%) = 515.13 (100) 

[Cp*Fe(PC5Ph3H2)]
+. 

2.4.6 Synthesis of [Cp*Fe(PC6Ph3H2)][BAr F
4] (2-[BAr F

4]) 

A solution of Na[BArF
4] (0.425 mmol, 376 mg. 1 eq.) in 

ortho-difluorobenzene (DFB, 5 mL) was added dropwise to a 

solution of 2-I  (0.0425 mmol, 273 mg, 1 eq.) in DFB (5 mL) at 

room temperature. An orange suspension formed and a white 

precipitate was observed. Another 5 mL of DFB was added for 

complete dissolution. The suspension was stirred overnight and 

filtered for the removal of solid NaI. The deep orange solution 

was evaporated under vacuum and the remaining residue was extracted into THF (3 mL). 

After layering with n-hexane (4 mL) and storage at ī35 °C, the product was isolated as an 

orange solid. Yield: 526 mg, 90%. M.p. 182 °C. UV-Vis: (THF, ɚmax / nm, Ůmax / 

L·molī1·cmī1): 265 (43000), 290sh (30000), 350sh (4000), 420sh (1000); (MeCN, ɚmax / nm, 

Ůmax / L·molī1·cmī1): 290sh (28000), 360sh (4600), 430sh (1000). 1H NMR (400.13 MHz, 

300 K, [D8]THF): ŭ = 1.34 (s, 15H, C5(CH3)5), 7.32 (d, 3JPH = 4.6 Hz, 2H, C3,5īH of TPP), 

7.57 (bs, 4H, BArF4), 7.60 ï 7.75 (m, 9H, C3,4,5īH of C2,4,6īPh), 7.79 (m, 8H, BArF4), 

8.22 ī 8.24 (m, 4H, C2,6īH of C2,6īPh), 8.42 ī 8.45 (m, 2H, C2,6īH of C4īPh). 
13C{1H}  NMR (100.61 MHz, 300 K, [D8]THF): ŭ = 9.3 (s, C5(CH3)5), 86.72 (d, 2JCP = 

6.8 Hz, C3,5īH of TPP), 94.1 (s, C5(CH3)5), 103.6 (d, 2JCP = 3 Hz, C4 of TPP), 116.2 (s), 

118.2 (m, C4-Ph of BArF4), 124.2 (s, C1,3,5 of BArF
4), 126.9 (s, C1,3,5 of BArF

4), 128.9 (s, 

C2,6īH of C2,6īPh), 129.6 (m, C2,6īH of C4īPh), 130.5 (s, C3,4,5-H of C2,4,6), 130.7 (s, C3,4,5-

H of C2,4,6), 134.4 (s, C1 of C4īPh), 135.6 (bs, C2,6-Ph of BArF4), 136.7 (d, 2JCP = 22 Hz, C1 

of C2,6īPh), 162.8(m, CF3 of BArF
4). 

31P{1H}  NMR (161.98 MHz, 300 K, [D8]THF): ŭ = 

ī2.40. 31P NMR (161.98 MHz, 300 K, [D8]THF): ŭ = ī2.40. 
11B{ 1H}  NMR (128.38 MHz, 

300 K, [D8]THF): ŭ = ī6.43. 
19F{1H}  NMR (376.66MHz, 300 K, [D8]THF): ŭ = ī62.47. 31P 

CPMAS (5 kHz/6 kHz, 300 K): ŭ = ī8.9. Elemental analysis calcd. for C65H44BF24FeP 
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(Mw = 1378.22 g·mol-1) C 56.63, H 3.22; found C 57.05, H 3.41. MS (LIFDI, THF): m/z 

(%) = 515.16 (100) [Cp*Fe(PC5Ph3H2)]
+. 
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Chapter 3 

A Phosphinine-Derived 1-Phospha-7-Bora-Norbornadiene: Frustrated 

Lewis Pair Type Activation of Triple Bonds 

 

Abstract:  Salt metathesis of 1-methyl-2,4,6-triphenylphosphacyclohexadienyl lithium and 

chlorobis(pentafluorophenyl)borane affords a 1-phospha-7-bora-norbornadiene derivative 2. The 

C¹N triple bonds of nitriles insert into the PīB bond of 2 with concomitant CīB bond cleavage, 

while the C¹C bonds of phenylacetylenes react with 2 to form ɚ4-phosphabarrelenes. Even though 2 

must formally be regarded as a classical Lewis adduct, the C¹N and C¹C activation processes 

observed (and the mild conditions under which they occur) are reminiscent of the reactivity of 

frustrated Lewis pairs. Indeed, NMR and computational studies give insight into the mechanism of 

the reactions and reveal the labile nature of the phosphorus-boron bond in 2, which is also suggested 

by detailed NMR spectroscopic studies on this compound. Nitrile insertion is thus preceded by ring 

opening of the bicycle of 2 through PīB bond splitting with a low energy barrier. By contrast, the 

reaction with alkynes involves formation of a reactive zwitterionic methylphosphininium borate 

intermediate, which readily undergoes alkyne 1,4-addition. 

 
Reproduced with permission from J. Leitl, A. R. Jupp, E. R. M. Habraken, V. Streitferdt, P. Coburger, D. J. 

Scott, R. M. Gschwind, C. Müller, J. C. Slootweg and R. Wolf, Chem. Eur. J. 2020, 26, 7788ī7800. 

J. Leitl performed all reactions and fully characterized compounds 2, 3a-3e, 4, 5a-5c and 6 by single crystal 

X-ray analysis, NMR and UV-Vis spectroscopy and elemental analysis. J. Leitl wrote the manuscript with 

contributions from all authors. A. R. Jupp performed DFT calculations (all mechanisms and NMR shifts) and 

prepared the manuscript and supporting information. E. R. M. Habraken supplied (C6F5)2BCl and was involved 

in the initial reaction of 2. V. Streitferdt performed NMR monitoring experiments and was involved in the 

preparation of the manuscript. P. Coburger performed DFT calculations for NMR shifts. D. J. Scott was 

involved in the preparation of the manuscript. R. M. Gschwind, C. Müller, J. C. Slootweg and R. Wolf 

supervised and directed the project.   
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3.1 Introduction  

 

1-R-Phosphacyclohexadienyl anions (A, Figure 1, also sometimes referred to as ɚ4-

phosphinine anions) present a promising, yet underutilized platform for accessing diverse 

functionalized organophosphorus molecules.[1ï4] Anions A can easily be prepared from 

organolithium or Grignard reagents and aromatic ɚ3,s2-phosphinines and show ambidentate 

character toward various electrophiles, including transition metal centers. With ñsoftò 

alkylating agents, such as CH3I, an SN2 reaction with the phosphorus atom lone pair typically 

results in formation of a 1,1-disubstituted ɚ5-phosphinine (type B). On the other hand, with 

ñhardò electrophiles such as acylium ions or protons, alkylation usually occurs at the more 

electron-rich C4- or C2-positions of the heterocycle (type C and D, respectively), affording 

the corresponding 1,2- or 1,4-dihydrophosphacyclohexadienes.[5ï7] 

 

 

 

Figure 1. A generic 1-R-phosphacyclohexadienyl anion A and its reactivity toward various electrophiles; the 

first reported P/B FLP (F); a triphosphabenzene derivative that displays FLP-like reactivity (G). Reagents: i) 

CH3I, ii) R'COCl, iii) H+, iv) M1Ln = M2Ln = Rh(1,5-cod), cod = cycloocta-1,5-diene; R = aryl or alkyl 

substituents. 

For example, protonation (type D) usually proceeds exclusively at the C2-position of the ɚ4-

phosphinine anion.[8,9] It has been proposed that typically 1,1-products (B) are 

thermodynamically favoured, while 1,2- and 1,4-products (C and D) arise through 

kinetically controlled alkylation.[6] ɚ4-Phosphinines can also serve as anionic ligands for 

transition metal complexes. Depending on the nature of the ring-substitution pattern and the 

metal fragment, ɖ1-, ɖ2-, ɖ5- or even ɖ1:ɖ5-coordination (type E) can be observed.[10ï14] Some 

of these coordination compounds have found applications in homogeneous catalysis, such 

as [(1,5-cod)Rh(ɖ5-1-tBu-2,4,5,6-Ph-PC5H)] for the Rh-catalysed hydroformylation of 

olefins. [11ï14] 

As part of our programme to study the chemistry of reactive and catalytically active 

phosphinine and phosphacyclohexadienyl complexes,[15ï17] we anticipated that the reaction 

of ɚ4-phosphinine anions A with chloroboranes would lead to neutral, phosphinine-based 
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heterocycles that exhibit both a Lewis basic phosphorus atom moiety and an additional 

Lewis acidic boryl site.[16] Related systems have attracted much attention lately as so-called 

ñfrustrated Lewis pairsò (FLPs), which typically consist of trivalent alkyl or aryl phosphine 

and borane units.[18] For example, Stephanôs groundbreaking intramolecular FLP 

Mes2PC6F4B(C6F5)2 (F, Figure 1) displays unquenched reactivity at the Lewis acidic borane 

and basic phosphine moieties, allowing it to split dihydrogen reversibly,[19] and similar 

systems also react with other small molecules such as CO2.
[20,21] 

Despite the ubiquity of sp3-hybridised ɚ3,ů3-phosphorus Lewis bases in FLP chemistry, the 

use of phosphorus bases in other coordination environments remains essentially unexplored, 

except for one recent example reported by Stephan and co-workers who showed that 2,4,6-

tri-tert-butyl-1,3,5-triphosphinine (G, Figure 1) is able to activate dihydrogen in an FLP type 

manner.[22] Herein we describe the synthesis, thorough characterisation and reactivity of a 

bicyclic 1-phospha-7-boranorbornadiene 2, which possesses a direct, polar PīB bond. 

Despite formally being a classical Lewis adduct, compound 2 displays characteristic FLP-

like behavior due to the presence of easily thermally-accessible ring-opened isomers, which 

contain unquenched Lewis acidic and Lewis basic sites. As a result, 2 behaves as a masked 

FLP and readily activates the strong C¹N and C¹C triple bonds of nitriles and 

phenylacetylenes, forming unusual nitrile insertion and alkyne addition products. 

 

3.2 Results and Discussion 

3.2.1 Synthesis, characterisation and mechanism of formation of 1-phospha-7-bora-

norbornadiene 2 

Taking the known reactivity of A with electrophiles into account (Figure 1), it was 

anticipated that a chloroborane could be used to install a strongly electrophilic boron center 

onto a phosphacyclohexadienyl scaffold by salt elimination. On this basis, the simple salt 

Li[1-Me-PC5H2Ph3] (1) was chosen as a starting material, which is easily prepared from 

methyl lithium and 2,4,6-triphenylphosphinine (TPP, Scheme 1).[7] Upon treatment of 1 with 

(C6F5)2BCl at T = ī35 °C in n-hexane, a colour change from deep pink to orange was 

observed, with concomitant precipitation of an orange solid. Following filtration, dissolution 

of the remaining solid in diethyl ether, refiltration (to remove LiCl) and removal of solvent, 

a new compound 2 was isolated as a bright orange solid in 35% yield. Compound 2 was 

characterized by single crystal X-ray diffraction, NMR and UV-Vis spectroscopy as well as 

elemental analysis, all of which provided data that are consistent with the molecular structure 

depicted in Scheme 1 (vide infra). In particular, single crystals of 2, suitable for X-ray 

diffraction, were obtained by slow evaporation of the solvent from a solution of 2 in n-hexane 

at room temperature. Crystallographic characterization revealed a hitherto unknown hetero-

norbornadiene structure (Figure 2), in which the boron atom has adopted a bridging position 

between the P1 and C4 positions of the phosphorus heterocycle. 
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Scheme 1. Synthesis of 2 via 1 and Iso-2a; reagents and conditions: i) +MeLi (Et2O, ï78 °C), ii) +(C6F5)2BCl/ï

LiCl (r.t., n-hexane). Relative wB97X-D/6-311+G** electronic energies (ȹE in kcal molī1) and free energies 

(ȹG in kcal molī1) for possible isomers of 2 (Iso-2a ï Iso-2d). 

This unusual structure (c.f. B  D) can be attributed to the doubly electrophilic nature of the 

chloroborane, which allows the formation of a second, bridging interaction that is not 

available to most other main group electrophiles. It is worth noting that hetero-

norbornadienes have received significant attention as ligands in homogeneous catalytic 

reactions, e.g. the hydrogenation and hydroformylation of alkenes as well as Heck 

reactions.[23,24] Furthermore, compound 2 is a rare example of a hetero-norbornadiene based 

on both phosphorus and boron.[25,26] Derivatives with phosphorus and another additional 

heteroatom in the norbornadiene scaffold are scarce, although Streubel and co-workers have 

described a 7-aza-1-phospha-norbornadiene and group 13 7-metalla-1,4-diphospha-

norbornadienes (mechanistic and reactivity studies of which have unfortunately not been 

reported).[27,28] Also of note are the very mild conditions used for the preparation of 2, which 

contrasts with the much more forcing conditions required to prepare many other 1-phospha-

norbornadiene derivatives.[29] 

 

Figure 2. Molecular structure of 2 in the crystal. Displacement ellipsoids are shown at the 40% probability 

level; H atoms are omitted for clarity; selected bond lengths [¡] and angles [Á]: P1īB1 1.9894(19); 

P1īC1 1.8025(17); B1īC4 1.721(2); P1īC2 1.8146(17); P1īC6 1.8081(17); C2īC3 1.344(3); 

C6īC5 1.336(2); C1īP1īB1 129.51(8); C2īP1īC6 101.44(8); P1īB1īC4 84.58(10). 
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While the P1īB1 distance of 1.9894(19) Å in 2 is in the range of phosphorus boron single 

bonds (sum of covalent radii = 1.96 Å),[30] the B1īC4 bond is slightly elongated compared 

both to the sum of the covalent radii (1.721(2) Å vs. 1.60 Å)[30] and to previously reported 

7-bora-norbornadienes (ca. 1.641 Å),[31ï33] suggesting significant strain in the bicyclic 

structure.[34,35] A similar phenomenon was observed by Braunschweig and co-workers for a 

heptaphenyl-7-borabicyclohepta-2,5-diene N-heterocyclic carbene adduct (BīC: 1.743 Å), 

in which the boron atom is also four-coordinate.[36] Also of note are the C2īC3 and C5īC6 

distances within the phosphorus heterocycle, which are characteristic of C=C double bonds 

(1.344(3) and 1.336(3) Å, respectively).[37] The 31P{1H} NMR spectrum of 2 shows a poorly 

resolved signal at ŭ(ppm) = +18.6 at r.t. (see Figures S3 and S79), while the 11B spectrum 

reveals a resonance at ŭ(ppm) = +14.1 consistent with four-coordinate boron (see Figures 

S5, S82 and S84). 

In order to elucidate the pathway for the formation of 2, variable temperature (VT) 11B and 
31P{1H} NMR reaction monitoring was performed, alongside DFT calculations. 11B NMR 

spectra recorded during the reaction of 1 and (C6F5)2BCl revealed not only the formation of 

product 2 (ŭ(ppm) = +13) but also of an additional species, Iso-2a, characterised by a 

resonance at ŭ(ppm) = ī25 (Figure S82). Further information on the reaction was obtained 

by 31P{1H} NMR monitoring (see Figure 3a; see SI for experimental details and Figure S79 

for further spectra) which showed that 1 (ŭ(ppm) = ī72.5) is fully converted even at low 

temperature. The signal of product 2 appears within minutes even at 193 K (see Figure 3a). 

However, another intense and broad signal can be observed at ŭ(ppm) = ī102 (Iso-2a in 

Figure 3a), which converts into 2 as the temperature is increased, suggesting an intermediate 

species. Calculations at the TPSS/IGLO-III CPCM(THF) level of theory showed that the 

experimental 31P shift of ī102 ppm and the 11B shift of ī25 ppm both fit well to a proposed 

three-membered BīCīP ring species, and this structure is consequently assigned to Iso-2a 

(see Table 1 and Scheme 1). Calculations also suggested that this structure should be very 

similar in energy to 2, and indeed, NMR analysis of even authentic samples of crystalline 2 

showed the presence of minor amounts of Iso-2a, consistent with reversible isomerisation in 

solution. Given the known reactivity of ɚ4-phosphinine anions with electrophiles shown in 

Scheme 1, other plausible structures Iso-2b ï Iso-2d were also investigated as possible 

intermediates. DFT calculations at the wB97X-D/6-311+G** level showed that isomers with 

a tricoordinate boryl substituent in the 1-, 2- or 4-position are all higher in energy than 2 or 

Iso-2a (see Scheme 1), and therefore less likely to accumulate during the course of the 

reaction. This is corroborated by a chemical shift analysis of these structures (Table 1), which 

predicts significantly different NMR shifts for the isomers Iso-2b ï Iso-2d than those 

observed experimentally. Nevertheless, it should be noted that structure Iso-2d in particular 

is predicted to be thermally accessible at even modest temperatures on the basis of the above 

calculations. 
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3.2.2 Variable temperature NMR characterisation of isomers 2 and Iso-2a 

 

During VT NMR monitoring of the formation of 2 it was noted that the 31P{1H} resonances 

for both 2 and Iso-2a show complex temperature-dependent behaviour. In order to 

understand these observations (and also further support the structural assignment of Iso-2a) 

an in-depth analysis of the relevant multinuclear VT NMR spectra was carried out. In the 
31P{1H} NMR spectra, the multiplicities of the 31P{1H} signals of both 2 and Iso-2a change 

upon warming from 193 K (see Figure 3a). Over the entire temperature range examined, the 

signal of 2 is dominated by scalar couplings to 11B and the quadrupolar relaxation of 11B. 

This was proven by simultaneously 11B and 1H decoupled 31P spectra (see 31P{11B, 1H} 

spectrum in Figure 3b), which show a clear collapse of the triplet with a coupling constant 

of 1JPB = 84 Hz at 193 K. Additional 31P{19F, 1H} experiments did not change the signal of 

2 (Figure S80), which is reasonable for scalar couplings being significantly smaller than the 

half line width (ɜ½ = 90 Hz). With increasing temperature, the 31P{1H} signal of 2 becomes 

first a singlet and then a very broad doublet from 300 K upwards (for a temperature row 

between 193 K and 333 K of 2, see Figure S83). The corresponding 11B signal changes from 

a very broad singlet to a sharper doublet at 300 K corroborating the large scalar coupling 

constant between 11B and 31P (1JPB = 90 Hz, see Figure S82), which is accompanied by a 

downfield shift. Similar behaviour was observed in a temperature screening of a solution 

containing exclusively 2 in which the 11B signal of 2 started out as being relatively sharp at 

193 K (see Figure S84), then first broadened and subsequently narrowed during a steady 

temperature increase. Again, this went along with a downfield shift (around 1.4 ppm, see 

Figure S84). The line broadening associated with a downfield shift is probably related to a 

coalescence of 2 with another species downfield shifted relative to 2. Given the relatively 

low energy predicted for isomer Iso-2d (vide supra) this is likely to be the relevant species, 

and these variable temperature measurements therefore further hint at the labile nature of the 

BïP bond in 2 (a 11B shift of 1.4 ppm for 2 would correspond to the presence of around 4% 

of Iso-2d; see SI for calculation). Within this exchange the PīB bond is broken and re-

established, which may alter 1JPB and could therefore give rise to the observed change in 

shape of the 31P{1H} signal of 2 during temperature increase (see Figure 3a). The 31P{1H} 

signal of Iso-2a at ŭ(ppm) = ī102 exhibits a significantly different response upon 

temperature increase. At 193 K quadrupolar relaxation seems to dominate producing a broad 

singlet (ɜ½ = 98 Hz). During warm-up, this signal becomes sharper (Figure S79) and 

develops a quartet splitting which at higher temperatures converts into a quintet (see Figure 

3a and Figure S79). 31P NMR with simultaneous 19F and 1H decoupling revealed that the 

splitting results from coupling to 19F (see 31P{19F, 1H} in Figure 3d). The fact that different 

multiplets are observed at altered temperatures may be attributed to the presence of two 

chemically-distinct, hindered C6F5 rings, each of which may independently suffer from 

hindered rotation about its BīC bond (of the structures proposed in Scheme 1 this is only 

the case for Iso-2a). While the ortho (and meta) fluorines of a freely rotating ring would 

have identical scalar couplings to phosphorus, those in a hindered ring may have different 
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couplings. Thus, similar coupling of 31P to both fluorines of one freely-rotating C6F5 (
5JPF = 

22.5 Hz) and only one fluorine of a hindered C6F5 (
5JPF = 23.5 Hz) would give rise to the 

observed quartet (see Figure 3e). At elevated temperatures, stronger rotation of the 

fluoroaryls and/or rapid PīB-bond opening and closing presumably results in a similar scalar 

coupling of 31P to all four ortho fluorines, creating a quintet coupling pattern. 31P{11B,1H} 

measurements at 193 K showed a small reduction in line width (see Figure 3c) while at 

233 K no change in line width or multiplet structure was observed (see Figure 3e). This 

implies that at 193 K the 31P signal of Iso-2a is dominated by the quadrupolar relaxation 

effects of 11B. In contrast, at higher temperatures there is an apparently smaller influence of 
11B on the line width which is now mainly dominated by coupling to 19F. Calculations at the 

TPSS/IGLO-III CPCM(THF) level of theory revealed a 1JPB of 6 Hz for Iso-2a (see Table 

1) which fits well to the observation of a small change in line width at 193 K and no change 

at 233 K. Verifying the PīB bond in Iso-2a via 31P-11B-HMQC was not successful due to 

the extremely broad 11B signals associated with very short transverse relaxation times (T2). 

A 1H-31P-HSQC spectrum revealed the expected break in symmetry of the heterocycle in 

Iso-2a compared to 2 since the protons bound to the P-heterocycle exhibit different shifts 

and 1H-31P coupling constants (Figure S81). Taken collectively, these NMR observations 

therefore strongly support the proposed structure of Iso-2a. 

 

 

Table 1. Calculated (calcd.) 31P and 11B NMR shifts (ppm) and coupling constants JP-B (Hz) at the TPSS/IGLO-

III CPCM(THF) level of theory. The calculated absolute shieldings of compound 2 served as reference for the 

other compounds. Experimental (exp.) chemical shifts of 2 and Iso-2a are also given. 

 2 Iso-2a Iso-2b Iso-2c Iso-2d 

ŭ(31P) +18 (exp.) 

ï102 (exp.) 

ī98 (calcd.) ī16 ī38 ī43 

ŭ(11B) +14 (exp.) 

ī25 (exp.) 

ī26 (calcd.) +32 +66 +47 

JP-B 87 6    
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Figure 3. a) 31P{1H} NMR monitoring (starting from 193 K and warming up to 300 K) of the reaction of 1 

with (C6F5)2BCl (see SI for full spectra, Figure S79). The spectral regions of 2 and Iso-2a are displayed with 

the same expansion and intensity scaling. b) Overlaid F1 (indirect dimension) projections of a 1H-31P-HSQC 

with simultaneous 11B and 1H decoupling in F1 and 31P decoupling in F2 (direct dimension) acquired in the 

region of 2 (better signal/noise compared to 1d 31P spectrum, see S81 in SI for pulse program). 11B decoupling 

was applied on resonance (red) and off resonance (black). The spectra were acquired on a TBI-P probe. c) 

Overlaid 1d 31P spectra with simultaneous 11B and 1H decoupling. 11B decoupling was applied on resonance 

(red) and off resonance (black). The spectra were adjusted to same height for a better comparison of line widths. 

The spectra were acquired on a TBI-P probe. d) Overlaid 1d 31P spectra with 1H decoupling only (black) and 

simultaneous 19F and 1H decoupling (blue). The spectra were adjusted to same height for a better comparison 

of line widths (see also S80 in SI). The spectra were acquired on a TBI-F probe. e) Overlaid F1 projections of 

a 1H-31P-HSQC with simultaneous 11B and 1H decoupling in F1 and 31P decoupling in F2 acquired in the region 

of Iso-2a. The spectra were acquired on a TBI-P probe. 

 
 

3.2.3 Reactivity of 2 toward nitriles 

 

Although the solid-state structure of 2 clearly indicated the formation of a classical P/B 

Lewis acid/base adduct, XRD, DFT and VT NMR analyses all suggested that reversible, 

thermal PīB bond cleavage could plausibly provide access to a ring-opened isomer Iso-2d 

possessing unquenched acidic and basic sites. It was thus anticipated that FLP-type 

behaviour might still be observable for compound 2, in line with both our initial predictions 

and results reported previously for some other boron-based Lewis adducts.[38ï41] Indeed, 

more direct evidence that such reactivity is possible was observed during attempts to dissolve 

samples of 2 in deuterated acetonitrile for NMR purposes, which led to a clear colour change 

from orange to deep green. Although activation of other unsaturated C=X bonds by FLPs is 

very well established, reports of nitrile activation are remarkably scarce, with this having 

been achieved only for a family of geminal phosphinoboranes reported by Wagner and 

Slootweg, which reacted to generate five-membered cyclic structures, and a single, more 

elaborate enamine/borane system reported by Erker et al.[42ï44]  
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Scheme 2. Synthesis of nitrile insertion products 3a-3e (yields of isolated compounds are given in parentheses 

in this caption): 3a: R = Me (33%), 3b: R = Ph (64%), 3c: R = 3,5-Br2C6H3 (43%), 3d: R = CH2Cl (39%), 3e: 

R = Et (41%). 

 

Figure 4. Molecular structure of 3a in the crystal. Displacement ellipsoids are shown at the 40% probability 

level; H atoms are omitted for clarity; phenyl and C6F5 groups were shown in wireframe for clarity; selected 

bond lengths [¡] and angles [Á]: P1īC1 1.8036(18); P1īC7 1.8822(17); P1īC2 1.7475(16); P1īC6 

1.7431(17); C2īC3 1.397(2); C3īC4 1.399(2); C5īC6 1.378(2); C7īN1 1.251(2); N1īB1 1.367(2); C7īC8 

1.492(2); C1īP1īC7 102.58(8); P1īC7īN1 120.29(13); C7īN1īB1 172.06(18); C8īC7īN1 124.56(16). 

Nevertheless, addition of acetonitrile to a solution of 2 in diethyl ether at room temperature 

resulted in an immediate colour change to deep green and the 31P{1H} NMR spectrum of the 

reaction mixture indicated the selective formation of a single new species 3a (Scheme 2), as 

evidenced by a sharp singlet resonance at ŭ(ppm) = +0.6, that is shifted to higher field 

relative to 2 (Figure S11). In the proton-coupled 31P NMR spectrum this signal appears as a 

complex multiplet (Figure S12). Additionally, the 11B{ 1H} NMR spectrum shows a broad 

signal at ŭ(ppm) = +21.9 that is shifted to lower field relative to 2, which is qualitatively 

consistent with a change from four- to three-coordinate boron. Single crystals were grown 

by slow evaporation of an n-hexane solution of 3a at room temperature. Gratifyingly, the 

crystallographic characterization confirmed activation of the nitrile triple bond, although this 

was unexpectedly accompanied by cleavage of not just the PīB bond but also the CīB bond 

of 2 (Figure 4) with the nitrile having formally inserted into the former. The resulting BCN 

moiety is almost linear (C7īN1īB1 172Á), and the N1īB1 distance is significantly 

shortened (1.367(2) ¡) compared to common NīB single bonds (1.57 Å),[30] suggesting 

some multiple bond character due to donation of electron density from the nitrogen lone pair 

into the empty p orbital on boron. The nitrile-derived C7īN1 distance is in the range of 

typical CīN double bonds (1.251(2) Å),[37] and the P1īC7 separation (1.8822(17) Å) is in 

the range of single bonds according to the sum of the covalent radii (PīC 1.86 Å).[30] 
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Other substituted nitriles were subsequently employed in similar reactions, yielding 

compounds 3b-3e (Scheme 2) as deep green crystals in moderate yields (33ï64 %). The 

crystallographic characterization of 3b and 3c revealed structures similar to that already 

discussed for 3a, with essentially linear CīNīB arrangements and short BīN distances (for 

more details, see SI). Multinuclear NMR data of all compounds were also in line with those 

found for 3a.  

A slightly different outcome was observed using 2-(dimethylamino)acetonitrile (Scheme 3), 

which contains an additional pendant donor functionality, as was indicated by an immediate 

colour change from orange to deep pink (c.f. deep green for compounds 3a-3e) upon addition 

of the substrate to a solution of 2 in diethyl ether. NMR analysis indicated the clean 

formation of a new product 4 that features a 31P{1H} resonance at ŭ(ppm) = ī9.2, which is 

shifted to higher field relative to 3a-3e (ŭ(ppm) =ī1.0 to +0.6). The 11B{ 1H} signal (11.5 

ppm for 4 vs. ca. 22-26 ppm for 3a-3e) is also shifted to higher field, suggesting a different 

product structure, which was confirmed by single crystal X-ray diffraction (Figure 5). The 

molecular structure of 4 in the crystal reveals insertion of the nitrile into the PīB bond of 2 

analogously to 3a-3e. However, instead of a linear CNB moiety a five-membered Lewis 

adduct is formed in which the boron moiety interacts with both available nitrogen atoms. 

The rather elongated B1īN2 bond (1.7322(16) Å) of 4 is consistent with a dative interaction 

between B1 and the lone pair of N2. This interaction has a significant influence on the solid-

state structure and spectroscopic properties of 4. The crystallographic characterization 

further shows that the CīNīB fragment is no longer linear (111.27(10)Á) and the B1īN1 

bond distance (1.5237(16) Å) is elongated compared to 3a (1.367(2) Å). The UV-Vis 

spectrum of 4 shows an additional absorbance at ɚ = 523 nm, which explains the apparent 

colour change from green (for 3a-3e) to pink. 

 

 

Scheme 3. Reaction of 2 with 2-(dimethylamino)acetonitrile. 
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Figure 5. Molecular structure of 4 in the crystal. Displacement ellipsoids are shown at the 40% probability 

level; H atoms are omitted for clarity; phenyl and C6F5 groups were shown in wireframe for clarity; selected 

bond lengths [Å] and angles [°]: P1īC7 1.8435(12); P1īC2 1.7631(12); P1īC6 1.7612(12); P1īC1 

1.8231(12); C2īC3 1.3916(17); C3īC4 1.3985(18); C4īC5 1.4070(17); C5īC6 1.3822(17); C7īC8 

1.5084(16); N2īB1 1.7322(16); B1īN1 1.5237(16); N1īC7 1.2578(16); C7īN1īB1 111.27(10); N1īB1īN2 

100.38(9); P1īC7īN1 125.34(9); C8īN2īB1 103. 

To analyse the reaction course of 2 with nitriles in more detail, DFT calculations were again 

performed at the wB97X-D/6-311+G** level of theory (all energy values discussed are ȹG 

values in kcal·mol- 1; see Figure 6 and vide supra). As already discussed, an initial ring 

opening of 2 forms isomer Iso-2d, which can act as an FLP for the activation of nitriles, 

modelled here using acetonitrile. This first step is consistent with the chemical exchange 

between 2 and Iso-2d suggested by 11B NMR (Figure S84 and vide supra). Nitrile binding 

to the boron centre of Iso-2d then gives an adduct Int -A with almost identical energy. The 

subsequent rate-determining step involves cyclisation to give the high-energy bridged 

intermediate Int -B (this proceeds over an energy barrier of +21.5 kcal·molī1, which is 

slightly higher than expected given the rapid reactivity observed at room temperature, but is 

nevertheless in satisfactory agreement with the experimental result, given the errors typically 

associated with the computational methods employed) . This compound is highly unstable 

and rapidly rearranges with cleavage of the BīC bond. Flattening of the six-membered ɚ5-

phosphinine-derived ring gives initially Int -C, which readily isomerises through PīC bond 

rotation to the slightly more stable conformer 3a, as is observed in the solid-state structure.  
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Figure 6. Relative wB97X-D/6-311+G** energies (calculated free energies ȹG in kcalmolī1) for the 

conversion of 2 into 3. 

 

3.2.4 Reactivity of 2 toward alkynes 

 

Encouraged by the high reactivity of 2 toward the strong, polar triple bond of nitriles, we 

were motivated to also test the reactivity of 2 toward the similarly strong, but apolar triple 

bonds of simple alkynes. The combination of 2 with one equivalent of phenylacetylene in 

benzene did not show any significant reactivity at room temperature. However, when heating 

this mixture to T = 60 °C overnight, the selective formation of a new product 5a was 

observed (Scheme 4), indicated by the detection of a single new resonance in the 31P{1H} 

NMR spectrum at ŭ(ppm) = 1.7 (Figure S53 and Figure S54). This signal appears within the 

range observed for the nitrile activation products 3a-3e, which suggests the formation of a 

similar tetracoordinate phosphorus environment. In contrast, the 11B{ 1H} NMR signal of 5a 

is shifted to significantly higher field relative to 3a-3e (ī11.2 ppm for 5a vs. ca. 22-26 ppm 

for 3a-3e), and suggests a tetracoordinate rather than tricoordinate boron moiety 

(Figure S55). The reactions of 2 with 4-(trifluoromethyl)- and 4-bromophenylacetylene led 

to analogous results, as the selective formation of the corresponding new compounds 5b and 

5c was observed, which show very similar heteroatom NMR resonances (31P{1H} 

ŭ(ppm) = 2.1 (5b), 1.9 (5c); 11B{ 1H} ŭ(ppm) = ī11.2 (5b), ī11.1 (5c)). Compounds 5a-5c 

could be isolated as light red powders in good yields (up to 72%) by treatment of the crude 

product with n-hexane and thorough drying of the resulting precipitate under vacuum.  
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Scheme 4. Reaction of 2 with phenylacetylene derivatives, leading to the formation of 5a-5c, thermal 

rearrangement of 2 to 6, and relative wB97X-D/6-311+G** energies (calculated free energies ȹG in 

kcal molī1); 5a: R = Ph (61%); 5b: R = 4-CF3-C6H4 (62%); 5c: R = 4-Br-C6H4 (72%). 

 

Single crystals of 5b and 5c were grown by slow evaporation of n-hexane solutions. The 

single crystal X-ray structures reveal the formation of a ɚ4-1-phosphabarrelenium moiety, in 

which the alkyne bridges between P1 and C4 of the phosphinine-derived heterocycle. As 

with nitriles, alkyne addition is accompanied by cleavage of both the PīB and CīB bonds 

of 2. Remarkably, this is accompanied by migration of the B(C6F5)2 moiety via formal 

insertion into the C2īPh bond of 2. Due to the modest quality of the structural data of 5c 

(Figure S106 and Table S2), only the structural data of 5b is discussed in detail here. The 

P1īC8 bond length (1.783(4) ¡) is in the range of common PīC single bonds, while the 

C4īC7 bond (1.577(5) ¡) is in the range of CīC single bonds.[37] The C2īC3, C5īC6 and 

C8īC7 distances are typical for C=C double bonds.[37] The bond lengths and angles of 5b 

are consistent with other reported 1-phosphabarrelenes, except for P1īC8, which is slightly 

shortened (1.783(4) Å vs. average 1.836 Å).[45ï47] As a corrolary, the angle C2īP1īC6 is 

also widened by roughly 8° compared to other 1-phosphabarrelenes (103.36(17)° vs. average 

95.351°). These changes can be attributed to the tetracoordinate nature of the P atom, and 

were also observed for a selenium-substituted phosphabarrelene.[45] Finally, the B1īC2 bond 

length in 5b (1.636(5) ¡) is consistent with typical BīC single bonds.[30] 
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Figure 7. Molecular structure of 5b in the crystal. Displacement ellipsoids are drawn at the 40% probability 

level; H atoms are omitted for clarity; phenyl; C6H4CF3 and C6F5 groups were shown in wireframe for clarity; 

a disordered n-hexane molecule is omitted for clarity; selected bond lengths [¡] and angles [Á]: P1īC8: 

1.783(4); C4īC7: 1.577(5); P1īC2: 1.799(4); P1īC6: 1.816(4); P1īC1: 1.781(4); C2īC3: 1.335(5); C3īC4: 

1.560(5); C4īC5: 1.541(5); C5īC6: 1.335(5); C7īC8: 1.334(5); C2īB1: 1.636(5); P1īC8īC7: 112.1(3); 

C8īC7īC4: 116.4(3); C2īP1īC6: 103.36(17); C3īC4īC5: 107.2(3). 

 
 

Typically, Diels-Alder type [4+2] cycloaddition of alkynes to neutral phosphinines to form 

1-phosphabarrelenes must be performed using highly reactive arynes or activated alkynes 

(such as F3CCſCCF3) as dienophiles.[48,45,46,49,50,47] That phospha-norbornadiene 2 reacts 

with simple phenylacetylenes under modest reaction conditions is therefore significant, and 

is reminiscent of the cationic 1-methyl-phosphininium salt [1-Me-2,6-(SiMe3)2-3,5-Ph2-

PC5H][GaCl4]
[51] that upon reaction with 4-octyne affords a 1-methyl-phosphabarrelenium 

tetrachlorogallate which was characterized by NMR spectroscopy. 

While activation of alkynes is known to occur for other FLP systems, the concomitant 

B(C6F5)2 migration observed in this case suggests an atypical activation mechanism.[42,43,52ï

60] To gain more insight, a solution of 2 was monitored by 31P{1H} NMR spectroscopy at 

60 °C in the absence of alkyne, which resulted in the slow formation of a new species 

observed as a sharp singlet at ŭ(ppm) = +1.3 ppm (no analogous transformation was 

observed at r.t.). The chemical shift of this species is quite similar to those of 5a-5c 

(ŭ(ppm) = 1.7-2.0), suggesting a similar environment at P. The structure of this species could 

not be determined by single crystal X-ray diffractometry; however, LIFDI-MS spectrometry, 

elemental analysis and NMR observations are consistent with the structure 6 depicted in 

Scheme 4. In particular, the calculated 31P (ŭ(ppm) = +5 vs. +1.3 observed) and 11B NMR 

(ŭ(ppm) = +43 vs. +54 observed) shifts of 6 are in agreement with the observed shifts (Table 

S5). Additionally, the calculated and observed UV-Vis spectrum of 6 are in reasonable 

agreement (Figure S104 and S115). 
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VT 31P{1H} NMR monitoring of 2 was also carried out in the presence of an alkyne substrate. 

When 4-(trifluoromethyl)phenylacetylene was added to 2 at room temperature only a small 

singlet in the 31P NMR spectrum at ŭ(ppm) = 1.4 ppm corresponding to the product 5b could 

be observed next to the signals of 2 and Iso-2a (Figure S89). 31P{1H} NMR monitoring at 

60 °C showed that 2 and Iso-2a convert quite selectively to the product 5b (accompanied by 

generation of only 5% of 6) within three hours (Figure S89), with no other observable 

intermediates. Notably, when the same alkyne was added to compound 6 at room 

temperature no reaction occurred, even upon heating to 60 °C. Thus, 6 does not appear to be 

an intermediate during the formation of 5a-5c, but rather a competitive side-product that 

forms selectively in the absence of alkyne (Scheme 4, see Figure S114, SI, and the discussion 

in section S5.4 of the SI for further details). 

 

 

Figure 8. Relative wB97X-D/6-311+G** energies (calculated free energies ȹG in kcalmolī1) for the 

conversion of 2 into 5a. 

 

 

Based on the structures of products 5 and 6, it was anticipated that the observed reactivity 

might be proceeding through the isomeric form of 2, Iso-2c (vide supra), in which the 

B(C6F5)2 has migrated fully to the óorthoô position of the phosphorus heterocycle. This 

proposal is supported by DFT calculations which show that, following isomerization to this 

óopenô form, a subsequent 1,2-phenyl migration can occur via TS2cD (ȹG = 25 kcal·mol-1), 

which is accessible at elevated temperatures. This results in a zwitterionic  

methylphosphinium borate species Int -D. The alkyne subsequently adds to Int -D in a 1,4-

manner forming 5a,[51] in a step that can formally be considered as a hetero-Diels-Alder 

reaction. Alternatively, this step can be viewed as another FLP type reaction, in which the 

conjugated phosphorus heterocycle provides both the Lewis acidic and basic sites (c.f. G, 
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Scheme 1) needed to activate the alkyne. In this interpretation it is expected that the aryl-

substituted carbon atom from the phenylacetylene derivative should end up bound to the 

formally Lewis basic fragment of the FLP,[24g] due to better stabilisation of the positive 

charge that will accumulate on this carbon atom during the interaction of the alkyne with the 

Lewis acidic centre. Indeed, an alternative reaction pathway between Int -D and 

phenylacetylene to generate regioisomer Int -E was also calculated and it was found that 

although Int -E is thermodynamically slightly favoured over 5a, the associated transition 

state TSDE is significantly higher in energy than TSD5a (+33.3 vs. +26.2 kcal·mol-1, see 

Figure 8). This implies that the phosphorus centre is the Lewis acidic site in this system, and 

ñpara-C4ò is the Lewis basic site, which is consistent with the FLP type activation of 

dihydrogen by 1,3,5-triphosphinine derivatives.[9] Thus, the phenyl migration that 

transforms Iso-2c into Int -D results in an umpolung effect, where the phosphorus centre 

changes in reactivity from nucleophilic (as observed in the activation of nitriles) to 

electrophilic (as observed in the activation of alkynes). 

 

 

3.3 Conclusion 

 

The unusual compound 2 incorporating a boron atom in a phospha-norbornadiene scaffold 

is readily accessible by reaction of a ɚ4-phosphinine anion and a chloroborane. Even though 

2 is nominally a classical Lewis acid/base adduct it shows FLP type reactivity due to its 

strained bicyclic structure, readily activating the CſN triple bonds of various nitriles. These 

nitriles formally insert into the PīB bond, with concomitant splitting of the BīC bond, and 

ultimately connect to the resulting B(C6F5)2 moiety in a linear fashion (3a-3e) unless an 

additional donor functionality is also present (as in 4). DFT calculations revealed that these 

reactions proceed via a low energy ring-opening of the bridging norbornadiene PīB bond. 

Conversely, reactions of 2 with phenylacetylene derivatives afford phosphabarrelenes 5a-5c 

via a mechanism that involves initial migration of ñ(C6F5)2Bò, through formal insertion into 

a CīC bond. This work highlights the ability of seemingly classical Lewis pairs to form 

reactive intermediates by reversible heterolytic element-element bond dissociation, while 

also illustrating the ability of phosphinine-derived Lewis bases to engage in interesting FLP 

reactivity that is not easily accessible using more conventional ɚ3,ů3-phosphines. The 

application of these principles to the activation of further small molecules is a worthwhile 

subject for future investigations. 
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3.4 Experimental Details 

3.4.1 General Considerations 

All experiments were performed under an atmosphere of dry argon by using standard 

glovebox techniques. Diethyl ether and n-hexane were purified, dried, and degassed with an 

MBraun SPS800 solvent purification system. NMR spectra were recorded on Bruker Avance 

300 MHz and Avance 400 MHz spectrometer equipped with a BBF-H-D probe at 300 K. 

Temperature screening were performed at a Bruker Avance 400 MHz spectrometer equipped 

with a BB-H-D probe and a Bruker Avance III HD 600 MHz spectrometer with a fluorine 

selective TBIF probe and a phosphorus selective TBIP probe. 1H and 13C spectra were 

referenced externally to TMS and calibrated on the corresponding residual solvent signals. 
11B spectra were reference externally to Et2O×BF3. 

19F spectra were referenced externally to 

CFCl3. 
31P spectra were referenced externally to 85% H3PO4 (aq.). The assignment of 1H and 

13C NMR signals was confirmed by two-dimensional (COSY, HSQC, and HMBC) 

experiments. For the chemical assignment 2,4,6-triphenylphosphinine will be referred to as 

TPP. UV/Vis spectra were recorded on a Varian Cary 50 spectrometer. Elemental analyses 

were determined by the analytical department of Regensburg University. Mass spectra were 

performed with Jeol AccuTOF GCX LIFDI-MS by the analytical Department of Regensburg 

University. 1 was synthesized according to a literature procedure and (C6F5)2B-Cl was 

synthesized by an unpublished procedure.[7] Nitriles and alkynes were purchased from 

Sigma-Aldrich and used as received. 

X-ray Crystallography : The single-crystal X-ray diffraction data were recorded on an 

Agilent Technologies SuperNova and a GV1000, TitanS2 diffractometer with Cu-KŬ 

radiation (ɚ = 1.54184 Å). Either semi-empirical multi-scan absorption corrections[61] or 

analytical ones[62] were applied to the data. The structures were solved with SHELXT[63] and 

least-square refinements on F2 were carried out with SHELXL.[64] The hydrogen atoms were 

located in idealized positions and refined isotropically with a riding model. 

CCDC 1946109 (for 2), CCDC 1946111 (for 3a), CCDC 1946112 (for 3b), CCDC 1946114 

(for 3c), CCDC 1946115 (for 4), CCDC 1946116 (for 5b) and CCDC 1946118 (for 5c), 

contain the supplementary crystallographic data for this paper. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre. 

 

3.4.2 Synthesis of 2 

Compound 2 was prepared in an MBraun argon glove box. 2 is sensitive toward moisture 

and air. 2 is soluble and stable in diethyl ether, benzene and toluene, it is not stable in 

tetrahydrofuran. 
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(C6F5)2B-Cl (171 mg, 0.45 mmol, 1 equiv.) was dissolved in n-hexane 

(2 mL), cooled to ī35 °C and slowly added to a suspension of 1 (200 mg, 

0.45 mmol, 1 equiv.) cooled to ī35 °C in n-hexane (2 mL). An immediate 

colour change from deep pink to orange was observed. The orange 

suspension was stirred for 15 minutes and the precipitate was separated from 

the solution. The bright orange solid was extracted into diethyl ether (3 x 2 mL) and the 

solution was reduced in volume by half. After storage at ī 35 °C, 2 was isolated as a light 

orange powder. Yield 107 mg, 35%. Elemental analysis calcd. for C36H20BF10P 

(Mw = 684.32 g·mol-1) C 63.19, H 2.95; found C 63.12, H 3.17. UV-Vis: (n-hexane, ɚmax / 

nm, Ůmax / L·molī1·cmī1): 221 (18278), 229 (15854), 290 (5399). 1H NMR (400.13 MHz, 

300 K, C6D6): ŭ = 1.47 (d, 3H, Me, 2JPH = 12.5 Hz), 6.91 (m, 4H, C2,6īH of C2,6īPh), 7.04 

(m, 6H, C3,4,5īH of C2,6īPh), 7.20 (m, 3H, C2,4,6īH of C4īPh), 7.27 (m, 2H, C3,5īH of 

C4īPh), 7.56 (d, 2H, C3,5īH of TPP, 3JPH = 35 Hz). 13C{1H}  NMR (100.61 MHz, 300 K, 

C6D6): ŭ = 1.51 (d, MeīTPP, 1JCP = 25 Hz), 64,28 (br, C4 of TPP), 117.02 (br, C1 of C6F5), 

126.25 (s, C4 of C4īPh), 127.19 (d, C2,6 of C2,6īPh, 3JCP = 4 Hz), 127.39 (m, C2,6 of C4īPh), 

128.29 (s, C3,5 of C2,6-Ph), 129.26 (s, C4 of C2,6īPh), 134.63 (d, C1 of C2,6īPh, 2JCP = 5 Hz), 

137.48 (br d, C6F5, 
1JFC = 250 Hz), 137.91 (m, C2,6 of TPP, 1JCB = 48 Hz), 140.12 (br d, C6F5, 

1JFC = 260 Hz), 143.38 (d, C1 of C4īPh, JCF or CB = 14 Hz), 147.46 (br d, C6F5, 

1JFC = 244 Hz), 156.62 (d, C3 and C5 of TPP, 2JCP = 17 Hz). 31P{1H}  NMR (161.98 MHz, 

300 K, C6D6): ŭ = 18.7 (broad unresolved multiplet, the 
1JPB could not be exactly determined 

to the line broadening ca.1JPB = 60 Hz; minor Iso-2a is also observed). 31P NMR 

(161.98 MHz, 300 K, C6D6): ŭ = 18.6 (br m). 
11B{ 1H}  NMR (128.38 MHz, 300 K, THF-d8): 

ŭ = 14.71 (br d, 1JBP = 90 Hz). 11B NMR (128.38 MHz, 300 K, C6D6): ŭ = 14.1 (bs). 
19F NMR 

(376.66MHz, 300 K, C6D6): ŭ = ī129.40 (br, 4F), ī156.39 (t, 3JFF = 21 Hz, 2F), ī163.01 (m, 

4F). MS (LIFDI, toluene): m/z (%) = 684.10 M+· (2); 339.12 ([1-Me-P(C5H2Ph3)]). 

3.4.3 Synthesis of 3a 

Compounds 3a-3e were prepared in an MBraun argon glove box. 3a-3e are sensitive toward 

moisture and air. 3a-3e are soluble and stable in hexane, diethyl ether, benzene. 

Acetonitrile (4 ɛL, 0.059 mmol, 1 equiv.) was added to a solution of 2 

(40 mg, 0.059 mmol, 1 equiv.) in diethyl ether (1 mL) at room 

temperature. An immediate colour change from orange to deep green 

was observed. The reaction mixture was stirred for 15 minutes, the 

solvent was completely removed, and the dark green oily residue was 

extracted with n-pentane (2 x 2 mL). After reducing the solution to 

half and storage at room temperature for 1 hour, 3a could be isolated as dark green needles. 

Yield: 14 mg (33%). Elemental analysis calcd. for C38H20BF10NP (Mw = 725.38 g·mol-1) 

C 62.92, H 3.20, N 1.93; found: C 63.28, H 3.31, N 1.42. UV-Vis: (n-hexane, ɚmax / nm, Ůmax 

/ L·molī1·cmī1): 224 (41862), 253 (33000), 320sh (11060). 1H NMR (400.13 MHz, 300 K, 

C6D6): ŭ = 1.74 (d, 3H, 
2JPH = 13 Hz, Me-TPP), 2.09 (d, 3H, 3JPH = 8 Hz, MeCN), 6.94 ï 
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7.13 (m, 11H, Haromatic), 7.27 (m, 2H, Haromatic), 7.41 (m, 2H, Haromatic), 7.63 (s, 1H, Haromatic), 

7.70 (s, 1H, Haromatic). 
13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = 9.00, 24.43, 82.00, 

114.39, 124.50, 125.74, 126.97, 128.59, 128.68, 137.30, 139.36, 140.15, 142.75, 147.50, 

156.87; due to the low S/N, not all of the 13C signals could be resolved. 31P{1H}  NMR 

(161.98 MHz, 300 K, C6D6): ŭ = 0.6 (s). 
31P NMR (161.98 MHz, 300 K, C6D6): ŭ = 0.6 (m). 

11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = 21.92 (br). 
11B NMR (128.38 MHz, 300 K, 

C6D6): ŭ = 21.4 (br s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ = ī131.81 (m, 4F), 

ī151.07 (m, 2 F), ī161.51 (m, 4F). 

3.4.4 Synthesis of 3b 

Benzonitrile (7.5 ɛL, 0.073 mmol, 1 equiv.) was added to a solution of 

2 (50 mg, 0.073 mmol, 1 equiv.) in diethyl ether (1 mL) at room 

temperature. An immediate colour change from orange to deep green 

was observed. The reaction mixture was stirred for 15 minutes, the 

solvent was completely removed, and the dark green oily residue was 

extracted with n-pentane (3 x 2 mL). After reducing the solution to half and storage at 

ī35 °C for 1 hour, 3b could be isolated as dark green needles. Yield: 37 mg (64%). 

Elemental analysis calcd. for C43H25BF10NP (Mw = 787.45 g·mol-1) C 65.59, H 3.20, 

N 1.78; found: C 65.33, H 3.34, N 1.80. UV-Vis: (n-hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 

259 (12766), 320sh (3979). 1H NMR (400.13 MHz, 300 K, C6D6): ŭ = 2.00 (d, 3H, 
2JPH = 13 Hz, Me-TPP), 6.89 ï 7.11 (m, 15H, Haromatic), 7.26 (m, 2H, Haromatic), 7.38 (m, 2H, 

Haromatic), 7.50 (s, 1H, Haromatic), 7.59 (s, 1H, Haromatic), 7.94 (d, 1H, Haromatic). 
13C{1H}  NMR 

(100.61 MHz, 300 K, C6D6): ŭ = 12.10, 85.55, 108.11, 115.10, 124.89, 125.10, 126.37, 

128.82, 128.99, 129.44, 129.69, 131.95, 132.39, 132.65, 132.96, 137.65, 139.69, 140.16, 

140.29, 147.96, 151.26; due to the low S/N, not all of the 13C signals could be resolved. 
31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = ī0.1 (s). 

31P NMR (161.98 MHz, 300 K, 

C6D6): ŭ = ī0.1 (m). 
11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = 23.02 (bs). 

11B NMR 

(128.38 MHz, 300 K, C6D6): ŭ = 23.18 (br s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): 

ŭ = ī131.26 (m, 4F), ī151.01 (m, 2 F), ī161.19 (m, 4F). 

3.4.5 Synthesis of 3c 

3,5-Dibromobenzonitrile (19 mg, 0.073 mmol, 1 equiv.) was added to 

a solution of 2 (50 mg, 0.073 mmol, 1 equiv.) in diethyl ether (1 mL) 

at room temperature. An immediate colour change from orange to 

deep green was observed. The reaction mixture was stirred for 

15 minutes, the solvent was completely removed, and the dark green 

oily residue was extracted with n-hexane (2 mL). After reducing the 

solution to half and storage at room temperature, 3c could be isolated as dark green crystals. 

Yield: 30 mg (43%). Elemental analysis calcd. for C43H23BBr2F10NP (Mw = 945.24 g·mol-

1) C 54.64, H 2.45, N 1.48; found: C 53.99, H 2.58, N 1.39. UV-Vis: (n-hexane, ɚmax / nm, 
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Ůmax / L·molī1·cmī1): 260 (14990), 310sh (7040), 432 (2230). 1H NMR (400.13 MHz, 300 K, 

C6D6): ŭ = 2.12 (d, 3H, 2JPH = 13 Hz, Me-TPP), 7.08 ī 7.13 (m, 2H, Haromatic), 7.15 (s, 4H, 

Haromatic), 7.31 ī 7.34 (m, 3H, Haromatic), 7.45 ī 7.50 (m, 3H, Haromatic), 7.68 (m, 2H, Haromatic), 

7.73 (s, 1H, Haromatic), 7.81 (s, 1H, Haromatic), 8.19 (s, 1H, Haromatic). 
13C{1H}  NMR 

(100.61 MHz, 300 K, C6D6): ŭ = 11.54, 84.93, 115.74, 124.15, 124.89, 125.33, 126.28, 

128.56, 128.61, 130.93, 137.26, 137.94, 138.94, 142.24, 140.14, 147.52, 148.24; due to the 

low S/N, not all of the 13C signals could be resolved. 31P{1H}  NMR (161.98 MHz, 300 K, 

C6D6): ŭ = 0.6 (s). 31P NMR (161.98 MHz, 300 K, C6D6): ŭ = 0.6 (m). 
11B{ 1H}  NMR 

(128.38 MHz, 300 K, C6D6): ŭ = 23.3 (br s). 
11B NMR (128.38 MHz, 300 K, C6D6): ŭ = 23.6 

(br s). 19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ = ī131.29 (m, 4F), ī150.18(m, 2F), 

ī160.82 (m, 4F). 

3.4.6 Synthesis of 3d 

2-Chloroacetonitrile (4.6 ɛL, 0.073 mmol, 1 equiv.) was added to a 

solution of 2 (50 mg, 0.073 mmol, 1 equiv.) in diethyl ether (1 mL) 

at room temperature. An immediate colour change from orange to 

deep green was observed. The reaction mixture was stirred for 

15 minutes, the solvent was completely removed, and the dark green 

oily residue was extracted with n-hexane (3 x 2 mL). After reducing 

the solution to half and storage at room temperature, 3d could be isolated as dark green solid. 

Yield: 22 mg (39%). Elemental analysis calcd. for C38H22BClF10NP (Mw = 759.82 g·mol-1) 

C 60.07, H 2.92, N 1.84; found: C 60.46, H 3.27, N 1.23. UV-Vis: (n-hexane, ɚmax / nm, Ůmax 

/ L·molī1·cmī1): 248 (22550), 307 (13470), 416 (6130). 1H NMR (400.13 MHz, 300 K, 

C6D6): ŭ = 1.78 (d, 3H, 2JPH = 13 Hz, Me-TPP), 4.25 (s, CH2CN), 6.97 ï 7.13 (m, 11H, 

Haromatic), 7.28 (m, 2H, Haromatic), 7.36 (m, 2H, Haromatic), 7.55 (s, 1H, Haromatic), 7.63 (s, 1H, 

Haromatic). 
13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = 10.05, 45.78, 81.91, 114.97, 

124.63, 124.75, 126.08, 126.91, 128.73, 137.19, 138.76, 139.86, 140.13, 147.80, 153.86; 

due to the low S/N, not all of the 13C signals could be resolved. 31P{1H}  NMR (161.98 MHz, 

300 K, C6D6): ŭ = ī1.0 (s). 
31P NMR (161.98 MHz, 300 K, C6D6): ŭ = ī1.0 (m). 

11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = 25.8 (br s). 
11B NMR (128.38 MHz, 300 K, 

C6D6): ŭ = 25.8 (br s). 19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ = ī131.13 (m, 4F), 

ī150.22 (m, 2 F), ī161.29 (m, 4F). 

3.4.7 Synthesis of 3e 

Propionitrile (5.1 ɛL, 0.073 mmol, 1 equiv.) was added to a solution 

of 2 (50 mg, 0.073 mmol, 1 equiv.) in diethyl ether (1 mL) at room 

temperature. An immediate colour change from orange to deep green 

was observed. The reaction mixture was stirred for 15 minutes, the 

solvent was completely removed, and the dark green oily residue was 

extracted with n-hexane (2 mL). After reducing the solution to half 
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and storage at room temperature, 3e was isolated as dark green crystals. Yield: 22 mg (41%). 

Elemental analysis calcd. for C39H25BF10NP (Mw = 739.40 g·mol-1) C 63.35, H 3.41, 

N 1.89; found: C 62.43, H 3.41, N 1.39. UV-Vis: (n-hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 

259 (12766), 320sh (3979). 1H NMR (400.13 MHz, 300 K, C6D6): ŭ = 0.93 (t, 3H, CH2CH3, 
3JHH = 7 Hz), 1.89 (d, 3H, 2JPH = 13 Hz, Me-TPP), 2.65 (dq, 2H, CH2CH3, 

3JHH = 7 Hz, 
3JPH = 2.7 Hz), 7.06 ï 7.23 (m, 11H, Haromatic), 7.38 (m, 2H, Haromatic), 7.53 (m, 2H, Haromatic), 

7.76 (s, 1H, Haromatic), 7.84 (s, 1H, Haromatic). 
13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = 

7.95, 8.84, 29.56, 82.22, 107.9, 114.22, 124.45, 124.48, 125.78, 126.99, 128.59, 128.69, 

137.24, 139.35, 139.94, 142.00, 142.76, 147.55, 161.49; due to the low S/N, not all of the 
13C signals could be resolved. 31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = 0.1 (s). 
31P NMR (161.98 MHz, 300 K, C6D6): ŭ = 0.1 (m). 

11B{ 1H}  NMR (128.38 MHz, 300 K, 

C6D6): ŭ = 23.2 (br s). 
11B NMR (128.38 MHz, 300 K, C6D6): ŭ = 23.2 (br s). 

19F{1H}  NMR 

(376.66MHz, 300 K, C6D6): ŭ = ī131.71 (m, 4F), ī151.15 (m, 2 F), ī161.43 (m, 4F). 

3.4.8 Synthesis of 4 

Compound 4 was prepared in an MBraun argon glove box. 4 is sensitive toward moisture 

and air. 4 is soluble and stable in diethyl ether, benzene. 

2-(dimethylamino)acetonitrile (7.1 ɛL, 0.073 mmol, 1 equiv.) was added 

to a solution of 2 (50 mg, 0.073 mmol, 1 equiv.) in diethyl ether (1 mL) 

at room temperature. An immediate colour change from orange to deep 

pink was observed. The reaction mixture was stirred for 15 minutes, 

while a suspension with a pink solid was formed. The solution was 

decanted and the pink solid was washed with n-hexane (2 x 2 mL). 4 was 

isolated as a pink crystalline powder after drying under vacuum. Yield: 28 mg (50%). 

Elemental analysis calcd. for C40H28BF10N2P (Mw = 768.45 g·mol-1) C 62.52, H 3.67, 

N 3.65; found: C 62.41, H 3.60, N 3.49. UV-Vis: (diethyl ether, ɚmax / nm, Ůmax / 

L·molī1·cmī1): 260sh (17060), 316 (17420), 411 (4100), 523 (6644). 1H NMR 

(400.13 MHz, 300 K, C6D6): ŭ = 1.39 (s, 6H, Me2NCH2CN), 2.05 (d, 3H, 2JPH = 13 Hz, Me-

TPP), 3.43 (s, 2H, Me2NCH2CN), 6.97 ï 7.00 (m, 2H, Haromatic), 7.13 (m, 1H, Haromatic), 7.17 

(m, 4H, Haromatic), 7.34 ï 7.39 (m, 6H, Haromatic), 7.67 (m, 2H, Haromatic), 7.96 (s, 1H, Haromatic), 

8.03 (s, 1H, Haromatic). 
13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = 12.68, 48.80, 73.10, 

82.08, 113.76, 124.25, 124.43, 124.98, 125.61, 128.59, 128.81, 137.40, 137.47, 140.38, 

143.45, 147.95, 165.69; due to the low S/N, not all of the 13C signals could be resolved. 
31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = ī9.2 (s). 31P NMR (161.98 MHz, 300 K, 

C6D6): ŭ = ī9.2 (m). 
11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = 11.5 (br s). 

11B NMR 

(128.38 MHz, 300 K, C6D6): ŭ = 11.3 (br s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ =  

ī128.79 (m, 4F), ī154.91(m, 2 F), ī162.45 (m, 4F). 
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3.4.9 Synthesis of 5a 

Compounds 5a-5c were prepared in an MBraun argon glove box. 5a-5c are sensitive toward 

moisture and air. 5a-5c are soluble and stable in diethyl ether, toluene and benzene. 

Phenylacetylene (16 ɛL, 0.146 mmol, 1 equiv.) was added to a 

solution of 2 (100 mg, 0.146 mmol, 1 equiv.) in benzene (2 mL), the 

mixture was warmed up to 60 °C overnight. A colour change from 

orange to deep red was observed. After cooling down to room 

temperature, the solvent was completely removed. The remaining oily 

residue was triturated with n-hexane (2 mL). After drying under 

vacuum, 5a was isolated as a light red powder. Yield: 70 mg (61%). Elemental analysis 

calcd. for C44H26BF10P (Mw = 786.46 g·mol-1) C 67.20, H 3.33; found: C 66.52, H 3.51. 

UV-Vis: (diethyl ether, ɚmax / nm, Ůmax / L·molī1·cmī1): 451 (414). 1H NMR (400.13 MHz, 

300 K, C6D6): ŭ = 1.20 (d, 3H, 2JPH = 15 Hz, Me-TPP), 6.05 (d, 1H, 2JPH = 22 Hz, HCCPh), 

6.36 (m, 2H, Haromatic), 6.58 (m, 2H, Haromatic), 6.76ī6.87 (m, 5H, Haromatic), 7.02ī7.18 (m, 

7H, Haromatic), 7.36 (m, 2H, Haromatic), 7.58 (s, 1H, Haromatic), 7.65 (s, 1H, Haromatic). 
13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = ī0.33, 66.35, 120.78, 125.09, 127.20, 

128.14, 128.53, 128.70, 128.76, 128.96, 132.05, 134.99, 136.90, 139.46, 148.25, 150.38; 

due to the low S/N, not all of the 13C signals could be resolved. 31P{1H}  NMR (161.98 MHz, 

300 K, C6D6): ŭ = 1.70 (s). 
31P NMR (161.98 MHz, 300 K, C6D6): ŭ = 1.67 (s). 

11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = ī11.16 (s). 
11B NMR (128.38 MHz, 300 K, 

C6D6): ŭ = ī11.18 (s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ = ī128.18 (m, 4F), 

ī159.44 (m, 2 F), ī164.02 (m, 4F). 

3.4.10 Synthesis of 5b 

4-(Trifluoromethyl)phenylacetylene (24 ɛL, 0.146 mmol, 1 equiv.) 

was added to a solution of 2 (100 mg, 0.146 mmol, 1 equiv.) in 

benzene (2 mL), the mixture was warmed up to 60 °C overnight. A 

colour change from orange to deep red was observed. After cooling 

down to room temperature, the solvent was completely removed. The 

remaining oily residue was triturated with n-hexane (2 mL). After drying under vacuum, 5b 

was isolated as a light red powder. Yield: 77 mg (62%). Elemental analysis calcd. for 

C45H25BF13P (Mw = 854.46 g·mol-1) C 63.26, H 2.95; found: C 63.58, H 3.30. UV-Vis: 

(diethyl ether, ɚmax / nm, Ůmax / L·molī1·cmī1): 467 (431). 1H NMR (400.13 MHz, 300 K, 

C6D6): ŭ = 1.19 (s, 3H, Me-TPP), 6.00 (d, 1H, 2JPH = 23 Hz, HCCC6H4CF3), 6.35 (m, 2H, 

Haromatic), 6.46 (m, 2H, Haromatic), 6.74ī6.82 (m, 3H, Haromatic), 6.98ī7.17 (m, 9H, Haromatic), 

7.33 (m, 2H, Haromatic), 7.50 (s, 1H, Haromatic), 7.58 (s, 1H, Haromatic). 
13C{1H}  NMR 

(100.61 MHz, 300 K, C6D6): ŭ = ī0.33, 66.01, 122.37, 124.51, 125.19, 125.40, 128.49, 

128.69, 128.84, 129.15, 129.92, 130.25, 131.77, 135.00, 138.79, 140.34, 141.25, 148.27, 

150.00, 171.76; due to the low S/N, not all of the 13C signals could be resolved. 
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31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = 2.07 (s). 
31P NMR (161.98 MHz, 300 K, 

C6D6): ŭ = 2.07 (s). 
11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = ī11.16 (s). 

11B NMR 

(128.38 MHz, 300 K, C6D6): ŭ = ī11.17 (s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ =  

ī62.68 (s, 3F, CF3), ī128.39 (m, 2F, C6F5), ī159.12 (m, 2 F, C6F5), ī163.94 (m, 4F, C6F5). 

3.4.11 Synthesis of 5c 

4-Bromophenylacetylene (26 mg, 0.146 mmol, 1 equiv.) was added to 

a solution of 2 (100 mg, 0.146 mmol, 1 equiv.) in benzene (2 mL), the 

mixture was warmed up to 60 °C overnight. A colour change from 

orange to deep red was observed. After cooling down to room 

temperature, the solvent was completely removed. The remaining oily 

residue was triturated with n-hexane (2 mL). After drying under vacuum, 5c was isolated as 

a light red powder. Yield: 91 mg (72%). Elemental analysis calcd. for C44H25BBrF10P 

(Mw = 865.36 g·mol-1) C 61.07, H 2.91; found: C 64.45, H 3.42. UV-Vis: (diethyl ether, 

ɚmax / nm, Ůmax / L·molī1·cmī1): 470 (500). 1H NMR (400.13 MHz, 300 K, C6D6): ŭ = 1.19 

(s, 3H, Me-TPP), 5.98 (d, 1H, 2JPH = 23 Hz, HCCC6H4Br), 6.27 (m, 2H, Haromatic), 6.34 (m, 

2H, Haromatic), 6.77ī6.82 (m, 3H, Haromatic), 6.95 (m, 3H, Haromatic), 7.00ī7.08 (m, 6H, 

Haromatic), 7.33 (m, 2H, Haromatic), 7.51 (s, 1H, Haromatic), 7.58 (s, 1H, Haromatic). 
13C{1H}  NMR 

(100.61 MHz, 300 K, C6D6): ŭ = ī0.31, 66.03, 121.26, 122.75, 125.15, 128.59, 128.69, 

128.80, 129.07, 130.86, 131.46, 131.87, 133.38, 135.00, 135.58, 135.71, 139.05, 148.36, 

150.00, 172.24; due to the low S/N, not all of the 13C signals could be resolved. 
31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = 1.92 (s). 

31P NMR (161.98 MHz, 300 K, 

C6D6): ŭ = 1.94 (s). 
11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = ī11.15 (s). 11B NMR 

(128.38 MHz, 300 K, C6D6): ŭ = ī11.16 (s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ = 

ī128.09 (m, 2F), ī159.25 (m, 2 F), ī164.01 (m, 4F). 

3.4.12 Synthesis of 6 

2 (50 mg, 0.073 mmol) was dissolved in benzene (0.5 mL) and heated 

to 60 °C over two days. The solvent of the deep red reaction mixture 

was completely evaporated, and the remaining red oily residue was 

extracted with n-hexane (2 x2 mL). After slow evaporation at room 

temperature and recrystallization from n-hexane, 6 could be isolated as 

deep red crystalline solid. Yield 18 mg, 36%. Elemental analysis calcd. for C36H20BF10P 

(Mw = 684.32 g·mol-1) C 63.19, H 2.95; found C 63.54, H 3.17. UV-Vis: (diethyl ether, ɚmax 

/ nm, Ůmax / L·molī1·cmī1): 270 (22251), 490 (9017). 1H NMR (400.13 MHz, 300 K, C6D6): 

ŭ = 1.65 (d, 3H, 2JPH = 14 Hz), 6.96 (m, 9H, Haromatic), 7.11 (m, 2H, Haromatic), 7.33 (m, 2H, 

Haromatic), 7.54 (m, 3H, Haromatic), 8.04 (bd, 1H, Haromatic). 
13C{1H}  NMR (100.61 MHz, 300 K, 

C6D6): ŭ = 125.37, 125.72, 126.84, 126.88, 128.73, 128.88, 128.94, 137.72, 137.74, 142.25, 

146.42, 146.49, 146.60; due to the low S/N, not all of the 13C signals could be resolved. 
31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = 1.7 (s). 

31P NMR (161.98 MHz, 300 K, 
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C6D6): ŭ = 1.8. 
11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = 54.2 (br s). 

11B NMR 

(128.38 MHz, 300 K, C6D6): ŭ = 54.4 (br s). 
19F{1H}  NMR (376.66MHz, 300 K, C6D6): ŭ = 

ī129.3 (m), ī130.3 (s), ī133 (m), ī144.7 (m), ī154.8 (m), ī159.5 (s), ī160.8 (s), ī161.9 

(s), ī162.7 (s). MS (LIFDI, toluene): m/z (%) = 684.14 M+· (6). 
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Chapter 4 

2-(2ǋ-Pyridyl) -4,6-Diphenylphosphinine as Platform for the Synthesis of 

Phosphorus/Boron-Based Lewis Pairs 

 

Abstract:  Herein, we present the synthesis of novel phosphorus/boron-based Lewis pairs generated 

from 2-(2ǋ-pyridyl)-4,6-diphenylphosphinine [P,N]. Chapter 3 reported that the reaction of a 1-

methyl-2,4,6-triphenylphosphacyclohexadienyl anion derived from 2,4,6-triphenylphosphinine with 

(C6F5)2BCl affords a phospha-bora-norbornadiene with frustrated Lewis pair like reactivity. In this 

work, we investigated if the introduction of an auxiliary donor on the phosphinine has an impact on 

the coordination chemistry. Addition of MeLi to [P,N] and subsequent salt metathesis with 

chloroboranes affords ɚ5-phosphinines containing a P/B/N-heterocycle (2-BC6F5, 2-BCF3, 2-Bcat 

and 2-BPh). All of these compounds possess the same structural motif, where the boron moiety is 

chelated by the P and N atoms. Variation of the substituents on the chloroborane has little impact on 

the reaction outcome. The implementation of the more sterically demanding tert-butyl group on the 

P atom results in the formation of a mixture of a P/B/N-heterocycle 3-BC6F5 and a phosphirane 4. 

The unusual structure of 4 differs significantly from compounds 3-X (X = BC6F5, BCF3, Bcat and 

BPh), highlighting how steric hindrance can affect the reaction behavior of the P atom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All reactions and characterizations were performed by J. Leitl. P. Coburger performed all DFT 

calculations. R. Wolf conceived and supervised the project.  
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4.1 Introduction  

Early in the last century, Gilbert N. Lewis propelled our understanding of chemical bonding 

by defining a new acid base concept.[1] He stated that acids can be considered as electron-

pair acceptors and bases as electron donors. The former are now termed Lewis acids (LA) 

and the latter Lewis bases (LB) .[2] Lewis pairs are formed via donation of the lone pair 

electrons of the LB into an empty orbital of the LA (a, Figure 1). When a LB and a LA 

cannot form a Lewis pair (generally due to steric constraints) unexpected reactivity occurs. 

In 1942, H. C. Brown reported that Lewis pair formation does not occur for combination of 

lutidine and BMe3.
[3] However 85 years later Geier and Stephan reported that a related Lewis 

pair consisting of lutidine and the triarylborane B(C6F5)3 is able to split dihydrogen.[4] The 

observed reactivity can be ascribed to the formation of a frustrated Lewis pair (FLP) in 

solution, which is in an equilibrium with the classical LA/LB adduct according to 

multinuclear NMR studies.[5] The combination of a bulky LA and a bulky LB inhibits the 

formation of a donor-acceptor or a dative bond. This leads to the formation of an FLP (b, 

Figure 1), which has increased reactivity compared to classical LA/LB pairs, allowing the 

activation of inert small molecules.[6] A similar phenomenon was observed by Wittig and 

Benz, who described the formation of zwitterionic alkyne addition products with PPh3 and 

BPh3.
[7] Tochtermann also observed alkene addition to a combination of trityl anion and 

BPh3.
[8] 

 

 

Figure 1. Schematic illustration of classical Lewis pair and frustrated Lewis pair (FLP) formation. 

 
 

Activation of small molecules was also observed for Stephanôs original main-group-based 

intramolecular FLP Mes2PC6F4B(C6F5)2, which is capable of splitting dihydrogen reversibly 

(A, Figure 2).[9] Phosphorus/boron-based FLPs have been especially prominent in the field.[5] 

Intramolecular FLPs are well-known, such as the ethylene-bridged (Mes2P)C2H4(B(C6F5)2) 

(B, Figure 2), while intermolecular FLP systems were also found to split H2 under ambient 
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conditions such as the combination of bulky P-donors tBu3P and Mes3P with B(C6F5)3 (C, 

Figure 2).[10,11] 

 

Figure 2. Examples for dihydrogen activation by different P/B-based FLPôs. 

 

The utilization of phosphinines as the Lewis basic moiety in FLPs remains mostly 

unexplored except for one example by Stephan and co-workers, who reported on the splitting 

of H2 with 2,4,6-tri-tert-butyl-1,3,5-triphosphinine.[12] To test the potential of phosphinines 

in FLP chemistry, we decided to treat the ɚ4-phosphinine anion D with the chloroborane 

(C6F5)2BCl in order to generate a neutral phosphinoborane with a Lewis basic phosphinine 

and a Lewis acidic boron site (a, Scheme 1 or see Chapter 3). The reaction of D with 

(C6F5)2BCl affords the 1-phospha-7-bora-norbornadiene E, which possesses a direct, 

strained and polar PīB-bond. Although E is considered as a classical LA/LB pair, it shows 

FLP type reactivity toward triple bonds.[13] The reaction of E with nitriles leads to the 

formation of insertion products, whereas the reaction with phenylacetylene derivatives 

affords phosphabarrelenes (for details see Chapter 3). 

 

Scheme 1. Synthesis of TPP-based Lewis pair E (a, Chapter 3) and analogue reaction with 2-(2ǋ-pyridyl)-4,6-

diphenylphosphinine [P,N] (b); TPP = 2,4,6-triphenylphosphinine. 
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In this context, we subsequently sought to investigate the synthesis of different 

phosphinoboranes via the reaction of 2-(2ǋ-pyridyl)-4,6-diphenylphosphinine [P,N] with 

chloroboranes (b, Scheme 2). The introduction of an auxiliary donor group in [P,N] should 

have an effect on the reactivity toward chloroboranes. The pyridyl-phosphinine ligand can 

be considered as a bidentate hybrid ligand because it possesses, according to the HSAB 

concept, a ñhardò ů-donating N and a ñsoftò ˊ-accepting P donor.[14] A range of novel 

transition metal complexes have been synthesized due to the chelate effect of the ligand. It 

was possible to isolate metal complexes bearing [P,N] where the metal centers can possess 

both, low and high oxidation states, which was not possible with monodentate phosphinine 

complexes thus far.[15ī19] Additionally, activation of small molecules (CH3OH, H2O, NH3, 

CO2) is possible with [P,N] containing complexes.[20ī23] These preliminary studies on [P,N] 

show that its reactivity stands out from monodentate phosphinines, which should also be 

reflected by the reactivity with chloroboranes in this chapter. 

Here we describe the synthesis of novel phosphorus/boron-based Lewis pairs generated from 

2-(2ǋ-pyridyl)-4,6-diphenylphosphinine [P,N]. Chapter 3 reported that the reaction of a 1-

methyl-2,4,6-triphenylphosphacyclohexadienyl anion, derived from 2,4,6-triphenyl-

phosphinine, with (C6F5)2BCl affords a phospha-bora-norbornadiene with frustrated Lewis 

pair like reactivity. In this work, we investigated if the introduction of an auxiliary donor on 

the phosphinine has an impact on the coordination chemistry. Addition of MeLi to [P,N] and 

subsequent salt metathesis with chloroboranes affords ɚ5-phosphinines containing a P/B/N-

heterocycle (2-BC6F5, 2-BCF3, 2-Bcat and 2-BPh). All of these compounds possess the 

same structural motif, where the boron moiety is chelated by the P and N atoms. Variation 

of the substituents on the chloroborane has little impact on the reaction outcome. The 

implementation of the more sterically demanding tert-butyl group on the P atom results in 

the formation of a mixture of a P/B/N-heterocycle 3-BC6F5 and phosphirane 4. The unusual 

structure of 4 differs significantly from compounds 3-X (X = BC6F5, BCF3, Bcat and BPh), 

highlighting how steric hindrance can affect the reaction behavior of the P atom. 
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4.2 Results and Discussions 

Encouraged by the results presented in Chapter 3, it was decided to react the ɚ4-

phosphacyclohexadienyl anion 1-Me with chloroboranes in order to obtain neutral 

phosphino-borane compounds via salt elimination. 1-Me is readily accessible by reaction of 

2-(2ǋ-pyridyl)-4,6-diphenylphosphinine ([P,N]) with MeLi at low temperatures 

(Scheme 2).[24] Upon addition of R2BCl (R = C6F5, C6H3(CF3)2, Ph, O2C6H4) to a reaction 

mixture containing 1-Me in diethyl ether (Et2O) at ī35 °C, salt elimination of LiCl occurs 

and a color change from deep blue to red (for R = C6F5) or purple (for R = C6H3(CF3)2, Ph, 

O2C6H4) can be observed. Compounds 2-BC6F5, 2-BCF3, 2-Bcat and 2-BPh can be isolated 

as red or purple solids in moderate to good yields (18ī75%). All compounds were 

characterized by single crystal X-ray crystallography, NMR and UV-Vis spectroscopy and 

elemental analysis. 

 

Scheme 2. Synthesis of phosphacyclohexadienyl anion 1-Me and subsequent reaction with chloroboranes 

R2BCl (R = C6F5, C6H3(CF3)2, Ph, O2C6H4) leading to the formation of 2-BC6F5 (43%), 2-BCF3 (75%), 2-Bcat 

(18%), and 2-BPh(23%); yields are given in parentheses. 

 

X-ray quality single crystals of compounds 2-X (X = BC6F5, BCF3, Bcat and BPh) were 

obtained by slow evaporation of an n-hexane solution at room temperature. The solid-state 

molecular structures were determined by single-crystal X-ray diffraction. The structures are 

analogous to one another and show the formation of a five-membered heterocycle which 

contains four different types of main group atoms B, C, N and P (Figure 3). The B atom is 

bound directly to the P atom, forming a P-B Lewis pair, and it is additionally bound to the 

nitrogen atom of the flanking pyridine ring. Slight variation of the substituents, electronically 

or sterically, on the B moiety has little effect on the molecular structure. In contrast to E, 

compounds 2-X do not form a norbornadiene architecture. The lone pair of electrons on the 

N and the P atoms, donate their electron density to the empty p-orbital of the B atom leading 

to a ring-closure in 2. The fold angles of the C2īP1īC6 plane and CīC bond lengths indicate 

that the ɚ5-phosphinine moiety remains anionic (see Table 1). Calculations at the BP86-

D3BJ/def2-TZVP[25ï29] level of theory confirm the presence of a ɚ5-phosphacyclohexadienyl 

anion in 2-BC6F5 (left, Figure 4). The HOMO resembles that of the parent C5H5PMeī anion 

(right, Figure 4). The distances of the P1 atom to the methyl group are in the range of PīC 

single bonds (PīC = 1.86; see Table 1).[30] The P1īB1 as well as the B1īN1 bond lengths 
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are in the range of single bonds (PīB = 1.96 ¡; BīN = 1.56 Å).[30] By contrast, N1īC7 bond 

lengths are elongated and C6īC7 bond lengths are shortened compared to the sum of the 

covalent radii (1.27 Å for N=C ; for 1.50 ¡ CīC )[30], which is also observed for other 

pyridyl-phosphinines.[23]  

 

Figure 3. Solid state molecular structures of compounds 2-BC6F5, 2-BCF3, 2-Bcat and 2-BPh; displacement 

ellipsoids are shown at the 40% probability level; H atoms are omitted for clarity; C6F5-, mesityl and phenyl-

groups are transparent for clarity; the crystal of 2-BCF3 contained two crystallographically independent 

molecules with very similar structural parameters, only one of these molecules is shown. 

 

 

 

 

 

   

Figure 4. HOMOs of 2-BC6F5 (left) and C5H5PMeī anion (right) obtained at the BP86-D3BJ/def2-TZVP level 

of theory; hydrogen atoms of 2-BC6F5 have been omitted for clarity. 
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Table 1. Selected bond lengths [Å] and angles [°] of 2-BC6F5, 2-BCF3, 2-Bcat and 2-BPh; the crystal of  

2-BCF3 contained two crystallographically independent molecules with very similar structural parameters, 

the parameters for only one of the molecules is displayed. 

 bond lengths [Å] / angles [°] 

bond type / angle 2-BC6F5 2-BCF3 2-Bcat 2-BPh 

P1īC1 1.8146(13) 1.815(3) 1.8221(17) 1.8192(12) 

P1īC2 1.7841(12) 1.786(3) 1.7800(15) 1.7925(12) 

C2īC3 1.3634(18) 1.377(4) 1.372(2) 1.3704(17) 

C3īC4 1.4421(17) 1.437(4) 1.441(2) 1.4391(16) 

C4īC5 1.3813(17) 1.374(4) 1.385(2) 1.3834(17) 

C5īC6 1.4144(17) 1.405(4) 1.403(2) 1.4079(16) 

P1īC6 1.7533(12) 1.757(2) 1.7471(15) 1.7542(11) 

P1īB1 2.0112(14) 2.015(3) 2.0295(18) 2.0145(13) 

B1īN1 1.5774(16) 1.592(3) 1.581(2) 1.6038(15) 

N1īC7 1.3741(16) 1.375(3) 1.3736(19) 1.3759(15) 

C6īC7 1.4142(17) 1.414(4) 1.420(2) 1.4173(16) 

C2īP1īC6 102.86(6) 100.63(12) 102.80(7) 102.41(6) 

C2īP1īB1 127.14(6) 128.51(12) 132.85(7) 127.24(5) 

C1īP1īB1 112.33(6) 112.34(13) 107.95(8) 112.63(6) 

C6īP1īB1 94.64(6) 94.75(12) 94.28(7) 95.17(5) 

P1īB1īN1 97.58(8) 96.92(15) 96.16(9) 96.61(7) 

fold angle 

C2īP1īC6 
29.5331(14) 32.7187(4) 29.8619(7) 27.7328(4) 

fold angle 

C6īP1īB1 
46.549(2) 43.0167(12) 34.4688(6) 43.6465(7) 

 

A similar heterocycle as for 2-X is observed for Bertrandôs compound F (Scheme 3), which 

is formed by reaction of a phosphino silyl azirine with BH3ĀSMe2 via ring-opening of the 

azirine and subsequent ring-closure via the ñBò moiety.[31] Another example is boronium 

compound [HB(amphos)]Br (G) reported by Hill  and co-workers. This compound is readily 

accessible through the reaction of N,N-dimethyl-2-(diphenylphosphino)aniline (amphos) 

with Br2HB·SMe2 (Scheme 3).[32] A procedure similar to the synthesis of 2-BC6F5 was 

employed by van der Vlugt with 2-(diphenylphosphinomethyl)-6-methyl-pyridine. After 

lithiation of the phosphinomethyl-pyridine with nBuLi, PhBCl2 was added to form H via salt 

elimination (Scheme 3).[33] The values of PīB and PīN bond lengths and the PīBīN angles 

of F, G and H are in a similar range to compounds 2-X. 
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Scheme 3. Examples for P/B/N-containing five-membered heterocycles; R = Cy2N. 

 

The 31P{1H} NMR spectra of compounds 2-X show signals which substantiate a direct 

interaction of the phosphorus and boron nuclei, due to their broadness and multiplicities. The 
31P{1H} NMR spectrum of 2-BC6F5 displays a broad quartet in high field at ŭ (ppm) = ī21.5 

with a coupling constant of ca. 1JPB = 80 Hz indicating the presence of a direct PīB bond 

(Figure 5). The shape and broadness of the signal resembles that of norbornadiene E. 

Compound E shows a broad unresolved doublet at ŭ (ppm) = +18.6 in the 31P{1H} NMR 

spectrum. Usually, a 1:1:1:1 quartet is expected for a compound containing direct 1J PīB 

coupling due to the nuclear spins (I) of the nuclei 11B (I = 3/2) and 31P (I = 1/2). In the case 

of compound E, PīB bond opening and closure events and effects of the quadrupole 

relaxation have an impact on the line width and multiplicity of the signal. The five-

membered heterocycles F, G and H shown in Scheme 3, which also contain direct PīB 

bonds show similar signals to E in the 31P{1H} NMR spectrum. Surprisingly, in the case of 

2-BC6F5, the quartet arising from 1J PīB coupling is visible, however, the intensities are 

similar to that of classical quartets. The broadness of the signal (ca. ɜ½ = 300 Hz) arises 

conceivably from quadrupolar relaxation effects of the 11B nucleus. The 11B{ 1H} NMR 

spectrum of 2-BC6F5 displays a broad doublet at ŭ (ppm) = ī3.9 with a coupling constant of 
1JPB = 95 Hz, due to the direct PīB bond. The 31P{1H} NMR spectra for 2-BCF3 and 2-BPh 

show signals at ŭ (ppm) = ī23.8 and ī24.4 in the same region as 2-BC6F5 (ŭ (ppm) = ī21.5). 

In contrast to 2-BC6F5, the quartet structure is not resolved for 2-BCF3 and 2-BPh (see 

Figure 5). Instead, the signal for 2-BCF3 is a broad doublet with a coupling constant of ca. 
1JPB = 95 Hz and the signal of 2-BPh shows as a broad singlet with a line width of ca. 

ɜ½ = 180 Hz. The broadness of both signals arises presumably from quadrupolar relaxation 

effects of the boron atom. Similar to 2-BC6F5, 2-Bcat gives rise to a quartet signal at 

ŭ (ppm) = ī51.5 with a coupling constant of 1JPB = 153 Hz in the 31P{1H} spectrum 

(Figure 5). 2-Bcat shows an almost ideal 1:1:1:1 quartet, as expected for the spins of the 

nuclei (vide supra). Compared to the previously mentioned compounds 2-X (X = BC6F5, 

BCF3 and BPh) the signal is high field shifted and the PīB coupling is very well resolved. 
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The pronounced high-field shift by approximately 30 ppm is likely explained by the electron 

donating (+M)/shielding effect of the catechol group. As shown in Table 2, similar trend is 

observed for a range of related diphenyl phosphinoborane compounds. 31P NMR resonances 

of dioxoboroles[34,35] generally are strongly shifted to high field compared to diaryl-

substituted phosphinoboranes. [36ī38] The different electronic environment of the 11B nucleus 

also affects the 11B{ 1H} NMR spectra. 2-BC6F5, 2-BCF3 and 2-BPh give rise to a broad 

singlet at ŭ (ppm) = 4.0, 0.6 and 2.2, while the signal for 2-Bcat is a broad doublet at 

ŭ (ppm) = 13.3 with coupling constant of 1JPB = 160 Hz. 

 

Figure 5. 31P{1H} NMR spectra (161.98 MHz, 300 K) of compounds 2-BC6F5, 2-BCF3, 2-Bcat and 2-BPh 

recorded in C6D6. 

 

Table 2. 31P{1H}  and 11B{ 1H}  NMR shifts ŭ [ppm] of different phosphinoboranes; pin = O2C6H12, 

cat = O2C6H4, quin = O2C14H8, Mes = mesityl. 

compound 31P{1H}  11B{ 1H}  

Ph2PBpin ī63.5 +34.0 

Ph2PBcat ī66.9 +36.0 

Ph2PBquin ī66.1 +37.1 

Ph2PBMes2 +26.7 +70.9 

[Ph2PBC6F5]2 ī0.8 ī2.2 (t, 1JPB = 66 Hz) 

Ph3PB(C6F5)3 ī5.2 ī2.5 

 



Chapter 4: 2-(2ô-Pyridyl)-4,6-Diphenylphosphinine as Platform for the Synthesis of P/B-Based Lewis Pairs 

 

73 

 

Since the variation of the electronic and steric properties on the boron atom has little 

influence on the molecular structure, the effect of changing the substituent on the P atom in 

the phosphinine moiety with a bulkier group was explored next. To this end, ɚ4-

phosphacyclohexadienyl anion 1-tBu was prepared by reacting [P,N] with tert-butyl lithium 

(Scheme 4). Compound 1-tBu was subsequently reacted with chloroboranes 

{ C6H3(CF3)2} 2BCl, Ph2BCl, (cat)BCl and (C6F5)2BCl in diethyl ether at low temperature 

(T = ī35 °C or ī78 °C, see Scheme 4). An immediate color change from deep blue to purple 

was observed. The multinuclear NMR data suggest the formation of P/B/N-heterocycles 3-X 

(X = BCF3, BPh, Bcat), similar to 2-X depicted in Scheme 2 above, although the molecular 

structures could not be determined by single crystal X-ray crystallography. 31P{1H} NMR 

investigations of the reaction mixture show that the formation of 3-X was selective for the 

first three chloroboranes, while the formation of a mixture of two compounds 3-BC6F5 and 

4 was observed with (C6F5)2BCl (vide infra). For R2BCl (R = C6H3(CF3)2, Ph, C6F5) broad 

signals could be observed at similar chemical shifts (3-BCF3: ŭ (ppm) = ī4.2; 3-BPh2: 

ŭ (ppm) = ī5.3; 3-BC6F5: ŭ (ppm) = ī3.2) and in addition they show also large line widths 

(3-BCF3: ɜ½ = 216 Hz; 3-BPh2: ɜ½ = 90 Hz; 3-BC6F5: ɜ½ = 200 Hz). Similar to 2-Bcat 

(vide supra), the signal of the catecholborate species 3-Bcat differs from the others. The 

signal of 3-Bcat is a well-resolved 1:1:1:1 quartet at ŭ (ppm) = ī30.0 with a coupling 

constant of 1JPB = 150 Hz. 

 

Scheme 4. Synthesis of phosphinoborates 3-X and 4 via tert-butyl substituted phosphacyclohexadienyl anion 

1-tBu. 
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Figure 6. 31P{1H} reaction NMR spectra (161.98 MHz, 300 K) of the reaction of 1-tBu with 

{ (CF3)2C6H3} 2BCl, (catechol)BCl and Ph2BCl recorded in C6D6; ° unknown impurity. 

 

3-Bcat and 3-BPh were not isolated as pure compounds as yet. However, compound 3-BCF3 

was synthesized from the reaction of 1-tBu with {C6H3(CF3)2} 2BCl and isolated as purple 

crystals in 22% yield. The analytical data of 3-BCF3 was compared with the methyl-

substituted analogue 2-BCF3. The 31P{1H} signal of 3-BCF3 arises as a broad singlet and is 

shifted to low field compared to 2-BCF3 (ŭ (ppm) = ī4.2 vs. ŭ (ppm) = ī23.8, respectively). 

Additionally, its signal is less resolved (ɜ½ = 216 Hz) compared to the broad doublet of 

2-BCF3 (1JPB = 95 Hz). The 11B{ 1H} spectra are similar for both compounds because they 

display broad singlets at ŭ (ppm) = 0.6 and ŭ (ppm) = 0.8 for 2-BCF3 and 5-BCF3 

respectively. The 19F{1H} spectrum of 2-BCF3 displays a multiplet at ŭ (ppm) = ī62.7, 

which may be the result from coalescence of the 19F signals due to rotation of the aryl 

substituents around the BīC axis. For 3-BCF3 the signal arises in the same range but in this 

case two singlets in 1:1 ratio at ŭ (ppm) = ī62.8 and ŭ (ppm) = ī62.9 are observed. The fact 

that two singlets are observed may be attributed to the presence of two chemically-distinct 

C6H3(CF3)2 rings, which may suffer from hindered rotation around its BīC bond. From the 

comparison of the spectroscopic data, it can be assumed that the molecular structure of 3-

BCF3 is similar to 2-BCF3. 

For the reaction of 1-tBu with (C6F5)2BCl, 31P{1H} NMR spectroscopy indicated the 

presence of two species in the reaction mixture in a 1:2 ratio (Figure 7). One signal appears 

as a broad multiplet at ŭ (ppm) = ī3.2 with a line width of ca. ɜ½ = 200 Hz. This signal is 

assigned to 3-BC6F5 based on the similar habit and chemical shift with the signals of 

2-BC6F5. The signal of the second species arises as a high field shifted sharp singlet at 

ŭ (ppm) = ī86.5 (4, see Scheme 4). This indicates that there are no phosphorus boron 

interactions in this compound. 
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Figure 7. 31P{1H} NMR spectrum (161.98 MHz, 300 K) of the reaction mixture of 1-tBu with (C6F5)2BCl 

recorded in C6D6. 

 

Due to 3-BC6F5 and 4 possessing very similar solubility, separation of these compounds in 

acceptable yields has been unsuccessful as of yet. Nevertheless, single crystals of 4 suitable 

for X-ray diffraction were obtained in a very low yield from slow evaporation of an n-hexane 

solution of 3-BC6F5 and 4. The solid state molecular structure of 4 reveals the formation of 

a phosphirane through intramolecular CīC bond formation (Figure 8). It appears that 

coordination of the P atom to the boron moiety is inhibited due to the steric demand of the 

tert-butyl substituent. Instead, the boron moiety is connected to the N atom of the pyridyl 

substituent and meta-C7 of the phosphinine leading to the formation of a five-membered 

BNC3 heterocycle. Compound 4 thus can be described as a concatenation of one six-, two 

five- and one three-membered rings. All bond lengths in the phosphirane ring (PīC and CīC 

bonds) are in the range of single bonds (see Table 3).[30] The short bond length of C8īC9 

(1.3419(19) Å) indicates the presence of a C=C double bond.[39] Distances in the N/B 

containing heterocycle are in the range of single bonds (see Table ).[30] The formation of 4 

from 1-tBu is the first instance of synthesizing a phosphirane from a phosphinine. 
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Figure 8. Solid state molecular structure of compound 4; displacement ellipsoids are shown at the 40% 

probability level; H atoms are omitted for clarity; C6F5- and phenyl-groups are transparent for clarity; the 

crystal of 4 contained a second crystallographically independent molecule with very similar structural 

parameters, only one of these molecules is shown. 

 

Table 3. Selected bond lengths [Å] and angles [°] of 4; the crystal of 4 contained two crystallographically 

independent molecules with very similar structural parameters, the parameters for only one of the molecules is 

displayed. 

bond type bond length [Å] bond angle type angle [°] 

P1īC1 1.8878(15) C5īP1īC6 49.09(5) 

P1īC5 1.8703(14) N1īB1īC7 98.62(10) 

P1īC6 1.8713(13) C6īC7īB1 103.30(10) 

C6īC5 1.5543(18) C10īC6īP1 116.70(9) 

C6īC7 1.5365(18) C6īC10īN1 111.04(11) 

C7īC8 1.5100(18) P1īC5īC9 119.05(10) 

C8īC9 1.3419(19) fold angle C5īP1īC6 61.297(2) 

C9īC5 1.485(2) 
fold angle 

C10īC6īC7īB1 plane 
47.6728(16) 

C7īB1 1.6634(19) 
fold angle 

C10īN1īB1 
16.5605(6) 

B1īN1 1.5977(19)   

N1īC10 1.3538(17)   

C10īC6 1.4718(19)   
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The formation of two different species in the reaction of 1-tBu (C6F5)2BCl can likely be 

attributed to the extra steric encumbrance on the phosphinine moiety. Compound 3-BC6F5 

is formed by chelation of the chloroborane via the P and N atoms of the pyridyl-phosphinine 

with concomitant salt elimination. However, the formation of 4 is more complex. The 

ɚ5-phosphacyclohexadienyl anion in 1-tBu can be depicted in three different resonance 

structures (IīII I ) (Figure 9a). It is known for phosphinines that not only the P atom can 

donate electron density via its lone pair of electrons, but also the carbocyclic part of the 

heterocycle can act as nucleophile.[40] The ortho-C atom in II  is nucleophilic and is able to 

donate electron density into the empty p-orbital of the boron atom (Figure 9b). Additionally, 

the nitrogen atom of the pyridyl substituent coordinates via its lone pair of electrons. These 

two nucleophilic attacks on boron lead to the formation of phosphirane 4 with concomitant 

elimination of LiCl. Calculations at the BP86-D3BJ/def2-TZVP level of theory reveal that 

isomer 3-BC6F5 is energetically favored over 4 by 20.2 kcalĀmolī1 (R = tBu) and 

17.0 kcalĀmolī1 (R = Me) respectively (Figure 9c). Thus, we posit 4 must be the kinetic 

product and 3-BC6F5 the thermodynamic product. 

 

 

Figure 9. (a) resonance structures of 1-tBu; (b) proposed mechanism of the formation of 4; (c) calculated 

energies at the BP86-D3BJ/def2-TZVP level of theory for 3-BC6F5 and 4; ȹE in kcalĀmolī1. 

 

 

4.3 Conclusion 

 

In summary, a range of pyridyl-phosphinine-based phosphinoborate anions have been 

synthesized by salt metathesis of phosphacyclohexadienyl anions with chloroboranes. 

Reactions of the methyl-substituted anion 1-Me with (C6F5)2BCl, { C6H3(CF3)2} 2BCl, 

(catechol)BCl and Ph2BCl leads to the formation of 2-BC6F5, 2-BCF3, 2-Bcat and 2-BPh in 

moderate to good yields. All of these compounds display the same Lewis pair structure motif 
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in the solid state: pyridyl-phosphinine anion 1-Me chelates via the lone pair of electrons of 

the P and N atom to the boron moiety resulting in a five-membered heterocycle. In contrast 

to the synthesis of the phosphanorbornadiene E from a 1-methyl-2,4,6-

triphenylphosphacyclohexadienyl anion and chloroborane described in chapter 3 of this 

thesis, the flanking pyridyl group in [P,N] provides the phosphinine bidentate abilities, 

which inhibits norbornadiene formation. Altering the substituents on the borane has little 

effect on the reaction outcome. However, changing the substituent on the P atom to a bulkier 

group has an effect. The reaction of tert-butyl-substituted 1-tBu with (C6F5)2BCl results in 

the formation of a mixture of products in a 1:2 ratio. Again, a P/B/N-heterocycle 3-BC6F5 is 

formed, but the major species in this reaction is the unprecedented phosphirane 4. Compound 

4 is energetically disfavoured by +20.2 kcalĀmolī1 with respect to 3-BC6F5, and thus appears 

to be the kinetic product of the reaction. The reaction of 1-tBu with other chloroboranes 

possessing different substituents leads to the formation of P/B/N-heterocycles 3-BCF3, 

3-Bcat and 3-BPh. This work showed that the introduction of the substituent on the 

phosphinine moiety may have a major impact on the reactivity. The implementation of a 

pyridyl-substituent on the phosphinine leads to phosphinoborate chelate products rather than 

norbornadienes. Future work should focus on the reactivity of these heterocycles. 

 

 

Figure 10. Overview of 2-(2ǋ-pyridyl)-4,6-diphenylphosphinine-based phosphinoborates. 

 

  



Chapter 4: 2-(2ô-Pyridyl)-4,6-Diphenylphosphinine as Platform for the Synthesis of P/B-Based Lewis Pairs 

 

79 

 

4.4 Experimental Details 

4.4.1 General Considerations 

All experiments were performed under an atmosphere of dry argon by using standard 

glovebox techniques. Diethyl ether and n-hexane were purified, dried, and degassed with an 

MBraun SPS800 solvent purification system. NMR spectra were recorded on Bruker Avance 

300, Avance 400 and Avance 600 spectrometers at 300 K and internally referenced to 

residual solvent resonances. The assignment of the 1H and 13C NMR signals was confirmed 

by two-dimensional (COSY, HSQC, and HMBC) experiments. UV/vis spectra were 

recorded on a Varian Cary 50 spectrometer. Elemental analyses were determined by the 

analytical department of Regensburg University. 1-Me and 1-tBu were synthesized 

according to a literature procedure.[24] (C6H3(3,5-CF3)2)2BCl was received from J. C. 

Slootweg, and Ph2BCl and (C6F5)2BCl were and synthesized by an unpublished procedure 

from J. C. Slootweg.[41,42] Chlorocatecholborane was purchased from Sigma Aldrich and 

used as received. 

X-ray Crystallography: The single-crystal X-ray diffraction data were recorded on an 

Agilent Technologies SuperNova and a GV1000, TitanS2 diffractometer with Cu-KŬ 

radiation (ɚ = 1.54184 Å). Either semi-empirical multi-scan absorption corrections[43] or 

analytical ones[44] were applied to the data. The structures were solved with SHELXT[45] and 

least-square refinements on F2 were carried out with SHELXL.[46] The hydrogen atoms were 

located in idealized positions and refined isotropically with a riding model. 

4.4.2 Synthesis of 2-BC6F5 

A solution of (C6F5)2BCl (87 mg, 0.23 mmol, 1 equiv.) in diethyl ether 

(3 mL) was slowly added to a solution of 1-Me (100 mg, 0.23 mmol, 

1 equiv.) in diethyl ether (3 mL) at ī 35 °C. An immediate color change 

from deep blue to red was observed and a precipitate was formed. The 

red suspension was stirred overnight and the solid was separated from 

the solution. The red solution was evaporated to dryness, and the remaining red oil was 

extracted with n-hexane (7 x 2 mL). The solvent was evaporated to half the volume. After 

storage at ī35 °C, 2-BC6F5 was isolated as a red solid. Yield 67 mg, 43%. Elemental 

analysis calcd. for C35H19BF10NP (Mw = 685.31 g·mol-1) C 61.34, H 2.79, N 2.04; found 

C 61.65, H 2.83, N 2.11. UV-Vis: (n-hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 310 (26074), 

523 (16519). 1H NMR (400.13 MHz, 300 K, [D8]THF): ŭ = 0.88 (d, 3H, 2JPH = 12 Hz), 

6.36ī6.39 (m, 1H), 7.08ī7.19 (m, 4H), 7.29ī7.32 (m, 2H), 7.35ī7.45 (m, 5H), 7.54ī7.56 

(m, 2H), 7.61 (d, 1H, J = 5 Hz), 7.65 (s, 1H). 13C{1H}  NMR (100.61 MHz, 300 K, 

[D8]THF): ŭ = 11.9 (d, J = 50.0 Hz), 74.5 (s), 75.1 (s), 106.3 (s), 106.9 (s), 112.9 (s), 118.7 

(d, J = 10 Hz), 124.9 (s), 125.1 (s), 125.9 (s), 126.0 (s), 127.4 (m), 129.0 (s), 129.5 (s), 133.4 

(s), 138.1 (d, J = 12 Hz), 138.9 (d, J = 2 Hz), 142.6 (s), 142.7 (s), 143.4 (s), 148.2 (bs), 150.0 

(bs), 161.1 (s), 161.4 (s); 27 13C signals are expected for 2-BC6F5, but due to the low S/N, 

not all of the 13C signals could be resolved. 31P{1H}  NMR (161.98 MHz, 300 K, [D8]THF): 
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ŭ = ī21.5 (bd, 1JPB = 113 Hz). 31P NMR (161.98 MHz, 300 K, [D8]THF): ŭ = ī21.5 (bd, 
1JPB = 113 Hz). 11B{ 1H}  NMR (128.38 MHz, 300 K, [D8]THF): ŭ = ī4.0 (bd, 1JPB = 95 Hz). 
11B NMR (128.38 MHz, 300 K, [D8]THF): ŭ = ī4.0 (bd, 1JPB = 91 Hz). 19F{1H}  NMR 

(376.66MHz, 300 K, [D8]THF): ŭ = ī129.4 (bs, 2F), ī131.4 (m, 1F), ī156.3 (m, 1F), ī157.1 

(m, 1F), ī163.4 (m, 3F), ī164.0 (m, 3F); the integration of the 19F signals is higher than 

expected due to the low S/N. 

4.4.3 Synthesis of 2-BCF3 

A solution of (C6H3(3,5-CF3)2)2BCl (106 mg, 0.23 mmol, 1 equiv.) in 

diethyl ether (3 mL) was slowly added to a solution of 1-Me (100 mg, 

0.23 mmol, 1 equiv.) in diethyl ether (3 mL) at ī35 °C. An immediate 

color change from deep blue to deep purple was observed. The purple 

solution was stirred overnight, filtered and evaporated to dryness. The 

remaining purple oil was extracted with n-hexane (5 mL) and the 

solvent was evaporated to half the volume. After storage at ī35 °C, 2-BCF3 was isolated as 

purple crystals. Yield 131 mg, 75%. Elemental analysis calcd. for C39H25BF12NP 

(Mw = 777.4 g·mol-1) C 60.26, H 3.24, N 1.80; found C 60.25, H 3.29, N 1.81. UV-Vis: (n-

hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 320 (22030), 558 (14517). 1H NMR (400.13 MHz, 

300 K, [D8]THF): ŭ = 0.90 (d, 3H, 
2JPH = 11 Hz), 6.56ī6.59 (m, 1H), 7.07ī7.23 (m, 6H), 

7.29ī7.32 (m, 2H), 7.53ī7.63 (m, 6H), 7.69 (d, 1H, J = 19 Hz), 7.78 (s, 1H), 7.82 (bs, 2H), 

8.01 (bs, 2H), 8.04 (bs, 1H). 13C{1H}  NMR (100.61 MHz, 300 K, [D8]THF): ŭ = 13.4 (d, 

J = 34 Hz), 76.1 (s), 76.8 (s), 102.9 (s), 103.7 (s), 114.2 (d, J = 2 Hz), 119.3 (d, J = 10 Hz), 

121.8 (m), 123.2 (s), 123.5 (s), 124.0 (d, J = 11 Hz), 125.8 (s), 125.9 (s), 126.2 (s), 126.4 (d, 

J = 8 Hz), 127.4 (s), 127.6 (d, J = 2 Hz), 129.0 (s), 129.2 (s), 130.8 (s), 131.1 (s), 131.5 (s), 

131.8 (dd, J = 2 Hz, 32 Hz), 132.9 (bs), 134.4 (bs), 137.5 (s), 138.7 (d, J = 13 Hz), 139.8 (d, 

J = 1 Hz), 142.6 (d, J = 9 Hz), 143.3 (d, J = 1 Hz), 161.9 (s), 162.1 (s); 29 13C signals are 

expected for 2-BC6F5, but 32 13C signals were found, which may be attributed to impurities. 
31P{1H}  NMR (161.98 MHz, 300 K, [D8]THF): ŭ = ī23.8 (bd). 31P NMR (161.98 MHz, 

300 K, [D8]THF): ŭ = ī23.8 (bs). 11B{ 1H}  NMR (128.38 MHz, 300 K, [D8]THF): ŭ = 0.6 

(bs). 11B NMR (128.38 MHz, 300 K, [D8]THF): ŭ = 0.5 (bs). 19F{1H}  NMR (376.66MHz, 

300 K, [D8]THF): ŭ = ī62.7 (m, 12F). 

4.4.4 Synthesis of 2-Bcat 

A solution of chlorocatechol borane (17 mg, 0.112 mmol, 1 equiv.) in 

diethyl ether (3 mL) was slowly added to a solution of 1-Me (50 mg, 

0.112 mmol, 1 equiv.) in diethyl ether (3 mL) at ī35 °C. An immediate 

color change from deep blue to deep purple was observed. The solution 

was stirred overnight and was evaporated to dryness. The remaining 

purple oil was extracted with n-hexane (7 x 2 mL). The solvent was 

evaporated to half the volume. After storage at room temperature,  

2-Bcat was isolated as a purple solid. Yield (14 mg, 18%). Sum formula C30H24BO2P. 

Molecular weight: 685.31 g·mol-1. Elemental analysis: C 61.34; H 2.79; N 2.04. Found: 



Chapter 4: 2-(2ô-Pyridyl)-4,6-Diphenylphosphinine as Platform for the Synthesis of P/B-Based Lewis Pairs 

 

81 

 

C 61.65; H 2.83; N 2.11. UV-Vis: (n-hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 319 (21051), 

556 (13862). 1H NMR (400.13 MHz, 300 K, C6D6): ŭ = 0.94 (d, 3H, 
2JPH = 12 Hz), 

5.48ī5.52 (m, 1H), 6.28ī6.37 (m, 2H), 6.83ī7.05 (m, 7H), 7.10 (s, 1H), 7.16ī7.18 (m, 2H), 

7.29ī7.33 (m, 2H), 7.45ī7.50 (m, 4H), 7.76 (d, 1H, J = 25 Hz); not all 1H signals could be 

assigned due to overlapping solvent signal. 13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = 

9.5 (d, J = 30 Hz), 74.9 (s), 75.6 (s), 104.9 (s), 105.6 (s), 110.7 (s), 111.9 (s), 116.6 (d, 

J = 7 Hz), 120.2 (s), 120.5 (s), 123.7 (d, J = 9 Hz), 125.3 (s), 125.4 (s), 125.5 (s), 125.6 (s), 

126.4 (s), 128.6 (s), 128.9 (s), 136.1 (s), 137.6 (s), 137.7 (s), 138.9 (d, J = 4 Hz), 139.1 (d, 

J = 7 Hz), 143.3 (s), 152.0 (d, J = 13 Hz). 31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = 

ī51.5 (m). 31P NMR (161.98 MHz, 300 K, C6D6): ŭ = ī51.5 (m). 
11B{ 1H}  NMR 

(128.38 MHz, 300 K, C6D6): ŭ = 13.3 (d, 1JPB = 160 Hz). 11B NMR (128.38 MHz, 300 K, 

C6D6): ŭ = 13.1 (m, J = 150 Hz). 

4.4.5 Synthesis of 2-BPh 

A solution of Ph2BCl (45 mg, 0.23 mmol, 1 equiv.) in diethyl ether 

(3 mL) was slowly added to a solution of 1-Me (100 mg, 0.23 mmol, 

1 equiv.) in diethyl ether (3 mL) at ī80 °C. An immediate color change 

from deep blue to deep purple was observed. The purple solution was 

stirred overnight, filtered and evaporated to dryness. The remaining 

purple oil was extracted with n-hexane (6 x 2 mL). The solvent was evaporated to half the 

volume. After storage at ī35 °C 2-BPh was isolated as a purple solid. Yield 26 mg, 23%. 

Elemental analysis calcd. for C35H29BNP (Mw = 505.41 g·mol-1) C 83.18, H 5.78, N 2.77; 

found: C 83.92, H 5.60, N 2.41. UV-Vis: (n-hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 322 

(61269), 553 (14598). 1H NMR (400.13 MHz, 300 K, [D8]THF): ŭ = 0.59 (d, 3H, 
2JPH = 11 Hz), 6.40ī6.43 (m, 1H), 6.90ī7.04 (m, 4H), 7.07ī7.11 (m, 3H), 7.24ī7.37 (m, 

8H), 7.40ī7.44 (m, 4H), 7.46ī7.53 (m, 5H), 7.58ī7.73 (m, 2H); one additional proton was 

found according to the integration, this may be attributed to an impurity. 13C{1H}  NMR 

(100.61 MHz, 300 K, [D8]THF): ŭ = 13.3 (d, J = 36 Hz), 77.7 (s), 78.3 (s), 105.7 (s), 106.3 

(s), 113.0 (d, J = 2 Hz), 118.1 (d, J = 10 Hz), 122.8 (d, J = 10 Hz), 125.3 (s), 125.7 (s), 126.4 

(s), 126.7 (d, J = 7 Hz), 127.0 (d, J = 4 Hz), 127.4 (d, J = 2 Hz), 127.9 (s), 128.2 (d, 

J = 2 Hz), 128.5 (d, J = 3 Hz), 128.9 (d, J = 2 Hz), 133.4 (d, J = 7 Hz), 134.5 (d, J = 4 Hz), 

135.4 (s), 138.6 (d, J = 1 Hz), 139.2 (d, J = 14 Hz), 143.7 (d, J = 10 Hz), 144.0 (d, J = 1 Hz), 

161.4 (s), 161.2 (s). 31P{1H}  NMR (161.98 MHz, 300 K, [D8]THF): ŭ = ī24.4 (bs). 31P NMR 

(161.98 MHz, 300 K, [D8]THF): ŭ = ī24.4 (bs). 11B{ 1H}  NMR (128.38 MHz, 300 K, 

[D8]THF): ŭ = 2.2 (bs). 11B NMR (128.38 MHz, 300 K, [D8]THF): ŭ = 2.3 (bs). 
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4.4.6 Synthesis of 3-BC6F5 and 4 

A solution of (C6F5)2BCl (35 mg, 0.09 mmol, 1 equiv.) 

was dissolved in diethyl ether (2 mL) was slowly added 

to a solution of 1-tBu (40 mg, 0.09 mmol, 1 equiv.) in 

diethyl ether (2 mL) at ī 78 °C. An immediate color 

change from deep blue to deep purple was observed. The 

mixture was stirred overnight and was allowed to warm 

up to room temperature. The solvent was completely removed and the oily purple residue 

was extracted with n-hexane (2 mL). Slow evaporation of this solution gave crystals of 4 

which were suitable for single crystal X-ray crystallography. Due to the very similar 

solubilities of 3-BC6F5 and 4, it was not possible to separate and isolate these compounds. 
31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = ī3.2 (bs, 3-BC6F5), ī86.5 (s, 4). 

4.4.7 Synthesis of 3-BCF3 

A solution of (C6H3(3,5-CF3)2)2BCl (51 mg, 0.109 mmol, 1 equiv.) in 

diethyl ether (3 mL) was slowly added to a solution of 1-tBu (50 mg, 

0.109 mmol, 1 equiv.) in diethyl ether (3 mL) at ī35 °C. An immediate 

color change from deep blue to deep purple was observed. The purple 

solution was stirred overnight, filtered and was evaporated to dryness. The 

remaining purple oil was extracted with n-hexane (2 x 2 mL) and the 

solvent was evaporated to half the volume. After storage at room temperature 3-BCF3 was 

isolated as purple crystals. Yield 20 mg, 22%. Elemental analysis calcd. for C42H31BF12NP 

(Mw = 819.48 g·mol-1) C 61.56, H 3.81, N 1.74; found C 61.71, H 3.99, N 1.59. UV-Vis: 

(n-hexane, ɚmax / nm, Ůmax / L·molī1·cmī1): 310 (9843), 560 (5827). 1H NMR (400.13 MHz, 

300 K, C6D6): ŭ = 0.56 (d, 9H, tBu, 3JPH = 15 Hz), 5.49ī5.52 (m, 1H), 6.37ī6.41 (m, 1H), 

6.56ī6.59 (m, 1H), 6.67 (d, 1H, J = 6 Hz), 6.83ī6.87 (m, 1H), 7.05ī7.31 (m, 8H), 7.40ī7.48 

(m, 2H), 7.48 (bs, 1H), 7.74 (d, 1H, J = 25 Hz), 7.87 (bs, 1H), 8.07 (bs, 2H), 8.32 (bs, 2H). 
13C{1H}  NMR (100.61 MHz, 300 K, C6D6): ŭ = 24.1 (m), 40.1 (d, J = 28 Hz), 75.2 (s), 75.9 

(s), 101.2 (s), 101.8 (s), 112.8 (s), 118.2 (d, J = 9 Hz), 120.7 (m), 121.2 (m), 122.5 (s), 122.7 

(s), 125.0 (s), 125.1 (s), 125.2 (s), 125.4 (s), 125.5 (s), 125.6 (s), 126.5 (d, J = 6 Hz), 126.8 

(s), 128.3 (s), 128.7 (s), 130.1 (s), 130.4 (s), 130.7 (s), 131.1 (m), 135.1 (bs), 138.1 (d, 

J = 2 Hz), 139.0 (d, J = 12 Hz), 139.5 (s), 140.5 (d, J = 8 Hz), 142.8 (s), 163.0 (d, J = 18 Hz); 

30 13C signals are expected for 3-BCF3, but 33 13C signals were found, which may be 

attributed to an impurity. 31P{1H}  NMR (161.98 MHz, 300 K, C6D6): ŭ = ī4.2. 31P NMR 

(161.98 MHz, 300 K, C6D6): ŭ = ī4.2. 11B{ 1H}  NMR (128.38 MHz, 300 K, C6D6): ŭ = 0.8. 
11B NMR (128.38 MHz, 300 K, C6D6): ŭ = 1.0. 19F{1H}  NMR (376.66MHz, 300 K, C6D6): 

ŭ = ī62.8 (s, 6F, B(C6H3(CF3)2)), ī62.9 (s, 6F, B(C6H3(CF3)2)). 
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4.6 Supporting Information  

 

4.6.1 NMR Spectra 

 

Figure S1. 1H NMR spectrum (400.13 MHz, 300 K, d8-THF) of 2-BC6F5; * d8-THF;°impurities. 

 

Figure S2. 13C{1H}  NMR spectrum (100.61 MHz, 300 K, d8-THF) of 2-BC6F5; * d8-THF. 
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Figure S3. 31P{1H}  NMR spectrum (161.98 MHz, 300 K, d8-THF) of 2-BC6F5. 

 

 

 

Figure S4. 31P NMR spectrum (161.98 MHz, 300 K, d8-THF) of 2-BC6F5. 
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Figure S5. 11B{ 1H}  NMR spectrum (128.38MHz, 300 K, d8-THF) of 2-BC6F5. 

 

 

 

Figure S6. 11B NMR spectrum (128.38MHz, 300 K, d8-THF) of 2-BC6F5. 
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Figure S7. 19F{1H}  NMR spectrum (376.50 MHz, 300 K, d8-THF) of 2-BC6F5; °impurities. 

 

 

 

Figure S8. 1H NMR spectrum (400.13 MHz, 300 K, d8-THF) of 2-BCF3; * d8-THF;°impurities. 
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Figure S9. 13C{1H}  NMR spectrum (100.61 MHz, 300 K, d8-THF) of 2-BCF3; * d8-THF. 

 

 

 

Figure S10. 31P{1H}  NMR spectrum (161.98 MHz, 300 K, d8-THF) of 2-BCF3. 
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Figure S11. 31P NMR spectrum (161.98 MHz, 300 K, d8-THF) of 2-BCF3. 

 

 

 

Figure S12. 11B{ 1H}  NMR spectrum (128.38MHz, 300 K, d8-THF) of 2-BCF3. 
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Figure S13. 11B NMR spectrum (128.38MHz, 300 K, d8-THF) of 2-BCF3. 

 

 

 

Figure S14. 19F{1H}  NMR spectrum (376.50 MHz, 300 K, d8-THF) of 2-BCF3. 
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Figure S15. 1H NMR spectrum (400.13 MHz, 300 K, C6D6) of 2-Bcat; *C6D6;°impurities. 

 

 

 

Figure S16. 13C{1H}  NMR spectrum (100.61 MHz, 300 K, C6D6) of 2-Bcat; *C6D6. 
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Figure S17. 31P{1H}  NMR spectrum (161.98 MHz, 300 K, C6D6) of 2-Bcat; °impurity. 

 

 

 

Figure S18. 31P NMR spectrum (161.98 MHz, 300 K, C6D6) of 2-Bcat; °impurity. 
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Figure S19. 11B{ 1H}  NMR spectrum (128.38MHz, 300 K, C6D6) of 2-Bcat. 

 

 

 

Figure S20. 11B NMR spectrum (128.38MHz, 300 K, C6D6) of 2-Bcat. 
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Figure S21. 1H NMR spectrum (400.13 MHz, 300 K, d8-THF) of 2-BPh; * d8-THF; °impurities; # n-hexane. 

 

 

 

Figure S22. 13C{1H}  NMR spectrum (100.61 MHz, 300 K, d8-THF) of 2-BPh; * d8-THF. 
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Figure S23. 31P{1H}  NMR spectrum (161.98 MHz, 300 K, d8-THF) of 2-BPh. 

 

 

 

Figure S24. 31P NMR spectrum (161.98 MHz, 300 K, d8-THF) of 2-BPh. 
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Figure S25. 11B{ 1H}  NMR spectrum (128.38MHz, 300 K, d8-THF) of 2-BPh. 

 

 

 

Figure S26. 11B NMR spectrum (128.38MHz, 300 K, d8-THF) of 2-BPh. 

 


