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Abstract	
 

Our work reflects efforts to increase the Lewis acidity of two-coordinate 

phosphorus(III)-based compounds for the purpose of small molecule activation. In this 

view, we tuned the electronic properties of phosphenium ions by increasing their overall 

positive charge and by varying the extent of π-donation from the neighboring substituents 

to the central P atom. Synthetic methodology for generation of di- and tricationic 

phosphenium salts is based on exceptional electron-donating properties of carbone 

ligands. Initial attempts to generate isolable phenyl- ([(Ph3P)2C.PR]2+, R = Ph, [1a]2+), 4-

fluorophenyl- (R = 4-F-Ph, [1b]2+), methoxy- (R = OMe, [1e]2+), and tert-butyl-

substituted (R = tBu, [1d]2+) phosphenium dications stabilized by carbodiphosphorane 

(Ph3P)2C, 1 are described. Transient formation of [1a]2+ and [1b]2+ is evidenced by 

activating C-F bonds of trifluorotoluene and [BArF
4]- (ArF = (CF3)2-C6H3) anion. The 

replacement of carbodiphosphorane 1 with more nucleophilic and sterically less 

demanding carbodicarbene ligand {C6H4(MeN)2C}2C, 2 resulted in a series of P-dications 

[{C6H4(MeN)2C}2C.PR]2+ (R = NiPr2, Ph, OMe, tBu, Cl) whose spectroscopic and 

structural features are presented. Uniting electron donor capabilities of two 

carbodicarbene molecules afforded the first example of two-coordinate phosphenium 

trication [({C6H4(MeN)2C}2C)2P]3+, [(2)2P]3+ whose interesting bonding features are 

studied using modern computational methods. In addition to the increased overall positive 

charge, cooperative enhancement of Lewis acidity by bringing two dicationic P centers in 

close proximity is also attempted. However, these attempts yielded reaction products 

derived from an unexpected P-N bond cleavage whose mechanistic details are disclosed. 

The last portion of this work is focused on the activation of enthalpically strong E-H 

bonds (E = B, Si, C) using carbodicarbene-stabilized P-dications. Reaction products 

formally derived from E-H insertion and/or hydride abstraction are isolated and fully 

characterized. The preference of [{C6H4(MeN)2C}2C.PPh]2+, [2a]2+ and 

[{C6H4(MeN)2C}2C.PNiPr2]2+, [2c]2+ to cleave rather than to insert into Si-H bond, as well 

as the surprising formation of carbodicarbene-supported parent phosphenium ion 

[{C6H4(MeN)2C}2C.PH2]+, [2.PH2]+ are experimentally verified.  
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CHAPTER 1 
 

Introduction  
 
Section 1.1. General 
 

 Since the discovery of the first isolable cationic two-coordinate phosphorus 

compound by Fleming, Jekot, and Lupton,1 the chemistry of phosphenium ions has grown 

rapidly. A term “phosphenium” is used to emphasize a low-coordination number at the 

positively charged P center.2 The central P atom possesses a formally vacant 3p atomic 

orbital and a lone pair of electrons highlighting the structural parallel between the 

phosphenium and the more popular carbene molecules.3 It is then not surprising that 

phosphenium cations exhibit versatile chemistry as both Lewis acids/bases and ligands for 

transition metal complexes.4  

 In many cases, phosphenium ions were envisaged as reactive intermediates.5 Their 

high reactivity could be mainly attributed to the coordinatively unsaturated nature of the 

central P atom. Significant efforts were made to develop an adequate substitution pattern 

that would allow the isolation of phosphenium ions in the condensed phase. Regarding the 

nature of surrounding groups R, phosphenium cations could be classified into several 

categories (Figure 1.1).4b,c The most prominent class is certainly aminophosphenium 

cations (Figure 1.1a). This group is represented by delocalized 3-centre 4π-electron 

systems in which the P atom is positively charged and has an ambiphilic character.4a It is 

fundamentally different from the central P atom of phosphine-substituted phosphenium 

cations (Figure 1.1b) that carry a predominantly negative charge and act as nucleophiles.6 

The latter system includes three adjacent P atoms among which only 2π-electrons are 

shared. With extension of conjugated π-system additional groups of phosphenium cations 

based on delocalization of positive charge could be identified. These include the 5-centre 

4π-electron phosphaallylphosphines 7 ,4b (Figure 1.1c) and the 5-centre 6π-electron 

phosphamethine cyanines (Figure 1.1d).8 The latter class is comparable to triphosphenium 

cations (Figure 1.1b) as both groups could be depicted using a phosphide-like resonance 

form. However, formal charges should always be taken cautiously as they often contradict 

partial charge values obtained by experimental and/or computational means. Moreover, if 
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only the middle resonance form for all groups of compounds is considered (Figure 1.1), it 

can be concluded that bisamino (a) and phosphaallylic (c) ions feature an electron-

deficient central P (six-valent electrons) and thus represent the “classic” phosphenium 

cations.4a  

	
Figure 1.1. Bonding modes of phosphenium cations with respect to charge distribution 
within the π-electron system. 
	

 Following the discovery of the first aminophosphenium ion (Figure 1.2, I),1 

Maryanoff and Hutchins identified another cyclic bisamino-substituted P-cation (II).9 As 

expected, both compounds were shifted downfield (δP 264 ppm for I and 222 ppm for II) 

in the 31P NMR spectrum. Furthermore, both of these species were prepared via chloride 

abstraction from the respective halophosphines. Interestingly, Hutchins and co-workers 

pointed out that acyclic bisaminophosphenium cation [(Me2N)2P]+ (III) could not be 

synthesized using the corresponding chlorophosphine and PCl5 due to the severe steric 

interaction that precluded coplanar orientation of amino groups.9 However, in 1976, Parry 

and co-workers detected the first examples of acyclic phosphenium cations III and 

[(Me2N)PCl]+ (IV) by reacting the corresponding chlorophosphines with AlCl3.10 Other 

Lewis acids such as GaCl3, FeCl3, BF3, and PF5 were subsequently utilized to confirm the 

identity of III and IV.10c Two years after the discovery of acyclic aminophosphenium 

salts, Parry and co-workers also demonstrated their potential as supporting ligands for 

preparation of several iron-carbonyl complexes.11 Therefore, their communication could 

be considered as a stepping-stone for modern coordination chemistry of cationic 

phosphenium complexes. 
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Figure 1.2. First examples of stabilized cyclic (I, II) and acyclic (III, IV) phosphenium 
cations. 
	

 Regarding the compounds presented in Figure 1.2, one could infer that stable 

phosphenium salts contain at least one amino group.4a Groups with strong π-donor 

characteristics attached to the central P are essential as they impart the thermodynamic 

stabilization.4 In this view, other π-donating groups such as alkoxy, halo, and aryl were 

considered as viable substituents in preparation of phosphenium cations. For instance, 

oxygen atom possesses two lone pairs of electrons rendering O-based substituents 

particularly suitable to engage in conjugation with the central P. Nevertheless, only two 

examples of P-cations bearing aryloxy and/or siloxy groups directly attached to the central 

P have been isolated to date. While aminooxyphosphenium cation (Figure 1.3, V) was 

prepared via alcoholysis of the corresponding iminophosphenium salt,12a trimethylsiloxy-

substituted phosphenium ion (VI) was formed in an unusual siloxy group transfer from 

Me3Si-CNO to the starting chloro-phosphenium ion [(Me3Si)2N=PCl]+ followed by formal 

elimination of “CNCl” fragment.13b Other examples of O-substituted P-cations such as 

[(MeO)2P]+ and [(Mes*O)(Cp*)P]+ were registered as parts of inner coordination spheres 

of molybdenum- and cobalt-based transition metal complexes, respectively, suggesting 

that O-based substituents solely or without an assistance from amino groups were not able 

to stabilize phosphenium cations.12c,d 
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Figure 1.3. Aminoaryloxy (V) and amino(trimethylsiloxy)-substituted (VI) phosphenium 
cations. 
	

 Similarly, stable phosphenium ions containing two halogen atoms (e.g. PX2
+, 

where X = halogen) were not observed so far.14 This can be attributed to the inferior 

ability of halogens with respect to amino groups to engage their π-symmetry lone pair(s) 

in bonding with the central P.4 However, the P-center of an amino-supported 

phosphenium ion could carry a chloro-substituent as well, as demonstrated by groups of 

Parry (Figure 1.2, IV)10a,b and Cowley. 15  In 2012, another example of 

aminochlorophosphenium ion (Figure 1.4, VII) was prepared by Villinger’s group.13a This 

species represents the first crystallographically elucidated halogen-substituted 

phosphenium cation formed exclusively upon crystallization. In fact, cation VII exists 

only in the solid state at temperatures below -50°C rendering the preparation of 

halophosphenium cations highly challenging.  

 

	
Figure 1.4. The first structurally characterized chloro-substituted phosphenium cation 
(VII). 
	

 In 1995, Reed and co-workers have isolated the first example of amino-supported 

phosphenium cation featuring a bulky aryl ring directly attached to the central P in η1-

coordination mode (Figure 1.5, VIII).16a Shortly after, another electron-rich aryl group 

was employed in the synthesis of phosphanyl-stabilized phosphenium ion IX (Figure 1.5) 

by Grützmacher’s group.16b Cation IX was prepared via methylation of the corresponding 

N P OMes*

H

+

V

Mes*

Mes* = 2,4,6-(tBu)3-C6H2

N P OSi

Si

Si
+

VI

N
P

Cl
Si

Si

+

VII



	 5 

diphosphene molecule using 35 fold excess of methylating agent. Apart from the fact that 

electronic properties of both amino and phosphanyl groups proved adequate for 

stabilization of aryl-substituted phosphenium cations, these communications also 

indicated that aryl rings do not engage significantly in conjugation with the central P atom 

as judged by the values of the corresponding C-P bond lengths.16 The same explanation 

was used to depict the bonding situation in cation X (Figure 1.5) that was prepared by 

Bertrand and co-workers.16c Furthermore, crystal structure of X featured two short P…F 

contacts suggesting that the presence of phenyl-based substituents could significantly alter 

the electrophilicity of phosphenium cations.16c Moreover, these P…F electrostatic 

interactions were subsequently envisaged as starting points for hitherto unknown 

phosphenium-induced C-F bond activation.17a  

 

	
Figure 1.5. Structural formulas of phosphenium cations featuring mesityl (VIII), 
phosphanyl (IX), and bis(trifluoromethyl)phenyl-moieties (X). 
	

 While the use of amino groups was predetermined, bulky aryl substituents 

appeared successful providing kinetic stabilization to phosphenium cations VIII and IX. 

Using the same substitution pattern (amino group + bulky group), Cowley and co-workers 

succeeded preparing the first example of an alkyl-substituted phosphenium ion (Figure 

1.6, XI).18 Interestingly, the compound XI witnessed the largest 31P NMR chemical shift 

(δP 513 ppm) ever registered in phosphenium chemistry. Clearly, this observation was 

attributed to the non-conjugating character of tert-butyl substituent.4a The same alkyl 

group was subsequently combined with pentamethylcyclopentadienyl-ligand (Cp*) in the 

preparation of the corresponding P-cation XII. 19  However, spectroscopic and 

computational investigations revealed a multihapto bonding between the central P and Cp* 
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moiety thus indicating the three-coordinate nature of XII. These examples implied that the 

stable phosphenium cation could contain at most one non-conjugating group (i.e. tBu) 

directly attached to the central P only if significant π-donation is imparted by other 

substituent.  

 

	
Figure 1.6. Amino(tert-butyl)phosphenium (XI) and η2-
pentamethylcyclopentadienyl(tert-butyl)phosphenium cation (XII).  
	

 Previous examples demonstrated the influence of delocalization on the 

thermodynamic stability of coordinatively unsaturated phosphorus compounds. If 

conjugation is reduced by steric and/or electronic modification of supporting substituents, 

the resulting phosphenium cations might be either transient19 or stable under extremely 

inert conditions for a limited period of time.13 These factors certainly pose a challenge for 

today’s synthetic chemists working in the field of phosphenium chemistry. 
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Section 1.2. Synthesis of Phosphenium Cations 

 

 Versatile chemical behavior could surely be regarded as one of the key reasons 

behind the great variety of phosphenium ions known today. Their synthetic methodologies 

are described in the following examples. 

 

 
Scheme 1.1. P-X bond cleavage by strong Lewis acids. 
 

 The most popular synthetic method involves phosphorus-halogen bond cleavage of 

the starting halophosphine induced by a Lewis acid that is more halophilic than the target 

phosphenium cation (Scheme 1.1). This method is considered convenient, as variety of 

readily available Lewis acids such as AlCl3, GaCl3,10 FeCl3,20 PCl5,9 PF5,10 and BF3
1 have 

been successfully employed so far. As a consequence of the electron-deficient nature of 

phosphenium ions, P-X (X = halogen) bond heterolysis is commonly carried out in polar 

non-coordinating solvents, such as dichloromethane (DCM). Its high dielectric constant 

affords high solubility of phosphenium salts even at temperatures as low as -78°C 

ensuring their spectroscopic detection.4a  

In a slightly modified procedure, Na[BPh4] was also utilized for P-X bond 

cleavage to yield the corresponding phosphenium ion accompanied by a [BPh4]- anion, 

followed by elimination of insoluble NaCl.21 These examples demonstrated that a variety 

of anions with different steric and coordinating properties could be delivered via P-X 

bond heterolysis. In turn, this method offers an opportunity to significantly enrich the 

current knowledge of stability and reactivity of phosphenium cations.  

 
Scheme 1.2. Electrophilic attack on phosphorus-element double bond. 
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Apart from halide abstraction, phosphenium salts were formed in an electrophilic 

attack on phosphorus-phosphorus or phosphorus-nitrogen double bonds (Scheme 1.2).22 

For example, Niecke and Kröher prepared phosphenium zwitterion XIII by treating the 

corresponding iminophosphane with AlCl3 (Scheme 1.3). On heating, compound XIII 

released Me3SiCl to form the cyclic zwitterion XIV. Based on spectroscopic data (31P 

NMR spectroscopy) it was concluded that the positive charge was mainly located on P-

atoms thus suggesting the phosphenium character of XIII and XIV.4a  

 

 
Scheme 1.3. Electrophilic attack on P=N bond leading to the formation of acyclic (XIII) 
and cyclic (XIV) zwitterionic phosphenium ions. 
 

 Another example based on this methodology was observed during protonation of 

diphosphene with HBF4
.Et2O at low temperatures (Scheme 1.4).23 Cowley and co-workers 

initially observed the formation of compound A, which upon warming underwent P-P 

bond cleavage to give the monophosphonium salt B. To explain the formation of A, the 

authors proposed that protonation of diphosphene initially led to the formation of labile 

phosphenium cation XV. As both insertion of phosphenium cations into C-H bonds24 and 

the feasibility of 2,4,6-(tBu)3-C6H2 group towards P-centered ring-closure were previously 

reported,25 it was suggested that the two-coordinate P atom of cation XV inserted into C-

H bond of ortho-positioned tert-butyl group to give compound A.  

 

 
Scheme 1.4. Electrophilic attack on P=P bond leading to the transient phosphenium ion 
(XV) that subsequently undergoes intramolecular C-H insertion and P-P bond cleavage. 
Due to clarity, only the molecular structure of R group undergoing C-H insertion was 
presented. 
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 While the previous example described protonation of a P=P bond, addition of H+ 

to the amino substituent (e.g. NMe2) and subsequent P-N bond cleavage was also 

identified as a successful strategy for preparation of phosphenium cations. This method 

was established by Dahl who treated various amino-substituted phosphines with 

trifluoromethanesulfonic acid (HSO3CF3) due to the low nucleophilicity of triflate 

[CF3SO3]-.26 While this synthetic approach proved viable, it also established that the 

existence of P-salts (i.e. [(R1)(R2)P]+) was strongly dependent on the nature of supporting 

R groups. For example, when R1 = R2 = amino group, a positively charged P-ion bearing 

non-coordinated [CF3SO3]- was registered in the solution. On the other hand, the 

replacement of either R1 or R2 by groups less electron donating than amino (e.g. -Ph and -

Cl) resulted in an equilibrium between the “free” phosphenium and the corresponding 

triflate-substituted phosphines (Scheme 1.5).  

 

 
Scheme 1.5. Protic attack on P-N bond leading to the formation of equilibrium between 
the “free” phosphenium ion and its phosphine analogue bearing covalently bound triflate. 
 

 Over the years, several miscellaneous methods for the synthesis of phosphenium 

cations have emerged. Thus, spontaneous chloride extrusion from both cyclic27 and 

acyclic 28  halophosphines resulted in the formation of target phosphenium ions as 

demonstrated by Schmidpeter’s group. The synthesis of cyclic phosphenium cation XVI 

involved the initial formation of heterocycle C followed by chloride dissociation and 1,3-

H-migration  (Scheme 1.6a). On the other hand, acyclic analogue XVII was prepared in 

the condensation reaction between the corresponding phosphonium salt and PCl3 followed 

by elimination of Me3SiCl (Scheme 1.6b). The generation of XVII was attributed to the 

spontaneous dissociation of chloride from the transient halophosphine D. Interestingly, 

coordinatively unsaturated P-centers of XVI and XVII were inert in the presence of rather 
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nucleophilic chloride anion. This somewhat unusual phenomenon could be attributed to 

the dispersion of positive charge across the whole molecule of these phosphenium salts.  

 

 
Scheme 1.6. Miscellaneous methods associated with spontaneous chloride dissociation to 
yield cyclic XVI (a) and acyclic XVII (b) phosphenium compounds. 

 

 In 2007, Cowley and co-workers discovered another miscellaneous method for the 

synthesis of N-heterocyclic phosphenium ions (NHPs).29a The preparation of NHPs XVIII 

was achieved through a one-step redox process between the corresponding diimine and 

the PI3 in DCM solution (Scheme 1.7). In a similar fashion, Macdonald et al. discovered 

that reaction of diimine with PBr3 in the presence of excess cyclohexene yields N-

heterocyclic bromophosphines, which can be further transformed to NHPs by means of 

halide abstraction.29b
 Newly discovered processes appeared very attractive as simple high 

yielding procedures. 

  

 
Scheme 1.7. General redox route for preparation of NHPs (XVIII).  
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for preparation of labile pseudohalogen-substituted phosphenium cations.13 Following the 

preparation of chloro-substituted phosphenium cation VII, Schulz and co-workers have 

discovered that chloride could be replaced if VII was treated with an appropriate 

trimethylsilylpseudohalide (Me3Si-X). In a metathesis reaction between VII and Me3Si-X, 

the phosphorus-pseudohalide (P-X) bond formation was followed by elimination of 

chlorinated silane (Me3SiCl) leading to the target pseudohalophosphenium ions (Scheme 

1.8). This procedure was initially applied for isolation of the first azidophosphenium ion 

(XIX).13a The discovery of XIX prompted the synthesis of other pseudohalophosphenium 

species. Although, a broad scope of pseudohalides was tested, only aminoisocyanato- 

(XX) and aminoisothyocyanatophosphenium (XXI) cations were isolated and structurally 

characterized.13b These cations underwent Lewis acid-base complexation when treated 

with strong σ-donors, while their carbenoid-like reactivity was established in [1+4]-

cyclization reactions.13b 

 

 
Scheme 1.8. Halogen-pseudohalogen exchange leading to the isolation of 
pseudohalophosphenium cations (XIX – XXI). 
	

 In recent years, multiply charged P(III) cations have drawn significant scientific 

interest. In particular, three-coordinate P(III) trications (XXII, Figure 1.7) were very 

attractive as they structurally resemble phosphines, the most commonly employed ligands 

in transition metal catalysis. Groups of Engel30a and Bertrand30b used N-based two-

electron donor ligands for the stabilization of P3+-center (a-c, Figure 1.7). The resulting 

compounds were isolated and their structures were determined spectroscopically and 

chemically. In 2011, Alcarazo and co-workers prepared the first example of 

crystallographically characterized [L3P]3+.30c Triply-charged phosphine supported by 

carbene ligands (d) was synthesized using Bertrand’s “onio-substituent transfer” 

methodology30b and its coordinating ability was subsequently explored in reactions with 
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electron-rich transition metals such as Pd and Pt.  

 

	
Figure 1.7. Three-coordinate P(III) trications (XXII) stabilized by: 4-
(dimethylamino)pyridine (a), quinuclidine (b), 1,5-diazabicyclo[4.3.0]non-5-ene (c), and 
carbene (d). 
	

 The versatility of “onio-transfer” reagents was further demonstrated in preparation 

of doubly charged P-species. While phenyl-substituted phosphorus dication (XXIII) was 

prepared using CO2-masked N-heterocyclic carbene (NHC) by Cattey and co-workers,31a 

Weigand’s group synthesized Cl-containing P-dication (XXIV) via stepwise chloride-for-

NHC replacement followed by Me3SiCl removal (Scheme 1.9).31b The presence of 

chlorine on the P atom of XXIV allowed further halide exchange resulting in azido- and 

cyano-substituted dicationic phosphines.31b  

 

 
Scheme 1.9. The synthesis of phenyl- (XXIII) and chloro-substituted (XXIV) dications 
employing “onio-transfer” method. 
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(Figure 1.8). In other words, these species resemble triply and doubly charged 

phosphenium cations supported by strong nitrogen base or a carbene-type donor, 

respectively. A logical question that arises from this bonding situation is whether 

phosphenium di- and trications could be isolated in their “free” form.  

 

	
Figure 1.8. Three-coordinate P trication (XXII) and dications (XXIII and XXIV) 
depicted using donor-acceptor bonding model. 
	

In 2013, our group pioneered the synthesis of two-coordinate aminophosphenium 

dication [(Ph3P)2C.PNiPr2][AlCl4]2, [1c][AlCl4]2, supported by 

hexaphenylcarbodiphosphorane ligand 1.33 The dication [1c]2+ was obtained in a stepwise 

procedure involving 1-for-Cl substituent exchange leading to the monocation 

[(Ph3P)2C.P(NiPr2)Cl][Cl], [1c-Cl][Cl] followed by subsequent chloride abstraction 

(Scheme 1.10). The molecular structure of [1c]2+ was analyzed using both crystallographic 

and computational methods. It was revealed that both C-P and P-N bond lengths possess 

significant double bond character derived from an extensive π-electron delocalization 

across the CPN fragment. Furthermore, theoretical analysis demonstrated that increased 

positive charge of [1c]2+ resulted in a greater stabilization of its frontier orbitals compared 

to Parry’s bisaminophosphenium cation III. In fact, this particular result implied a greater 

Lewis acidic character of [1c]2+ with respect to its bisaminophosphenium analogue III. 

This communication was followed by another article in which detailed theoretical studies 

on the bonding situation in [1c]2+ was reported.33b Interestingly, the extent of π-donation 

from amino group and carbone ligand (1) to the formally empty P(3p) atomic orbital 

appeared almost identical thus indicating that both substituents attributed equally to the 

thermodynamic stabilization of [1c]2+. As ability of amino groups to stabilize 

phosphenium ions was well documented previously, one could argue that unique electron-

donating properties of neutral carbone ligand 1 had a decisive role in maintaining the two-
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coordinate nature while increasing the positive charge of phosphenium cation. This 

argument is supported by the fact that all previously reported P-polycations were at least 

three-coordinate (Figure 1.8).  

 

 
Scheme 1.10. The stepwise synthesis of hexaphenylcarbodiphosphorane-stabilized 
aminophosphenium dication [1c][AlCl4]2.  
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Section 1.3. Carbones as Supporting Ligands for Main Group Lewis Acids 
 

 The effect of 1 on the thermodynamic stability of phosphenium dication [1c]2+ 

could be better interpreted by taking a closer look at the unique electronic structure of 

carbone ligands. Carbones (CL2, L = 2 electron donor) differ from other carbon-centered 

electron donors by the number of lone electron pairs at the central carbon atom. For 

example, carbenes, ylides, allenylidenes, and cumulenylidenes possess one electron pair 

available for bonding.35d However, the central carbon atom of carbones has two lone pairs 

of electrons, one with σ and the other with π symmetry. Therefore, the term “carbone”34 

highlights the presence of a “naked” carbon atom in the CL2 class of compounds, thus 

providing a clear distinction between carbones and more popular carbenes.35  

 The bonding situation in carbones (L→C←L) is best described in terms of donor-

acceptor interactions between the two L σ-electron donors and a zero-valent C atom in its 
1D excited state. This concept was first proposed by Yuri Varshavsky in 1980,36 whose 

Russian version of the original article was not widely known in the community. The 

theoretical background for Yuri’s hypothesis came from an independent computational 

investigation performed by Frenking and co-workers.37 Intensive theoretical research on 

the nature of carbone’s L-C bonds has not only confirmed the presence of dative bonding, 

but also established the donor-acceptor bonding model for other often debated 

compounds.32 Thus, bending around the central C atom of CL2 compounds such as 

hexaphenylcarbodiphosphorane (1, L = PPh3) and carbon suboxide (L = CO) could not be 

accounted for within the traditional covalent bonding model. While covalent bonding 

imparts the linear environment around the central carbons of 1 (Ph3P=C=PPh3) and carbon 

suboxide (O=C=C=C=O), the dative bonding model explains the deviation from the linear 

geometry by considering these molecules as Ph3P- and / or CO-stabilized C(0) complexes 

(e.g. L→C←L, L = PPh3, CO). The larger bending angle of C(CO)2 (156°) with respect to 

1 (136°) could then be explained by stronger π-backdonation from the central C to the CO 

moiety (OC←C→CO) of C(CO)2 thus indicating the analogy between carbone molecules 

and transition metal complexes.32  

 In view of the previous captodative description, the central carbon atom of CL2 

retains all valent electrons as none of them is involved in the corresponding L→C←L 
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bonds. The same atom thus differs from the carbene’s carbon CR2 whose valence 

electrons form R-C-R electron sharing (covalent) bonds. Formally regarded, while the 

central C of CL2 has an electron octet, carbene’s C is surrounded by six electrons. This 

particular bonding portrayal renders carbenes as σ-donors but π-acceptors, whereas 

carbones are regarded as both σ- and π-donors.35d 

The presence of two electron pairs on the central C atom of 1 (the first known 

example of carbones) could be depicted using Lewis structures as well (Figure 1.9).35d The 

most appropriate resonance form is D where central carbon atom carries two formal 

negative charges along with the formal positive charge on each phosphane ligand. It is 

noteworthy that this structure was first proposed by Kaska et al. in 1973.38 Furthermore, 

forms B and C represent structures with C=P double bond where C has a formal negative 

charge, while form A has two C=P double bonds and no formal charges. Form A is widely 

used in the literature as it complies with the often-stated rule that the most suitable Lewis 

structure contains the least formal charges. However, the presence of purely covalent C=P 

double bonds in 1 (as in form A) is strongly disfavored if modern computational 

methods37 and reactivity of this strongly nucleophilic ligand are considered.39 

 

	
Figure 1.9. The bonding situation in hexaphenylcarbodiphosphorane (1) described using 
resonance forms. 
	

 Even though, hexaphenylcarbodiphosphorane 1 was originally synthesized by 

Ramirez in 1961,40 its classification as a carbone compound was established in 2005 when 

Frenking and co-workers analyzed the nature of C-C bonds in the corresponding CX2-

carbone adducts (e.g. [1.CX2], X = O, S).41 With the use of modern computational 

methods, the bonding between 1 and CX2 was identified as dative (i.e. [1→CX2]) with a 

predominant σ- and a weaker π-component leading to the bond distances shorter than the 

standard C-C single bond. This finding brought the idea about double electron pair donor 

ability of 1 and related carbodiphosphorane molecules (i.e. C(PR3)2).35c    

Apart from 1, other CL2 compounds were known for a long period of time (Figure 
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1.10). For example, Schmidbaur and co-workers have reported a series of 

carbodiphosphoranes (XXV) supported by PMe3,42a PPhMe2,42b and PPh2Me.42c The same 

group has described cyclic carbodiphosphoranes (XXVI), which could be formally 

regarded as C(0)-complexes of the corresponding chelating diphosphines. 43  It’s 

noteworthy that Baceiredo’s group has also contributed to the development of cyclic 

carbodiphosphoranes and their chemistry.44 In addition, Baceiredo and co-workers have 

isolated the first example of mixed phosphorus sulfur bisylide (XXVII).45 This example 

indicated that other σ-donors apart from (or combined with) phosphines could be a good 

fit for the preparation of carbone compounds. Prompted by this finding, Fürstner et al. 

have reported a series of mixed bisylides C(PPh3)(L) in which PPh3 was combined with 

other two-electron donors such as CO, CNPh, cyclic (XXX) and acyclic carbenes 

(XXVIII and XXIX).46 This work delivered an experimental contribution to the concept 

of “coordination chemistry at carbon”. Moreover, its authors have demonstrated that the 

replacement of PPh3 by certain heteroatom-stabilized carbenes (XXVIII) did not affect 

the “true” carbone character of the central C atom.46  

 

	
Figure 1.10. Molecular formulas of acyclic (XXV) and cyclic (XXVI) 
carbodiphosphoranes, P, S-mixed bisylide (XXVII), and P, carbene-mixed bisylides 
(XXVIII-XXX). 
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involving methylation of N-heterocycles followed by double deprotonation to give the 

target compound (Scheme 1.11). 47  The C-C bond lengths of 2 (1.343(2) Å) were 

significantly shorter than the standard C-C single bond and slightly longer than the 

corresponding C=C double bonds of allenes (1.31 Å).48 Therefore, the central CCC 

fragment of 2 could be described using two extreme resonance forms 2a and 2b. This 

representation indicates some backdonation of electron density from the central C to the 

formally empty C(2p) atomic orbitals of NHC-moieties. Furthermore, the experimentally 

observed CCC bond angle of 2 (134.8°) was found to be very close to the theoretically 

predicted value (~138°) and even closer to an analogous angle observed for 1 (136°). 

These features suggested that, as in case of carbodiphosphoranes, the central C of 2 

should be equipped with two lone pairs of electrons corresponding to the HOMO and 

HOMO-1 orbitals of π- and σ-symmetry, respectively.37a  

 

 
Scheme 1.11. The synthesis of the first carbodicarbene (2) ligand and its representation 
using two extreme resonance forms (2a-b). 
	
 Apart from carbodicarbene 2, Bertrand’s group has also succeeded in preparation 

of “bent allenes”, a class of compounds whose cumulene CCC bonding motif is 

incorporated in five- and even four-membered heterocycles (Figure 1.11, XXXI and 

XXXII, respectively).49 As NHCs are known as strong σ-donors, carbodicarbene 2 is 

sometimes termed “push-push allene”.47 Nonetheless, “push-pull” allene in which an 

amino group was replaced by an electron-withdrawing oxygen atom, has also been 

reported by the same research group (XXXIII).50 Further structural modification of 2 were 

investigated by Ong and co-workers (XXXIV).51 The most prominent examples include 

the preparation of tridentate bis(pirydine)carbodicarbene (XXXV),51b as well as a series of 
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unsymmetrical carbodicarbene molecules CL1L2 where L1 and L2 are different NHC 

ligands (XXXVI).51c The most recent example of carbodicarbene ligands was 

carbodicyclopropenylidene (XXXVII), compound that unlike its predecessors was based 

solely on carbon atoms.52  

 

	
Figure 1.11. Bent allenes (XXXI and XXXII), push-pull allene (XXXIII), N-modified 
carbodicarbene (XXXIV), tridentate pyridine-substituted carbodicarbene (XXXV), 
unsymmetrical carbodicarbenes (XXXVI), and carbodicyclopropenylidene (XXXVII) as 
new class of carbone compounds. For simplicity, covalent bonding representations are 
used. 
 

 To prove the concept of “coordination chemistry at carbone” and thus verify the 

presence of two lone electron pairs on the central C, several computational and 

experimental assessments have been developed. Frenking and co-workers have studied the 

binding strength of carbodiphosphoranes [C(PR3)2] towards H+ and main group Lewis 

acids by means of computational methods.37 It was calculated that carbodiphosphoranes 

and NHCs had similar values of the first proton affinity (PA), however, values for the 2nd 

PA of carbodiphosphoranes appeared significantly higher than those observed for NHCs. 

This observation was in agreement with the notion of two lone pairs on the central C of 

carbones. Fürstner et al. have verified this finding by preparing carbone complexes in 

which the central C was bound to two transition metal (AuCl) fragments.46 Even though, 

carbones have been successfully implemented as Lewis basic components of Frustrated 

Lewis Pairs (FLPs),53 as well as supporting ligands for transition metal catalysis,54 we 
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focused our interest on their ability to donate both electron pairs to the coordinatively 

unsaturated main group Lewis acids. 

 Although, carbenes (especially NHCs) are commonly used for stabilization of 

highly Lewis acidic main group species, the superior electron donating character of 

carbones over carbenes was demonstrated over the years. In 2009, Petz and co-workers 

synthesized borane adduct of carbodiphosphorane 1.BH3 (Scheme 1.12a) by treating 1 

with excess of B2H6.55 Exposure of 1.BH3 to an excess of diborane led to the formation of 

a complicated mixture from which the hydride-bridged bisadduct [1.B2H4(µ-H)]+ was 

isolated and structurally characterized.55 Its formation most likely proceeded by B2H6-

promoted hydride abstraction from the initially formed bisadduct 1.(BH3)2. Nevertheless, 

the bisadduct [1.B2H4(µ-H)]+ represents the first example of a complex in which two main 

group Lewis acids different than H+ or Me+ are attached to the central C atom of carbone. 

 Another example of hydride abstraction from 1.BH3 adduct was reported by 

Alcarazo’s group.56 In this case, the treatment of 1.BH3 with 1 equiv. of B(C6F5)3 yielded 

carbone-stabilized borenium cation [1.BH2]+ (Scheme 1.12a). Based on crystallographic 

and theoretical analyses, it was concluded that C atom of 1 donated both of its lone 

electron pairs to the corresponding σ- and π-orbitals of BH2
+ moiety.56 In order to prove 

that peculiar donor properties of 1 were essential for the isolation of borenium cation, 

authors reacted NHC-stabilized borane adduct NHC.BH3 with B(C6F5)3 (Scheme 1.12b). 

The formation of bridged cation [NHC.BH2(µ-H)BH2
.NHC]+ stabilized by two bulky 

NHC ligands was a striking evidence demonstrating different electron donating abilities of 

carbenes and carbones. Moreover, the presence of π-bonding component between 1 and 

BH2
+ fragments indicated that carbones are not only capable of binding two Lewis acids, 

but also capable of simultaneous σ- and π-donation to the same Lewis acidic center.  
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Scheme 1.12. Differences in reactivity of carbodiphosphorane- (a) and NHC-stabilized 
(b) borane adducts. 
 

 Other examples where the two-fold donating character of 1 was directed to a 

single main group center include Tonner’s borenium ion [1.BF2]+,57 Alcarazo’s Ge(II) 

monocation [1.GeCl]+, 58  and Petz’s carbodication [1.CH2]2+ (Figure 1.12). 59  While 

bonding in both [1.BF2]+ and [1.GeCl]+ was better described using dative rather than 

covalent depiction as judged by modern computational methods, the same theoretical 

approach suggested that the C=C double bond of [1.CH2]2+ was comprised of essentially 

covalent interactions.59 These included σ and π electron-sharing C-C bonds between two 

fragments (12+ and :CH2) in their triplet states. Nevertheless, these examples demonstrated 

that highly reactive main group cations, previously regarded as transient, are now isolable 

due to the unique coordinating ability of hexaphenylcarbodiphosphorane 1. 
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Figure 1.12. Boron ([1.BF2]+), germanium ([1.GeCl]+), and carbon ([1.CH2]2+) cations 
stabilized by carbodiphosphorane ligand 1.  
 

 Despite the fact that both carbodiphosphoranes and carbodicarbenes belong to the 

same group of carbone compounds, certain difference in their reactivity was noted. This 

relates to the dicationic boron compound recently described by Ong and co-workers 

[BH.(XXXIV)2]2+.60 Unlike Alcarazo’s [1.BH2]+, [BH.(XXXIV)2]2+ was prepared in an 

unusual one-pot synthesis involving the treatment of the appropriate boron source 

(THF.BH3) with carbodicarbene XXXIV ligand (Scheme 1.13). The bonding analysis of 

[BH.(XXXIV)2]2+ revealed that two carbodicarbene ligands formally donate six electrons 

to the BH2+-fragment via two σ (XXXIV→BH2+←XXXIV) and one π-type allenic 

interaction.60 Furthermore, the partial positive charge of +0.36 on the B atom was 

significantly reduced with respect to the overall charge of the molecule as seen from the 

natural population analysis. In fact, each benzimidazolyl moiety carried positive charge of 

0.72-0.78, thus, further enhancing the stability of the dicationic boron center. Lastly, 

[BH.(XXXIV)2]2+ represents the only compound isolated so far in which two carbone 

ligands are attached to the same main group Lewis acidic center.  

 

	
Scheme 1.13. One-pot synthesis of biscarbodicarbene-stabilized borenium dication 
[BH.(XXXIV)2]2+. 
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Section 1.4. Electrophilicity and “Carbene Analogue” Character of Phosphenium 
Cations 
 

 Phosphenium ions feature a planar, formally sp2-hybridized P center with a lone 

pair of electrons in a σ-type orbital and an unhybridized, formally vacant P(3p) atomic 

orbital. The population of the latter orbital induced by adjacent π-donor ligands (e.g. NR2) 

reduces the electron accepting ability/Lewis acidic character of the coordinatively 

unsaturated P-center. In addition, this phenomenon imparts 3-center 4-electron π-bonding 

around the P-atom, resulting in a more stable singlet ground state. The same method was 

typically applied towards the preparation of stable carbenes and analogous species. 

 Phosphenium ions are often considered as carbene analogues because of their 

similar reactivity patterns, as well as their isolobal relationship. The latter claim is based 

on the similarity of the HOMO (lone pair of electrons on the central element) and LUMO 

(empty np orbital) between the two model compounds H2P+ and CH2.61 However, closer 

examination of the frontier orbitals of other P-cations reveals that this analogy is not 

preserved at all times. In fact, the nature of substituents around the P atom directs the 

sequence of frontier orbital of phosphenium ions.17b For example, the carbene-like orbital 

sequence is observed for phosphenium ions with small to moderate π-stabilization such as 

[(H)(R)P]+ (where R = any group) and [(H2N)(R)P]+ (where R = Cl, OH, and CH3).17b On 

the other hand, cations with both strong π-donating groups [(ERn)2P]+ (ERn = NH2, NMe2, 

and SH) have the frontier orbital sequence of an allyl anion (Figure 1.13).61, 17c The 

LUMO (π*) of [(H2N)2P]+ has π-antibonding character, while the HOMO (π2), essentially 

nonbonding, is comprised from an out-of-phase combination of N(2p) atomic orbitals 

with a node at phosphorus. The lone pair orbital has σ-symmetry and it is usually located 

at 0.5-2.4 eV below the HOMO. The energy gap between the lone pair orbital and the 

HOMO can be altered by alkylation of N-center, which results in the inductive 

destabilization of the lone pair.17b Lastly, the 3-center π-bonding molecular orbital (π1), 

comprised from an in-phase combination of N(2p) and P(3p) atomic orbitals, is found at 

the lowest energy. 
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Figure 1.13. Allylic frontier orbital sequence of bisaminophosphenium model cation 
[(H2N)2P]+.  
 

 That the frontier orbital representation of phosphenium ions is strongly dependent 

on the nature of surrounding substituents was also confirmed in a theoretical study by 

Macdonald and co-workers.17d These authors compared orbital energy levels of the 

experimentally known bis(dimethylamino)phosphenium [(Me2N)2P]+ (III) and the 

transient diphenylphosphenium cation [Ph2P]+. Investigation revealed that the LUMO of 

[Ph2P]+ was more stabilized than an analogous orbital of III, thus indicating better 

electron accepting ability of phenyl-substituted cation. This observation was a 

consequence of an ineffective π-conjugation between the P-center and phenyl groups in 

[Ph2P]+. Furthermore, the σ-type lone pair orbital of III was on a significantly lower 

energy level than the corresponding orbital of [Ph2P]+. This was somewhat expected 

considering the greater σ-electron withdrawing character of amino substituents. The same 

study demonstrated the lower relative energy of HOMO in case of aminophosphenium 

ion, thus suggesting that [Ph2P]+ could be a better electron donor than III. Overall, it could 

be concluded that replacement of amino by phenyl substituents resulted in a smaller 

HOMO-LUMO (singlet-triplet) energy gap rendering [Ph2P]+ not only as a better Lewis 

acid, but also as a stronger Lewis base with respect to bisaminophosphenium cation III. 
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 Phosphenium ions act as electrophiles in reactions such as cycloaddition, C-H and 

C-C bond insertion, as well as complex formation with Lewis bases. Their nucleophilic 

character comes to the fore in formation of transition metal complexes.4 On the other 

hand, the propensity of carbenes to undergo [1 + 4] cycloaddition reactions, various bond 

insertions, as well as to support the preparation of various transition metal catalysts is well 

established.62 Despite the difference in frontier orbital sequence between phosphenium 

ions and carbenes, these two groups of compounds exhibit the same reactivity pattern in 

most of chemical transformations. An exception is the reactivity towards Lewis bases 

wherein, unlike phosphenium cations, carbenes and other group 14 metallylenes do not 

form stable adducts.17b The richer acceptor chemistry of phosphenium ions is not 

unexpected considering the greater positive charge and the larger size of phosphorus 

relative to carbon.  

 The fact that phosphenium ions manifest carbene-like reactivity pattern towards 

various substrates can be explained considering frontier orbital interactions when former 

species act as Lewis acids. For instance, electrophilic behavior of phosphenium ions 

involves the interaction between the LUMO of P-cation and the HOMO of the reaction 

partner. Since LUMO is always localized at the more electropositive P-atom, the reactivity 

of different phosphenium salts remains the same regardless of allyl anion- or carbene-like 

frontier orbital sequence.17b As a reminder, these two orbital orders differ only in the 

relative energies of molecular orbital resembling P-lone pair, which is responsible for the 

nucleophilic (ambiphilic) behavior of cations.17b,d Based on this, one could conclude that 

phosphenium ions (P-center stabilized by two strong π-donors) whose order of frontier 

orbitals is different than that of carbenes, still exhibit carbene-like reactivity because they 

prefer to act as electrophiles rather than nucleophiles.17b  
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Section 1.5. Main-group Compounds for Small Molecule Activation 
  

 Over the past decade, small molecule activation by main group compounds 

became increasingly popular as alternatives to traditional transition metal complexes.63 

This led to the discovery of Frustrated Lewis Pairs (FLPs),64 as well as a variety of 

abundant, inexpensive, and less toxic group 1365 and 14-centered species66 suitable for 

activation of enthalpically strong σ bonds. Moreover, some of these species appeared 

capable of carrying out small molecule activation tasks catalytically.67 

 Certainly, one of the most remarkable findings in this area was the ability of 

acyclic (XXXVIII) and cyclic alkylamino carbenes (XXXIX) to split H-H and N-H bonds 

of dihydrogen and ammonia, respectively (Scheme 1.14). 68  In the following 

communication, Bertrand and co-workers demonstrated that the replacement of σ-

withdrawing and π-donating amino group (XL) with σ-donating and π-inert alkyl 

moieties (XXXIX) led to the increased nucleophilic (destabilized HOMO) and increased 

electrophilic (stabilized LUMO) character of alkylamino carbenes. As a consequence of a 

smaller HOMO-LUMO gap, it was reasonable to assume that latter species represented a 

more suitable candidate for transition metal-like reactivity than traditional N-heterocyclic 

carbene (XL). Indeed, while XL remained chemically inert, alkylamino carbenes 

XXXVIII and XXXIX facilitated the activation of non-polar molecules such as H2 and 

NH3 under mild experimental conditions. Unlike transition metals that favor electrophilic 

activation and proton transfer pathways,69 oxidative addition of H2 and NH3 by carbenes 

was found to proceed via nucleophilic activation,68a thus creating hydride and pseudo-

amide-like moieties, which then shift to the positively polarized carbene carbon. The 

nucleophilicity of cyclic alkylamino (XXXIX) and N-heterocyclic carbenes (XL) was 

also utilized for activation of Si-H, B-H, and P-H bonds.68b  
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Scheme 1.14. Activation of enthalpically strong σ-bonds by acyclic alkylamino 
(XXXVIII), cyclic alkylamino (XXXIX), and N-heterocyclic (XL) carbenes. 
 

 Similarly, singlet tetrelenes based on heavier Group 14 elements possess a lone 

pair of electrons and a formally vacant orbital providing a platform for transition metal-

like reactivity. For example, Aldridge’s acyclic silylene (XLI) undergoes oxidative 

addition of hydrogen molecule under ambient conditions (Figure 1.14).66e Furthermore, 
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germylene (XLII, Figure 1.14).66d In addition, XLII also facilitates N-H bond activation 
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second molecule of NH3 in the formal oxidative addition of N-H bond to the heavy Group 

14 elements was suggested based on the theoretical investigation conducted by Power and 

co-workers.66d This claim was experimentally confirmed by Aldridge et al. whose 
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strong σ-donating properties of boryl substituents.66f  

 

	
Figure 1.14. Silylene (XLI), germylene (XLII) and stannylene (XLIII) used for small 
molecule activation. 
	

 The enhancement of small molecule activation via positively charged heavier 

group 14 carbene analogues was pioneered by Tobita and co-workers (Figure 1.15, 

XLIV).70a These authors proposed that increased overall positive charge would result in 

the stabilization of relative energy levels of both HOMO and LUMO. Thus, the lowered 

LUMO of XLIV would be more susceptible to the interaction with the σ-bonding orbital 

of H2 leading to the more feasible electrophilic activation pathway. Indeed, cationic 

metallogermylene XLIV (Figure 1.15) inserted not only into hydridic B-H and Si-H 

bonds, but also into non-polar H-H bond. Remarkably, the insertion into former bonds 

was found to be reversible, a characteristic attributable to the small HOMO-LUMO gap of 

XLIV.70a The oxidative flexibility of cationic germylenes was once again demonstrated by 

Aldridge’s group.70b In a subsequent communication, Aldridge and co-workers described 

the preparation of a positively charged germylene XLV (Figure 1.15) featuring no π-

donating atoms in α-position with respect to the Ge-center. As a consequence, XLV has a 

relatively small HOMO-LUMO energy separation and exhibits rich oxidation chemistry 

including [2+1] cycloadditions and single insertion into C-Cl bond of dichloromethane 

(DCM). Nevertheless, these examples demonstrated that increased electrophilicity of the 

main group atom imposed by introduction of the positive charge had significant 

contribution to the facile splitting of strong σ-bonds.  
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Figure 1.15. Cationic metallogermylene (XLIV) and Aldridge’s germylene with no π-
stabilization (XLV). 
 

  Apart from the two-coordinate heavier carbene analogues, the concept of small 

molecule activation induced by means of increased electrophilicity/Lewis acidity was also 

established for coordinatively saturated P(V)-based cations. For example, phosphonium 

monocation XLVII (Scheme 1.15) exhibits exceptional fluorophilicity owing to the low-

lying σ* orbital located opposite to the fluorine subsituent.71 As such, XLVII undergoes 

facile C-F bond activation via fluoride abstraction and in combination with an equimolar 

amount of triethylsilane rapidly catalyzes hydrodefluorination reactions of alkyl 

fluorides.71a However, the high reactivity of XLVII necessitates the presence of strong 

electron-withdrawing substituents attached to the central P, thus limiting the tunability of 

this phosphonium salt. To address this issue, Stephan and co-workers prepared NHC-

stabilized fluorophosphonium dication XLVI. 72  Reaction of XLVI with (C6F5)3PF2 

resulted in fluoride abstraction leading to the formation of the corresponding 

difluorophosphorane and previously mentioned fluorophosphonium monocation XLVII 

(Scheme 1.15). This example clearly demonstrated that phosphonium dication XLVI was 

more fluorophilic (electrophilic) than XLVII. Consequently, XLVI was found to catalyze 

hydrodefluorination and hydrosilylation of various substrates under mild experimental 

conditions.72 Based on this, one could conclude that increased positive charge played a 

greater role in cleaving the strong bonds (e.g. C-F and P-F) than electron-withdrawing 

substituents.73  
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Scheme 1.15. Reaction of fluorophosphonium dication (XLVI) with (C6F5)3PF2 yielding 
the corresponding difluorophosphorane and fluorophosphonium monocation (XLVII). 
Counterion ([B(C6F5)4]-) was omitted for clarity. 
 

 Another example of P(V)-based dication (XLVIII) utilized in the 

activation/cleavage of enthalpically strong σ-bonds was reported by Stephan’s group 

(Scheme 1.16).74 To improve the electrophilicity of XLVIII, authors combined the effect 

of increased positive charge along with the proximity of two Lewis acidic phosphorus 

centers. It was previously demonstrated that proximal distance between two electrophiles 

led to the cooperative enhancement of overal Lewis acidity.75 In combination with Lewis 

basic phosphines, dication XLVIII activated dihydrogen, as well as hydridic B-H and Si-

H bonds (Scheme 1.16). Furthermore, it also facilitated activation of C-H bonds of 1,4-

cyclohexadiene and 1,3,5-cycloheptatriene. Although, this was not a typical single site 

molecular activation, these reactions were initiated by hydride abstraction thus inferring a 

remarkable hydridophilicity of P-dication XLVIII. It should be noted that XLVIII does 

not react with basic phosphines such as Ph3P or tBu3P indicating the existence of all-

phosphorus-based FLPs as active species in the solution.74 Interestingly, the dication 

XLVIII could be formally depicted as phosphine-stabilized doubly charged P(V)-center 

(XLVIII’, Scheme 1.16), in which only the more Lewis acidic component of P-P linkage 

showed activity in small molecule activation.  
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Scheme 1.16. Small molecule activation initiated by doubly charged diphosphonium 
cation (XLVIII) as a Lewis acidic component of an all-phosphorus-based FLP. Anions 
[B(C6F5)4] were omitted for clarity. 
 

 In 2004, Gudat and co-workers prepared phosphide-stabilized N-heterocyclic 

phosphenium molecule XLIX that features a strongly polarized homoatomic P-P bond 

(Figure 1.16).76 Chemically active P-P moiety was then employed for activation of polar 

O-H (H2O and iPrOH) and C-Cl (DCM) bonds. The splitting of these bonds proceeded via 

metathesis in which both Lewis acidic and basic P centers featured a new bond formation 

followed by P-P bond cleavage.76 This example revealed that apart from subvalent group 

14 compounds, polar E-H and E-Cl bonds (E = O and C) of small substrates could be 

activated/cleaved by cooperative involvement of group 15 reactive centers in their lower 

oxidation states (XLIX’).  

 

	
Figure 1.16. Resonance structures of P-P polarized phosphide-complexed phosphenium 
compound (XLIX and XLIX’).  
 

 Recently, it was shown that pincer-like P(III)-containing species exhibit redox 

P P PhPh
PhPh

P P PhPh
PhPh

2+

XLVIII

2+

XLVIII'

+
R
PR
R

E-H P P PhPh
PhPh +H

+
R
PR
R

E

+

E = H, Si, B, C

P PPh2

N

N

Mes

Mes

XLIX

P PPh2

N

N

Mes

Mes

XLIX'

* Mes = 2,4,6-(Me)3-C6H2



	 32 

P(III)-to-P(V) behavior to cleave a range of polarized E-H bonds (E = O or N).77 Using 

the planar T-shaped tridentate ONO ligand system, Radosevich and co-workers 

successfully incorporated the reversible P(III) / P(V) redox cycle of L towards activation 

of ammonia-borane and subsequent hydrogen transfer to azobenzene.77a,b This observation 

demonstrated that main group species were not only capable of undergoing formal 

oxidative addition but also integrating this elementary reaction step to catalyze further 

chemical transformations. Additional examples of redox active P(III)-species with 

distorted geometry include Radosevich’s NNN- (LI)77c and Kinjo’s NPN-ligated (LII)77d 

phosphines (Figure 1.17). It is noteworthy that activation of ammonia by LII, as well as 

protic E-H bonds (E = N or O) by LI, both proceeded through a ligand-assisted 

mechanism. Conversely, Aldridge and Goicoechea studied the effect of aromatic 

backbone of ONO-ligand on the redox activity of distorted LIII compound.77e Consistent 

with previous findings, LIII was capable of activating N-H and O-H bonds of ammonia 

and water, respectively. These results clearly indicated the potential of geometrically 

distorted P(III)-based compounds to undergo formal oxidative addition of polar protic 

bonds.  

 

	
Figure 1.17. Radosevich’s ONO (L) and NPN-ligated (LI) phosphines, Kinjo’s NPN-
substituted phosphine (LII), and Aldridge’s and Goicoechea’s phosphine with aromatic 
backbone on the ONO-ligand (LIII). 
 

 Even though, group 15 compounds containing phosphorus in its formal +3 

oxidation state certainly demonstrated the potential for insertion into enthalpically strong 

polar bonds (e.g. O-H and N-H), the activation of non-polar H-H bonds by these species 

was rarely documented. Indeed, the only example of dihydrogen cleavage was recently 

described by Stephan et al.78 Authors discovered that the exposure of 2,4,6-(tBu)3-1,3,5-
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triphosphabenzene (LIV) to H2 resulted in the formation of an isomeric mixture of 

bicyclic product comprised of fused five- and three-membered rings (Scheme 1.17). 

Variable temperature data coupled with computational studies confirmed the role of 

phosphorus as a Lewis acid in 1,4-addition of H2 (LIV’) to the triphosphabenzene 

derivative. This chemical transformation proceeds via cooperative involvement of 

formally positive P(III)-center and formally negative para-C and hence resembles an 

FLP-type mechanism.74  

 

	
Scheme 1.17. Dihydrogen activation facilitated by Stephan’s triphosphabenzene 
derivative.  
 

 Lewis acidic phosphenium cations possess a formally vacant P(3p) atomic orbital 

orthogonal to the lone pair of electrons and are thus expected to exhibit insertion into σ-

bonds.4 However, examples are limited to intramolecular C-H activation of Cp-substituted 

phosphenium ion (XII),19 transient zwitterion LV (Scheme 1.18)24b and previously 

mentioned transient monocation XV formed by protonation of the corresponding 

diphosphene (Scheme 1.4).23 These reactions were most likely governed by the proximity 

effect between the P-center and the potentially activated C-H bond as only one case of 

intermolecular bond insertion in phosphenium chemistry was reported to date. Namely, 

Cowley and co-workers observed the insertion of bis(diisopropylamino)phosphenium 

cation ([3]+, Scheme 1.18) into C-H bonds of stannocene and plumbocene.24a The 

molecular composition of the insertion products was elucidated by means of multinuclear 

NMR and no structural evidence was presented. Nonetheless, considering the isolobal 

relationship between phosphenium and group 14 metallylenes and their oxidative 

flexibility, one should expect that enthalpically strong bonds other than C-H could be 

activated by phosphenium cations. 
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Scheme 1.18. Examples of intra- (XII and LV) and intermolecular ([3]+) C-H bond 
insertion in phosphenium chemistry. Anions [AlCl4]- were omitted for clarity. 
 

 Indeed, our group observed that carbone-stabilized aminophosphenium dication 

[1c]2+ successfully inserts into O-H bonds of H2O and MeOH giving the corresponding 

dicationic phosphonium salts (Scheme 1.19).79 Remarkably, reaction proceeded with 

equimolar amounts of substrates under room temperature suggesting that [1c]2+ is both 

oxophilic and highly Lewis acidic. The effect of increased Lewis acidity imparted by 

dicationic charge was demonstrated in parallel experiments involving the treatment of [3]+ 

and [iPr2NPCl]+ with equivalent amount of H2O. Both phosphenium monocations 

remained inert towards the substrate even after extended reaction times. This particular 

example indicates that carbene or transition metal-like behavior of phosphenium cations 

could be significantly enriched by simply increasing their Lewis acidity.  
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Scheme 1.19. Water and methanol activation by amino-substituted phosphenium dication 
[1c]2+. Anion [BArF

4]- (ArF = C6H3-(CF3)2) was omitted due to clarity.   
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Section 1.6. Aims of Thesis 

	

The preparation of stable phosphenium cations requires the presence of at least 

one (if not both) amino substituent on the P-atom. The ligand→P π-conjugation increases 

the overall electron density on the central P thus diminishing its electrophilic character 

and causing it to react preferably via its lone pair of electrons. As a consequence, non-

amino-supported isolable phosphenium cations that potentially exhibit Lewis acidic 

behavior remain rather scarce. This research aims to establish a ligand system that enables 

the preparation of stable multiply charged two-coordinate P(III) cations. In addition, it 

improves the overall electrophilicity of phosphenium molecules by means of increased 

positive charge and proximity of two P Lewis acidic centers. Lewis acidity of newly 

synthesized species will be explored in small molecule activation, a task previously 

reserved exclusively for transition metals. 
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CHAPTER 2 
 
The Synthesis and Reactivity of Transient Carbodiphosphorane-
stabilized Phosphenium Dications 
 
Section 2.1. Towards The Synthesis of Carbodiphosphorane-stabilized Phosphenium 
Dications 
 

Inspired by recent findings of our group that carbodiphosphoranes were able to 

support the isolation of the first doubly charged phosphenium cation [(Ph3P)2C.PNiPr2]2+, 

[1c]2+,1 we wanted to investigate the scope of substituents different than amino groups, 

which in combination with carbodiphosphorane (1) would be able to support the 

formation of phosphenium species potentially more Lewis acidic than [1c]2+. The chosen 

examples of phenyl- (Ph), 4-fluorophenyl- (4-F-Ph), methoxy- (MeO), and tert-butyl-

substituents (tBu) were delivered in the form of dichlorophosphines (e.g. RPCl2), which 

were subsequently treated with 1 according to the procedure previously described for the 

synthesis of [1c]2+. The first step, ligand-for-chloride displacement, occurred smoothly to 

give the corresponding carbone-stabilized P-monocations (Scheme 2.1). However, the 

chloride abstraction step using AlCl3, Na- or even Ag-salts did not result in the formation 

of the target dications. Nevertheless, the transient nature of phenyl- ([1a]2+) and 4-F-

phenyl-substituted ([1b]2+) phosphenium dications was subsequently confirmed in C-F 

bond activation reactions, as well as in a trapping experiment employing PMe3 as a Lewis 

base.  

 
Scheme 2.1. Attempted synthesis of novel phosphenium dications. Reagents and 
conditions: (a) excess of RPCl2, benzene, ambient temperature; (b) AlCl3, Na[BArCl

4], 
Ag[BArCl

4] (ArCl = 3,5-(Cl)2-C6H3), Na[BArF
4] (ArF = 3,5-(CF3)2-C6H3) (2 or 3 equiv), 

dichloromethane (DCM) or 1,2-difluorobenzene, ambient temperature. 
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Since the synthetic route for the preparation of [1c]2+ appeared as a high-yielding 

procedure, we decided to use the same method for the preparation of our target molecules. 

The corresponding monocations [(Ph3P)2C.P(R)Cl][Cl] ([1a-Cl][Cl], R = Ph; [1b-Cl][Cl], 

R = 4-FPh) were prepared by adding the free carbone ligand (Ph3P)2C 1 to the benzene 

solution containing an excess of the respective dichlorophosphine RPCl2 (R = Ph, 4-F-Ph) 

as depicted in Scheme 2.1. Ligand-for-chloride exchange was primarily evidenced from 

the 31P NMR spectrum where a triplet (~111 ppm) and a doublet (~25 ppm) corresponding 

to the central and carbone’s phosphorus atoms, respectively, were observed. Furthermore, 

the diluted solutions of [1a-Cl]+ and [1b-Cl]+ were prepared and analyzed via ESI-MS. 

The obtained data was consistent with the spectroscopic measurements. Signals at m/z 

679.1592 (calculated for C43H35ClP3: m/z 679.1640) and 697.1511 (calculated for 

C43H34ClFP3: m/z 697.1546) further confirmed the coordination of 1 to the corresponding 

P-fragments [1a-Cl]+ and [1b-Cl]+, respectively. The structural identities of these 

monocations were unambiguously elucidated from single crystal X-ray diffraction 

analysis. X-ray quality crystals for [1a-Cl]+ and [1b-Cl]+ (Figures 2.1 and 2.2, 

respectively) were obtained after the non-coordinating chloride anion was replaced with 

hexafluoroantimonate(V) anion ([SbF6]). The crystal structure of compound [1a-

Cl][SbF6] revealed a high degree of disorder and hence its structural parameters are 

exempted from further discussion. 
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Figure 2.1. Single crystal X-ray structure of [1a-Cl][SbF6] at 50% probability. The 
counterion, hydrogen atoms as well as the observed disorder were omitted for clarity. The 
closest contact between the central P and the anion is 4.839 Å. Selected bond lengths [Å] 
and angles [°]: P1-C1, 1.856(8), P1-Cl1, 2.002(10), P1-C2, 1.838(10), C2-P1-C1, 
105.5(9), C2-P1-Cl1, 101.4(7), C1-P1-Cl1, 108.1(5).  
	

	
Figure 2.2. Single crystal X-ray structure of [1b-Cl][SbF6] at 50% probability. The 
counterion and hydrogen atoms were omitted for clarity. The closest contact between the 
central P and the anion is 4.904 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.7828(13), P1-Cl1, 2.1271(5), P1-C2, 1.8290(14), C2-P1-C1, 104.31(6), C2-P1-Cl1, 
100.55(5), C1-P1-Cl1, 107.15(5). 
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The molecular structure of monocation [1b-Cl]+ presented in Figure 2.2, reveals 

the pyramidal geometry around the central phosphorus atom with the sum of interligand 

angles of 312.01(7)°. The P1-C1 bond length is 1.7828(13) Å and the bond distance for 

P1-Cl1 is 2.1271(5) Å. Both values are relatively short with respect to the analogous bond 

lengths found in [1c-Cl]+ [1.812(5) and 2.173(2) Å, respectively].1a This observation was 

somewhat expected considering that both Ph and 4-F-Ph substituents are weaker π-donors 

than diisopropylamino group. Nonetheless, a shorter P-Cl bond distance for [1b-Cl]+ (and 

presumably for [1a-Cl]+) indicated that chloride abstraction from [1a-Cl]+/[1b-Cl]+, 

potentially leading to the target dications [1a]2+/[1b]2+, might be more demanding than in 

the case of the amino-substituted analogue [1c-Cl]+. 

Indeed, the addition of 2 or even 3 equiv of Na[BArCl
4] (ArCl = 3,5-(Cl)2-C6H3) or 

Na[BArF
4] (ArF = 3,5-(CF3)2-C6F3) to either dichloromethane or 1,2-difluorobenzene 

solutions of [1a-Cl][Cl]/[1b-Cl][Cl] did not result in P-Cl bond cleavage under ambient 

conditions. Further attempts to heterolytically cleave the P-Cl bond involved the addition 

of 2 equiv of AlCl3 to a dichloromethane solution of either [1a-Cl][Cl] or [1b-Cl][Cl]. 

Reaction progress was monitored by 31P NMR spectroscopy and in both instances no 

signals in the range typical for phosphenium salts were registered. 2  In fact, very 

complicated 31P NMR spectra was obtained after the addition of AlCl3 whereas 

Na[BArCl
4]/Na[BArF

4] did not react with the inner-sphere chloride atom under the same 

reaction conditions. These observations suggested that (i) Na-based salts might not be 

chlorophilic enough to abstract the chloride atom from inner sphere of phenyl- and 4-

fluorophenyl-substituted P-monocations at ambient conditions, (ii) upon formation, [1a]2+ 

and [1b]2+ might be very reactive leading to the formation of a complicated reaction 

mixture when 2 equiv of AlCl3 were used.  

In order to remove the chlorine atoms from the inner coordination spheres of [1a-

Cl]+/[1b-Cl]+, we decided to use silver-based reagents instead of sodium-based ones. Ag 

salts are well known halogen abstracting agents due to the exceptionally high lattice 

potential energies of silver halides.3 Therefore, the formation of silver halides provides a 

large driving force leading to more feasible ionization of the substrate.3 In view of these 

considerations, we have synthesized Ag[BArCl
4] according to the previously described 

procedure.4 The addition of 2 equiv of Ag[BArCl
4] to a 1,2-difluorobenzene solution of  
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[1a-Cl][Cl]/[1b-Cl][Cl] resulted in the formation of 2 new signals as judged by 31P NMR 

spectroscopy. The doublet corresponding to the P-atoms of carbone ligand (δP 25 ppm) 

was shifted slightly downfield to δP 27 ppm, while the triplet assigned to the central P of 

[1a-Cl]+/[1b-Cl]+ (δP 110 ppm) appeared upfield at δP 87 ppm. For comparison, the same 

reaction was carried in DCM resulting in a slightly changed 31P NMR spectrum with 

respect to the starting materials [1a-Cl]+/[1b-Cl]+. The doublet at δP 25 ppm exhibited a 

similar value, while the triplet at δP 110 ppm was shifted slightly upfield to δP 107 ppm. 

These observations support the claim that (i) Ag-based reagents are superior to Na-salts 

with respect to the chloride abstraction from inner spheres of [1a-Cl]+/[1b-Cl]+, and that 

(ii) highly reactive nature of newly formed [1a]2+ and [1b]2+ gave rise to new P-containing 

species. However, one should also note that Ag+ ion might not always be the most suitable 

reagent for halide abstraction as under certain conditions this cation was found to oxidize 

the substrate.5 Unfortunately, numerous attempts to grow crystals from these reaction 

mixtures were not successful, thus providing no conclusions about the nature of the newly 

formed products. 

Next, we focused our efforts on obtaining methoxy-substituted phosphenium 

dication. Using the same synthetic procedure, we prepared [(Ph3P)2C.P(OMe)Cl][Cl], [1e-

Cl][Cl] in excellent yield (Scheme 2.1). The 31P NMR spectrum displayed a doublet at δP 

22 ppm corresponding to the P-atoms of 1 and a triplet at δP 216 ppm consistent with the 

central phosphorus. The latter signal was downfield-shifted for more than 100 ppm with 

respect to [1a-Cl]+/[1b-Cl]+  (δP 110 ppm) and more than 80 ppm compared to the value 

observed for [1c-Cl]+ (δP 133 ppm).1a Furthermore, the central P atom of [1e-Cl][Cl] 

appeared about 40 ppm downfield with respect to the δP of the starting dichlorophosphine 

(MeOPCl2, δP 180 ppm). So far, only one example of P-centered chloride-for-carbone 

exchange leading to the more downfield chemical shift of the monocationic product has 

been reported.6 The 1H NMR spectrum of [1e-Cl][Cl] showed a doublet at δH 3.09 ppm 

corresponding to the methoxy group attached to the central P. Finally, the molecular 

structure of [1e-Cl]+ was elucidated after replacing the chloride with [SbF6] anion (Figure 

2.3). The P1-Cl1 bond of [1e-Cl]+ (2.1558(15) Å) was found to be longer than the 

analogous bond for [1b-Cl]+ (2.1271(5) Å) but shorter than the corresponding P-Cl bond 
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of [1c-Cl]+ (2.173(2) Å).1a The elongation of the P-Cl bond in the following order [1b-

Cl]+ < [1e-Cl]+ < [1c-Cl]+ compares well with the π-donor strength of the respective 

substituents attached to the central P-atom (4-F-Ph < OMe < NiPr2). Moreover, this 

observation might indicate the feasibility of the potential ionization of P-monocations 

towards the target dication molecules. 

 

 
Figure 2.3. Single crystal X-ray structure of [1e-Cl][SbF6] at 50% probability. The 
counterion and hydrogen atoms were omitted for clarity. The closest contact between the 
central P and the anion is 4.710 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.781(3), P1-Cl1, 2.1558(15), P1-O1, 1.631(3), O1-P1-C1, 96.71(16), O1-P1-Cl1, 
98.15(12), C1-P1-Cl1, 106.30(12). 
 

 Unfortunately, the addition of 2 equiv of AlCl3 or Na[BArCl
4] to a DCM solution 

of [1e-Cl][Cl] at ambient temperature did not give the desired dication [1e]2+. Instead, a 

single resonance at δP 19 ppm corresponding to [(Ph3P)2CH]+ was observed in the 
31P{1H}/31P NMR spectra.7 This observation suggested that despite being a better π-donor 

than 4-F-Ph- and Ph-substituents, the methoxy group does not possess sufficient electron-

donating character for thermodynamic stabilization of the target dication. In fact, electron-

depletion on the P-center induced by the high electronegativity of the neighboring oxygen 

atom might be the reason behind the instability of [1e]2+ under ambient conditions. 

 The use of moderately strong electron-donor substituents (4-F-Ph, Ph, and OMe) 

in combination with carbone (1) was not sufficient for the preparation of phosphenium 



	 50 

dications. While tert-butyl (tBu) group is considered as strong σ-donor, its non-

conjugating character might be the prevailing factor in the synthesis of the target dication  

[(Ph3P)2C.PtBu]2+, [1d]2+. Nevertheless, we prepared its precursor 

[(Ph3P)2C.P(tBu)Cl][Cl], [1d-Cl][Cl] by treating the benzene solution of 1 with an excess 

of tBuPCl2. The identity of [1d-Cl][Cl] was established using spectroscopic methods. A 

multiplet derived from two second order doublets at δP 23 ppm and a second order triplet 

at δP 132 ppm corresponding to the carbone’s and central P-atoms, respectively, were 

registered in the 31P NMR spectrum. Furthermore, coupling of tBu-protons with the 

central 31P nucleus gave rise to a doublet at δH 0.6 ppm (3JPH = 15 Hz) in the 1H NMR 

spectrum. The identity of [1d-Cl]+ was also confirmed by ESI-MS analysis where a signal 

at m/z 659.1955 (calculated for C41H39ClP3: m/z 659.1953) with a matching isotope 

pattern was registered. As speculated, the addition of 2 or even 3 equiv of 

AlCl3/Na[BArCl
4] to a DCM solution of [1d-Cl][Cl] did not give the target phosphenium 

dication [1d]2+. Instead, the 31P NMR spectrum revealed [(Ph3P)2CH]+ as only P-

containing species in the solution. This result indicated that electron-donating 

characteristics of tBu-group, as well as methoxy and phenyl-based substituents, combined 

with those of 1, were not sufficient for thermodynamic stabilization of P-dications 

presumably due to their extremely electrophilic nature. Therefore, we sought to exploit 

Lewis acidity of the target phosphenium salts to gather experimental evidence for their 

transient nature.   
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2.2. C-F Bond Activation by Transient Phosphenium Dications 
 

Since the isolation of elemental fluorine in 1886, fluorinated building blocks have 

been of utmost importance in both industrial and academic research. High significance of 

these compounds is reflected by their wide application in areas such as materials science, 

polymer chemistry, catalysis, crop protection, medicine, pharmacy, and biochemistry.8 

Moreover, the extreme electronegativity and small size of fluorine induce high ionic 

character and render carbon–fluorine bond the strongest single bond that carbon forms 

with any element.9 Therefore, the introduction of fluorine atom into simple hydrocarbon 

molecules represents an important tool for the design of various commercial products 

whose physicochemical properties significantly differ from those of starting 

hydrocarbons. For instance, poly(tetrafluoroethylene) and high performance lubricants are 

known as extremely useful durable goods.  

High kinetic and thermodynamic inertness of C-F bonds has certainly found many 

useful applications, however, it is also the main cause behind environmental persistency 

and potential toxicity of perfluorinated compounds. 10  Their contribution to global 

warming (greenhouse gases) and depletion of ozone layer (chlorofluorocarbons – CFCs) 

are generally accepted.11a With an atmospheric half-life greater than 5 x 104 years for CF4, 

the disposal of organofluorine waste remains a challenge.11b  

There is a growing interest in developing different pathways for C–F bond 

activation. Transition metals are currently dominating this field,12 as they can be used for 

both stoichiometric and catalytic transformations. Transition metal catalyzed replacement 

of fluorine by other organic groups is very attractive as it allows the synthesis of partially 

fluorinated synthetic intermediates from rather inactive per- or oligofluorinated species.13d 

However, it should be noted that transition metal complexes have showed preference for 

polyfluoroarenes and fluoroalkenes,12a-d with very few examples being able to transform 

fundamentally more challenging alkyl- and perfluoroalkyl compounds.12p,q  
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Scheme 2.2. General approaches towards C-F bond activation 
 

Recently, main-group Lewis acids have emerged as a very effective method for 

selective C–F bond cleavage of saturated fluorocarbons. While single-electron transfer or 

oxidative addition to an electron-rich metal center are preferred pathways for most metal-

based systems, main group Lewis acids combine both Lewis acidity and fluorine affinity 

for heterolysis of C(sp3)-F bonds via fluoride abstraction (Scheme 2.2). For example, high 

dissociation energy of Si-F bond (~140 kcal/mol) renders electron deficient silicon 

compounds (e.g. R3Si+) particularly suitable for C-F bond activation (Figure 2.4, LVI).13 

In fact, silanes are the most commonly used fluorine scavengers in catalytic C-F 

functionalizations.14 Boron- (LVII) and aluminium-based Lewis acids (LVIII) are also 

reported to be effective in C–F bond activation (Figure 2.4).15 Their Lewis acidic behavior 

is induced by the presence of a formally vacant p atomic orbital located on the main group 

atom. Recent reports from Stephan and co-workers have demonstrated that 

organofluorophosphonium cations (i.e. P(V)-based cations) could be used in catalytic C–F 

activation (XLVI and XLVII). This is the very first example of C–F activation performed 

at Lewis acidic P-centers with a full valence of eight electrons. Their fluorophilicity 

originates from an empty coordination site formally defined as σ* orbital whose lobe is 

mainly located on the phosphorus center. 16  However, no examples of P(III)-based 

compounds used for C–F bond cleavage have been reported to date. We postulated that 

phosphenium dications could be a suitable candidate, as they possess both a formally 

vacant 3p atomic orbital and a positively charged phosphorus atom.2 Therefore, we 

investigated the reactivity of transient P(III)-based dications towards C–F bond cleavage 
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using [BArF
4]– anion [ArF = (CF3)2-C6H3] and α,α,α–trifluorotoluene (PhCF3) as fluoride 

source. 

 

 

Figure 2.4. Silicon- (LVI), boron- (LVII), aluminum- (LVIII), and phosphorus-based 
(XLVI and XLVII) Lewis acids used in C-F bond activation. Note: anions were deleted 
for clarity. 
	

As previously mentioned, target phosphenium dications [1a]2+ and [1b]2+ were not 

formed upon the addition of either 2 or 3 equiv of Na[BArF
4] to a solution containing 

either of monocations [1a-Cl]+/[2b-Cl]+ at room temperature. Nonetheless, when reaction 

mixture of [1a-Cl][Cl] and 3 equiv of Na[BArF
4] in 1,2-diflorobenzene was heated at 

100°C overnight (Scheme 2.3), apart from evident disappearance of the triplet signal 

assigned to [1a-Cl]+ (δP 110.5 ppm), a new doublet of triplets at δP 162.2 ppm appeared 

(Figure 2.5). While carbone ligand caused the triplet splitting of the newly formed signal, 

its chemical shift value indicated the presence of a stronger electron-withdrawing 

substituent at the three-coordinate central P atom. Furthermore, the value for the doublet 

coupling constant  (1JP-F  = 976.4 Hz) suggested the formation of a P–F bond.  
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Scheme 2.3. General synthetic procedures. 

 

 
Figure 2.5. 31P NMR Spectra of [1a-Cl]+ (upper) and [1a-F]+ (bottom). 
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An additional evidence for the formation of a P–F fragment was observed in the 
19F NMR spectrum (δF -161.2 ppm; 1JF-P = 976.4 Hz). Next, the crude reaction mixture 

was investigated by electrospray mass spectrometry (ESI-MS). A signal at m/z 663.2006 

(calculated for C43H35FP3: m/z 663.1936) whose isotope pattern was ideally aligned with a 

carbone-stabilized fluorinated P-monocation [(Ph3P)2C.P(Ph)F]+, [1a-F]+ was observed. 

Unfortunately, all attempts to elucidate the identity of [1a-F]+ by means of X-ray 

diffraction were not successful. However, the identity of [1a-F]+ was confirmed by 

treating [1a-Cl][BArCl
4] with an excess of KF. Fluoride-for-chloride displacement 

resulted in identical 31P and 19F NMR spectra observed previously for the crude reaction 

mixture. 

Even though it was not immediately evident whether the solvent or the anion was 

the source of fluoride, we assumed that highly reactive nature of the transient 

phosphenium dication [(Ph3P)2C.PPh]2+, [1a]2+ might be responsible for the observed C-F 

bond cleavage. To gain an insight about the existence of these interesting species, we 

performed a trapping experiment based on the formation of an acid-base adduct. The 

addition of a Lewis base (PMe3) to a solution containing [1a-Cl][Cl] and 2 equiv of 

Na[BArF
4] gave adduct [{(Ph3P)2C}(Ph)P.PMe3][BArF

4]2, [1a.PMe3][BArF
4]2. The 

identity of this compound was elucidated using both solution- and solid-state 

characterization techniques. The 31P NMR spectrum revealed the presence of three second 

order signals at δP -6.4 (doublet of triplets), 11.4 (doublet of triplets), and 28.7 (doublet), 

while ESI-MS signal at m/z 360.1197 (calculated for [C46H44P4]2+: m/z 360.1191) further 

supported the formation of the expected reaction product. In addition, crystal structure of 

[1a.PMe3][BArF
4]2 (Figure 2.6)17 revealed that P1-C1 [1.792(4) Å] and P1-C2 [1.826(4) 

Å] bond lengths were very similar to those of the monocationic precursor [1b-Cl]+, while 

P1-P4 bond distance [2.217(2) Å] was comparable with the value [2.187(2) Å] previously 

observed for [Ph2P-PMe3]+ adduct.18 
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Figure 2.6. Molecular structure for [4a⋅PMe3][BArF

4]2 drawn at 50% probability. The 
counterions, hydrogen atoms and disordered solvent molecules have been omitted for 
clarity. The closest contact between the central P and the anion is 5.322 Å. Selected bond 
lengths [Å]: P1-C1, 1.792(4); P1-C2, 1.826(4); P1-P4, 2.2173(1). 
	

To gain further insight into the origin of the fluoride anion, Na[BArF
4] was 

replaced with fluorine-free chloride abstracting agent Na[BArCl
4], thus leaving the solvent 

as only fluorine source present in the reaction mixture. In fact, the non-coordinating 

chloride anions of the monocationic precursors [1a-Cl][Cl] and [1b-Cl][Cl] were first 

replaced by [BArCl
4]– to give [1a-Cl][BArCl

4] and [1b-Cl][BArCl
4], respectively (Scheme 

2.3). Next, to a 1,2-difluorobenzene solution containing either of these two monocations 2 

equiv of Na[BArCl
4] were added. The resulting mixture was heated at 100°C overnight, 

and then investigated by means of 31P and 19F NMR Spectroscopy. None of the reaction 

mixtures showed formation of any “P-F” fragments, thus eliminating the solvent as 

fluoride source in the original experiment. Then, to the same reaction mixtures 1 equiv of 

PhCF3 was introduced followed by heating at 100°C for several hours. In this case, the 

formation of fluorinated monocations [1a-F]+ and [(Ph3P)2C.P(4-F-Ph)F]+, [1b-F]+  was 

evident (Scheme 2.3). These observations clearly indicated that the source of the fluoride 

in the initial experiment was [BArF
4]– anion.19  

In order to inspect whether phosphenium dications [1a]2+ or [1b]2+ formed in situ 

were responsible for the observed C–F bond cleavage, a 1:1 molar mixture of Na[BArCl
4] 

and PhCF3 was allowed to react under the same experimental conditions. As expected, 19F 
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NMR spectroscopy showed no reactivity hence, confirming the potential of doubly 

charged P(III)-species to cleave C–F bonds of fluorinated compounds (PhCF3 and 

[BArF
4]–). Unfortunately, when other organofluorine substrates such as C6F5Br, 

(CF3CH2)2O, and (CF3)(CF2)6CHF2 were introduced to reaction mixtures containing either 

of monocations [1a-Cl][BArCl
4] or [1b-Cl][BArCl

4] and 2 equiv of Na[BArCl
4] under the 

same experimental conditions, no evidence for the formation of the corresponding P–F 

fragments was gathered. This was presumably due to the absence of a phenyl group 

adjacent to the potentially cleaved C-F bond, as phenyl rings were found to assist in 

stabilization of the corresponding carbocations.20 The same holds true for the observed 

selectivity of transient phosphenium dications towards activation of PhCF3 and [BArF
4]– 

anion. Nevertheless, this work features the first example of P(III)-based compounds 

capable of activating α–phenyl C–F bonds.  

To better understand the difference in the electronic and structural properties 

between the transient [1a]2+ and [1b]2+, and the isolable dication [1c]2+, a detailed 

computational analysis using the Gaussian 09 package was performed. The dications were 

fully optimized by the B3PW91 method with 6-31G(d) basis set. As the nature of the 

frontier orbitals for all compounds appeared to be virtually identical, only molecular 

orbitals of [1a]2+ are displayed in Figure 2.7. 

 

	

Figure 2.7. Frontier molecular orbitals for [1a]2+. 
	

The lowest unoccupied molecular orbitals (LUMOs) were virtually quite 

comparable to the π* for the allene-like CPX bonding motif (X = C for [1a]2+/[1b]2+; X = 



	 58 

N for [1c]2+). The highest occupied molecular orbitals (HOMOs) are mainly non-bonding 

with helical-like shape, presumably as a result of the slight mixing of the atomic orbital 

that resembles the lone pair on the central phosphorus and orbitals on the adjacent atoms 

of the CPX moiety.21 Apart from the identical shape, HOMOs of the respective dications 

possess similar energy levels as well: -0.43791, -0.43854, and -0.43453 eV for [1a]2+, 

[1b]2+, and amino-substituted dication [1c]2+, respectively. However, LUMO(s) for 

transient dications [1a]2+ (-0.31248 eV) and [1b]2+ (-0.31315 eV) appeared to be more 

stabilized with respect to an analogous orbital of [1c]2+ (-0.28129 eV). The same trend 

was observed when amino groups of the bis(amino)phosphenium monocation were 

replaced by phenyl substituents.22 These observations indicated that more accessible 

LUMOs of transient phenyl-substituted phosphenium dications were not only responsible 

for their transient nature, but also for ability to activate enthalpically strong C-F bond. 

Moreover, isolable amino-substituted phosphenium dication was chemically inert towards 

organofluorine compounds under the same experimental conditions.  

Surprisingly, according to the NBO analysis, the central phosphorus atom of [1a]2+ 

(+1.02e) and [1b]2+ (+1.02e) appeared to have a less positive partial charge with respect to 

an analogous atom for [1c]2+ (+1.22e). The higher electron deficiency at the central 

phosphorus of [1c]2+ might be due to electron density overcompensation from the carbone 

ligand to the central phosphorus atom of [1a]2+ or [1b]2+. However, the difference in 

electronegativity between the nitrogen (NiPr2) and carbon atoms (Ph and 4-F-Ph) of the 

corresponding substituents should not be ruled out. Nevertheless, this observation 

indicates that the Lewis acidity of a compound might not necessarily be affected by the 

electron depletion at the central atom as much as by the accessibility of its LUMO.  

In this chapter, we demonstrated that a combination of carbodiphosphorane ligand 

with alkyl, alkoxy, and phenyl-based substituents was not sufficiently electron donating to 

enable the isolation of the corresponding two-coordinate P-dications. The transient nature 

of phenyl ([1a]2+) and 4-fluorophenyl ([1b]2+) phosphenium dications was utilized in the 

activation of enthalpically strong α-phenyl C-F bonds. Theoretical analysis revealed that 

higher fluorophilicity of transient dications [1a]2+ / [1b]2+ compared to amino-substituted 

analogue [1c]2+ was due to the greater accessibility of their LUMOs. In order to overcome 

a rather limited scope of thermodynamically stable phosphenium dications and explore 
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further their reactivity as strong Lewis acids, we turned our efforts towards finding a more 

suitable (stronger electron-donor) carbone-type ligand. 
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CHAPTER 3 
 
The Synthesis and Characterization of Carbodicarbene-stabilized 
Electron-deficient Phosphorus Compounds 
 

As described in the previous chapter, our initial goal involving the synthesis of 

carbodiphosphorane-stabilized phosphenium dications by employing weaker π-donors 

than amino group (R = Ph, 4-F-Ph, OMe, tBu) was not successful. In order to provide 

sufficient thermodynamic stabilization, necessary for isolation of highly Lewis acidic 

species such as doubly charged P-cations, we decided to replace 1 with a potentially 

stronger carbone-type donor. An ideal ligand for this role would thus be a stronger 

electron-donor that prefers to share its lone pairs of electrons with a substrate rather than 

with supporting groups (Ph3P in case of 1) via π-backdonation. 

Phosphines are considered strong σ-donors and weak π-acceptors. They are quite 

comparable with carbenes, particularly N-heterocyclic carbenes (NHCs), as both groups 

of ligands represent monodentate, two-electron donors. Even though, the carbon atom of 

NHCs possesses a formally empty 2p atomic orbital, NHCs are usually regarded as 

weaker π-acceptors and stronger σ-donors than phosphines.1 The explanation for this 

rather unusual claim comes from the theoretical studies suggesting that the NCN moiety 

of NHCs can be regarded as a 3-center, 4-electron π-system formed by electron donation 

from nitrogen atoms to the formally vacant 2p atomic orbital of the carbene carbon.2 The 

N→C π-electron donation increases upon coordination of the carbene to a metal/Lewis 

acidic center, thus preventing the carbene carbon to accept the electron density from the 

metal via π-backdonation.3 Taking into account that carbone molecules are considered as 

donor-acceptor complexes L→C←L (L = Ph3P, NHC) between zero-valent central carbon 

atom and strong σ-donors (L),4 it is reasonable to assume that replacement of Ph3P with 

NHC would decrease the π-backdonation from the central carbon atom of carbone ligand 

to the neighboring carbene carbons ultimately resulting in a stronger π-bonding with 

electron-deficient P-fragment (Figure 3.1). Therefore, we identified carbodicarbene ligand 

({C6H4(NMe)2C}2C, 2) as a more suitable candidate for thermodynamic stabilization of 

the target phosphenium dications. 
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Figure 3.1. The replacement of Ph3P with NHC forces the central carbon atom to use its 
σ- and π-lone pairs preferably for bonding with the P-fragment of phosphenium dications. 
Benzene rings in the backbonding of carbodicarbene 2 were omitted for clarity. 

 

In the following chapter we demonstrate that the electronic properties of 2 are not 

only sufficient for the preparation of P-dications bearing alkyl (tBu), alkoxy (OMe), and 

aryl (Ph) groups, but also for isolation of the first example of a two-coordinate triply 

charged phosphenium cation. Furthermore, we have also demonstrated that 

nucleophilicity of both 1 and 2 was responsible for the P-N bond splitting that occurred 

via an SN2’-like mechanism 
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Section 3.1. The Synthesis and Characterization of Carbodicarbene-stabilized 
Phosphenium Dications 
 

 
Scheme 3.1. General synthetic procedure for preparation of novel carbodicarbene-
stabilized phosphenium dications. Reagents and conditions: (a) excess of RPCl2, benzene, 
ambient temperature; (b) AlCl3, AgSbF6, Na[BArCl

4] (ArCl = 3,5-(Cl)2-C6H3), Na[BArF
4] 

(ArF = 3,5-(CF3)2-C6H3) (2 or 3 equiv), CH2Cl2 or 1,2-difluorobenzene, ambient 
temperature. 
 

 The synthetic route for the preparation of carbodicarbene-supported P-dications is 

depicted in Scheme 3.1. As in the case of carbodiphosphorane 1, we decided to use 

similar synthetic procedure involving the reaction of 2 with an excess of the 

corresponding dichlorophosphine RPCl2 (R = Ph, NiPr2, tBu, OMe, Cl). Thus, 

[{C6H4(NMe)2C}2C.P(Ph)Cl][Cl], [2a-Cl][Cl] was synthesized by treating a benzene 

solution of 2 with an excess of PhPCl2. The formation of [2a-Cl][Cl] was registered by 
31P NMR spectroscopy where a new signal at δP 101 ppm was detected. It is noteworthy 

that the P-atom of [2a-Cl][Cl] was about 10 ppm more shielded than the analogous signal 

observed for [1a-Cl][Cl] (δP 111 ppm). Furthermore, coordination of carbodicarbene 

ligand to the P-containing fragment was indicated by the complete disappearance of a 

signal corresponding to the NMe groups of free carbodicarbene (δH 2.89 ppm) and 

appearance of an analogous signal at δH 3.64 ppm according to the 1H NMR spectrum of 

[2a-Cl][Cl]. The downfield shift of methyl protons suggested that imidazolium rings of 2, 

upon coordination of the carbone to the Lewis acidic center, might stabilize the cation 

through delocalization/accumulation of the positive charge.5 Nonetheless, the identity of 

(a)
P

R

Cl

+
[Cl]

(b)

[X]2

2 [2a-Cl][Cl]: R = Ph

[2c-Cl][Cl]: R = NiPr2

[2d-Cl][Cl]: R = tBu

[2e-Cl][Cl]: R = OMe

[2a][X]2: R = Ph, [X] = [AlCl4], [SbF6], [BArCl4]

[2c][X]2: R = NiPr2, [X] = [AlCl4], [SbF6], [BArCl4]

[2d][X]2: R = tBu, [X] = [AlCl4]

[2e][X]2: R = OMe, [X] = [AlCl4]

[2g-Cl][Cl]: R = Cl [2g][X]2: R = Cl, [X] = [AlCl4]

NHC

NHC

NHC

NHC
P

R 2+NHC

NHC N

N
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this compound was confirmed crystallographically (Figure 3.2) when chloride anion of 

[2a-Cl][Cl] was replaced with [SbF6] (i.e. [2a-Cl][SbF6]). 

 

 
Figure 3.2. Single crystal X-ray structure of [2a-Cl][SbF6] at 50% probability. The 
counterion and hydrogen atoms were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 4.040 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.776(6), P1-Cl1, 2.120(2), P1-C4, 1.836(6), C1-C2, 1.422(7), C1-C3, 1.437(7), C4-P1-
C1, 101.7(3), C4-P1-Cl1, 100.6(2), C1-P1-Cl1, 107.2(2). 
 

The sum of the bond angles around the central P-atom of [2a-Cl]+ (309.5(5)°) 

confirmed the expected pyramidal geometry of this monocation. The values for P1-C1 

(1.776(6) Å) and P1-Cl1 (2.120(2) Å) bond lengths for [2a-Cl]+ are very similar to the 

analogous bond distances observed for 4-fluorophenyl substituted carbodiphosphorane-

stabilized monocation [1b-Cl]+ (1.7828(13) and 2.1271(5) Å, respectively). However, the 

P1-C4 (1.836(6) Å) bond distance for [2a-Cl]+ appeared somewhat longer than the 

corresponding bond length for [1b-Cl]+ (1.8290(14) Å). Nonetheless, to demonstrate the 

superior π-electron donating character of 2 over 1, necessary for stabilization of target 

dication, we focused our efforts on chloride abstraction from [2a-Cl]+.   

  The removal of chlorine atom from inner sphere of [2a-Cl]+ was attempted using 

highly halophilic reagents such as AlCl3, AgSbF6, Na[BArCl
4] (ArCl = 3,5-(Cl)2-C6H3), and 

Na[BArF
4] (ArF = 3,5-(CF3)2-C6H3), as these salts appeared to be effective in preparation 

of amino-substituted phosphenium dication [1c]2+. The reaction progress was investigated 
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by 31P NMR spectroscopy that is considered as an ideal tool for the identification of 

phosphenium ions due to their characteristic downfield chemical shift.6 To our delight, 

addition of 2 equiv of AlCl3 to a DCM solution of [2a-Cl][Cl] resulted in the formation of 

the target dication [2a][AlCl4]2
 as evidenced by the signal at δP 393 ppm in the 31P NMR 

spectrum. The formation of [2a]2+ was also evidenced from the 13C NMR spectrum. 

Namely, the signal corresponding to the central carbon of carbodicarbene ligand in 

[2a][AlCl4]2
 (δC 129 ppm) was shifted downfield by 75 ppm with respect to the same 

signal observed for [2a-Cl][Cl] (δC 54 ppm). These observations directly suggested that 

carbodicarbene 2 afforded sufficient thermodynamic stabilization to support the 

preparation of doubly charged phenylphosphenium ion [2a]2+.  

 The thermodynamic stabilization of [2a]2+ by means of π-donation was best 

inferred from the metrical parameters of X-ray structure of [2a][BArCl
4]2 (Figure 3.3). 

Crystals of [2a][BArCl
4]2 suitable for single crystal X-ray diffraction were obtained when 

chloride abstraction from [2a-Cl][Cl] was performed using 2 equiv of Na[BArCl
4]. The 

shortening of the P1-C1 bond length from 1.776(6) Å ([2a-Cl]+) to 1.701(5) Å in 

[2a][BArCl
4]2 is consistent with the significant amount of Ccarbone→P electron density 

flow. The same electron flow was further supported by the elongation of the average C1-

C2/3 bond distances from 1.343(2) Å in free carbodicarbene (2) to 1.462(7) Å upon 

formation of [2a]2+. In fact, this observation suggested minimal, if any, π-backdonation 

from the central carbon atom (C1) to the carbene carbons (C2/3) considering that average 

value for the C1-C2/3 bond distance (1.462(7) Å) corresponds well with C(sp2)-C(sp3) 

single bond distances. In addition, the P1-C4 bond length of [2a]2+ (1.784(6) Å) appeared 

to be somewhat shorter than the corresponding bond of [2a-Cl]+ (1.836(6) Å), presumably 

due to a higher positive charge of former species; however, a certain degree of π-

conjugation between the Ph group and the P-atom of [2a]2+ could not be ruled out. 

Therefore, the CPC fragment of [2a]2+ could be regarded as phosphaalkene-like, 

considering only the significant double bond character of Ccarbone-P bond,7 or allene-like in 

the case of extended π-delocalization across both carbodicarbene and phenyl substituents. 
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Figure 3.3. Single crystal X-ray structure of [2a][BArCl

4]2 set at 50% probability. 
Counterions and hydrogen atoms were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 3.711 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.701(5), C1-C2, 1.463(8), C1-C3, 1.461(7), P1-C4, 1.784(6), C4-P1-C1, 110.9(3), C2-
C1-C3, 115.6(5), C2-C1-P1, 132.5(4), C3-C1-P1, 111.7(4). 
 

 In order to ascertain whether [2a]2+ is better described as a phosphenium dication 

or a doubly charged phosphaalkene, we decided to test its reactivity towards 2,3-dimethyl-

1,3-butadiene. It is well established that conjugated dienes undergo [4+1] cycloaddition 

with phosphenium cations to give the corresponding phospholenium salts.6a On the other 

hand, the product arising from [4+2] cycloaddition reaction was observed when 2,3-

dimethyl-1,3-butadiene reacted with a cationic phosphaalkene.8 This assessment could 

potentially provide experimental evidence about the nature of the bonding between the C-

atom of carbodicarbene and central P. The reaction of [2a][AlCl4]2 with 1 equiv of 2,3-

dimethyl-1,3-butadiene under ambient conditions led to the immediate formation of a 

single reaction product according to the 31P NMR spectrum (δP 31 ppm). The identity of 

the newly formed compound as phospholenium salt 

[{C6H4(MeN)2C}2C.P{(CH2CCH3)2}Ph][AlCl4]2, [2a-h][AlCl4]2, was established upon X-

ray diffraction analysis (Figure 3.4). The crystal structure of [2a-h][AlCl4]2 revealed that 

cycloaddition reaction took place exclusively on the P-atom of [2a]2+ indicating its 

phosphenium nature. The average bond length (1.518(8) Å) for C3-C4 and C5-C6 bonds 
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as well as the value for C4-C5 bond distance (1.333(9) Å) were consistent with the 

bonding pattern expected for [4+1] cycloaddition product. Nonetheless, this experiment 

indicated that [2a]2+ is significantly more Lewis acidic than the previously reported 

amino-substituted dication [1c]2+, considering that [1c]2+ showed no reactivity towards 

2,3-dimethyl-1,3-butadiene over the period of 4 days.9 

 

 
Figure 3.4. Single crystal X-ray structure of [2a-h][AlCl4]2 set at 50% probability. 
Counterions and hydrogen atoms were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 4.883 Å. Selected bond lengths [Å]: P1-C1, 1.737(6), P1-C2, 
1.817(6), P1-C3, 1.817(6), P1-C6, 1.817(6), C3-C4, 1.511(8), C4-C5, 1.333(9), C5-C6, 
1.524(8).  
 

 Encouraged by higher electron-donating ability of 2 compared to 1, as 

demonstrated by the synthesis and isolation of [2a]2+, we decided to attempt the 

preparation of other highly Lewis acidic phosphenium dications. Thus, methoxy-

substituted P-monocation [{C6H4(MeN)2C}2C.P(OMe)Cl][Cl], [2e-Cl][Cl] was prepared 

according to the previously established procedure. Its identity was deduced using 

multinuclear NMR spectroscopy and ESI-MS. The coupling between the methoxy protons 

and the central P atom of [2e-Cl][Cl] (3JPH = 15 Hz) was indicated by appearance of 

analogous signals in 31P (br q, δP 200 ppm) and 1H NMR (d, δH 3.73 ppm) spectra. Lastly, 

the formation of [2e-Cl]+ was confirmed by ESI-MS signal at m/z 401.1297 (calculated for 

C20H23ClN4OP: m/z 401.1298) with the matching isotope pattern. It is noteworthy that 
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[2e-Cl][Cl] was formed along with [{C6H4(MeN)2C}2C.PCl2][Cl], [2g-Cl][Cl]10 due to the 

presence of small amount of PCl3 in MeOPCl2. Similar boiling points of these phosphines, 

as well as the similar solubility of [2e-Cl][Cl] and [2g-Cl][Cl] in common organic 

solvents, prohibited further purification and presumably crystallization of [2e-Cl]+. 

Nonetheless, chloride abstraction leading to the target dication [2e]2+ was attempted by 

adding 2 equiv of AlCl3 to a DCM solution of [2e-Cl][Cl]. Surprisingly, the 31P NMR 

spectrum displayed a major signal at δP 373 ppm suggestive of methoxy-substituted P-

dication [2e][AlCl4]2, whose molecular structure was obtained by slow evaporation from 

the corresponding saturated DCM solution (Figure 3.5). Interestingly, X-ray analysis 

revealed that crystals were comprised of [2e][AlCl4]2 and 

[{C6H4(MeN)2C}2C.PCl][AlCl4]2, [2g][AlCl4]2 (Figure 3.6) in the respective 93:7 ratio 

manifested via partial occupancy. The P1-C1 bond distance of [2e][AlCl4]2 (1.687(2) Å) 

was shorter than the analogous bond of [2a][BArCl
4] (1.701(5) Å), but within the range 

expected for a P-C double bond.7 Furthermore, the P1-O1 bond length (1.599(4) Å) also 

suggested the presence of double bond character.11 Considering the double bond character 

of P1-C1 and P1-O1 bonds, it was reasonable to assume that electron density 

delocalization across the CPO moiety of [2e][AlCl4]2 supported its thermodynamic 

stabilization. Nevertheless, appearance of chloro-substituted P-dication [2g]2+ in a 

crystalline form along with the methoxy-substituted analogue [2e]2+, prompted us to 

attempt the synthesis of highly electron-deficient halophosphenium dications.  
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Figure 3.5. Single crystal X-ray structure of [2e][AlCl4]2 set at 50% probability. 
Counterions and hydrogen atoms were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 3.549 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.687 (2), C1-C2, 1.467(3), C1-C3, 1.465(3), P1-O1, 1.599(4), O1-P1-C1, 100.65(16), 
C2-C1-C3, 116.29(19), C2-C1-P1, 117.09(16), C3-C1-P1, 126.58(16). 
 

 
Figure 3.6. Single crystal X-ray structure of [2g][AlCl4]2 set at 50% probability. 
Counterions and hydrogen atoms were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 3.549 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.687 (2), C1-C2, 1.467(3), C1-C3, 1.465(3), P1-Cl1, 1.984(13), Cl1-P1-C1, 113.9(4), 
C2-C1-C3, 116.29(19), C2-C1-P1, 117.09(16), C3-C1-P1, 126.58(16). 
 

 In view of previous findings, we identified chloro- and bromo-substituted 

phosphenium dications as potential target molecules. The respective P-monocations 

[{C6H4(MeN)2C}2C.PCl2][Cl], [2g-Cl][Cl], and [{C6H4(MeN)2C}2C.PBr2][Br], [2f-
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Br][Br], were synthesized by reacting 2 with an excess of PCl3 and PBr3, respectively. 

Both compounds were identified spectroscopically (δP ~ 160 ppm for [2g-Cl]+ and [2f-

Br]+) and crystallographically. While X-ray structure of [2f-Br]+ was obtained with 

bromide in the outer sphere (Figure 3.7), [2g-Cl]+ crystallized upon standard [Cl]-to-

[SbF6] anion exchange ([2g-Cl][SbF6], Figure 3.8). Crystals of [2g-Cl][SbF6] were 

disordered and hence, we excluded their parameters from further discussion. On the other 

hand, the P1-C1 bond length (1.748(8) Å) of [2f-Br][Br] appeared somewhat shorter than 

the corresponding bond distance (1.776(6) Å) observed for Ph-analogue [2a-Cl]+. This P-

C bond contraction suggested a more pronounced C(carbone)→P electron density flow in 

[2f-Br]+, which was expected considering the presence of two electron-withdrawing Br 

substituents on the central P. 

 

 
Figure 3.7. Molecular view of [2f-Br][Br] in the solid state. Only one of the molecules in 
the asymmetric unit is shown, while hydrogen atoms and counterion are omitted for 
clarity. The closest contact between the cation (P1) and the anion is 4.032 Å. Selected 
bond lengths (Å) and angles (°): P1-C1, 1.746(8) (1.748(8)), P1-Br1, 2.238(2) (2.228(2)), 
P1-Br2, 2.341(2) (2.397(2)), C1-P1-Br1, 110.4(3) (110.0(3)), C1-P1-Br2, 101.4(3) 
(101.5(3)). 
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Figure 3.8. Molecular view of [2g-Cl][SbF6] in the solid state. Hydrogen atoms and 
counterion are omitted for clarity. The closest contact between the cation (P1) and the 
anion is 4.336 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 1.772 (8), P1-Cl1, 
2.063(5), P1-Cl2, 2.117(6), Cl1-P1-C1, 101.7(3), Cl2-P1-C1, 112.0(4). 
	

 The halide abstraction from inner spheres of [2g-Cl][Cl] and [2f-Br][Br] was 

performed using AlCl3 and AlBr3 compounds, respectively. The addition of 2 equiv of 

AlCl3 to a DCM solution of [2g-Cl][Cl] gave the expected chloro-substituted P-dication 

[2g][AlCl4]2 according to the signal at δP 361 ppm in the 31P NMR spectrum. On the other 

hand, when [2f-Br][Br] was treated with 2 equiv of AlBr3, the 31P NMR spectrum 

displayed a single resonance at δP 229 ppm consistent with the starting PBr3. However, 

immediate color change (orange to red) and formation of thick oil insoluble in DCM 

suggested that [2f-Br][Br] and AlBr3 yielded a reaction product whose insufficient 

solubility or stability prevented our spectroscopic measurements. A more detailed 

description of reactivity between [2f-Br][Br] and different halide-abstracting reagents is 

presented in Section 3.3. In addition, attempts to isolate chlorophosphenium salt 

[2g][AlCl4]2 in the solid state were not successful prompting us to explore whether anions 

different than [AlCl4] could be found in the outer sphere of [2g]2+. Unfortunately, 

treatment of [2g-Cl][Cl] with 2 (or 3) equiv of Na[BArCl
4] did not give [2g][BArCl

4]2 

inferring that existence of hypothetically more electrophilic chlorophosphenium dication 

[2g]2+ is not only limited to the solution state, but also to the presence of rather stabilizing 

[AlCl4] anion. This observation was not unusual considering that [MCl4]-type anions 
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(M=Al, Ga) are well known for their ability to stabilize reactive phosphenium centers via 

electrostatic anion-cation interactions.12 Even though, we did not detect hypothetical 

bromo-P-dication [{C6H4(MeN)2C}2C.PBr]2+, [2f]2+, we successfully prepared Cl- 

([2g]2+), Ph- ([2a]2+), and MeO-substituted ([2e]2+) phosphenium ions, indicating that 

carbodicarbene 2 provides access to novel chemical entities unknown in phosphenium 

chemistry. Encouraged by our findings, we attempted the synthesis of tert-butyl-

substituted P-dication that appeared to be unstable when carbodiphosphorane 1 was used 

as a supporting ligand. 

 Using the established procedure, we synthesized tert-butyl-substituted P-

monocation [{C6H4(MeN)2C}2C.P(tBu)Cl][Cl], [2d-Cl][Cl] in high yield. The 31P{1H} 

NMR spectrum of [2d-Cl][Cl] showed singlet at δP 124 ppm, which was shifted upfield by 

about 80 ppm with respect to the starting material tBuPCl2 (δP 199 ppm). This observation 

was consistent with P-centered carbone-for-Cl displacement that was also confirmed by 

ESI-MS analysis (calculated for C23H29ClN4P: m/z 427.1818; found: 427.1797). 

Furthermore, the molecular structure of [2d-Cl]+ was obtained upon [Cl]-for-[SbF6] anion 

exchange ([2d-Cl][SbF6]). While the P1-C1 bond distance (1.768(2) Å) of [2d-Cl]+ was 

somewhat shorter than analogous bond of [2a-Cl]+ (1.776(6) Å), the P1-C2 bond of [2d-

Cl]+ (1.873(3) Å) appeared longer than the corresponding bond (P1-C4: 1.836(6) Å) of 

Ph-substituted P-monocation. The P-C(substituent) bond elongation is consistent with the 

C(sp2) (Ph-group from [2a-Cl]+) for C(sp3) (tBu from [2d-Cl]+) carbon atom replacement. 

However, the value for P1-Cl1 bond length of 2.1632(9) Å ([2a-Cl]+: 2.120(2) Å) 

suggested that [2d-Cl]+ might be a suitable starting material for the preparation of the 

target tBu-substituted dication [2d]2+.  
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Figure 3.9. Molecular view of [2d-Cl][SbF6] in the solid state. Hydrogen atoms and 
counterion are omitted for clarity. The closest contact between the cation (P1) and the 
anion is 5.366 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 1.768(2), P1-Cl1, 
2.1632(9), P1-C2, 1.873(3), Cl1-P1-C1, 109.00(8), C2-P1-C1, 109.17(11), C2-P1-Cl1, 
98.89(8). 
 

 We were quite fortunate that the treatment of [2d-Cl][Cl] with 2 equiv of AlCl3 

generated the target dication [{C6H4(MeN)2C}2C.PtBu][AlCl4]2, [2d][AlCl4]2, as 

demonstrated by the signal at δP 474 ppm in the 31P NMR spectrum. The P-center of 

[2d]2+ was the most deshielded of all phosphenium salts described in our research. Its δP 

signal was shifted more than 80 ppm with respect to [2a]2+ (δP 393 ppm) and more than 

100 ppm downfield from [2e]2+ (δP 373 ppm) and [2g]2+ (δP 360 ppm). This observation 

was consistent with the inability of tBu-group to act as a π-donor. The formation of [2d]2+ 

was further confirmed by the corresponding ESI-MS signal at m/z 196.1086 (calculated 

for C23H29N4P2+: m/z 196.1086). tBu-dication [2d][AlCl4]2 was stable in solution under 

ambient conditions for 24 hours, which hampered our attempts to structurally verify its 

identity. In addition, we attempted the preparation of [2d]2+ using weakly coordinating 

anions (WCAs) such as [BArCl
4] or [BArF

4]. The addition of 2 (or 3) equiv of Na[BArCl
4] 

or Na[BArF
4] to a DCM solution of [2d-Cl][Cl] gave a complicated reaction mixture, 

whose 31P NMR spectrum revealed no signals in the region expected for [2d]2+ indicating 

the significance of electrostatic anion-cation interactions upon the stability of [2d]2+. 
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Nevertheless, [2d][AlCl4]2 represents the first example of a doubly charged phosphenium 

ion with non-conjugating tBu group directly attached to the central P. 

The stability of methoxy ([2e]2+), chloro ([2g]2+), and tert-butyl ([2d]2+) 

phosphenium ions appeared closely related with the nature of counterion. However, the 

presence of weakly coordinating anions (WCAs) did not affect the existence of Ph-

dication [2a][BArCl
4]. Furthermore, our group demonstrated that WCAs did not interfere 

with the Lewis acidity of NiPr2-dication [1c][BArF
4]2 towards dimethylaminopyridine 

(DMAP), leading to the formation of acid-base adduct [1c.DMAP][BArF
4]2. On the other 

hand, the reaction between DMAP and [1c][AlCl4]2 gave DMAP.AlCl3 and [1c-

Cl][AlCl4].12b To expand the scope of doubly charged phosphenium salts compatible with 

WCAs and subsequently explore their electrophilicity, we also synthesized amino-

substituted analogue [{C6H4(MeN)2C}2C.PNiPr2][BArCl
4]2, [2c][BArCl

4]2. The 

corresponding P-monocation [{C6H4(MeN)2C}2C.P(NiPr2)Cl][Cl], [2c-Cl][Cl] was 

prepared by treating the benzene solution of 2 with an excess of iPr2NPCl2. The identity of 

[2c-Cl]+ was confirmed by multinuclear NMR and X-ray diffraction methods upon 

replacing the chloride with [SbF6] counterion ([2c-Cl][SbF6], Figure 3.10). The P-atom of 

[2c-Cl]+ was registered at δP 138 ppm in the 31P NMR spectrum, which was similar to the 

value previously observed for analogous amino-substituted monocation [1c-Cl][Cl] (δP 

133 ppm). Besides, the similarity between [2c-Cl]+ and [1c-Cl]+ was also reflected by P1-

C1 ([2c-Cl]+: 1.820(4) Å vs. [1c-Cl]+: 1.812(5) Å), P1-N1 (1.651(4) Å vs. 1.660(4) Å), 

respectively and P1-Cl1 (2.1914(14) Å vs. 2.173(2) Å, respectively) bond distances.12b 

Chloride-abstraction leading to the formation of [2c][BArCl
4]2 was completed by adding 2 

equiv of Na[BArCl
4] to either DCM or 1,2-difluorobenzene solutions of [2c-Cl][Cl]. The 

resulting 31P NMR spectrum displayed a signal at δP 328 ppm corresponding to the central 

P, while central carbon atom of carbodicarbene ligand was identified at δC 86 ppm in the 
13C NMR spectrum of [2c][BArCl

4]2. The latter resonance appeared downfield compared 

to an analogous signal (δC 68 ppm) previously reported for [1c]2+, thus suggesting a 

greater Ccarbone→P electron density flow directed by the more electron-donating 

carbodicarbene ligand 2. The identity of [2c]2+ was also established by ESI-MS 

(calculated for C25H34N5P2+: m/z 217.6271; found: 217.6272). Nevertheless, we 

successfully prepared [2c][BArCl
4]2, which together with Ph-dication [2a][BArCl

4]2, 
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enables assessment of the influence of structural modifications influence upon the 

electrophilicity of phosphenium dications without anion interference. 

 

 
Figure 3.10. Single crystal X-ray structure of [2c-Cl][SbF6] at 50% probability. The 
counterion and hydrogen atoms were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 4.743 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.820(4), P1-Cl1, 2.1914(14), P1-N1, 1.651(4), N1-P1-C1, 105.56(18), N1-P1-Cl1, 
109.71(13), C1-P1-Cl1, 87.49(13). 
 

Section 3.1.1. Anion dependence  

While preparation of Ph- and NiPr2-substituted phosphenium dications was 

achieved irrespective of the counterion employed, phosphenium dications bearing less 

electron-donating tBu-, MeO-, and Cl-substituents were detected only in the presence of 

coordinating [AlCl4] anions. As expected, the solid state structure of 

methoxyphosphenium cation [2e][AlCl4]2 revealed two P…Cl interactions (Figure 3.11a) 

(3.372 and 3.549 Å) that were well within the sum of van der Waals (vdW) radii for P and 

Cl atoms (3.72 Å).13 The corresponding contacts provided significant stabilization of the 

electron-deficient P-center of [2e][AlCl4]2. Even though phenylphosphenium salt [2a]2+ 

appeared to be stable in presence of either coordinating [AlCl4] or weakly coordinating 

[BArCl
4] anions, we carefully examined the X-ray structure of [2a][BArCl

4]2. Interestingly, 

three close contacts between the P atom and lone pairs of neighboring chlorine atoms 

were observed (Figure 3.11b). While two of them (3.803 and 3.769 Å) were outside, a 
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minimal cation-anion interaction with distance of 3.711 Å appeared to be within the sum 

of vdW radii for P and Cl. However, it should be noted that [2a]2+ exhibited the same δP 

value 393 ppm independent of the counterion ([AlCl4], [SbF6], [BArCl
4]) indicating than 

these contacts might be minimal or even nonexistent in solution.  

 

 

 
Figure 3.11. Cation-anion electrostatic interactions for (a) [2e][AlCl4]2 and (b) 
[2a][BArCl

4]2. 
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Section 3.1.2. Computational Analysis 

To gain an insight about the electronic properties of newly prepared phosphenium 

dications,14 we carried out a theoretical analysis using density functional theory. The 

effect of increased positive charge, as well as different electron donating characteristics of 

supporting substituents (NiPr2, Ph, tBu) were comparatively assessed by analyzing relative 

energy levels of frontier orbitals for singly [(iPr2N)2P]+, [3]+ and doubly charged P-species 

[2c]2+, [2a]2+, [2d]2+ (Figure 3.12). Thus, the relative energy levels of LUMOs for 

dications [2c]2+ (-8.56 eV), [2a]2+ (-9.25 eV), and  [2d]2+ (-9.17 eV) were significantly 

stabilized with respect to the corresponding molecular orbital of monocation [3]+ (-6.17 

eV). Furthermore, LUMOs of [2a]2+ and [2d]2+ appeared more accessible than an 

analogous orbital of [2c]2+, which was expected considering the inferior π-donating 

character of Ph and tBu compared to NiPr2 group. If only π-donor strength of substituents 

is considered, one would also expect the LUMO of tert-butyl P-dication [2d]2+ to be on a 

lower relative energy level than equivalent orbital of phenyl-substituted  analogue [2a]2+. 

However, this was not the case likely due to the electron density overcompensation from 

carbodicarbene ligand 2 to the P atom of [2d]2+. Increasing the positive charge also 

resulted in the stabilization of HOMO for all doubly charged species (Figure 3.12), but to 

a markedly lesser degree relative to the LUMO(s), thus reducing the HOMO-LUMO (i.e. 

singlet-triplet) gap in the following order [3]+ > [2d]2+ ~ [2c]2+ > [2a]2+. Consequently, the 

frontier orbitals separation energy of [2a]2+ (67.5 kcal/mol) appeared quite comparable 

with the value reported for cationic metallogermylene XLIV (64.1 kcal/mol) capable of  

inserting into B-H and Si-H bonds.15  
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Figure 3.12. Relative energy levels of frontier orbitals of phosphenium mono- ([3]+) and 
dications ([2c]2+, [2d]2+ and [2a]2+).  
 

Section 3.2. Bis(carbodicarbene)phosphenium trication: the case against 
hypervalency 
 

Considering the unprecedented electron-donating properties of carbone ligands (σ- 

and π-donors),4 we envisaged that two carbone molecules would provide an adequate 

thermodynamic stabilization for the preparation of phosphenium trication [L2P]3+. With 

both carbodiphosphorane (1) and carbodicarbene (2) in our hands, we decided to use 2 

because it was not only shown to be more nucleophilic16 but it is also significantly less 

sterically demanding. Steric factors represent an important factor in the synthesis of 

[L2P]3+ due to its expected bent geometry derived from the presence of a lone pair on a 

two-coordinate phosphorus atom.6 Furthermore, the only molecule consisting of two 1 

ligands bound to the central atom was found to be linear (Figure 3.13, [Ag.(1)2]+).17 On 

the other hand, fitting two 2 ligands in non-linear fashion has already been reported 

([BH.(XXXIV)2]2+).18  
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Figure 3.13. Carbodiphosphorane-stabilized silver monocation ([Ag.(1)2]+) and 
carbodicarbene-stabilized hydridoborenium dication ([BH.(XXXIV)2]2+). 

 

In view of previous carbone-for-halogen substituent replacements, we 

hypothesized that sequential binding of two carbodicarbene ligands to the P-based 

fragment followed by halide abstraction, might give the target trication (Scheme 3.2). 

Therefore, we identified previously described bromo-substituted P-monocation  [2f-

Br][Br] (Figure 3.7) as a starting point for the synthesis of our target molecule. However, 

when [2f-Br][Br] (δP 163 ppm) was treated with 1 equivalent of 2 (Scheme 3.2a), instead 

of the target P-dication [L2PBr]2+, [2f.2]2+, the 31P NMR spectrum revealed the formation 

of several unanticipated products. 

 

 
Scheme 3.2. General synthetic procedure. Reaction conditions: (a) 1 equiv of 2, 1,2-
difluorobenzene or acetonitrile; (b) 2 equiv of AgSbF6, acetonitrile. 
 

Before obtaining the crystal structure of [2f-Br][Br], we attempted to replace its 

non-coordinating bromide anion with [SbF6] as this was our standard procedure for 

crystalizing similar P-monocations. Interestingly, when 1 equiv of AgSbF6 was introduced 

to an equimolar amount of [2f-Br][Br] in acetonitrile, apart from the monocation (δP 163 
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ppm), we also observed the formation of at least two new compounds as judged by the 31P 

NMR signals at 228 and 302 ppm (Figure 3.14a). While the resonance at 228 ppm was 

most likely PBr3, it seemed reasonable to assume that compound identified by the signal 

at 302 ppm was bromophosphenium dication [{C6H4(MeN)2C}2C.PBr]2+, [2f]2+, as similar 

chemical shift values were reported for other halo- and pseudohalophosphenium salts.12a,19 

This assumption was somewhat supported by complete disappearance of the [2f-Br]+ 

signal at δP 163 ppm when 2 (or even 3) equivalents of AgSbF6 were used (Figure 3.14b). 

However, PBr3 also became the major reaction product in this instance inferring a more 

complex reaction mechanism than a simple bromide abstraction. Fortunately, a few red X-

ray quality crystals were formed upon layering an acetonitrile solution of the former (1 

equiv AgSbF6) reaction mixture with diethyl-ether. 

 

 
Figure 3.14. 31P NMR Spectrum of the reaction mixture between [2f-Br][Br] and: (a) 1 
equiv AgSbF6; (b) 2 equiv AgSbF6. Red stars represent unidentified products. 
 

To our delight, X-ray analysis revealed the target trication molecule supported by 

two carbodicarbene moieties [L2P]3+, [(2)2P]3+ (Figure 3.15). This in turn contradicted the 

assumption that signal at δP 302 ppm belonged to the postulated dication [2f]2+. Even 

though, the precise reaction mechanism is not known at the moment, we firmly believe 

that one of the key mechanistic steps leading to the formation of the trication and PBr3 

was carbone-for-bromide substituent replacement. It is noteworthy that P-centered 

substituent exchange has been the subject of several previously published reports 
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including a recent article on carbene-for-chloride ligand exchange.20 Furthermore, the 

highly reactive nature of the trication prevented all attempts to obtain this compound in a 

pure form.  

 

 
Figure 3.15. Molecular view of [(2)2P][SbF6]2[Br] in the solid state. Hydrogen atoms and 
counterions are omitted for clarity. The closest contact between the cation (P1) and the 
anion (Br) is 3.424 Å. Selected bond lengths (Å) and angles (°): P1-C1, 1.733(4), P1-C4, 
1.747(4), C4-C5, 1.462(5), C4-C6, 1.444(5), C1-C2, 1.443(5), C1-C3, 1.441(5), C1-P1-
C4 111.0(2). 
 

The nature of the trication [(2)2P]3+ could be described using both dative and 

covalent bonding methods. If dative bonding model was considered, the trication could be 

depicted as a bis(carbone) capture of a P(III)3+ fragment, i.e. 2→P3+←2.21 The values for 

the P1-C1 (1.733(4) Å) and the P1-C4 (1.747(4) Å) bond lengths implied a significant 

double bond character. This observation complies with Frenking’s recent critical 

assessment that dative/donor-acceptor bonds could be quite strong and short, generated by 

substantial amount of electron density flow from the electron donating to the electron 

accepting fragment/atom.21 The carbodicarbene-to-P3+ electron density flow in the 

trication was further supported by the lengthening of the corresponding C1-C2/3 and C4-

C5/6 bond lengths. The average value for these bonds increased from 1.343(2) Å in the 

free carbodicarbene to 1.448(6) Å in the trication suggesting the relocation of the electron 

density from the imidazolyl substituents to the triply charged phosphorus atom. The 

double bond character of the central C-P bonds was also studied using Bader’s Quantum 
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Theory of Atoms in Molecules, QTAIM.22 Obtained data was subsequently implemented 

to calculate ellipticity values for the trication model compound [(2’)2P]3+ (2’ = 

C(NMe)2(CH)2), as well as for compounds containing traditionally accepted single and 

double P-C bonds (Table 3.1). The value of 0.31 for [(2’)2P]3+ correlated well with values 

obtained for other single and double P-C bonds, thus, confirming the double bond 

character among the C-P-C fragment. Considering all mentioned above, it was then not 

surprising that QTAIM partial charge of the central P of [(2’)2P]3+ was reduced from the 

formal value of +3e to only +1.45e, with approximately +0.7e delocalized on each 

imidazolyl ring. 

 

Table 3.1. Ellipticity values for selected P-C bonds of several compounds. 

Compound 
  

 
 

Ellipticity value 0.15 0.03 (P-C) 
0.49 (P=C) 

0.05 (P-C) 
0.50 (P=C) 

0.31 

 

On the other hand, if covalent bonding model was considered, the entire trication 

could be described using numerous resonance forms.23 For simplicity, we used resonance 

forms only to describe the central C-P-C fragment (Figure 3.16).24 Thus, considering only 

the double bond character of P-C bonds the overall resonance depiction of the trication 

should be significantly shifted towards the hypervalent form A. The other extreme, fully 

ionic form E, closely resembles the dative bonding portrayal of the trication. Finally, the 

resonance form B is considered covalent as it obeys the octet rule, while resonance forms 

C and D are partially ionic.  

 

Me
P
Me

Me
P

P 2' P 2'
3+
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Figure 3.16. Canonical forms for the central C-P-C fragment of [(2)’2P]3+. 

 

In order to examine if P-atom of the trication is indeed hypervalent or the covalent 

form B provides a more accurate bonding description or P-C bonds possess significant 

degree of ionic character, we used Durrant’s method for assessing covalency and/or 

hypervalency.25 This method is solely based on the atomic charges that could be generated 

either by experimental or computational means. In this work, we used QTAIM as charges 

obtained this way are almost identical to those found experimentally.25,26 Once generated, 

partial atomic charge of the atom of interest is then used to calculate the parameter named 

the valence electron equivalent (γ) for that particular atom.25 If γ = 8 (or close to it) the 

compound is best described using the covalent form. When γ is higher than 8 then the 

central atom is hypervalent while the values of γ lower than 8 indicate the presence of 

ionic bonding. We found a significant degree of ionic bonding around the central P-atom 

of the trication, as its γ(P) was found to be 5.1. Interestingly, this value was calculated 

using only the two extreme resonance forms A and E in the respective ratio of 39:61. This 

suggested that the central C-P-C fragment of the trication is more accurately described 

using ionic form(s). The properties of the P-C bond critical point reveal bond’s character – 

a positive Laplacian (+ 0.143 au) implies depletion of electron density in the internuclear 

region, which indicates bond’s ionic nature.27 However, significant electron density (0.166 

au) suggests presence of a charge-shift bond, as demonstrated by Shaik and Hiberty.28 

Overall, this analysis revealed that ionic resonance forms C, D, and E had a major role 

when the covalent bonding model was used to describe the nature of the trication. As fully 

ionic form E is quite comparable with dative bonding depiction (2→P3+←2), one could 
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also conclude that dative contribution to the overall bonding portrayal of the title 

compound is significant.  

 Inspired by newly acquired results and the fact that hypervalent resonance form A 

represents a hypervalent phosphoranide, we decided to explore whether phosphoranide 

molecules are indeed hypervalent as stated in the literature.29 Common representatives of 

this class of compounds possess ten valent electrons around the four coordinate P-center 

(10-P-4 phosphoranides). Therefore, a couple of simple 10-P-4 phosphoranides (a and b, 

Table 3.2), as well as simplified models of recently reported cationic (c),29b anionic (d),29c 

and neutral (e)29b phosphoranide molecules were subjected to Durrant’s method. In 

addition, bonding around the P-center of 10-P-3 phosphoranide (f)29a and hypothetical 

bis(methylene)phosphoranide anion (10-P-2, g), which closely resembles the form A of 

our trication, was also investigated. Partial atomic charges for these species were 

generated using QTAIM method. Interestingly, γ(P) parameter for most of these 

compounds was lower than 6 indicating the presence of ionic bonding around the central 

P rather than its hypervalent character.29 In fact, this particular observation suggested that 

simple 10-P-4 phosphoranides would be more appropriately described as X-…PX2
+…X- or 

PX3
…X- than the commonly adopted PX4

- (X = Cl, Br). Furthermore, it was found that the 

relationship between the γ(P) and the partial charge on the central P-atom is linear (Figure 

3.17). This allowed us to generate an equation y = - 2.01x + 8.01 (R2 = 0.9998) from 

which the γ(P) (y) for any phosphoranide can be calculated if partial charge (x) on the 

central P is known.  

Table 3.2. Calculated QTAIM partial charges and the valence electron equivalent 
parameter γ for the central P-atom of several phosphoranide molecules. In each case only 
the hypervalent form is drawn. 

  Partial charge γ(P) 

 
a +1.12 5.76 

 
b +0.88 6.24 

P Cl
Cl

Cl
Cl

P Br
Br

Br
Br
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c +1.40 5.2 

 

d +1.48 5.04 

 

e +1.12 5.78 

 

f +1.52 4.96 

 
g +1.31 5.38 

 

 
Figure 3.17. Graph: valence electron equivalent parameter γ(P) vs. QTAIM charge. 
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Two resonance forms are required to reproduce this distribution 

 

Portions: [(0.4225) x A] + [(0.5775) x B] 
Such that charge on P = (0.4225 x -1) + (0.5775 x +3) = +1.31 
Then J(P) = (0.4225 x 10) + (0.5775 x 2) = 5.38 

 

 

 

Graph S1. Valence equivalent parameter vs QTAIM charge 
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Section 3.3. Towards the Synthesis of Phosphorus-based tetracation: P–N bond 
cleavage via an SN2’-like mechanism 
	

As mentioned earlier, our group utilized hexaphenylcarbodiphosphorane 1 for 

preparation of aminophosphenium dication [1c]2+ (Figure 3.18). Its synthesis was based on 

carbone-for-chloride exchange between 1 and iPr2NPCl2 to give a monocationic precursor 

[1c-Cl][Cl], which was then subjected to chloride abstraction.12b,30 The feasibility of this 

synthetic pathway prompted us to attempt the preparation of a molecule consisting of two 

such phosphenium dications bridged by a mutual amino group (LIX, Figure 3.18). The 

target tetracation would, thus, be the first molecule that combines the proximity of two 

phosphorus Lewis acidic centers with overall positive charge higher than 2.31 In turn, the 

proposed synthetic methodology revealed an unusual P-N bond splitting reaction. Detailed 

theoretical investigation revealed that this process follows an SN2’-like mechanism.  

 

	

Figure 3.18. Aminophosphenium dication [1c]2+ and target tetracation LIX. 
	

We hypothesized that synthesis of LIX should begin with carbone-induced 

chloride displacement between MeN(PCl2)2 and 1 to give the anticipated product 

[{(Ph3P)2C.PCl}NMe(PCl2)][Cl], [1.Pe][Cl] (Scheme 3.3). The same reaction would be 

repeated at the adjacent PCl2 fragment of [1.Pe][Cl] leading to the dication 

[{(Ph3P)2C.PCl}NMe(ClP.C(PPh3)2)]2+. The second step would be followed by dual halide 

abstraction to complete the synthesis of LIX.  
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Scheme 3.3. Proposed carbone-for-chloride displacement as initial step in the synthesis of 
tetracation LIX. 
	

However, when 1 was introduced to the benzene solution of MeN(PCl2)2, the 31P 

NMR spectrum revealed a single resonance at δP 173 ppm that is inconsistent with the 

expected product [1.Pe][Cl]. Surprisingly, the same signal was observed even when the 

ratio between reactants was varied (1:MeN(PCl2)2 = 1:1, 1:2 or 2:1). According to the 

published reports on the reactivity of 1 with chloro-containing P(III) compounds, we 

discovered that Schmidpeter and co-workers have observed essentially identical signal for 

the central P-atom of [(Ph3P)2C.PCl2][Cl], [1g-Cl][Cl]. 32  Indeed, we isolated and 

structurally confirmed33 the identity of this cation upon replacing the non-coordinating 

chloride with [AlCl4]– anion ([1g-Cl][AlCl4], Figure 3.19).34  

 

 
Figure 3.19. Molecular view of [1g-Cl][AlCl4] in the solid state. Hydrogen atoms and 
counterion are omitted for clarity. The closest contact between the cation (P1) and the 
anion is 5.092 Å. 
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If the overall reaction stoichiometry between 1 and MeN(PCl2)2 is considered, 

apart from the formation of experimentally observed [1g-Cl]+, P-N bond cleavage should 

also give a “MeNPCl” fragment (Scheme 3.4). As “RNPCl” compounds are well known 

by their ability to dimerize/oligomerize,35 we performed the same reaction in the presence 

of a trapping agent 2,3-dimethylbutadiene. However, 1H NMR signals corresponding to 

2,3-dimethylbutadiene remained virtually identical after the formation of [1g-Cl]+ 

suggesting the transient character of “MeNPCl”.  

 

 
Scheme 3.4. Carbone-induced P-N bond splitting of RN(PCl2)2-type of substrates. 
	

As discussed previously, the reaction of 1 with several RPCl2-type phosphines  (R 

= iPr2N,12b,30a,b Cy2N,12b Ph, 4-F-Ph, N=C(NtBu)2(CH)2,30c tBu, and OMe) always resulted 

in a simple substituent exchange yielding the expected carbone-stabilized 

chlorophosphenium cations. This suggested that newly discovered selectivity of 1 to 

cleave the P-N rather than the P-Cl bond, was most likely affected by the presence of two 

PCl2 units in MeN(PCl2)2. To gain an additional evidence about the overall reaction 

mechanism, we performed a couple of test experiments in which (i) a similar substrate 

(PhN(PCl2)2), and (ii) a carbone ligand (2) with different electronic and steric properties 

were used.16 The reaction between 2 and MeN(PCl2)2 did not give the expected product, 

but rather followed P-N bond cleavage pathway to yield [2g-Cl][Cl], whose spectroscopic 

and structural details (Figure 3.8) were discussed in Section 3.1. Similarly, the treatment 

of PhN(PCl2)2 with 1 gave [1g-Cl][Cl] as major reaction product. These observations 

confirmed that nature of the substrate directed the outcome of carbone-induced P-N bond 

heterolysis reactions. 

In order to explain the formation of experimentally observed products [1g-Cl][Cl] 

and [2g-Cl][Cl], we conducted a detailed computational investigation. We supposed that 

chloride displacement initially resulted in the formation of the predicted [1.Pe][Cl] and 
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[2.Pe][Cl] compounds. These species then undergo a 1,3-chloride shift to give [1g-

Cl][Cl]/[2g-Cl][Cl] and “R’NPCl” fragment (R’ = Me, Ph) (Scheme 3.5). This 

assumption was somewhat supported by higher thermodynamic stability of experimentally 

observed [1g-Cl][Cl] and [2g-Cl][Cl] (by 93 and 50 kJ/mol, respectively) with respect to 

the expected products [1.Pe][Cl] and [2.Pe][Cl]. 36  However, numerous attempts to 

indentify the low energy pathway that could convert [1.Pe][Cl] and [2.Pe][Cl] into [1g-

Cl][Cl] and [2g-Cl][Cl], respectively, and “R’NPCl” were not successful, thus eliminating 

the ligand exchange as the initial step in the formation of the P-N bond cleavage products.  

 

 
Scheme 3.5. Proposed reaction mechanism involving the initial carbone-for-chloride 
replacement (P-Cl cleavage) followed by 1,3-chloride migration. 

 

Theoretical calculations were then used to examine the nature of structural 

changes that MeN(PCl2)2 underwent as the central carbon atom (CA) of ligands 1 and 2 

approached one of the substrate’s phosphorus atoms (PA) (Scheme 3.6a).37 The most 

prominent changes were observed for the PA–NA, PB–NA, and average PB–Cl38 bond 

lengths. While the PA–CA bond distance was systematically reduced, the PA–NA and PB–

Cl(ave) bonds elongated followed by the contraction of the PB–NA bond (Scheme 3.6b). 

This trend continued throughout the transition state ultimately leading to the complete 

dissociation of the PA–NA and one of the PB–Cl bonds while forming a double bond 

between the PB and NA atoms. These findings were consistent with the formation of the 

isolable [1g-Cl][Cl]/[2g-Cl][Cl] and presumably MeNPCl. In addition, the CA–PA–NA 

angle was close to 180° during the entire ligand approach suggesting the preference of CA 

to interact with PA exclusively trans to NA.39 This in turn allows the interaction of CA with 

the σ* orbital of the PA–NA bond and explains the preference of carbone ligands to cleave 

the P-N rather than the P-Cl bond of RN(PCl2)2-type phosphines.  
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Scheme 3.6. (a) Proposed mechanistic pathway; (b) theoretically calculated values for P-
N and P-Cl bond lengths during the ligand’s (1 or 2) approach to the substrate’s 
(MeN(PCl2)2) P atom. 

 
The observed bond elongation and contraction pattern was consistent with the 

concerted SN2’ mechanism traditionally accepted for nucleophilic substitution manifested 

by allylic shift.40 More reminiscent pathways involving σ-bond cleavage and π-bond 

formation were established for intramolecular Grob fragmentation (Scheme 3.7a)41 and 

for the last step in the synthesis of alkyl chlorides in the presence of a base (Scheme 

3.7b).42 In fact, nucleophilic attack of chloride anion followed by S=O bond formation 

and extrusion of the leaving group is essentially identical to the mechanism depicted in 

Scheme 3.6a. However, it seems that this mechanism was not previously observed during 

hydrolysis,43a-d alcoholysis,43f-h or acidolysis,43e,f of various P-N bonds. Furthermore, P-N 

bond activations caused by Fe-Fe oxidative bond cleavage44 or small molecule (e.g. CS2, 

CO2, isocyanates, aldehydes, etc.) insertions also do not follow an SN2’ pathway.45 

Nonetheless, this work features a novel P-N bond cleavage method prompted by 

nucleophilic substitution at the nitrogen fragment without preceding N-protonation or P-

oxidation. Furthermore, it highlights the ability of carbones to cleave the P-N bonds via an 

SN2’-like mechanism. 
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Scheme 3.7. Mechanisms for: (a) intramolecular Grob fragmentation; (b) the last step in 
the synthesis of alkyl chlorides in the presence of a base. 
 
 In summary, we successfully expanded the palette of isolable doubly charged 

phosphenium ions by replacing the carbodiphosphorane 1 with a more nucleophilic 

carbodicarbene ligand 2. Computational analysis of newly prepared species validated that 

increased positive charge led to the significant stabilization of their LUMOs with respect 

to the relative energy level of the corresponding molecular orbital for P-monocation 

[(iPr2N)2P]+, [3]+. Intrinsic nucleophilicity of carbodicarbene 2 was further employed for 

isolation of the triply charged phosphenium cation [(2)2P]3+. The combination of X-ray 

data and Durant’s method for assessing covalency/hypervalency suggested that [(2)2P]3+ is 

best described using dative bonds (2→P3+←2). In addition, unique electronic properties of 

carbones (1 and 2) were also demonstrated in reactions with RN(PCl2)2 (R = Me, Ph) 

wherein instead of the anticipated P-Cl bond cleavage, P-N bond cleavage occurred. 

Control experiments revealed that the presence of two adjacent PCl2-moieties in the 

substrate was responsible for the observed P-N bond heterolysis, which, according to the 

computational studies, proceeds via an SN2’-like mechanism. These findings 

demonstrated novel reactivity of carbone molecules, as well as their remarkable ability to 

stabilize highly Lewis acidic phosphenium dications.  
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CHAPTER 4 
 

E-H (E = Si, B, C) Bond Activation by Phosphenium Cations 
 

 To experimentally assess the potential of phosphenium salts for small molecule 

activation,1 we studied the reactivity of Ph- ([2a]2+), NiPr2- ([2c]2+), and tBu-substituted 

([2d]2+) dications 2  towards hydridic aminoboranes (N = 10.01-7.97, where N is 

nucleophilicity parameter of various hydride donors), less nucleophilic silanes (N = 3.58-

2.65), and substrates containing slightly hydridic C-H bonds (N = 0.64-0.52).3 In order to 

comparatively determine the effects of not only P-centered substituent exchange but also 

increasing the positive charge on phosphenium-induced small substrate activation, we 

further included bis(diisopropylamino)phosphenium monocation [3][BArCl
4], which was 

synthesized via chloride abstraction from chlorophosphine (iPr2N)2PCl employing 

Na[BArCl
4].4 Apart from spectroscopic methods, the identity of [3][BArCl

4] was confirmed 

using crystallographic techniques (Figure 4.1). While all phosphenium salts activated B-H 

bonds via oxidative addition and/or hydride abstraction, increased electrophilicity of 

NiPr2- ([2c]2+) and Ph-dications ([2a]2+) enabled the activation of less hydridic Si-H and 

C(sp3)-H bonds, respectively. Preliminary experimental studies indicated that 

phosphenium dications ([2a]2+ and [2c]2+) preferred heterolytic cleavage over oxidative 

addition of the Si-H bond, while combination of steric and electronic factors controlled 

the outcome of B-H and C-H bond activation less predictable.  
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Figure 4.1. Molecular view of [3][BArCl

4] set at 50% probability. Counterion and 
hydrogen atoms were omitted for clarity. The closest contact between the cation (P1) and 
the anion is 3.709 Å. Selected bond lengths [Å] and angle [°]: N1-P1, 1.6183(10), N2-P1, 
1.6252(10), N1-P1-N2, 110.65(5).  
 

Section 4.1. B-H Bond Activation of Lewis Base Stabilized Boranes 

 The addition of 1 equivalent5 of trimethylamino (H3B.NMe3) or pyridine borane 

complexes (H3B.Py) to the DCM solution of P-monocation [3][BArCl
4] (Scheme 4.1) gave 

rise to broad signals in 31P{1H} (δP 16.1 (NMe3) and 20.3 ppm (Py)) and 11B{1H} (δB –

10.4 and –13.4 ppm, respectively) NMR spectra suggestive of P-B bond formation. 

Furthermore, 31P NMR spectra revealed broad doublets implying the presence of P-H 

fragments whose characteristic appearance as doublets of triplets (1JP-H = 432 Hz and 3JH-

H = 2 Hz in both instances) in 1H NMR spectra (δH 6.96 (NMe3) and 7.06 ppm (Py)) 

indicated attachment of –BH2
.LB (LB = NMe3, Py) moieties directly to the P atom. These 

results were consistent with the formation of B-H bond insertion products 

[(iPr2N)2P(H)(BH2
.NMe3)][BArCl

4], [3-j][BArCl
4] and [(iPr2N)2P(H)(BH2

.Py)][BArCl
4], [3-

i][BArCl
4], whose structural identities were further elucidated by standard crystallographic 

methods (Figures 4.2. and 4.3). 
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Scheme 4.1. B-H bond activation by [3][BArCl

4]. Reagents and conditions: (a) 1 equiv of 
H3B.LB (LB = NMe3, Py), DCM or 1,2-difluorobenzene, ambient temperature. 
 

 
Figure 4.2. Molecular view of [3-j][BArCl

4] set at 50% probability. Counterion and 
hydrogen atoms except H1-3 were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 4.419 Å. Selected bond lengths [Å] and angles [°]: N1-P1, 
1.6615(16), N2-P1, 1.6547(15), P1-B1, 1.9576(19), B1-N3, 1.605(2), N1-P1-B1, 
113.66(8), N2-P1-B1, 108.91(8), N1-P1-N2, 116.77(8). 
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Figure 4.3. Molecular view of [3-i][BArCl

4] set at 50% probability. Counterion and 
hydrogen atoms except H1-3 were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 5.813 Å. Selected bond lengths [Å] and angles [°]: N1-P1, 
1.6480(18), N2-P1, 1.6427(18), P1-B1, 1.942(3), B1-N3, 1.578(3), N1-P1-B1, 
112.17(10), N2-P1-B1, 114.24(11), N1-P1-N2, 115.19(9). 
 

On the other hand, the reaction of doubly charged NiPr2 analogue [2c][BArCl
4]2 

with H3B.NMe3 (Scheme 4.2), other than formal oxidative addition product 

[{C6H4(MeN)2C}2C.P(H)(BH2
.NMe3)NiPr2][BArCl

4]2, [2c-j][BArCl
4]2 (δP –15.4  ppm), 

yielded another P-H-based species as inferred from the corresponding doublet (δP –12.3 

ppm) in the 31P NMR spectrum. The latter compound exhibited a 1JP-H coupling constant 

value of 225 Hz typical of primary phosphines. Its identity as carbone-supported 

aminohydridophosphenium monocation [{C6H4(MeN)2C}2C.P(NiPr2)H]+, [2c-H]+ was 

subsequently established by ESI-MS analysis of the respective reaction mixture (calcd. for 

C25H35N5P+: m/z 436.2630, found: 436.2632) and by independent treatment of 

[2c][BArCl
4]2 with an equimolar amount of tributyltin-hydride (nBu3SnH).6 Furthermore, 

the 1H NMR spectrum of [2c-j][BArCl
4]2 displayed PH proton as doublet of doublets (δH 

7.16 ppm, 1JP-H = 351 Hz and 3JH-H = 4 Hz) indicating 1H-1H coupling with only one of the 

two vicinal BH2 protons. The same phenomenon also occurred for an analogous B-H 

insertion product [{C6H4(MeN)2C}2C.P(H)(BH2
.NMe3)Ph]2+, [2a-j]2+ (δH 7.06 ppm, 1JP-H 

= 383 Hz and 3JH-H = 7 Hz) whose identity was undoubtedly confirmed by single crystal 
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X-ray diffraction (Figure 4.4). Careful structural examination of [2a-j]2+ revealed a rather 

elongated P-B single bond (1.973(6) Å; 1.9576(19) and 1.942(3) Å observed for [3-j]+ and 

[3-i]+, respectively) 7  with carbodicarbene and trimethylamino group in quasi-trans 

disposition (C-P-B-N dihedral angle 137.7 °) due to steric factors. Accordingly, this 

prevented the rotation around the P-B bond forcing the PH proton to couple exclusively 

with the vicinal BH proton in the trans disposition as judged by the Karplus curve (H-P-

B-H dihedral angles 78.1 and 163.1 °).8 In addition to [2a-j][BArCl
4]2, the reaction 

mixture between phenylphosphenium dication [2a][BArCl
4]2 and H3B.NMe3 also revealed 

a formal hydride abstraction product [{C6H4(MeN)2C}2C.P(Ph)H][BArCl
4], [2a-

H][BArCl
4], as a minor constituent. The presence of analogous doublets in 31P (δP –52.0 

ppm, 1JP-H = 226 Hz) and 1H (δH 5.59 ppm) NMR spectra is diagnostic of P-H bond 

formation, while structural characterization of [2a-H]+ (Figure 4.5) was accomplished 

using the hydride donating reagent nBu3SnH.9 The P1-C1 bond distance of [2a-H]+ 

(1.807(8) Å) was longer than the corresponding bond of [2a-Cl]+ (1.776(6) Å), which was 

somewhat expected considering the greater Ccarbone→P electron-density flow in [2a-Cl]+ 

induced by higher electronegativity of Cl vs. H atom. It is also noteworthy that larger 

hydridophilicity of P-dications [2a]2+ and [2c]2+ compared to the monocation [3]+ as 

witnessed by the formation of H-abstraction products [2a-H]+ and [2c-H]+ was in 

agreement with the more accessible LUMOs of doubly charged species (Figure 3.11).   

 

 
Scheme 4.2. B-H bond activation by [2a][BArCl

4] and [2c][BArCl
4]. Reagents and 

conditions: (a) 1 equiv of H3B.LB (LB = NMe3, Py), DCM or 1,2-difluorobenzene, 
ambient temperature. 
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Figure 4.4. Molecular view of [2a-j][AlCl4]2 set at 50% probability. Counterions and 
hydrogen atoms apart from H1-3 were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 3.998 Å. Selected bond lengths [Å] and angle [°]: P1-C1, 
1.775(5), P1-B1, P1-C2, 1.810(5), 1.973(6), B1-N1, 1.585(8), C1-P1-B1, 108.7(2). 
 

 
Figure 4.5. Molecular view of [2a-H][AlCl4] set at 50% probability. The counterion and 
hydrogen atoms apart from H1 were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 4.370 Å. Selected bond lengths [Å] and angles [°]: P1-C1, 
1.807(8), P1-C2, 1.838(9), C1-P1-C2, 106.0(4). 
 

Likewise, the introduction of BH3
.Py to either DCM or 1,2-difluorobenzene 

solutions of [2a][BArCl
4]2 or [2c][BArCl

4]2 (Scheme 4.2), apart from formal hydride-
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abstraction [2a-H][BArCl
4] and [2c-H][BArCl

4], traditionally afford BH bond insertion 

products [{C6H4(MeN)2C}2C.P(H)(BH2
.Py)Ph][BArCl

4]2, [2a-i][BArCl
4]2 

 (d, δP –13.5 ppm, 
1JP-H = 395 Hz; calcd. for C30H33BN5P2+: m/z 252.6280, found: 252.6292) or 

[{C6H4(MeN)2C}2C.P(H)(BH2
.Py)NiPr2][BArCl

4]2, [2c-i][BArCl
4]2 

 (d, δP –1.8 ppm, 1JP-H = 

423 Hz; calcd. for C30H42BN6P2+: m/z 264.1648, found: 264.1658), respectively, as 

observed from 31P and ESI-MS spectra. However, notably higher amounts of [2a-H]+10 

and [2c-H]+ with respect to the corresponding BH-insertion products were formed after 

H3B.NMe3 (the ratio of insertion vs. hydride abstraction products was 9:1 for [2a]2+ and  

23:1 for [2c]2+) was replaced with the more powerful hydride donor BH3
.Py ([2a]2+: 4:1; 

[2c]2+: 10:1).3 These results suggested that the relative ratio of the B-H bond activation 

products was dominantly influenced by electronic factors between phosphenium cations 

and Lewis base-stabilized boranes, however, steric effects should not be completely 

excluded (see Section 4.2). Additionally, the 31P{1H} NMR spectrum of the reaction 

mixture between [2c][BArCl
4]2 and BH3

.Py also showed a minor signal at δP –133.4 ppm 

that resolved into a triplet after the proton decoupler was turned off. Furthermore, the 1H 

NMR spectrum featured an analogous doublet at δH 4.15 ppm with the same 1JP-H 

coupling constant value of 212 Hz diagnostic of a phosphine-like PH2 fragment.11 Its 

identity as carbodicarbene-stabilized parent phosphenium ion [{C6H4(MeN)2C}2C.PH2]+, 

[2.PH2]+ was initially suggested by ESI-MS analysis (calcd. for C19H22N4P+: m/z 

337.1582; found: 337.1583) and subsequently crystallographically confirmed (Figure 4.6) 

by treating [2f-Br][Br] with 2 equiv of AlCl3 (Na[BArCl
4]) and nBu3SnH (Scheme 4.3). 

The P1-C1 bond distance of [2.PH2][AlCl4] (1.811(4) Å) appeared shorter than the 

corresponding bond length (1.840(4) Å) of recently reported NHC-stabilized 

dihydridophosphenium cation,11 which was not unusual considering the greater electron 

donating character of carbones relative to NHC-type ligands. 
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Scheme 4.3. Reaction routes leading to the formation [2.PH2]+. Reagents and conditions: 
(a) 1 equiv of H3B.Py, DCM or 1,2-difluorobenzene, ambient temperature; (b) 2 equiv of 
AlCl3/Na[BArCl

4], 2 equiv of nBu3SnH, 1,2-difluorobenzene, ambient temperature.  
 

 
Figure 4.6. Molecular view of [2.PH2][AlCl4] set at 50% probability. Counterion and 
hydrogen atoms except H1-2 were omitted for clarity. The closest contact between the 
cation (P1) and the anion is 3.743 Å. Selected bond length [Å]: P1-C1, 1.811(4). 
 

Unlike its Ph- and NiPr2-correspondents, tert-butylphosphenium dication 

[2d][AlCl4]2 oxidatively inserted into B-H bonds of aminoborane complexes to give 

[{C6H4(MeN)2C}2C.P(H)(BH2
.NMe3)tBu][AlCl4]2, [2d-j][AlCl4]2 (δP –11.3 ppm, 1JP-H = 

372 Hz) or [{C6H4(MeN)2C}2C.P(H)(BH2
.Py)tBu][AlCl4]2, [2d-i][AlCl4]2 (δP 2.2 ppm, 1JP-

H = 383 Hz) as the only P-containing species in 31P{1H} NMR spectra (Scheme 4.4). In 

addition, 1H NMR spectra of [2d-j][AlCl4]2 and [2d-i][AlCl4]2 revealed PH resonances 

(δH 6.16 and 6.21 ppm, respectively) as doublet of doublets due to 1H-31P (1JP-H = 372 Hz 

and 1JP-H = 383 Hz) and 1H-1H coupling (3JH-H = 4 Hz and 3JH-H = 2 Hz, respectively) with 

only one of the two vicinal protons from BH2-moiety. As discussed previously, the latter 

observation was likely a consequence of restricted rotation around the P-B bond caused by 

steric factors. Nevertheless, molecular compositions of doubly charged B-H insertion 

products [2d-j]2+
 and [2d-i]2+ were validated by ESI-MS signals at m/z 232.6590 
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(calculated for C26H41BN5P2+: m/z 232.6591) and 242.6447 (calculated for C28H37BN5P2+: 

m/z 242.6435), respectively. Considering a somewhat similar hydridophilicity of 

phosphenium dications as judged by the relatively close energy levels of their LUMOs 

([2a]2+: –9.25; [2c]2+: –8.56; [2d]2+: –9.17 eV), one would expect that the treatment of 
tBu-dication with hydridic aminoboranes, in addition to B-H insertion give H-abstraction 

products as well. However, absence of anticipated carbodicarbene-stabilized tert-

butylhydridophosphenium cation [{C6H4(MeN)2C}2C.P(tBu)H]+, [2d-H]+, in the 

respective reaction mixtures may be attributed to its inherited instability as established in 

a control experiment between [2d][AlCl4]2 and 1 equiv of nBu3SnH.12  

 Although, mechanistic details regarding the formation of formal H-abstraction and 

B-H insertion products remain unknown, it is reasonable to assume that the nature of the 

initial interaction between phosphenium cations and amino borane complexes enabled the 

overlapping of two distinctive pathways. However, to the best of our knowledge, single 

site B-H bond activation via H-abstraction and/or insertion has no precedent in P(III) 

chemistry.  

 

 
Scheme 4.4. B-H bond activation by [2d][AlCl4]. Reagents and conditions: (a) 1 equiv of 
H3B.LB (LB = NMe3, Py), DCM, ambient temperature. 
 

Section 4.2. Si-H Bond Activation of Primary, Secondary, and Tertiary Silanes 
 
 Next, we explored the electrophilicity of phosphenium cations towards 

significantly less hydridic tertiary (Et3SiH and Ph3SiH for which N = 3.58 and 2.65, 

respectively), secondary (Ph2SiH2, N = 1.52), and primary (PhSiH3, N = 0.06) silanes.3 

While tBu-dication [2d][AlCl4]2 gave a very complex mixtures of unstable products 

presumably due to the [AlCl4] anion interference,13 the monocation [3][BArCl
4] did not 

react with tertiary and secondary silanes and its treatment with 1 equiv of PhSiH3 gave a 

very complicated mixture of products.14 On the other hand, introduction of Et3SiH or 
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Ph3SiH to the DCM solution of NiPr2-dication [2c][BArCl
4] resulted in a slight conversion 

(approximately 20 % based on 31P{1H} NMR spectrum) to the previously identified H-

abstraction product [2c-H][BArCl
4] (Scheme 4.5).15 Interestingly, the conversion rate was 

significantly improved when sterically less demanding Ph2SiH2 (40 %) and PhSiH3 (95 %) 

silanes were employed as substrates. This observation indicated that relative hydridicity of 

silanes and [2c]2+-to-[2c-H]+ conversion followed reverse trends (i.e. less nucleophilic 

substrate yielded more H-abstraction product), thus suggesting that steric factors had a 

major contribution to the outcome of the aminophosphenium [2c][BArCl
4]2 induced Si-H 

bond activation. 

 

 
Scheme 4.5. Si-H bond activation by [2a][BArCl

4]2 and [2c][BArCl
4]2. Reagents and 

conditions: (a) 1 equiv of the corresponding silane (Et3SiH, Ph3SiH, Ph2SiH2, PhSiH3), 
DCM, ambient temperature. 
 

 Furthermore, the treatment of more electrophilic Ph-dication [2a][BArCl
4]2 with 

primary, secondary, or tertiary silanes resulted in a complete conversion to [2a-

H][BArCl
4]. It is noteworthy that 29Si NMR spectrum did not reveal any visible signals 

corresponding to R’3Si+-units (R’ = Et, Ph, H) even after extended scanning time (48 

hours) inferring the transient nature of cationic Si-based compounds in non-coordinating 

solvents such as dichloromethane.16 Overall, these results demonstrated the preference of 

doubly charged P-cations [2a][BArCl
4]2 and [2c][BArCl

4]2 to activate Si-H bonds via 

hydride abstraction unlike their isolobal group 14 analogues that favor oxidative insertion.  

Inspired by somewhat unexpected reactivity of phosphenium dications towards 

silanes, we attempted the synthesis of hypothetical Si-H insertion product 

[{C6H4(MeN)2C}2C.P(H)(SiEt3)Ph]2+, [2a(H)(SiEt3)]2+. For this purpose, we reacted 

secondary phosphine [2a-H][BArCl
4] and [(Et3Si).toluene][B(C6F5)4] hoping to observe 

the P-Si bond formation (Scheme 4.5). However, virtually identical 31P{1H}/31P NMR 
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spectra of [2a-H]+ observed upon reaction with cationic Si-source refuted any reactivity 

between the two building blocks. This observation suggested that formation of the formal 

Si-H oxidative addition products might be restricted by thermodynamic (steric) and/or 

kinetic (energy of transition states) factors. Overall, these experimental observations 

strongly support the preference of Ph- [2a]2+ and NiPr2-phosphenium [2c]2+ dications to 

abstract hydride rather than to insert into Si-H bonds.  

 

Section 4.3. C-H Bond Activation of 1,3,5-cycloheptatriene and Xanthene 
 
 Prompted by inherent hydridophilicity of newly prepared P-dications, we also 

attempted activation of several substrates with moderately hydridic C-H bonds.17 While 

aminophosphenium mono- [3][BArCl
4] and dication [2c][BArCl

4]2 appeared chemically 

inert toward C-H bond activation, the tBu-congener [2d][AlCl4]2 reacted with 1,3,5-

cycloheptatriene (N = 0.52)3 to yield a very complex mixture of unstable reaction 

products. However, when DCM solution of phenylphosphenium salt [2a][BArCl
4]2 was 

exposed to the same substrate, the 31P NMR spectrum revealed products formally derived 

from [4+1] cycloaddition, C(sp3)-H oxidative addition, and H-abstraction (Scheme 4.6). 

The cycloaddition product [{C6H4(MeN)2C}2C.P({CH}6CH2)Ph][BArCl
4]2, [2a-

k][BArCl
4]2, was the major constituent of the respective reaction mixture which enabled 

its isolation and full characterization using spectroscopic and crystallographic techniques 

(Figure 4.7). The X-ray structure of [2a-k][BArCl
4]2 was disordered and hence, its 

structural parameters were exempted from further discussion. 

 

 
Scheme 4.6. Reaction between [2a][BArCl

4]2 and 1,3,5-cycloheptatriene leading to the 
formation of [4+1] cycloaddition ([2a-k][BArCl

4]2), C(sp3)-H insertion ([2a-l][BArCl
4]2), 

and H-abstraction ([2a-H][BArCl
4]) products. 
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Figure 4.7. Molecular view of [2a-k][BArCl

4]2 set at 50% probability. Counterions and 
hydrogen atoms were omitted for clarity. The closest contact between the cation (P1) and 
the anion is 4.500 Å. Selected bond lengths [Å]: P1-C1, 1.674(16), P1-C2, 1.796(10), C1-
P1-C2, 107.2(8). 
 

 Furthermore, the formal C-H bond insertion product 

[{C6H4(MeN)2C}2C.P(H)(C7H7)Ph]2+, [2a-l]2+ was very unstable under given 

experimental conditions. To confirm the identity of [2a-l]2+, we performed an independent 

synthesis using its building blocks such as formal H-abstraction product [2a-H][BArCl
4] 

and commercially available tropylium cation [C7H7][BF4] (Scheme 4.7). Appearance of 

the previously observed doublet at δP –18.9 ppm with a coupling constant value of 1JP-H = 

498 Hz verified the ability of Ph-substituted dication [2a][BArCl
4]2 to insert into polarized 

C(sp3)-H bonds.  

 

 
Scheme 4.7. Independent preparation of C-H bond insertion product [2a-l][BArCl

4][BF4] 
from its building blocks [2a-H][BArCl

4] and tropylium-tetrafluoroborate salt [C7H7][BF4]. 
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 In addition to 1,3,5-cycloheptatriene, Ph-dication [2a][BArCl
4]2 also inserted into 

C(sp3)-H bond of xanthene (N = 0.64)3 to give 

[{C6H4(MeN)2C}2C.P(H)(CH{C6H4}2O)Ph]2+, [2a-m]2+ as the only P-based product 

present in the solution (Scheme 4.8). Its identity was suggested based on the correlated 

doublets in the 31P (δP 4.4 ppm) and 1H (δH 7.65 ppm, 1JP-H = 485 Hz) NMR spectra. 

Moreover, the H atom attached to the C(sp3)-PH moiety of [2a-m]2+ was shifted downfield 

to 5.79 ppm (xanthene: δH 4.04) because of the increased overall positive charge. It is 

noteworthy that spectroscopic analyses of [2a-m]2+ were performed in situ due to its 

apparent solution and solid state instability. Thus, the ESI-MS spectrum of [2a-m]2+, 

instead of the corresponding molecular ion, showed signals characteristic of its structural 

fragments [2a-H]+ and [CH{C6H4}2O]+ (calcd. for C13H9O+: m/z 181.0648; found: 

181.0653) (Scheme 4.8). Similarly, building blocks [CH{C6H4}2O]+ and [2d-H]+ 

(393.2229; calcd. for C23H30N4P+: m/z 393.2203) were observed in the ESI-MS spectrum 

of [{C6H4(MeN)2C}2C.P(H)(CH{C6H4}2O)tBu]2+, [2d-m]2+ formed upon formal oxidative 

insertion of tBu-dication [2d][AlCl4]2 into C(sp3)-H bond of xanthene (Scheme 4.8). The 

identity of [2d-m]2+ was also confirmed by the 31P{1H} NMR signal at δP 31.9 ppm, 

which resolved into the corresponding doublet (1JP-H = 466 Hz) upon cancelling the 

proton decoupling effect. The described reactivity of electronically tuned phosphenium 

ions towards CH-based substrates certainly advances the synthetic application of P(III) 

electrophiles.  

 
Scheme 4.8. The insertion of Ph- [2a]2+ and tBu-substituted [2d]2+ dications into C(sp3)-H 
bond of xanthene; dissociation of the insertion products [2a-m]2+ and [2d-m]2+ to the 
respective building blocks [2a-H]+ and [2d-H]+ and aromatic [CH{C6H4}2O]+ ion under 
ESI-MS conditions. 
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In this chapter, we investigated the effect of increasing the positive charge, as well 

as steric and electronic influences of various substituents, on P-centered small molecule 

activation. While all phosphenium salts activated aminoborane complexes via BH-

insertion to give the corresponding phosphonium salts, Ph- [2a]2+ and NiPr2-dications 

[2c]2+ were also capable of abstracting the hydride as witnessed by the formation of the 

respective monocationic primary phosphines. Moreover, reaction between [2c][BArCl
4]2 

and Py.BH3, apart from formal oxidative addition and H-abstraction products, yielded the 

first example of a thermodynamically-stable parent phosphenium cation [2.PH2]+. In 

addition, [2a]2+ and [2c]2+ activated Si-H bonds of primary, secondary, and tertiary silanes 

via H-abstraction. Additional experimental assessments supported the absence of Si-H 

insertion products suggesting that the rather unusual outcome of Si-H bond activation was 

affected by thermodynamic (steric) and/or kinetic (activation energy) factors. High 

electrophilicity of phenylphosphenium dication [2a]2+ also manifested in C-H bond 

activation of 1,3,5-cycloheptatriene and xanthene. While the former reaction also gave 

[4+1]-cycloaddition and H-abstraction products, the latter reaction confirmed the 

tendency of [2a]2+ to oxidatively insert into C(sp3)-H bonds. Therefore, we described a 

novel approach of adapting P(III)-based compounds, commonly regarded as Lewis bases, 

for chemical transformations typically achieved by Lewis acidic transition metal 

complexes. 
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1 MeO- [2e]2+ and Cl-substituted [2g]2+ P-dications always gave complicated mixtures of 
inseparable reaction products upon reacting with hydride donating substrates used in this 
research.  
 
2 We did not obtain any spectroscopic evidence for the P-H bond formation after reacting 
[2a]2+, [2c]2+, and [2d]2+ with H2, H2O, primary and secondary amines, and Ph2PH. 
 
3 For studies on nucleophilicity N of hydride donors see: a) Mayr, H.; Bug, T.; Gotta, M. 
F.; Hering, N.; Irrgang, B.; Janker, B.; Kempf, B.; Loos, R.; Ofial, A. R.; Remennikov G.; 
Schimmel, H. J. Am. Chem. Soc. 2001, 123, 9500; b) Mayr, H.; Lang, G.; Ofial, A. R. J. 
Am. Chem. Soc. 2002, 124, 4076; c) Richter, D.; Mayr, H. Angew. Chem. Int. Ed. 2009, 
48, 1958; Angew. Chem. 2009, 121, 1992; d) Ammer, J.; Lang, G.; Ofial, A. R. J. Am. 
Chem. Soc. 2012, 134, 13902; e) Horn, M.; Schappele, L. H.; L.-Wittkowski, G.; Mayr, 
H.; Ofial, A. R. Chem. Eur. J. 2013, 19, 249. 
	
4 For preparation of the corresponding phosphenium monocation with [AlCl4]- anion see: 
Cowley, A. H.; Cushner, M. C.; Szobota, J. S. J. Am. Chem. Soc. 1978, 100, 7784. 
 
5  Increasing the number of equivalents of amino borane complexes did not affect 
significantly the reactivity of monocation [3][BArCl

4], as well as the ratio between hydride 
abstraction and BH-insertion products derived from dications [2a]2+, [2c]2+, and [2d]2+. 
	
6 nBu3SnH was previously used for trapping of two-coordinate cationic P-species. Back, 
O.; Celik, M. A.; Frenking, G.; Melaimi, M.; Donnadieu B.; Bertrand, G. J. Am. Chem. 
Soc. 2010, 132, 10262. 
 
7 The P-C single bond length of 1.917 Å was observed for Ph3P.BH3; Huffman, J. C.; 
Skupinski, W. A.; Caulton, K. G. Cryst. Struct. Commun. 1982, 11, 1435.  
	
8 This phenomenon was also described upon insertion of phosphinidene into B-H bonds of 
Lewis stabilized borane complexes. Tian, R.; Mathey, F. Chem. Eur. J. 2012, 18, 11210. 
 
9 Crystals of [2a-H]+ were obtained when [BArCl

4] was replaced by [AlCl4] anion. This 
was achieved in a separate procedure by treating [2a][AlCl4]2 with stoichiometric amount 
of nBu3SnH.   
	
10 A significantly higher amount of H-abstraction product formed in the reaction between 
[2a][BArCl

4]2 and H3B.Py along with the similar solubility of [2a-H]+ and [2a-i]2+ 

imparted by the presence of the weakly coordinating [BArCl
4] anion(s) prevented the 

isolation of latter reaction product by means of fractional precipitation. 
	
11 Liu, L.: Ruiz, D. A.; Dahcheh F.; Bertrand, G. Chem. Commun. 2015, 51, 12732.  
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12 [2d-H]+ was only spectroscopically registered (31P{1H}: δP -34.9 ppm; 31P: δP -34.9 
ppm, d, 1JP-H = 226 Hz) among other compounds when [2d][AlCl4]2 reacted with 
nBu3SnH in dichloromethane.  
	
13 [2a][AlCl4]2 also yielded a mixture of unstable products under identical experimental 
conditions. 
	
14 Multinuclear NMR analysis of the corresponding reaction mixture did not reveal the P-
H bond formation derived from Si-H bond activation of phenylsilane PhSiH3.  
	
15 Si-H bond activation by [2c][BArCl

4]2 was also accompanied by minor hydrolysis (~10 
%) of the starting dication (δP 12.9 ppm, 1JP-H = 560 Hz). The product of hydrolysis 
[{C6H4(MeN)2C}2C.P(O)(H)NiPr2][BArCl

4], [2c(O)(H)][BArCl
4] was prepared and fully 

characterized in an independent experiment by treating [2c][BArCl
4]2 with stoichiometri 

amount of H2O. 
	
16 Holthausen, M. H.; Bayne, J. M.; Mallov, I.; Dobrovetsky, R.; Stephan, D. W. J. Am. 
Chem. Soc. 2015, 137, 7298. In the following publications authors attributed the inability 
to observe the 29Si NMR signal of (R’3Si)+ ion due to its transient nature in CD2Cl2. On 
the other hand, if the strongly coordinating solvent such as CD3CN was used, solvated 
adduct [(R’3Si).CD3CN]+ was detected. Unfortunately, coordinatively unsaturated nature 
of phosphenium dication [2a]2+ prevented the use of CD3CN as solvent. 
	
17 It should be noted that both 1,4-cyclohexadiene (N = 0.09) and triphenylmethane did 
not react with any of phosphenium salts used in this research. 
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CHAPTER 5 
 

Experimental Details 
 

Section 5.1. General Procedure 

All preparations and manipulations were carried out using standard Schlenk 

techniques under an inert atmosphere of anhydrous N2 and a dry-box under an argon 

atmosphere. All glassware was kept in the oven at 120°C overnight, flame-dried and 

cooled under vacuum before use. Solvents (acetonitrile, benzene, CDCl3, CD2Cl2, 

CD3CN, C6D6, dichloromethane, diethyl-ether, n-pentane, n-hexane, tetrahydrofuran, 

toluene, and 1,2-difluorobenzene) were dried using standard procedures, distilled under 

N2, degassed under Ar, and kept over 4Å molecular sieves in storage flasks prior to use.  

The commercial products (aluminium trichloride, borane trimethylamine complex, 

borane pyridine complex, bis(diisopropylamino)chlorophosphine, fluorobenzene, 

phenylsilane, phosphorus(V)-oxychloride, silver hexafluoroanitmonate, sodium amide, 

sodium hexafluoroanitmonate, tributyltin hydride, triethylsilane, triphenylsilane, 

tropylium tetrafluoroborate, xanthene, and α,α,α–trifluorotoluene) were used without 

further purification. Cycloheptatriene and 2,3-dimethyl-1,3-butadiene were distilled 

before use. Phosphines such as phosphorus tribromide, phosphorus trichloride, P,P-

dichlorophenylphosphine, and tert-butyldichlorophosphine) were distilled prior to use, 

while iPr2NPCl2,
1

 (PhN(PCl2)2, 2  and (para-fluorophenyl)dichlorophosphine 3  were 

prepared according to the literature methods. Methyl dichlorophosphite, MeN(PCl2)2, 
trimethylphosphine, and triphenylphosphine were purchased from Sigma Aldrich and 

used without further purification. Ligands (carbodiphosphorane and carbodicarbene),4 

Na[BArCl
4] (ArCl = 3,5-Cl2-C6H3),5 and Na[BArF

4] (ArF = 3,5-(CF3)2-C6H3)6 were prepared 

according to the described procedures. 

NMR spectra were obtained on a Brüker Avance III 400, Brüker Avance 500, and 

JEOL ECA 400 instrument. Chemical shifts (δ) are reported in parts per million (ppm) 

downfield from internal - tetramethylsilane for 1H and 13C{1H}, and external standards: 

85% phosphoric acid for 31P, α,α,α–trifluorotoluene for 19F, and BF3
.OEt2 for 11B. Mass 

spectra were obtained on Waters Q-TOF Premier MS and Agilent Technologies 6230 

TOF LC/MS mass spectrometers using the electrospray ionization (ESI) mode.  
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Section 5.2. Preparation Procedures and Spectroscopic Data 

Preparation of [(Ph3P)2C.P(Ph)Cl][X]; [1a-Cl][X], X = Cl, BArCl
4, SbF6. The chloride 

salt of this compound was synthesized by adding 0.50 g (0.93 mmol) of (Ph3P)2C (1) to a 

100 mL benzene solution containing 0.38 mL (2.79 mmol) of PhPCl2. The reaction was 

stirred overnight followed by filtration. The resulting white solid was dried under vacuum 

to yield 0.65 g (98%) of [1a-Cl][Cl]. The most suitable counterion for crystallization of 

this species was [SbF6], which was quantitatively exchanged with the chloride anion by 

the addition of 9 mg (0.03 mmol) of NaSbF6 to a DCM solution (0.8 mL) of [1a-Cl][Cl] 

(25 mg, 0.03 mmol) followed by layering with n-pentane ([1a-Cl][SbF6]). Quantitative 

anion exchange with [BArCl
4] was also achieved in the same manner by using NaBArCl

4. 

The 1H, 13C{1H}, and 31P{1H} NMR spectra for the monocation were essentially identical 

irrespective of the nature of counterion. Therefore, we only report the multinuclear NMR 

data for [1a-Cl][Cl] as the NMR spectroscopic details for [SbF6] and [BArCl
4] anions can 

be found in numerous published reports.  
1H NMR (CD2Cl2, 500 MHz, 298 K): δ 7.0-7.5 (m, 35 H). 13C{1H} (CD2Cl2, 100 MHz, 

298 K): δ 22.5 (m, C(carbone)), 124.2 (apparent triplet AA’X, 1JPC + 3JPC = 90 Hz, ipso-C, 

Ph(carbone)), 128.5 (s, m-C, Ph), 128.7 (d, 2JP(central)C = 3.1 Hz, o-C, Ph), 129.0 (s, p-C, Ph), 

129.2 (virtual triplet, o-C, Ph(carbone)), 133.6 (s, p-C, Ph(carbone)), 134.3 (virtual triplet, m-C, 

Ph(carbone)), 139.3 (dt, 1JP(central)C = 37.3 Hz, 3JP(carbone)C = 10.3 Hz, ipso-C, Ph). 31P{1H} 

(CD2Cl2, 202 MHz, 298 K): δ 25.6 (second order doublet, P(carbone)), 110.5 (second order 

triplet, P(central)). HR-MS Calculated for [C43H35ClP3]+ (1a-Cl+): m/z 679.1640. Found: 

679.1592.  

 

Preparation of [(Ph3P)2C.P(4-F-Ph)Cl][X]; [1b-Cl][X], X = Cl, BArCl
4, SbF6. The 

chloride salt of this compound was synthesized by adding 0.50 g (0.93 mmol) of (Ph3P)2C 

(1) to a 100 mL benzene solution containing 0.40 mL (2.79 mmol) of 4-F-PhPCl2. The 

reaction was stirred overnight followed by filtration. The resulting white solid was dried 

under vacuum to yield 0.68 g (98%) of [1b-Cl][Cl]. The most adequate counterion for 

crystallization of this species was found to be [SbF6], which was quantitatively exchange 

with the chloride anion by the addition of 9 mg (0.03 mmol) of NaSbF6 to a DCM 
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solution (0.8 mL) of [1b-Cl][Cl] (25 mg, 0.03 mmol) followed by layering with n-hexane 

([1b-Cl][SbF6]). Quantitative anion exchange with [BArCl
4] was also achieved in the same 

manner by using NaBArCl
4. Multinuclear NMR spectra for this monocation were 

essentially identical irrespective of the nature of counterion. Therefore, we only report the 

multinuclear NMR data for [1b-Cl][Cl] as the NMR spectroscopic details for [SbF6] and 

[BArCl
4] anions can be found in numerous published reports. 

1H NMR (CD2Cl2, 500 MHz, 298 K): δ 6.8-7.5 (m, 34 H). 13C{1H} NMR (CD2Cl2, 100 

MHz, 298 K): δ 115.9 (dd, 2JP(central)C = 21.3 Hz, 3JCF = 4.2 Hz, o-C, 4-F-Ph), 124.2 

(apparent triplet AA’X, 1JPC +3JPC = 91.4 Hz, ipso-C, Ph(carbone)) 129.3 (virtual triplet, o-C, 

Ph(carbone)), 131.3 (dd, 3JP(central)C = 8.2 Hz, 2JCF = 21.9 Hz, m-C, 4-F-Ph) 133.6 (s, p-C, 

Ph(carbone)), 134.3 (virtual triplet, m-C, Ph(carbone)), 162.9 (d, 1JCF = 249.9 Hz, p-C, 4-F-Ph). 

C(carbone) and ipso-C for 4-F-Ph were not observed presumably due to the quaternary nature 

of these atoms and coupling to P and / or F atoms. 31P{1H} NMR (CD2Cl2, 202 MHz, 298 

K): δ 25.6 (second order doublet, P(carbone)), 110.6 (second order triplet, P(central)).  19F{1H} 

NMR (CD2Cl2, 470 MHz, 298 K): δ -113.7 (s, F-Ph). HR-MS Calculated for 

[C43H34ClFP3]+  (1b-Cl+): m/z 697.1546. Found: 697.1511. 

 
Preparation of [(Ph3P)2C.P(tBu)Cl]Cl; [1d-Cl][Cl]. A benzene solution of (PPh3)2C (1) 

0.10 g (0.19 mmol) was added to a toluene solution (20 mL) containing 90 mg (0.57 

mmol) of tBuPCl2. The reaction was stirred overnight and it resulted in the formation of 

white precipitate. The resulting solution was filtered off and white precipitate was washed 

with toluene twice and finally with n-hexane and dried in vacuo to yield [1d-Cl][Cl] as a 

white solid. Yield: 0.11 g (90 %). 
1H NMR (400 MHz, CDCl3, 298 K): δ 7.40-7.69 (m, 30H, Ph), 0.57 (d, 9H, 3JPH = 15.6 

Hz, CCH3). 13C{1H} (CD2Cl2, 100 MHz, 298 K): δ 27.9 (d, 2JP(central)C = 33.6 Hz, CCH3), 

40.4 (dt, 1JP(central)C = 72 Hz, 3JP(carbone)C = 11 Hz, CCH3), 124.4 (br m, ipso-C, Ph), 129.1 

(virtual triplet, o-C, Ph), 133.7 (s, p-C, Ph), 134.6 (virtual triplet, m-C, Ph). 31P{1H} 

(CD2Cl2, 202 MHz, 298 K): δ 23.42 (multiplet - a set of second order doublets, P(carbone)), 

131.55 (second order triplet, P(central)). HR-MS Calculated for [C41H39ClP3]+ (1d-Cl+): m/z 

659.1953. Found: 659.1955.  
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Preparation of [(Ph3P)2C.P(OMe)Cl][X], [1e-Cl][X], [X] = [Cl], [SbF6]. 0.5 g (0.93 

mmol) of (Ph3P)2C (1) was dissolved in 200 mL of benzene. The resulting solution was 

then transferred to a Schlenk flask containing 0.27 mL (2.79 mmol) of MeOPCl2. The 

reaction mixture was stirred overnight, followed by filtration and drying in vacuo to yield 

0.61 g (98 %) of [1e-Cl][Cl] as a white solid. The most adequate counterion for 

crystallization of this species was found to be [SbF6] which was quantitatively exchanged 

with the chloride anion by addition of 10 mg (0.03 mmol) of NaSbF6 to a DCM solution 

(0.8 mL) containing 25 mg (0.03 mmol) of [1e-Cl][Cl] followed by layering with n-

hexane ([1e-Cl][SbF6]). 
1H NMR (400 MHz, CD2Cl2, 298 K): δ 3.09 (d, 3JPH = 14 Hz, 3H, OCH3), 7.43-7.65 (m, 

30H, Ph). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 55.3 (d, 2JCP = 18 Hz, OCH3), 

123.9 (br t, 1JCP = 47 Hz, ipso-C, Ph), 129.2 (t, 2JCP = 6 Hz o-C, Ph), 133.6 (s, p-C, Ph), 

134.3 (t, 3JCP = 5 Hz, m-C, Ph). The signal corresponding to the PCP resonance was not 

observed in 13C{1H} NMR Spectrum. 31P NMR (160 MHz, CD2Cl2, 298 K): δ 21.7 (d, 
2JPP = 74 Hz, P(carbone)), 215.6 (t, 2JPP = 74 Hz, P(central)). HR-MS Calculated for 

[C38H33ClOP3]+  (1e-Cl+): m/z 633.1433. Found: 633.1427. 

 

Preparation of [{(Ph3P)2C}(Ph)P.PMe3][BArF
4]2, [1a.PMe3][BArF

4]2.	 120 mg (0.17 

mmol) of [1a-Cl][Cl] was dissolved in about 10 ml of 1,2-difluorobenze followed by 

addition of 17 µL (0.17 mmol) of PMe3 and 316 mg (0.36 mmol) of Na[BArF
4], 

respectively. The reaction mixture was stirred for 6 h followed by filtration and removal 

of all volatilities. Yield 0.214 g (59 %). Few crystals suitable for single crystal X-ray 

diffraction were obtained by re-dissolving the solid in 1,2-difluorobenze and layering with 

hexane.  
1H NMR (CD2Cl2, 400 MHz, 298 K): δ 1.13 (dd, 2JPH = 13 Hz, 3JPH = 5 Hz, 9H, PMe3), 

7.0-8.0 (35H, Ph). 13C{1H} NMR (CD2Cl2, 100 MHz, 298 K): δ 11.7 (dd, 1JPC = 40 Hz, 
2JPC = 14 Hz, PMe3), 117.7 (p-C, BArF

4) 123.4 (apparent triplet AA’X, 1JPC +3JPC = 92 

Hz, ipso-C, Ph(carbone)), 128-130 (o-, m- and p-C, Ph) 124. 8 (q, 1JCF = 271 Hz, CF3, 

BArF
4), 129.0 (q, 2JCF = 15 Hz, m-C, BArF

4), 130.1 (virtual triplet, o-C, Ph(carbone)), 134.3 

(s, p-C, Ph(carbone)), 135.0 (o-C of BArF
4
 and m-C of Ph(carbone)), 162.2 (ipso-C, 1JCB = 50 

Hz, BArF
4). 31P{1H} NMR (CD2Cl2, 202 MHz, 298 K): δ -6.4 (second order dt, P(carbone)), 
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11.4 (second order dt, PMe3), 28.7 (second order d, P(carbone)). HR-MS Calculated for 

[C46H44P4]2+ (1a.PMe3
2+): m/z 360.1197. Found: 360.1191. 

 
Figure 5.1. 31P NMR spectrum of  [1a.PMe3][BArF

4]2. 
 

Preparation of [(Ph3P)2C.P(Ph)F][BArCl
4]; [1a-F][BArCl

4]. This compound was obtained 

as a main product in the reaction of the corresponding monocation and PhCF3, and for 

comparison of NMR data, [1a-F][BArCl
4] was synthesized using KF as the fluoride 

source. Both reaction pathways are described below. The multinuclear NMR 

spectroscopic data was taken from the latter reaction as it was cleaner.  

- Reaction of [1a-Cl][BArCl
4] and PhCF3. 1 mL of 1,2-difluorobenzene was added to 30 

mg (0.02 mmol) of [1a-Cl][BArCl
4] and 30 mg (0.04 mmol) of NaBArCl

4 followed by 

addition of 3 µL of PhCF3 (J. Young NMR tube). After 5 hours at 100°C, the reaction was 

completed. Yield: 26 %. Note that the yield for [1a-F][BArCl
4] was estimated by 31P{1H} 

NMR spectroscopy by addition of 5 mg (0.02 mmol) of PPh3 after reaction completion. 

Unfortunately, numerous attempts to purify this compound were unsuccessful. 
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- Preparation of [1a-F][BArCl
4] using KF as a fluoride source. 1 mL of 1,2-

difluorobenzene was added to 64 mg (0.05 mmol) of [1a-Cl][BArCl
4] and 31 mg (0.53 

mmol) of KF (J. Young NMR tube). The solution was heated at 100°C for 6 days. More 

than 95 % yield was obtained based on 31P{1H} NMR Spectroscopy. 1H NMR (CDCl3, 

500 MHz, 298 K): δ 6.9-7.5 (m, 47 H). 13C{1H} NMR (CDCl3, 100 MHz, 298 K): δ 123.1 

(s, p-C, BArCl
4), 124.5 (br m, ipso-C, Ph(carbone)), 128-130.5 (o-, m-, p-C, Ph), 129.2 

(virtual triplet, o-C, Ph(carbone)), 132.9 (q, 2JCB = 4 Hz, o-C, BArCl
4) 133.2 (s, m-C, BArCl

4), 

133.5 (s, p-C, Ph(carbone)), 134.0 (virtual triplet, m-C, Ph(carbone)), 150.5 (dd, 2JCF = 249.1 

Hz, 1JP(central)C = 14 Hz, ipso-C, 4-F-Ph), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 31P{1H} 

NMR (CDCl3, 202 MHz, 298 K): δ 23.4 (second order doublet, P(carbone)), 162.2 (doublet 

of second order triplets, 1JPF = 977 Hz, P(central)). 19F{1H} NMR (CDCl3, 376.5 MHz, 298 

K): δ -161.2 (d, 1JPF = 977 Hz, P-F). HR-MS Calculated for [C43H35ClFP3]+ (1a-F+): m/z 

663.1930. Found: 663.1904. 

 

Preparation of [(Ph3P)2C.P(4-F-Ph)F][BArCl
4], [1b-F][BArCl

4]. Compound [1b-

F][BArCl
4] was registered as the main product in the reaction of [1b-Cl][BArCl

4] and 

PhCF3. Reaction conditions are as following: 1 mL of 1,2-difluorobenzene was added to 

35 mg (0.03 mmol) of [1b-Cl][BArCl
4] and 34 mg (0.05 mmol) of NaBArCl

4 followed by 

addition of 3.5 µL of PhCF3 (J. Young NMR tube). After 5 hours at 100°C, reaction was 

completed. Yield: 55 %. Note that the yield for [1b-F][BArCl
4] was estimated by 31P{1H} 

NMR spectroscopy by addition of 8 mg (0.03 mmol) of PPh3 after reaction completion. 

Unfortunately, numerous attempts to purify this compound were unsuccessful. The 19F 

and 31P NMR signals were recorded in situ.  
31P{1H} NMR (161 MHz, 298 K): δ 24.8 (second order doublet, P(carbone)), 162.7 (doublet 

of second order triplets, 1JPF = 985 Hz, P(central)). 19F{1H} NMR (376 MHz, 298 K): 

δ -160.4 (d, 1JPF = 985 Hz, P-F), -113.7 (s, F-Ph). HR-MS Calculated for [C43H34F2P3]+  

(1b-F+): m/z 681.1841. Found: 681.1150. 
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Figure 5.2. 31P{1H} NMR spectrum of  [1b-F][BArCl

4]. 
 

 
Figure 5.3. 19F{1H} NMR spectrum of  [1b-F][BArCl

4]. 
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Preparation of [{C6H4(MeN)2C}2C.P(NiPr2)Cl][X], [2c-Cl][X], X = Cl, SbF6. Benzene 

(200 mL) solution of {C6H4(MeN)2C}2C, 2 (0.50 g, 1.65 mmol) was transferred to a 

Schlenk flask containing 0.8 g (4.12 mmol) of iPr2NPCl2. The reaction was stirred 

overnight followed by filtration. The resulting yellow solid was dried under vacuum to 

yield 0.76 g (92%) of [2c-Cl][Cl]. The most adequate counterion for crystallization of [2c-

Cl]+ was [SbF6], which was quantitatively exchanged with the chloride anion by adding 

10 mg (0.04 mmol) of NaSbF6 to a DCM solution (0.8 mL) of [2c-Cl][Cl] (20 mg, 0.04 

mmol) followed by layering with n-hexane ([2c-Cl][SbF6]). 
1H NMR (500 MHz, CD2Cl2, 298 K): δ 1.18 (d, 3JHH = 6 Hz, 9H, CH3 - iPr), 1.29 (m, 3H, 

CH3 - iPr), 3.25 (br m, 2H, CH - iPr), 3.81 (s, 12H, NCH3), 7.47-7.65 (m, 8H). 13C{1H} 

NMR (100 MHz, CD2Cl2, 298 K): δ 18.4 (s, CH3 - iPr), 23.3 (d, 2JCP = 9 Hz, CH - iPr), 

34.2 (d, 4JPC = 8 Hz, NCH3), 48.8 (d, 1JPC = 7 Hz, CCC), 111.6 (s, CH arom.), 125.5 (s, 

CH arom.), 132.4 (s, CH arom.), 153.7 (d, 2JPC = 19 Hz, NCN). 31P NMR (202 MHz, 

CD2Cl2, 298 K): δ 137.9 (s). HR-MS Calculated for [C25H34N5PCl]+  (2c-Cl+): m/z 

470.2240. Found: 470.2255. 

	
Preparation of [{C6H4(MeN)2C}2C.P(Ph)Cl][X], [2a-Cl][X], X = Cl, SbF6. The chloride 

salt of this compound was synthesized by adding benzene solution (200 mL) of 2 (0.50 g, 

1.65 mmol) to 0.56 mL (4.12 mmol) of PhPCl2. The reaction was stirred overnight 

followed by filtration. The resulting light-yellow solid was dried under vacuum to yield 

0.77 g (97%) of [2a-Cl][Cl]. The most adequate counterion for crystallization of [2a-Cl]+ 

was [SbF6], which was quantitatively exchanged with the chloride anion by adding 10 mg 

(0.04 mmol) of NaSbF6 to a DCM solution (0.8 mL) of [2a-Cl][Cl] (20 mg, 0.04 mmol) 

followed by layering with n-hexane ([2a-Cl][SbF6]). 
1H NMR (500 MHz, CDCl3, 298 K): δ 3.64 (s, 12H, NCH3), 7.16-7.53 (m, 13H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ 33.7 (d, 4JPC = 8 Hz, NCH3), 54.2 (d, 1JPC = 62 Hz, 

CCC), 111.6 (s, CH arom.), 125.7 (s, CH arom.), 128.7 (d, 3JPC = 4 Hz, m-C, Ph), 129.8 

(d, 2JPC = 20 Hz, o-C, Ph), 131.7 (s, CH arom.), 132.7 (s, p-C, Ph), 136.2 (d, 1JPC = 28 Hz, 

ipso-C, Ph), 153.2 (d, 2JPC = 18 Hz, NCN). 31P NMR (202 MHz, CD2Cl2, 298 K): δ 101.7 

(s). HR-MS Calculated for [C25H25N4PCl]+  (2a-Cl+): m/z 447.1526. Found: 447.1505. 
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Preparation of [{C6H4(MeN)2C}2C.P(tBu)Cl][X], [2d-Cl][X], X = Cl, SbF6. Benzene 

solution (200 mL) of 2 (0.50 g, 1.65 mmol) was transferred to a Schlenk flask containing 

0.65 g (4.12 mmol) of tBuPCl2. The reaction mixture was stirred overnight during which 

time a light yellow precipitate formed. The precipitate was isolated by filtration and 

subsequently dried in vacuo to yield 0.72 g (94%) of [2d-Cl][Cl]. The most adequate 

counterion for crystallization of [2d-Cl]+ was [SbF6], which was quantitatively exchanged 

with chloride anion by adding 11 mg (0.04 mmol) of NaSbF6 to a DCM solution (0.8 mL) 

of [2d-Cl][Cl] (20 mg, 0.04 mmol) followed by layering with n-hexane ([2d-Cl][SbF6]). 

1H NMR (500 MHz, CD2Cl2, 298 K): δ 1.17 (d, 3JPH = 14 Hz, 9H, tBu), 3.80 (br d, 12H, 

NCH3), 7.48 (m, 4H, CH arom.), 7.63 (br s, 4H, CH arom.). 13C{1H} NMR (100 MHz, 

CD2Cl2, 298 K): δ 27.4 (d, 2JCP = 18 Hz, CH3 - tBu), 33.6 (br s, NCH3), 37.5 (d, 1JCP = 29 

Hz, C - tBu), 48.8 (d, 1JCP = 73 Hz, CCC), 111.1 (s, CH arom.), 112.1 (s, CH arom.), 

125.5 (s, CH arom.), 126.8 (s, CH arom.), 131.7 (s, CH arom.), 132.4 (s, CH arom.), 153.3 

(d, 2JCP = 2 Hz, NCN), 156.7 (d, 2JCP = 45 Hz, NCN). 31P NMR (121 MHz, CD2Cl2, 298 

K): δ 123.5 (br d). 31P{1H} NMR (202 MHz, CD2Cl2, 298 K): δ 124.6 (s). HR-MS 

Calculated for [C23H29ClN4P]+ (2d-Cl+): m/z 427.1818. Found: 427.1797.  

 
Preparation of [{C6H4(MeN)2C}2C.P(OMe)Cl][Cl], [2e-Cl][Cl]. Benzene solution (200 

mL) of 2 (0.50 g, 1.65 mmol) was transferred to a Schlenk flask with 0.4 mL (4.12 mmol) 

of MeOPCl2. The resulting mixture was stirred overnight followed by filtration. Isolated 

orange solid was dried under vacuum to give 0.67 g (94 %) of [2e-Cl][Cl]. 
1H NMR (400 MHz, CD2Cl2, 298 K): δ 3.73 (d, 3JPH = 15 Hz, 3H, OCH3), 3.79 (s, 12H, 

NCH3), 7.50-7.68 (m, 8H, CH arom.). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 33.8 

(s, NCH3), 33.9 (s, NCH3), 56.1 (d, 2JCP = 20 Hz, OCH3), 111.7 (s, CH arom.), 125.6 (s, 

CH arom.), 132.3 (s, CH arom.), 152.1 (d, 2JCP = 20 Hz, NCN). 31P NMR (160 MHz, 

CD2Cl2, 298 K): δ 194.7 (br q, 3JPH = 15 Hz). 31P{1H} NMR (202 MHz, CD3CN, 298 K): 

δ 200.0 (s). HR-MS Calculated for [C20H23ClN4OP]+  (2e-Cl+): m/z 401.1298. Found: 

401.1297. 

 

Preparation of [(Ph3P)2C.PCl2][AlCl4], [1g-Cl][AlCl4]. The chloride salt of this 

compound was synthesized by adding toluene solution (80 mL) of (Ph3P)2C (1) (0.10 g, 
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0.19 mmol) to 88 mg (0.38 mmol) of MeN(PCl2)2 or 112 mg (0.38 mmol) PhN(PCl2)2. 

The reaction was stirred overnight followed by filtration. The resulting white solid was 

dissolved in 1,2-difluorobenzene and quantitative counterion conversion was achieved by 

adding 25 mg (0.19 mmol) of AlCl3. Single crystals of [1g-Cl][AlCl4] suitable for X-ray 

analysis were obtained by layering the above solution with n-hexane. Note: compound 

[1g-Cl][Cl] can also be prepared by reacting 1 with PCl3. 
1H NMR (300 MHz, CD2Cl2, 298 K): δ 7.19-7.72 (m, 30H, Ph). 13C{1H} (100 MHz, 

CD2Cl2, 298 K): δ 124.0 (br, m, ipso-C, Ph(carbone)), 129.9 (virtual triplet, o-C, Ph(carbone)), 

133.6 (s, p-C, Ph(carbone)), 134.3 (virtual triplet, m-C, Ph(carbone)). 31P{1H} (121 MHz, 

CD2Cl2, 298 K): δ 23.85 (d, P(carbone)), 173.53 (t, P(central)). 27Al{1H} (104 MHz, CD2Cl2, 
298 K): δ 107.05 (s). 

 

Preparation of [{C6H4(MeN)2C}2C.PCl2][X], [2g-Cl][X], X = Cl, SbF6 or BArCl
4. The 

chloride salt of this compound was synthesized by adding benzene solution (100 mL) of 2 

(0.10 g, 0.33 mmol) to 153 mg (0.66 mmol) of MeN(PCl2)2. The reaction was stirred 

overnight followed by filtration. The resulting light yellow solid was dried under vacuum 

to yield 0.14 g (98%) of [2g-Cl][Cl]. The most adequate counterion for crystallization of 

[2g-Cl]+ was [SbF6], which was quantitatively exchanged with the chloride anion by 

introducing 12 mg (0.04 mmol) of NaSbF6 to a DCM solution (0.8 mL) of [2g-Cl][Cl] (20 

mg, 0.04 mmol) followed by layering with n-hexane ([2g-Cl][SbF6]). Note: [2g-Cl][Cl] 

can also be prepared by reacting 2 with PCl3. 
31P{1H} (CD2Cl2, 160 MHz, 298 K): δ 160.0 (s). HR-MS Calculated for [C19H20Cl2N4P]+  

(2g-Cl+): m/z 405.0803. Found: 405.0804. Due to surprisingly low solubility of [2g-

Cl][X] (X = Cl and SbF6) in common organic solvents (C6D6, CD2Cl2, CD3CN,) we have 

quantitatively converted [2g-Cl][Cl] to [2g-Cl][BArCl
4]. This conversion was achieved by 

adding 70 mg (0.11 mmol) of Na[BArCl
4] to the THF solution (10 mL) of [2g-Cl][Cl] (50 

mg, 0.11 mmol) followed by precipitation with n-pentane, and subsequent filtration and 

removal of all volatiles to get [2g-Cl][BArCl
4] as a yellow solid. 1H NMR (400 MHz, 

CD2Cl2, 298K): δ 3.68 (s, 12H, NCH3), 6.80-6.94 (m, 12H, BArCl
4), 7.38-7.52 (m, 8H, 

CH arom.). 13C{1H} (100 MHz, CD2Cl2, 298K): δ 32.8 (s, NCH3), 111.8 (s, CH arom.), 

122.9 (s, p-C, BArCl
4), 127.3 (br s, CH arom.), 132.0 (s, m-C, BArCl

4), 132.9 (q, 2JCB = 4 
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Hz, o-C, BArCl
4), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl

4). Signals corresponding to the 

NCN and CCC resonances were not observed in the 13C{1H} Spectrum. 

 

Preparation of [{C6H4(MeN)2C}2C.PBr2][Br], [2f-Br][Br]. Benzene solution (200 mL) 

of 2 (0.50 g, 1.64 mmol) was added to 0.39 mL (4.1 mmol) of PBr3. The reaction mixture 

was stirred overnight followed by filtration. The resulting orange solid was dried under 

vacuum to yield 0.87 g (92 %) of [2f-Br][Br]. The crystallization of [2f-Br][Br] was 

achieved by layering the saturated acetonitrile solution of this compound with diethyl 

ether. 
1H NMR (500 MHz, CD3CN, 298 K): δ 3.83 (d, 5JPH = 2 Hz, 12H, NCH3), 7.59-7.73 (m, 

8H). 13C{1H} NMR (100 MHz, CD3CN, 298 K): δ 33.6 (d, 4JPC = 8 Hz, NCH3), 56.5 (d, 
1JPC = 89 Hz, CCC), 112.4 (s, CH arom.), 126.0 (s, CH arom.), 132.3 (s, CH arom.), 150.8 

(d, 2JPC = 23 Hz, NCN). 31P NMR (CD3CN, 202 MHz, 298 K): δ 163.79 (s). HR-MS 

Calculated for [C19H20
79Br81BrN4P]+  (2f-Br+): m/z 494.9772. Found: 494.9787.  

 
Preparation of [{C6H4(MeN)2C}2C.PNiPr2][BArCl

4]2, [2c][BArCl
4]2. [2c-Cl][Cl] (100 mg, 

0.19 mmol) and Na[BArCl
4] (256 mg, 0.40 mmol) were weighed inside a glove box 

(Schlenk flask) followed by addition of DCM (20 mL). The reaction mixture was stirred 

for 10 min and then filtered to remove NaCl. DCM was subsequently removed leaving an 

orange solid, which was dried in vacuo to give 200 mg (63%) of [2c][BArCl
4]2. 

1H NMR (300 MHz, CD2Cl2, 298 K): δ 1.03 (d, 6H, 3JHH = 6 Hz, CH3 - iPr), 1.59 (d, 3JHH 

= 6 Hz, 6H, CH3 - iPr), 3.17 (br m, 1H, CH - iPr), 3.55 (s, 6H, NCH3), 3.63 (s, 6H, NCH3), 

4.05 (br m, 1H, CH - iPr), 6.94 (m, 8H, p-H, BArCl
4), 7.07 (m, 16H, o-H, BArCl

4), 7.41 (m, 

2H), 7.50 (m, 2H), 7.73 (m, 4H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 21.6 (s, 

CH3 - iPr), 28.3 (d, 3JCP = 12 Hz, CH3 - iPr), 33.4 (d, 4JCP = 6 Hz, NCH3), 33.5 (s, NCH3), 

51.4 (s, CH - iPr), 61.1 (d, 2JCP = 14 Hz, CH - iPr), 85.6 (d, 1JCP = 65 Hz, CCC), 112.7 (s, 

CH arom.), 112.9 (s, CH arom.), 123.2 (s, p-C, BArCl
4), 129.5 (s, CH arom.), 130.1 (s, CH 

arom.), 131.1 (s, CH arom.), 132.0 (s, CH arom.), 133.1 (m, o-C, m-C, BArCl
4), 144.6 (s, 

NCN), 145.7 (d, 2JCP = 37 Hz, NCN), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 31P NMR 

(CD2Cl2, 160 MHz, 298 K): δ 327.7 (s). HR-MS Calculated for [C25H34N5P]2+  (2c2+): m/z 

217.6271. Found: 217.6272. 
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Preparation of [{C6H4(MeN)2C}2C.PPh][X]2, [2a][X]2, [X] = [AlCl4], [SbF6], and 

[BArCl
4]. The 1H, 13C{1H}, and 31P NMR spectra of this compound were identical 

irrespective of the nature of counterion, and therefore, we only report multinuclear NMR 

data for [2a][AlCl4]2 as spectroscopic NMR details for [SbF6] and [BArCl
4] anions can be 

found in numerous published reports. AlCl3 (11 mg, 0.08 mmol) was added to CD2Cl2 

solution (0.7 mL) of [2a-Cl][Cl] (20 mg, 0.04 mmol) to form the dication [2a][AlCl4]2 (J. 

Young NMR tube). The solvent was removed and the resulting orange solid was dried in 

vacuo. Yield: 22 mg (73%). Single crystals of [2a][BArCl
4]2 were obtained in a separate 

procedure: Na[BArCl
4] (21 mg, 0.03 mmol) was added to 1,2-difluorobenzene solution 

(0.7 mL) of [2a-Cl][BArCl
4] (35 mg, 0.03 mmol); the resulting solution was filtered (NaCl 

removal) and layered with n-hexane ([2a][BArCl
4]2). 

1H NMR (500 MHz, CD2Cl2, 298 K): δ 3.71 (s, 6H, NCH3), 4.11 (s, 6H, NCH3), 7.38 (br 

t, 3JHH = 9 Hz, 2H, o-H, Ph), 7.45 (t, 3JHH = 10 Hz, 2H, m-H, Ph), 7.68 (t, 3JHH = 10 Hz, 

1H, p-H, Ph), 7.75-7.84 (m, 8H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 34.5 (s, 

NCH3), 35.3 (d, 4JPC = 5 Hz, NCH3), 114.1 (d, 4JCP = 5 Hz, CH arom.), 129.2 (d, 1JPC = 65 

Hz, CCC), 129.9 (s, CH arom.), 130.1 (s, CH arom.), 131.0 (d, 3JCP = 6 Hz, m-C, Ph), 

132.0 (s, CH arom.), 132.9 (d, 2JCP = 18 Hz, o-C, Ph), 133.2 (s, p-C, Ph), 136.7 (s, CH 

arom.), 138.2 (d, 1JCP = 54 Hz, ipso-C, Ph), 143.6 (d, 4JCP = 8 Hz, CH arom.), 145.3 (d, 
2JPC = 26 Hz, NCN). 31P NMR (CD2Cl2, 202 MHz, 298 K): δ 393.4 (s). HR-MS 

Calculated for [C25H25N4P]2+  (2a2+): m/z 206.0903. Found: 206.0903. 

 

Preparation of [{C6H4(MeN)2C}2C.PtBu][AlCl4]2, [2d][AlCl4]2. AlCl3 (14 mg, 0.10 

mmol) was added to CD2Cl2 solution (0.7 mL) of  [2d-Cl][Cl] (25 mg, 0.05 mmol) to give 

the target [2d][AlCl4]2 (J. Young NMR tube). This compound was found to be very 

reactive in solution at various temperatures. Therefore, multinuclear NMR data were 

recorded using the sample of [2d][AlCl4]2 formed in situ.  
1H NMR (500 MHz, CD2Cl2, 298 K): δ 1.36 (d, 3JPH = 12 Hz, 9H, tBu), 4.11 (s, 6H, 

NCH3), 4.14 (s, 6H, NCH3), 7.85 (m, 4H, CH arom.), 7.89 (br s, 4H, CH arom.). 13C{1H} 

NMR (125 MHz, CD2Cl2, 298 K): δ 27.8 (d, 2JCP = 10 Hz, CH3 - tBu), 34.6 (d, 4JCP = 5 

Hz, NCH3), 34.8 (s, NCH3), 46.6 (d, 1JCP = 62 Hz, C - tBu), 113.6 (s, CH arom.), 113.8 (s, 
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CH arom.), 129.3 (s, CH arom.), 129.8 (s, CH arom.), 131.6 (s, CH arom.), 132.6 (s, CH 

arom.), 141.9 (s, NCN), 144.0 (d, 2JCP = 24 Hz, NCN). Signal corresponding to the CCC 

resonance was not observed in the 13C{1H} NMR Spectrum. 31P NMR (202 MHz, 

CD2Cl2, 298 K): δ 474.2 (br s). 31P{1H} NMR (202 MHz, CD2Cl2, 298 K): δ 473.8 (s). 

HR-MS Calculated for [C23H29N4P]2+  (2d+): m/z 196.1086. Found: 196.1086.  

 

Preparation of [{C6H4(MeN)2C}2C.POMe][AlCl4]2, [2e][AlCl4]2. AlCl3 (15 mg, 0.11 

mmol) was added to CD2Cl2 solution (0.7 mL) of [2e-Cl][Cl] (25 mg, 0.06 mmol) to give 

the target dication [2e][AlCl4]2 (J. Young NMR tube). Based on the multinuclear NMR 

data, this compound was very reactive in solution, which prevented its complete 

characterization. In fact, based on 31P NMR a very complicated mixture of [2e]2+, 

MeOPCl2, and [{C6H4(MeN)2C}2C.PCl]2+, [2g]2+ among other present species, was 

formed. We were quite fortunate that few single crystals suitable for x-ray diffraction 

formed after slow evaporation from saturated DCM solution. Surprisingly, these crystals 

were composed of [2e][AlCl4]2 and [2g][AlCl4]2 in 93:7 respective ratio.  
31P NMR (202 MHz, CD2Cl2, 298 K): δ 373.4 (br s). 31P{1H} NMR (202 MHz, CD2Cl2, 

298 K): δ 372.4 (s). HR-MS Calculated for [C20H23N4OP]2+  (2e2+): m/z 183.0799. 

Numerous attempts to detect this species via ESI-MS were unsuccessful.  

 

Preparation of [{C6H4(MeN)2C}2C.PCl][AlCl4]2, [2g][AlCl4]2. AlCl3 (23mg, 0.17 mmol) 

was added to CD2Cl2 solution (0.7 mL) of [2g-Cl][Cl] (25 mg, 0.06 mmol). Upon mixing, 

the thick red oil formed. Reaction mixture was investigated by 31P/31P{1H} NMR 

Spectroscopy. Even though, the target dication [{C6H4(MeN)2C}2C.PCl][AlCl4]2, 

[2g][AlCl4]2 was the major constituent, all attempts to isolate this species by fractional 

precipitation and/or crystallization were unsuccessful. 
31P NMR (202 MHz, CD2Cl2, 298 K): δ 361.6 (s). 31P{1H} NMR (202 MHz, CD2Cl2, 298 

K): δ 361.6 (s). HR-MS Calculated for [C19H20ClN4P]2+  (2g2+): m/z 185.0552. All 

attempts to detect this compound via ESI-MS failed. 

 

Preparation of [{{C6H4(MeN)2C}2C}2P][SbF6]2[Br], [(2)2P][SbF6]2[Br]. The formation 

of [(2)2P][SbF6]2[Br] was observed upon addition of 1 or 2 molar equivalents of AgSbF6 
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to the acetonitrile solution of [2f-Br][Br] as shown by the copies of the 31P NMR spectra 

(Figures 3.13) recorded right after the addition of the silver salt. A small crop of crystals 

suitable for single crystal X-ray diffraction were obtained using the former solution as 

describe below. However, the title compound could not be isolated in its pure form even 

though numerous attempts (re-crystallization, precipitation etc.) have been made. It 

appears that the trication is extremely unstable in solution resulting in the formation of a 

substantial amount of “di-protonated” ligand even though the only P-containing species 

soluble in this reaction mixture is the trication. In fact, during the data collection for the 
13C NMR spectrum (overnight collection) it was noticed that the solution changed color 

from the usual red to orange suggesting the decomposition of the trication and the only δC 

signals that could be resolved belonged to deprotonated carbodicarbene. Lastly, as both 

preparatory methods differ only in the amount of the silver salt added we described only 

the former one. 

- Synthesis of [(2)2P][SbF6]2[Br] using 1 molar equivalent of AgSbF6. CD3CN (0.7 mL) 

was added to [2f-Br][Br] (15 mg, 0.026 mmol) and AgSbF6 (9 mg, 0.026 mmol) (J. 

Young NMR tube). Immediately upon addition, the solution changed color from orange to 

red. The white precipitate (AgBr) was filtered-off and the resulting red solution was 

layered with diethyl ether. Few crystals of [(2)2P][SbF6]2[Br] suitable for X-ray analysis 

were formed at room temperature after 3 days. 
1H NMR (400 MHz, CD3CN, 298 K): δ 3.69 (s, 24H, NCH3), 7.73-7.86 (m, 16H).  31P 

NMR (CD3CN, 202 MHz, 298 K): δ 302.18 (s). HR-MS: numerous attempts to detect 

[(2)2P]3+ were not successful.  

 
Preparation of [{C6H4(MeN)2C}2C.P{(CH2CCH3)2}Ph][AlCl4]2, [2a-h][AlCl4]2. AlCl3 

(11 mg, 0.08 mmol) was added to CD2Cl2 solution (0.7 mL) of [2a-Cl][Cl] (20 mg, 0.04 

mmol) followed by 2,3-dimethyl-1,3-butadiene (5 µL, 0.04 mmol) (J. Young NMR tube). 

The solvent was removed and the resulting beige precipitate was dried in vacuo to afford 

25 mg (77 %) of [2a-h][AlCl4]2. Single crystals suitable for X-Ray analysis were obtained 

upon layering the saturated DCM solution of [2a-h][AlCl4]2 with n-hexane. 
1H NMR (500 MHz, CD2Cl2, 298 K): δ 1.85 (s, 6H, CCH3), 3.53 (br m, 4H, CH2), 3.79 (s, 

12H, NCH3), 7.64 (m, 13H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 15.9 (s, CCH3), 
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16.1 (s, CCH3), 23.0 (d, 1JCP = 115 Hz, CCC), 34.2 (s, NCH3), 39.0 (d, 1JCP = 56 Hz, 

CH2), 112.6 (s, CH arom.), 127.6 (s, CH arom.), 128.9 (s, p-C, Ph), 130.9 (d, 2JCP = 10 

Hz, o-C, Ph), 131.4 (d, 3JCP = 8 Hz, m-C, Ph), 131.7 (s, CH arom.), 135.8 (br s, ipso-C, 

Ph), 149.3 (d, 2JCP = 10 Hz, NCN). 31P NMR (CD2Cl2, 202 MHz, 298 K): δ 30.7 (s). 
31P{1H} NMR (CD2Cl2, 202 MHz, 298 K): δ 31.1 (s). HR-MS Calculated for 

[C31H35N4P]2+ (2a-h2+): m/z 247.1294. Found: 247.1295. 

 

Preparation of [(iPr2N)2P][BArCl
4], [3][BArCl

4]. Na[BArCl
4] (38 mg, 0.06 mmol) was 

added to CD2Cl2 (0.5 mL) solution of (iPr2N)2PCl (15 mg, 0.06 mmol) to give 

[(iPr2N)2P][BArCl
4], [3][BArCl

4] (J. Young NMR tube), which was used in subsequent 

reactions. Single crystals suitable for X-ray diffraction were grown by slow evaporation 

from saturated 1,2-difluorobenzene solution of [3][BArCl
4].  

1H NMR (300 MHz, CD2Cl2, 298 K): δ 1.44 (d, 3JHH = 7 Hz, 24H, CH3 - iPr), 4.13 (m, 

4H, CH - iPr), 7.04 (m, 12H, BArCl
4). 13C{1H} NMR (75 MHz, CD2Cl2, 298 K): δ 19.5 (s, 

CH3 - iPr), 24.8 (d, 2JCP = 8 Hz, CH - iPr), 123.1 (s, p-C, BArCl
4), 132.9 (q, 2JCB = 4 Hz, o-

C, BArCl
4), 133.1 (s, m-C, BArCl

4), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 31P NMR (160 

MHz, CD2Cl2, 298 K): δ 300.3 (s). HR-MS Calculated for [C12H28N2P]+ (3+): m/z 

231.1985. Found: 231.1992. 

 
Reactions of [2c][BArCl

4]2 with tertiary (Et3SiH, Ph3SiH), secondary (Ph2SiH2), and 

primary (PhSiH3) silanes – general procedure. Na[BArCl
4] (51 mg, 0.08 mmol) was 

added to CD2Cl2 (0.7 mL) solution of [2c-Cl][Cl] (20 mg, 0.04 mmol) (J. Young NMR 

tube) to form the dication [2c][BArCl
4]2. Subsequently, the corresponding silane [Et3SiH: 

7 µL (0.04 mmol); Ph3SiH: 11 mg (0.04 mmol); Ph2SiH2: 8 µL (0.04 mmol); PhSiH3: 5 

µL (0.04 mmol)] was added and the reaction mixture was investigated by 31P/31P{1H} 

NMR spectroscopy and ESI-MS. In all instances, we observed the formation of 

[{C6H4(MeN)2C}2C.P(H)NiPr2]+, [2c-H]+ whose identity was confirmed in a separate 

procedure using nBu3SnH as a hydride source. 

 

Reaction of [2c][BArCl
4]2 with nBu3SnH. Na[BArCl

4] (51 mg, 0.08 mmol) was added to 

CD2Cl2 solution (0.7 mL) of [2c-Cl][Cl] (20 mg, 0.04 mmol) (J. Young NMR tube), 



	 129 

followed by addition of nBu3SnH (11 µL, 0.04 mmol). The resulting mixture was analyzed 

by 31P/31P{1H} NMR Spectroscopy and ESI-MS. [2c-H][BArCl
4] was the major reaction 

product, whose high reactivity in solution prevented our isolation attempts. 

[2c-H][BArCl
4]: 31P NMR (202 MHz, CD2Cl2, 298 K): δ –12.3 (br d, 1JPH = 225 Hz).  

31P{1H} NMR (202 MHz, CD2Cl2, 298 K): δ –12.3 (br s). HR-MS Calculated for 

[C25H35N5P]+  (2c-H+): m/z 436.2630. Found: 436.2632. 

 
Reactions of [2a][BArCl

4]2 with tertiary (Et3SiH, Ph3SiH), secondary (Ph2SiH2), and 

primary (PhSiH3) silanes – general procedure.  Na[BArCl
4] (52 mg, 0.08 mmol) was 

added to CD2Cl2 (0.7 mL) solution of [2a-Cl][Cl] (20 mg, 0.04 mmol) to form the 

dication [2a][BArCl
4]2 (J. Young NMR tube). Then, the corresponding silane [Et3SiH: 7 

µL (0.04 mmol); Ph3SiH: 11 mg (0.04 mmol); Ph2SiH2: 8 µL (0.04 mmol); PhSiH3: 5 µL 

(0.04 mmol)] was added and the resulting mixture was investigated by 31P/31P{1H} NMR 

spectroscopy and ESI-MS. In all instances, a single reaction product 

[{C6H4(MeN)2C}2C.P(H)Ph][BArCl
4], [2a-H][BArCl

4] was observed.  

 

Preparation of [{C6H4(MeN)2C}2C.P(H)Ph][X], [2a-H][X], X = AlCl4 and BArCl
4. 1,2-

difluorobenzene (35 mL) was added to a Schlenk flask containing [2a-Cl][Cl] (100 mg, 

0.21 mmol) and Na[BArCl
4] (268 mg, 0.43 mmol). The reaction mixture was stirred for 10 

min followed by addition of nBu3SnH (57 µL, 0.21 mmol). After 2 hours of stirring at 

ambient temperature, NaCl was filtered off. The resulting solution was treated with n-

hexane (100 mL) to afford the formation of [2a-H][BArCl
4] as a light yellow precipitate, 

which was isolated by filtration and subsequently dried under vacuum. Yield: 78 mg (37 

%). [AlCl4] appeared to be the most suitable anion for crystallization of [2a-H]+. This 

anion was introduced in a separate experimental procedure: [2a-Cl][Cl] (20 mg, 0.04 

mmol) and AlCl3 (11 mg, 0.08 mmol) were dissolved in 1,2-difluorobenzene (0.7 mL) (J. 

Young NMR tube) to form the dication [2a][AlCl4]2, which was then treated with 
nBu3SnH (11 µL, 0.04 mmol). The resulting solution was layered with n-hexane to afford 

single crystals of [2a-H][AlCl4]. 
1H NMR (400 MHz, CD2Cl2, 298 K): δ 3.53 (s, 12H, NCH3), 5.59 (d, 1H, 1JPH = 226 Hz), 

6.94 (br s, 4H, p-H, BArCl
4), 7.05-7.44 (m, 21H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 
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K): δ 33.1 (d, 4JCP = 6 Hz, NCH3), 42.6 (d, 1JCP = 23 Hz, CCC), 110.5 (s, CH arom.), 

123.0 (s, p-C, BArCl
4), 125.4 (s, CH arom.), 128.3 (s, p-C, Ph), 129.1 (d, 3JPC = 5 Hz, m-C, 

Ph), 129.8 (d, 2JPC = 15 Hz, o-C, Ph), 132.1 (s, CH arom.), 132.9 (q, 2JCB = 4 Hz, o-C, 

BArCl
4), 133.1 (s, m-C, BArCl

4), 135.7 (d, 1JPC = 6 Hz, ipso-C, Ph), 155.5 (d, 2JPC = 17 Hz, 

NCN), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 31P NMR (202 MHz, CD2Cl2, 298 K): δ –

52.7 (d, 1JPH = 226 Hz). 31P{1H} NMR (202 MHz, CD2Cl2, 298 K): δ –52.7 (s). HR-MS 

Calculated for [C25H26N4P]+  (2a-H+): m/z 413.1890. Found: 413.1892. 

 
Figure 5.4. 1H NMR spectrum of  [2a-H][BArCl

4]. 
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Figure 5.5. 31P NMR spectrum of  [2a-H][BArCl

4]. 
 

 
Figure 5.6. 31P{1H} NMR spectrum of  [2a-H][BArCl

4]. 
 

Preparation of [{C6H4(MeN)2C}2C.PH2][X], [2.PH2][X], X = AlCl4, BArCl
4. This species 

was synthesized using [2f-Br][Br] as a starting material. CD2Cl2 (0.7 mL) was added to 
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[2f-Br][Br] (22 mg, 0.04 mmol) and Na[BArCl
4] (47 mg, 0.08 mmol) followed by addition 

of nBu3SnH (21 µL, 0.08 mmol) (J. Young NMR tube). Thus formed [2.PH2][BArCl
4] was 

used for multinuclear NMR analyses. [AlCl4] appeared to be the most suitable anion for 

crystallization of [2.PH2]+. This anion was introduced in a separate procedure: [2f-Br][Br] 

(22 mg, 0.04 mmol) and AlCl3 (10 mg, 0.08 mmol) were dissolved in 1,2-difluorobenzene 

(0.8 mL) followed by addition of nBu3SnH (21 µL, 0.08 mmol) to give [2.PH2][AlCl4]. 

Crystals suitable for single X-ray diffraction were grown by layering the saturated 1,2-

difluorobenzene solution of [2.PH2][AlCl4] with n-hexane. 
1H NMR (500 MHz, CD2Cl2, 298 K): δ 3.51 (s, 12H, NCH3), 4.15 (d, 2H, 1JPH = 212 Hz), 

6.91 (br s, p-H, BArCl
4), 7.04 (br s, o-H, BArCl

4), 7.34 (m, 4H), 7.44 (m, 4H). 31P NMR 

(121 MHz, CD2Cl2, 298 K): δ –133.1 (t, 1JPH = 212 Hz).  31P{1H} NMR (202 MHz, 

CD2Cl2, 298 K): δ –134.1 (s). HR-MS Calculated for [C19H22N4P]+  (2.PH2
+): m/z 

337.1582. Found: 337.1583. Note: multiple attempts to isolate this species by means of 

fractional precipitation were unsuccessful, presumably due to the similar solubility of all 

present species induced by the non-coordinating anion – [BArCl
4]. Crystals of 

[2.PH2][AlCl4] were not soluble in common organic solvents. 

 
Figure 5.7. 31P NMR spectrum of  [2.PH2][BArCl

4]. 
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Figure 5.8. 31P{1H} NMR spectrum of  [2.PH2][BArCl

4]. 
 

Preparation of [(iPr2N)2P(H)(BH2
.Py)][BArCl

4], [3-i][BArCl
4]. (iPr2N)2PCl (75 mg, 0.28 

mmol) and Na[BArCl
4]  (174 mg, 0.28 mmol) were placed to a Schlenk flask followed by 

addition of 1,2-difluorobenzene (35 ml). The resulting mixture was stirred for 5 minutes at 

room temperature after which Py.BH3 (30 µL, 0.28 mmol) was added. After 2 hours of 

stirring, NaCl was filtered-off and subsequent addition of n-hexane (80 mL) led to the 

precipitation of [3-i][BArCl
4] as a white solid that was dried in vacuo. Yield: 104 mg 

(40%). Single crystals suitable for X-ray analysis were obtained by layering the DCM 

solution of [3-i][BArCl
4] with n-hexane. 

1H NMR (400 MHz, CD2Cl2, 298 K): δ 0.99 (d, 3JHH = 7 Hz, 12H, CH3 - iPr), 1.26 (d, 
3JHH = 7 Hz, 12H, CH3 - iPr), 3.22 (br d, 2H, BH2-Py), 3.49 (sept, 3JHH = 7 Hz, 4H, CH - 
iPr), 7.02 (m, 12H, BArCl

4), 7.06 (dt, 1JPH = 432 Hz and 3JHH = 2 Hz, 1H, PH), 7.68 (t, 3JHH 

= 7 Hz, 2H, m-H, Py), 8.13 (dd, 3JHH = 7 Hz and 5JHH = 1 Hz, 1H, p-H, Py), 8.40 (d, 3JHH 

= 6 Hz, 2H, o-H, Py). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 22.8 (d, 3JCP = 2 Hz, 

CH3 - iPr), 22.9 (d, 3JCP = 2 Hz, CH3 - iPr), 48.1 (d, 2JCP = 4 Hz, CH - iPr), 123.0 (s, p-C, 

BArCl
4), 127.6 (s, p-C, Py), 132.9 (q, 2JCB = 4 Hz, o-C, BArCl

4), 133.1 (s, m-C, BArCl
4), 
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143.3 (d, 4JCP = 2 Hz, m-C, Py), 147.4 (d, 3JCP = 7 Hz, o-C, Py), 164.7 (q, 1JCB = 49 Hz, 

ipso-C, BArCl
4). 11B (128 MHz, CD2Cl2, 298K): δ - 7.1 (s, BArCl

4), - 13.5 (br dd). 11B{1H} 

(128 MHz, CD2Cl2, 298K): δ - 7.1 (s, BArCl
4), - 13.4 (br d). 31P NMR (160 MHz, CD2Cl2, 

298 K): δ 20.4 (br dd). 31P{1H} NMR (160 MHz, CD2Cl2, 298 K): δ 20.3 (br d). HR-MS 

Calculated for [C17H36BN3P]+  (3-i+): m/z 324.2740. Found: 324.2741. 

 

Preparation of [(iPr2N)2P(H)(BH2
.NMe3)][BArCl

4], [3-j][BArCl
4]. 1,2-difluorobenzene 

(35 mL) was added to a Schlenk flask with (iPr2N)2PCl (75 mg, 0.28 mmol) and 

Na[BArCl
4] (174 mg, 0.28 mmol) followed by addition of Me3N.BH3 (21 mg, 0.28 mmol). 

The reaction was stirred for additional 2 hours followed by filtration to remove NaCl. 

Subsequent addition of 80 mL of n-hexane led to the precipitation of a white solid that 

was dried in vacuo to yield 124 mg (49%) of [3-j][BArCl
4]. The crystallization was 

performed by layering the DCM solution of [3-j][BArCl
4] with n-hexane.  

1H NMR (300 MHz, CD2Cl2, 298 K): δ 1.24 (d, 3JHH = 7 Hz, 12H, CH3 - iPr), 1.30 (d, 
3JHH = 7 Hz, 12H, CH3 - iPr), 2.40 (dd or br q, 2H, BH2-Py), 3.60 (sept, 3JHH = 7 Hz, 4H, 

CH - iPr), 6.96 (dt, 1JPH = 432 Hz and 3JHH = 2 Hz, 1H, PH), 7.03 (m, 12H, BArCl
4). 

13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 22.9 (d, 3JCP = 4 Hz, CH3 - iPr), 23.5 (d, 3JCP 

= 3 Hz, CH3 - iPr), 49.0 (d, 2JCP = 3 Hz, CH - iPr), 54.4 (d, 3JCP = 8 Hz, NMe3), 123.0 (s, 

p-C, BArCl
4), 132.9 (q, 2JCB = 4 Hz, o-C, BArCl

4), 133.1 (s, m-C, BArCl
4), 164.7 (q, 1JCB = 

49 Hz, ipso-C, BArCl
4). 11B (96 MHz, CD2Cl2, 298K): δ - 7.3 (s, BArCl

4), - 10.4 (br q). 
11B{1H} (96 MHz, CD2Cl2, 298K): δ - 7.3 (s, BArCl

4), -10.4 (br d). 31P NMR (121 MHz, 

CD2Cl2, 298 K): δ 15.6 (br dd). 31P{1H} NMR (121 MHz, CD2Cl2, 298 K): δ 16.1 (br d). 

HR-MS Calculated for [C15H40BN3P]+  (3-j+): m/z 304.3053. Found: 304.3051. 
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Figure 5.9. 1H NMR spectrum of [3-j][BArCl

4]. 
 

 
Figure 5.10. 31P NMR spectrum of [3-j][BArCl

4]. 
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Figure 5.11. 31P{1H} NMR spectrum of [3-j][BArCl

4]. 
 

Reaction of [2c][BArCl
4]2 with Py.BH3. Na[BArCl

4] (50 mg, 0.08 mmol) was added to a 

CD2Cl2 (0.7 mL) solution of [2c-Cl][Cl] (20 mg, 0.04 mmol) (J. Young NMR tube) to 

give the dicaiton [2c][BArCl
4]2. Next, Py.BH3 (4 µL, 0.04 mmol) was added and the 

resulting mixture was investigated by 31P/31P{1H} NMR Spectroscopy and ESI-MS. Both 

[2c-H]+ and [{C6H4(MeN)2C}2C.P(H)(BH2
.Py)NiPr2][BArCl

4]2, [2c-i][BArCl
4]2 reaction 

products were observed. Unfortunately, all attempts to isolate the later compound by 

means of fractional precipitation were unsuccessful presumably due to the similar 

solubility of all present species imparted by the non-coordinating [BArCl
4] anion.  

[2c-i][BArCl
4]2: 31P NMR (121 MHz, CD2Cl2, 298 K): δ –1.8 (br d, 1JPH = 423 Hz).  

31P{1H} NMR (121 MHz, CD2Cl2, 298 K): δ –1.8 (s). HR-MS Calculated for 

[C30H42BN6P]2+  (2c-i2+): m/z 264.1648. Found: 264.1658. 

 

Reaction of [2c][BArCl
4]2 with Me3N.BH3 – general procedure. Na[BArCl

4] (50 mg, 

0.08 mmol) was added to a CD2Cl2 (0.7 mL) solution of [2c-Cl][Cl] (20 mg, 0.04 mmol) 

to give the dication [2c][BArCl
4]2 (J. Young NMR tube). Then, 3 mg (0.04 mmol) of 
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Me3N.BH3 was added subsequently and the resulting mixture was explored by 
31P/31P{1H} NMR Spectroscopy and ESI-MS.  

 
Preparation of [{C6H4(MeN)2C}2C.P(H)(BH2

.NMe3)NiPr2][BArCl
4]2, [2c-j][BArCl

4]2. 

Na[BArCl
4] (256 mg, 0.40 mmol) was added to 1,2-difluorobenzene solution (35 mL) of 

[2c-Cl][Cl] (100 mg, 0.19 mmol) to give the dication [2c][BArCl
4]2. The resulting mixture 

was treated with Me3N.BH3 (15 mg, 0.21 mmol) and stirred for 2 hours. Filtration to 

remove NaCl was followed by addition of n-hexane (80 mL) to precipitate [2c-j][BArCl
4]2 

as a light yellow solid, which was isolated by filtration and dried under vacuum. Yield: 

123 mg (37%). 
1H NMR (400 MHz, CD2Cl2, 298 K): δ 0.88 (d, 3JHH = 6 Hz, 6H, CH3 - iPr), 1.16 (d, 3JHH 

= 6 Hz, 6H, CH3 - iPr), 2.66 (d, 4JHH = 1 Hz, 9H, NMe3), 3.49 (br s, 12H, NCH3), 3.72 

(sept, 3JHH = 6 Hz, 2H, CH - iPr), 6.93 (br s, 8H, p-H, BArCl
4), 6.94 (m, 16H, BArCl

4), 7.16 

(dd, 3JHH = 4 Hz and 1JPH = 351 Hz, 1H), 7.05 (br m,  4H), 7.40 (m, 4H). 13C{1H} NMR 

(100 MHz, CD2Cl2, 298 K): δ 18.5 (s, CH3 - iPr), 22.54 (d, 2JCP = 3 Hz, CH - iPr), 23.02 

(d, 3JCP = 2 Hz, CH3 - iPr), 32.9 (br s, NCH3), 54.4 (d, 3JCP = 7 Hz, NMe3), 111.9 (s, CH 

arom.), 123.1 (s, p-C, BArCl
4), 127.7 (s, CH arom.), 131.2 (s, CH arom.), 132.9 (q, 2JCB = 

4 Hz, o-C, BArCl
4), 133.0 (s, m-C, BArCl

4), 151.9 (br s, NCN), 164.2 (q, 1JCB = 49 Hz, 

ipso-C, BArCl
4). The signal corresponding to the central carbon atom (CCC) was not 

detected. 11B (128 MHz, CD2Cl2, 298K): δ –6.9 (s, BArCl
4), –9.4 (br q). 11B{1H} (128 

MHz, CD2Cl2, 298K): δ –6.9 (s, BArCl
4), –9.3 (br s). 31P NMR (202 MHz, CD2Cl2, 298 

K): δ –15.4 (br d). 31P{1H} NMR (160 MHz, CD2Cl2, 298 K): δ –15.3 (br s). HR-MS 

Calculated for [C28H46BN6P]2+ (2c-j2+): m/z 254.1804. Found: 254.1811. 
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Figure 5.12. 1H NMR spectrum of [2c-j][BArCl

4]2. 
 

 
Figure 5.13. 31P NMR spectrum of [2c-j][BArCl

4]2. 
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Figure 5.14. 31P{1H} NMR spectrum of [2c-j][BArCl

4]2. 
 

Reaction of [2a][BArCl
4]2 with Py.BH3 – general procedure. Na[BArCl

4] (52 mg, 0.08 

mmol) was added to a CD2Cl2 (0.7 mL) solution of [2a-Cl][Cl] (20 mg, 0.04 mmol) (J. 

Young NMR tube) to form [2a][BArCl
4]2. Subsequently, Py.BH3 (4 µL, 0.04 mmol) was 

added and the reaction mixture was analyzed by 31P/31P{1H} NMR spectroscopy and HR-

MS. Both [2a-H]+ and [{C6H4(MeN)2C}2C.P(H)(BH2
.Py)Ph][BArCl

4]2, [2a-i][BArCl
4]2 

reaction products were observed. Unfortunately, all attempts to isolate [2a-i][BArCl
4]2 by 

fractional precipitation were unsuccessful presumably due to the similar solubility of all 

present species imparted by the non-coordinating [BArCl
4] anion. 

[2a-i][BArCl
4]2: 31P NMR (160 MHz, CD2Cl2, 298 K): δ –13.5 (br d, 1JPH = 395 Hz).  

31P{1H} NMR (160 MHz, CD2Cl2, 298 K): δ –13.5 (s). HR-MS Calculated for 

[C30H33BN5P]2+ (2a-i2+): m/z 252.6280. Found: 252.6292. 
 
Reaction of [2a][BArCl

4]2 with Me3N.BH3 – general procedure. Na[BArCl
4] (52 mg, 

0.08 mmol) was added to a CD2Cl2 (0.7 mL) solution of [2a-Cl][Cl] (20 mg, 0.04 mmol) 

to form [2a][BArCl
4]2 (J. Young NMR tube). In situ formed [2a][BArCl

4]2 was then treated 
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with Me3N.BH3 (3 mg, 0.04 mmol) and the resulting mixture was investigated by 
31P/31P{1H} NMR spectroscopy and ESI-MS. 

 

Preparation of [{C6H4(MeN)2C}2C.P(H)(BH2
.NMe3)Ph][X]2, [2a-j][X]2, X = AlCl4 and 

BArCl
4. Na[BArCl

4] (268 mg, 0.43 mmol) was added to 1,2-difluorobenzene (35 ml) 

solution of [2a-Cl][Cl] (100 mg, 0.21 mmol) (Schlenk flask) to give [2a][BArCl
4]2. Then, 

15 mg (0.21 mmol) of Me3N.BH3 was added and the resulting mixture was stirred over 

night followed by filtration to remove NaCl. The filtrate was treated with n-hexane (80 

mL) to precipitate [2a-j][BArCl
4]2 as a light yellow solid, which was isolated by filtration 

and subsequently dried under vacuum. Yield 220 mg (64 %). The most adequate 

counterion for crystallization of [2a-j]2+ was [AlCl4]. Following the procedure described 

above, [AlCl4] was introduced when AlCl3 was used instead of Na[BArCl
4]. Colorless 

crystals suitable for X-Ray analysis were obtained by layering the saturated 1,2-

difluorobenzene solution of [2a-j][AlCl4]2 with n-hexane. 
1H NMR (500 MHz, CD2Cl2, 298 K): δ 2.39 (br d, 2H), 2.63 (d, 4JHH = 1 Hz, 9H, NMe3), 

3.50 (s, 12H, NCH3), 6.93 (t, 4JHH = 2 Hz, 8H, p-H, BArCl
4), 7.04 (m, 16H, BArCl

4), 7.06 

(dd, 3JHH = 7 Hz and 1JPH = 383 Hz, 1H), 7.37-7.61 (m, 13H). 13C{1H} NMR (100 MHz, 

CD2Cl2, 298 K): δ 24.9 (d, 1JCP = 94 Hz, CCC), 33.3 (s, NCH3), 54.6 (d, 3JCP = 6 Hz, 

N(CH3)3), 111.9 (s, CH arom.), 123.1 (s, p-C, BArCl
4), 123.7 (s, p-C, Ph), 127.7 (s, CH 

arom.), 131.3 (d, 1JPC = 14 Hz, ipso-C, Ph), 131.4 (d, 2JPC = 13 Hz, o-C, Ph), 132.9 (q, 
2JCB = 4 Hz, o-C, BArCl

4), 133.1 (s, m-C, BArCl
4), 134.6 (d, 3JCP = 3 Hz, m-C, Ph), 150.8 

(d, 2JPC = 8 Hz, NCN), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 11B (128 MHz, CD2Cl2, 

298K): δ - 7.5 (s, BArCl
4), -10.8 (br). 11B{1H} (128 MHz, CD2Cl2, 298K): δ - 7.5 (s, 

BArCl
4), -11.1 (br s). 31P NMR (202 MHz, CD2Cl2, 298 K): δ –30.5 (br d). 31P{1H} NMR 

(202 MHz, CD2Cl2, 298 K): δ –30.5 (s). HR-MS Calculated for [C28H37BN5P]2+  (2a-j2+): 

m/z 242.6435. Found: 242.6440. 
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Figure 5.15. 1H NMR spectrum of [2a-j][BArCl

4]2. 
 

 
Figure 5.16. 31P NMR spectrum of [2a-j][BArCl

4]2. 
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Figure 5.17. 31P{1H} NMR spectrum of [2a-j][BArCl

4]2. 
 

Preparation of [{C6H4(MeN)2C}2C.P(H)(BH2
.Py)tBu][AlCl4]2, [2d-i][AlCl4]2. AlCl3 (15 

mg, 0.11 mmol) was added to CD2Cl2 solution (0.7 mL) of [2d-Cl][Cl] (25 mg, 0.05 

mmol) to form the dication [2d][AlCl4]2, which was subsequently treated with Py.BH3 (6 

µL, 0.06 mmol). According to 31P/31P{1H} NMR spectroscopy only 

[{C6H4(MeN)2C}2C.P(H)(BH2
.Py)tBu][AlCl4]2, [2d-i][AlCl4]2 was present in the solution. 

Its characterization was performed in situ as all attempts to isolate this species gave 

mixtures of several other compounds.  
1H NMR (400 MHz, CD2Cl2, 298 K): δ 1.18 (d, 3JPH = 17 Hz, 9H, CH3 – tBu), 3.79 (br s, 

12H, NCH3), 6.21 (dd, 1JPH = 383 Hz and 3JHH = 2 Hz, 1H, PH), 7.64 (br s, 8H, CH 

arom.), 7.80 (dd, 3JHH = 8 Hz and 3JHH = 5 Hz, 2H, m-H, Py), 8.24 (dt, 3JHH = 8 Hz and 
5JHH = 2 Hz, 1H, p-H, Py), 8.57 (d, 3JHH = 6 Hz, 2H, o-H, Py). 13C{1H} NMR (100 MHz, 

CD2Cl2, 298 K): δ 26.9 (d, 2JCP = 3 Hz, CH3 – tBu), 34.0 (br s, NCH3), 34.7 (d, 1JCP = 37 

Hz, C – tBu), 112.2 (s, CH arom.), 127.2 (s, CH arom.), 128.1 (s, p-C, Py), 131.5 (s, CH 

arom.), 144.0 (d, 4JCP = 2 Hz, m-C, Py), 148.0 (d, 3JCP = 4 Hz, o-C, Py), 152.0 (br s, 

NCN). 11B (128 MHz, CD2Cl2, 298K): δ -13.5 (br). 11B{1H} (128 MHz, CD2Cl2, 298K): δ 

-12.8 (br s). 31P NMR (160 MHz, CD2Cl2, 298 K): δ 2.2 (br d). 31P{1H} NMR (160 MHz, 
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CD2Cl2, 298 K): δ 2.2 (br s). HR-MS Calculated for [C28H37BN5P]2+  (2d-i2+): m/z 

242.6435. Found: 242.6447. 

 
Preparation of [{C6H4(MeN)2C}2C.P(H)(BH2

.NMe3)tBu][AlCl4]2, [2d-j][AlCl4]2. 1,2-

difluorobenzene (40 mL) was added to a Schlenk flask charged with [2d-Cl][Cl] (105 mg, 

0.23 mmol) and AlCl3 (60 mg, 0.45 mmol). The resulting mixture was stirred for 5 

minutes to form [2d][AlCl4]2, which was then treated with Me3N.BH3 (20 mg, 0.27 mmol) 

followed by additional stirring for 2 hours. The addition of n-pentane (around 100 mL) 

caused the formation of yellow oil, which crystallized under vacuum to yield 79 mg (43 

%) of [2d-j][AlCl4]2 as a yellow crystalline solid. 
1H NMR (500 MHz, CD2Cl2, 298 K): δ 1.24 (d, 3JPH = 18 Hz, 9H, CH3 – tBu), 2.29 (br d, 

2H, BH2), 2.80 (s, 9H, NMe3), 3.76 (br s, 12H, NCH3), 6.16 (dd, 1JPH = 372 Hz and 3JHH = 

4 Hz, 1H, PH), 7.66 (br s, 8H, CH arom.). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): 

δ 24.9 (d, 1JCP = 62 Hz, CCC), 26.9 (d, 2JCP = 2 Hz, CH3 – tBu), 34.7 (br s, NCH3), 34.9 

(d, 1JCP = 32 Hz, C – tBu), 54.9 (d, 3JCP = 5 Hz, NMe3), 112.3 (s, CH arom.), 127.3 (s, CH 

arom.), 131.5 (s, CH arom.), 151.9 (br s, NCN). 11B (128 MHz, CD2Cl2, 298K): δ -11.5 

(br). 11B{1H} (128 MHz, CD2Cl2, 298K): δ -11.4 (br s). 31P NMR (160 MHz, CD2Cl2, 298 

K): δ –11.3 (br d). 31P{1H} NMR (160 MHz, CD2Cl2, 298 K): δ –11.3 (br s). HR-MS 

Calculated for [C26H41BN5P]2+  (2d-j2+): m/z 232.6591. Found: 232.6590. 
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Figure 5.18. 1H NMR spectrum of [2d-j][AlCl4]2. 
 

 
Figure 5.19. 31P NMR spectrum of [2d-j][AlCl4]2. 
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Figure 5.20. 31P{1H} NMR spectrum of [2d-j][AlCl4]2. 
 

Reaction of [2c][BArCl
4]2 with H2O – preparation of 

[{C6H4(MeN)2C}2C.P(O)(H)NiPr2][BArCl
4], [2c-(O)(H)][BArCl

4]. When [2c][BArCl
4]2 

reacted with silanes and stannane, apart from the formation of reaction products whose 

identities were confirmed, we also observed a signal at +12 ppm in the 31P{1H}/31P NMR 

spectrum, which was derived from slight hydrolysis (less than 10% in abundance) of the 

starting dication [2c][BArCl
4]2. Na[BArCl

4] (256 mg, 0.40 mmol) was added to 1,2-

difluorobenzene solution (40 mL) of [2c-Cl][Cl] (100 mg, 0.19 mmol) to form the 

dication [2c][BArCl
4]2. The resulting solution was treated with 4 µL (0.19 mmol) of H2O 

followed by additional stirring for 2 hours. NaCl was removed by filtration and n-pentane 

(around 100 mL) was added to the filtrate to precipitate [2c-(O)(H)][BArCl
4] as a light 

yellow solid that was isolated by filtration and dried under vacuum. Yield: 186 mg (93%). 
1H NMR (400 MHz, CD2Cl2, 298 K): δ 0.90 (br s, 6H, CH3 - iPr), 1.39 (br s, 6H, CH3 - 
iPr), 3.42 (br s, 12H, NCH3), 3.78 (br m, 2H, CH - iPr), 6.89 (t, 4JHH = 2 Hz, 8H, p-H, 

BArCl
4), 7.03 (m, 16H, BArCl

4), 7.31 (br s, 4H), 8.13 (d, 1JHP = 560 Hz, PH), 7.57 (m, 4H). 
13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 23.0 (s, CH3 - iPr), 23.6 (s, CH3 - iPr), 32.9 
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(br s, NCH3), 47.2 (s, CH - iPr), 111.8 (s, CH arom.), 122.9 (s, p-C, BArCl
4), 127.6 (s, CH 

arom.), 131.2 (s, CH arom.), 132.9 (br s, o-C, BArCl
4), 133.0 (s, m-C, BArCl

4), 150.4 (br s, 

NCN), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 31P NMR (160 MHz, CD2Cl2, 298 K): δ 

12.3 (d, 1JPH = 560 Hz). 31P{1H} NMR (160 MHz, CD2Cl2, 298 K): δ 12.9 (s). HR-MS 

Calculated for [C25H35N5OP]+  (2c-(O)(H)+): m/z 452.2574. Found: 452.2576. 

 
Reaction of [2a][BArCl

4]2 with 1,3,5-cycloheptatriene [CH2(C6H6)] – general 

procedure. Na[BArCl
4] (52 mg, 0.08 mmol) was added to CD2Cl2 (0.7 mL) solution of 

[2a-Cl][Cl] (20 mg, 0.04 mmol) to give the dication [2a][BArCl
4]2 (J. Young NMR tube). 

The resulting solution was introduced to 1,3,5-cycloheptatriene (5 µL, 0.05 mmol), and 

the reaction mixture was investigated by 31P/31P{1H} NMR spectroscopy. 

 
Preparation of [{C6H4(MeN)2C}2C.P{(CH)6CH2}Ph][BArCl

4]2, [2a-k][BArCl
4]2. 

Na[BArCl
4] (268 mg, 0.43 mmol) was added to 1,2-difluorobenzene solution (45 mL) of 

[2a-Cl][Cl] (100 mg, 0.21 mmol) to yield [2a][BArCl
4]2. The reaction mixture was then 

treated with 1,3,5-cycloheptatriene (22 µL, 0.21 mmol) followed by overnight stirring. 

The resulting solution was filtered followed by addition of n-hexane (around 100 mL) to 

precipitate [{C6H4(MeN)2C}2C.P{(CH)6CH2}Ph][BArCl
4]2, [2a-k][BArCl

4]2 as a light 

yellow solid that was isolated by filtration and dried in vacuo. Yield: 109 mg (31 %). 

Single crystals of [2a-k][BArCl
4]2 suitable for X-ray diffraction were grown by slow 

evaporation from 1,2-difluorobenzene solution. Surprisingly, once precipitated, [2a-

k][BArCl
4]2 was only sparingly soluble in common deuterated solvents (CDCl3, CD2Cl2, 

CD3CN). 
1H NMR (300 MHz, CD2Cl2, 298 K): δ 2.37 (br m, 1H), 2.73 (br m, 1H), 3.55 (br s, 12H, 

NCH3), 5.23 (br m, 1H), 5.58 (br m, 1H), 6.36 (m, 2H), 6.85 (m, 1H), 7.01 (t, 4JHH = 2 Hz, 

8H, p-H, BArCl
4), 7.13 (m, o-H, 16H, BArCl

4), 7.34-7.82 (m, 14H). 13C{1H} NMR (100 

MHz, CD2Cl2, 298 K): δ 123.3 (s, p-C, BArCl
4), 125.8 (s), 125.9 (s), 126.9 (s), 127.9 (s), 

131.0 (s), 132.1 (br d), 132.9 (br s, o-C, BArCl
4), 133.3 (m, m-C, BArCl

4),  133.5 (s), 134.6 

(s), 135.0 (br d), 135.5 (br t), 137.1 (s), 142.4 (br s), 154.5 (s), 164.7 (q, 1JCB = 49 Hz, 

ipso-C, BArCl
4). 31P NMR (202 MHz, CD2Cl2, 298 K): δ 39.8 (br s). HR-MS Calculated 

for [C32H33N4P]2+ (2a-k2+): m/z 252.1216. Found: 252.1218. 
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Reaction of [2a-H][BArCl
4] with tropylium tetrafluoroborate. [C7H7][BF4] (6 mg, 0.03 

mmol) was added to CD2Cl2 solution (0.7 mL) of [2a-H][BArCl
4] (30 mg, 0.03 mmol). 

The reaction mixture was kept at ambient temperature for 3 hours and then analyzed by 
31P/31P{1H} NMR Spectroscopy. C-H bond insertion product 

[C6H4(MeN)2C}2C.P(H)(C7H7)Ph][BArCl
4]2, [2a-l][BArCl

4]2 identified by the signal 

at -18.9 ppm was unstable and always formed in a mixture with [2a-H][BArCl
4]. Attempts 

to improve the ratio between [2a-H][BArCl
4] and [2a-l][BArCl

4]2 using larger amount of 

tropylium salt, higher temperature, as well as ultrasound bath, were all unsuccessful.  

 

Reaction of [2a][BArCl
4]2 with Xanthene – synthesis of 

[{C6H4(MeN)2C}2C.P(H)(CH{C6H4}2O)Ph][BArCl
4]2, [2a-m][BArCl

4]2. Na[BArCl
4] (52 

mg, 0.08 mmol) was added to CD2Cl2 (0.7 mL) solution of [2a-Cl][Cl] (20 mg, 0.04 

mmol) to form [2a][BArCl
4]2 (J. Young NMR tube). The resulting mixture was treated 

with xanthene (8 mg, 0.04 mmol) and subsequently investigated by multinuclear NMR 

spectroscopy and ESI-MS. 31P/31P{1H} NMR spectra revealed the presence of 

[{C6H4(MeN)2C}2C.P(H)(CH{C6H4}2O)Ph][BArCl
4]2, [2a-m][BArCl

4]2 as only P-

containing species, however, attempts to purify this reaction mixture always gave yellow 

oil which when dissolved in CD2Cl2 showed the presence of multiple P-based reaction 

products. It is also noteworthy that [2a-m][BArCl
4]2 is moderately stable in solution at 

ambient temperature over the period of 24 hours after which it decomposes to give the 

complicated mixture. Therefore, all spectroscopic data were obtained in situ.  
1H NMR (300 MHz, CD2Cl2, 298 K): δ 3.10 (s, 12H, NCH3), 5.79 (br s, 1H), 6.92 (t, 4JHH 

= 2 Hz, 8H, p-H, BArCl
4), 7.07 (m, 16H, o-H, BArCl

4), 7.65 (d, 1JPH = 485 Hz, 1H, PH), 

7.36-7.82 (m, 21H, CH arom.). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 32.7 (s, 

NCH3), 110.7 (s, CH arom.), 111.9 (s, CH arom.), 112.9 (s, CH arom.), 117.6 (s, CH 

arom.), 118.03 (s, CH arom.), 123.1 (s, p-C, BArCl
4), 125.8 (s, CH arom.), 126.46 (s, CH 

arom.), 128.3 (s, CH arom.), 130.3 (s, CH arom.), 131.1 (s, CH arom.), 131.3 (s, CH 

arom.), 131.7 (s, CH arom.), 132.1 (s, CH arom), 133.0 (br s, o- and m-C, BArCl
4), 147.8 

(br s, NCN), 164.7 (q, 1JCB = 49 Hz, ipso-C, BArCl
4). 31P NMR (160 MHz, CD2Cl2, 298 

K): δ 4.4 (br d). 31P{1H} NMR (160 MHz, CD2Cl2, 298 K): δ 4.5 (s). HR-MS calculated 

for: [C38H34N4OP]+  (M-H+): m/z 593.2465; found: 593.2469; [C25H26N4P]+  (2a-H+): m/z 
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413.1890; found: 413.1892; [C13H9O]+ (CH{C6H4}2O+): m/z 181.0648; found: 181.0653. 

Although, we were not able to detect the molecular ion [2a-m]2+ at the respective m/z 

value (calcd 327.1738), we managed to clearly observe its fragments [2a-H]+ and 

[CH{C6H4}2O]+, as well as (M-H+) ion.  

 
Figure 5.21. 1H NMR spectrum of [2a-m][BArCl

4]2. 
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Figure 5.22. 31P NMR spectrum of [2a-m][BArCl

4]2. 
 

 
Figure 5.23. 31P{1H} NMR spectrum of [2a-m][BArCl

4]2. 
 

Reaction of [2d][AlCl4]2 with Xanthene – preparation of 

[{C6H4(MeN)2C}2C.P(H)(CH{C6H4}2O)tBu][AlCl4]2, [2d-m][AlCl4]2. AlCl3 (12 mg, 0.09 
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mmol) was added to CD2Cl2 solution (0.7 mL) of [2d-Cl][Cl] (21 mg, 0.04 mmol) to form 

the dication [2d][AlCl4]2. The resulting mixture was treated with xanthene (9 mg, 0.05 

mmol) and subsequently assessed by 31P/31P{1H} NMR Spectroscopy and ESI-MS. Based 

on spectroscopic results, C-H bond insertion product 

[{C6H4(MeN)2C}2C.P(H)(CH{C6H4}2O)tBu][AlCl4]2, [2d-m][AlCl4]2 was major 

compound in the solution, however, its high reactivity/instability prevented our isolation 

attempts.  
31P (202 MHz, CD2Cl2, 298 K): δ 31.9 (d, 1JPH = 466 Hz). 31P{1H} (202 MHz, CD2Cl2, 

298 K): δ 31.9 (s). HR-MS calculated for [C36H39N4OP]2+ (2d-m2+): m/z 287.1425; this 

ion was not found. [C23H30N4P]+  (2d-H+): m/z 393.2203; found: 393.2229. [C13H9O]+ 

(CH{C6H4}2O+): m/z 181.0648; found: 181.0653. Even though, molecular ion [2d-m]2+ at 

the respective m/z value (calcd 287.1425) was not detected, species derived from its 

fragmentation – [2d-H]+ and [CH{C6H4}2O]+ were apparent. 
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Section 5.3. X-Ray Crystallography 

Single crystals were mounted on quartz fiber and the X-ray intensity data was 

collected on a Bruker X8 APEX system, using Mo Kα radiation, with the SMART suite of 

programs.7 Data were processed and corrected for Lorentz and polarization effects with 

SAINT8 and for absorption effects with SABADS.9 Structural solution and refinement 

were carried out with the SHELXTL suite of programs.10 The structures were solved by 

direct method and refined for all data by full-matrix least-squares methods on F2. All non-

hydrogen atoms were subjected to anisotropic refinement. The hydrogen atoms were 

generated geometrically and allowed to ride on their respective parent atoms; they were 

assigned appropriate isotopic thermal parameters. Further crystallographic details for each 

molecular structure are listed in the corresponding crystallographic data tables. 
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Table 5.1. Crystal data and structure refinement for [(Ph3P)2C.P(Ph)Cl][SbF6], [1a-
Cl][SbF6]. 

 
  

Identification code dv255s 
Chemical formula C43H35ClF6P3Sb 
Formula weight 915.82 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.120 x 0.180 x 0.200 mm 
Crystal habit colorless block 
Crystal system monoclinic 
Space group P 1 21/n 1 
Unit Cell Dimensions a = 10.5582(4) Å α = 90° 

b = 18.6784(8) Å β = 99.4721(13)° 
c = 20.2317(7) Å γ = 90° 

Volume 3935.5(3) Å3 
Z 4 
Density (calculated) 1.546 g/cm3 
Absorption coefficient 0.951 mm-1 
F(000) 1840 
Theta range for data collection 1.49 to 31.08° 
Index ranges -15 ≤ h ≤14, -27 ≤ k ≤ 27, -29 ≤ l ≤ 29 
Reflections collected 78917 
Independent reflections 12591 [R(int) = 0.0796] 
Coverage of independent reflections 99.7% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.894 and 0.8330 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 12591 / 1885 / 904 
Goodness-of-fit on F2 1.109 
Final R indices [I>2σ(I)] R1 = 0.0560, wR2 = 0.1415 
R indices (all data) R1 = 0.1095, wR2 = 0.1991 
Largest diff. peak and hole 1.902 and -1.940 eÅ-3 
R.M.S. deviation from mean 0.214 eÅ-3 
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Table 5.2. Crystal data and structure refinement for [(Ph3P)2C.P(4-F-Ph)Cl][SbF6], [1b-
Cl][SbF6]. 

  

Identification code dv256 
Chemical formula C43H34ClF7P3Sb 
Formula weight 933.81 g/mol 
Temperature 93(2) K 
Wavelength 0.71073 Å 
Crystal size 0.300 x 0.320 x 0.400 mm 
Crystal habit colorless block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 11.7973(4) Å α = 89.7362(13)° 

b = 13.4325(5) Å β = 79.2458(13)° 
c = 13.4603(5) Å γ = 66.8080(12)° 

Volume 1920.60(12) Å3 
Z 2 
Density (calculated) 1.615 g/cm3 
Absorption coefficient 0.979 mm-1 
F(000) 936 
Theta range for data collection 2.99 to 31.29° 
Index ranges -17 ≤ h ≤ 17, -19 ≤ k ≤ 19, -19 ≤ l ≤ 19 
Reflections collected 45847 
Independent reflections 12411 [R(int) = 0.0309] 
Coverage of independent reflections 98.7% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.7580 and 0.6950 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 12411 / 0 / 496 
Goodness-of-fit on F2 1.032 
Final R indices [I>2σ(I)] R1 = 0.0244, wR2 = 0.0591 
R indices (all data) R1 = 0.0293, wR2 = 0.0616 
Largest diff. peak and hole 0.567 and -0.447 eÅ-3 
R.M.S. deviation from mean 0.077 eÅ-3 
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Table 5.3. Crystal data and structure refinement for [(Ph3P)2C.P(OMe)Cl][SbF6], [1e-
Cl][SbF6]. 
 

 
  

Identification code dv390s 
Chemical formula C38H33ClF6OP3Sb 
Formula weight 869.75 g/mol 
Temperature 103(2) K 
Wavelength 1.54178 Å 
Crystal size 0.010 x 0.080 x 0.100 mm 
Crystal habit colorless plate 
Crystal system monoclinic 
Space group P 1 21/c 1 
Unit Cell Dimensions a = 10.3999(2) Å α = 90° 

b = 24.6134(3) Å β = 108.6273(8)° 
c = 15.3029(2) Å γ = 90° 

Volume 3711.99(10) Å3 
Z 4 
Density (calculated) 1.556 g/cm3 
Absorption coefficient 8.309 mm-1 
F(000) 1744 
Theta range for data collection 3.54 to 66.65° 
Index ranges -12 ≤ h ≤ 12, -29 ≤ k ≤ 29, -18 ≤ l ≤ 18 
Reflections collected 45733 
Independent reflections 6574 [R(int) = 0.0587] 
Coverage of independent reflections 99.9% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.9220 and 0.4900 
Structure solution technique direct methods 
Structure solution program XS, VERSION 2013/1 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 6574 / 0 / 452 
Goodness-of-fit on F2 1.071 
Final R indices [I>2σ(I)] R1 = 0.0398, wR2 = 0.0956 
R indices (all data) R1 = 0.0433, wR2 = 0.0975 
Largest diff. peak and hole 1.528 and -0.724 eÅ-3 
R.M.S. deviation from mean 0.083 eÅ-3 
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Table 5.4. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.P(Ph)Cl][SbF6], 
[2a-Cl][SbF6]. 

 
  

Identification code dv294 
Chemical formula C53H56Cl8F12N8P2Sb2 
Formula weight 1622.09 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.120 x 0.200 x 0.240 mm 
Crystal habit colorless block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 8.5429(8) Å α = 107.4440(19)° 

b = 15.9590(15) Å β = 98.8580(19)° 
c = 24.892(2) Å γ = 91.986(2)° 

Volume 3187.2(5) Å3 
Z 2 
Density (calculated) 1.690 g/cm3 
Absorption coefficient 1.312 mm-1 
F(000) 1612 
Theta range for data collection 1.34 to 29.27° 
Index ranges -11 ≤ h ≤ 11, -21 ≤ k ≤ 21, -34 ≤ l ≤ 34 
Reflections collected 40964 
Independent reflections 17232 [R(int) = 0.0566] 
Coverage of independent reflections 99.0% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8600 and 0.6800 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/6 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 17232 / 0 / 774 
Goodness-of-fit on F2 1.033 
Final R indices [I>2σ(I)] R1 = 0.0659, wR2 = 0.1553 
R indices (all data) R1 = 0.1066, wR2 = 0.1793 
Largest diff. peak and hole 2.859 and -2.259 eÅ-3 
R.M.S. deviation from mean 0.168 eÅ-3 
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Table 5.5. Crystal data and structure refinement for 
[{C6H4(MeN)2C}2C.P(NiPr2)Cl][SbF6], [2c-Cl][SbF6]. 

 
  

Identification code dv351 
Chemical formula C52H72Cl6F12N10P2Sb2 
Formula weight 1583.33 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.100 x 0.140 x 0.320 mm 
Crystal habit yellow block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 9.9510(2) Å α = 70.4820(11)° 

b = 18.1607(5) Å β = 88.0745(12)° 
c = 19.4532(4) Å γ = 82.4796(14)° 

Volume 3284.82(13) Å3 
Z 2 
Density (calculated) 1.601 g/cm3 
Absorption coefficient 1.192 mm-1 
F(000) 1592 
Theta range for data collection 1.34 to 27.00° 
Index ranges -12 ≤ h ≤ 12, -23 ≤ k ≤ 23, -24 ≤ l ≤ 24 
Reflections collected 68666 
Independent reflections 14331 [R(int) = 0.0584] 
Coverage of independent reflections 100.0% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8900 and 0.7020 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 14331 / 264 / 828 
Goodness-of-fit on F2 1.068 
Final R indices [I>2σ(I)] R1 = 0.0464, wR2 = 0.1195 
R indices (all data) R1 = 0.0674, wR2 = 0.1505 
Largest diff. peak and hole 2.532 and -1.971 eÅ-3 
R.M.S. deviation from mean 0.168 eÅ-3 
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Table 5.6. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.(tBu)Cl][SbF6], 
[2d-Cl][SbF6]. 

 
  

Identification code dv346s 
Chemical formula C96H124Cl12F24N16P4Sb4 
Formula weight 2994.38 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.180 x 0.280 x 0.360 mm 
Crystal habit colorless plate 
Crystal system monoclinic 
Space group P 1 21/c 1 
Unit Cell Dimensions a = 15.6185(18) Å α = 90° 

b = 16.8892(19) Å β = 103.2159(18)° 
c = 11.5723(13) Å γ = 90° 

Volume 2971.7(6) Å3 
Z 1 
Density (calculated) 1.673 g/cm3 
Absorption coefficient 1.312 mm-1 
F(000) 1496 
Theta range for data collection 2.41 to 27.11° 
Index ranges -20 ≤ h ≤ 19, -21 ≤ k ≤ 21, -14 ≤ l ≤14 
Reflections collected 36593 
Independent reflections 6545 [R(int) = 0.0539] 
Coverage of independent reflections 99.8% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.7980 and 0.6500 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 6545 / 0 / 359 
Goodness-of-fit on F2 1.039 
Δ/σmax 0.001 
Final R indices [I>2σ(I)] R1 = 0.0623, wR2 = 0.1467 
R indices (all data) R1 = 0.1660, wR2 = 0.2257 
Largest diff. peak and hole 1.452 and -1.064 eÅ-3 
R.M.S. deviation from mean 0.087 eÅ-3 
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Table 5.7. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.PBr2][Br], [2f-
Br][Br]. 
 

  

Identification code dv354s 
Chemical formula C40H43Br6N9P2 
Formula weight 1191.23 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.180 x 0.200 x 0.240 mm 
Crystal habit orange block 
Crystal system monoclinic 
Space group P 1 21/c 1 
Unit Cell Dimensions a = 15.790(3) Å α = 90° 

b = 17.796(3) Å β = 104.672(4)° 
c = 16.457(3) Å γ = 90° 

Volume 4473.6(14) Å3 
Z 4 
Density (calculated) 1.769 g/cm3 
Absorption coefficient 5.497 mm-1 
F(000) 2344 
Theta range for data collection 1.76 to 27.90° 
Reflections collected 12317 
Independent reflections 12317 [R(int) = 0.1157] 
Coverage of independent reflections 99.6% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.4380 and 0.3520 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 12317 / 6 / 524 
Goodness-of-fit on F2 1.062 
Final R indices [I>2σ(I)] R1 = 0.0771, wR2 = 0.1104 
R indices (all data) R1 = 0.1305, wR2 = 0.1274 
Largest diff. peak and hole 1.239 and -1.033 eÅ-3 
R.M.S. deviation from mean 0.231 eÅ-3 
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Table 5.8. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.PCl2][SbF6], [2g-
Cl][SbF6]. 

 
  

Identification code dv299s 
Chemical formula C19H20Cl2F6N4PSb 
Formula weight 642.01 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.080 x 0.100 x 0.140 mm 
Crystal habit yellow block 
Crystal system orthorhombic 
Space group P b c a 
Unit Cell Dimensions a = 11.6300(9) Å α = 90° 

b = 19.1931(14) Å β = 90° 
c = 21.1940(13) Å γ = 90° 

Volume 4730.8(6) Å3 
Z 8 
Density (calculated) 1.803 g/cm3 
Absorption coefficient 1.523 mm-1 
F(000) 2528 
Theta range for data collection 1.92 to 26.43° 
Index ranges -14 ≤ h ≤ 14, -22 ≤ k ≤ 23, -26 ≤ l ≤ 26 
Reflections collected 69640 
Independent reflections 4854 [R(int) = 0.1168] 
Coverage of independent reflections 99.7% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8880 and 0.8150 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/6 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 4854 / 166 / 359 
Goodness-of-fit on F2 1.068 
Final R indices [I>2σ(I)] R1 = 0.0604, wR2 = 0.1577 
R indices (all data) R1 = 0.1188, wR2 = 0.2044 
Largest diff. peak and hole 1.703 and -1.035 eÅ-3 
R.M.S. deviation from mean 0.149 eÅ-3 
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Table 5.9. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.PPh][BArCl
4]2, 

[2a][BArCl
4]2. 

 
  

Identification code dv308s 
Chemical formula C85H57B2Cl16F4N4P 
Formula weight 1830.13 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.060 x 0.080 x 0.120 mm 
Crystal habit orange block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 13.4121(11) Å α = 84.027(3)° 

b = 13.9406(12) Å β = 82.751(3)° 
c = 22.8317(19) Å γ = 76.978(3)° 

Volume 4113.2(6) Å3 
Z 2 
Density (calculated) 1.478 g/cm3 
Absorption coefficient 0.611 mm-1 
F(000) 1856 
Theta range for data collection 0.90 to 28.00° 
Index ranges -17 ≤ h ≤ 17, -18 ≤ k ≤ 18, -30 ≤ l ≤ 30 
Reflections collected 77999 
Independent reflections 19869 [R(int) = 0.1461] 
Coverage of independent reflections 100.0% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.9640 and 0.9300 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/6 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 19869 / 78 / 1013 
Goodness-of-fit on F2 1.000 
Final R indices [I>2σ(I)] R1 = 0.0705, wR2 = 0.1609 
R indices (all data) R1 = 0.1707, wR2 = 0.2483 
Largest diff. peak and hole 0.676 and -0.533 eÅ-3 
R.M.S. deviation from mean 0.122 eÅ-3 
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Table 5.10. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.POMe][AlCl4]2, 
[2e][AlCl4]2. 

 
  

Identification code dv352r 
Chemical formula C19.93H22.78Al2Cl8.07N4O0.93P 
Formula weight 704.28 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.200 x 0.320 x 0.420 mm 
Crystal habit yellow block 
Crystal system monoclinic 
Space group P 1 21/c 1 
Unit Cell Dimensions a = 12.1375(13) Å α = 90° 

b = 9.5726(10) Å β = 99.186(2)° 
c = 27.119(3) Å γ = 90° 

Volume 3110.5(6) Å3 
Z 4 
Density (calculated) 1.504 g/cm3 
Absorption coefficient 0.861 mm-1 
F(000) 1424 
Theta range for data collection 1.52 to 28.36° 
Index ranges -16 ≤ h ≤ 16, -12 ≤ k ≤ 12, -36 ≤ l ≤ 36 
Reflections collected 45443 
Independent reflections 7761 [R(int) = 0.0518] 
Coverage of independent reflections 99.7% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8470 and 0.7140 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 7761 / 7 / 340 
Goodness-of-fit on F2 1.035 
Final R indices [I>2σ(I)] R1 = 0.0418, wR2 = 0.1016 
R indices (all data) R1 = 0.0543, wR2 = 0.1099 
Largest diff. peak and hole 1.009 and -0.571 eÅ-3 
R.M.S. deviation from mean 0.084 eÅ-3 
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Table 5.11. Crystal data and structure refinement for 
[{{C6H4(MeN)2C}2C}2P][SbF6]2[Br], [(2)2P][SbF6]2[Br]. 

 
  

Identification code dv353 
Chemical formula C84H94Br2F24N19O0.50P2Sb4 
Formula weight 2542.54 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.100 x 0.140 x 0.160 mm 
Crystal habit orange block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 12.1048(3) Å α = 108.8842(16)° 

b = 13.7318(4) Å β = 98.2298(14)° 
c = 16.1379(5) Å γ = 102.7525(14)° 

Volume 2407.61(12) Å3 
Z 1 
Density (calculated) 1.754 g/cm3 
Absorption coefficient 2.075 mm-1 
F(000) 1255 
Theta range for data collection 2.90 to 31.06° 
Index ranges -17 ≤ h ≤ 17, -19 ≤ k ≤ 19, -23 ≤ l ≤ 23 
Reflections collected 47167 
Independent reflections 15411 [R(int) = 0.0828] 
Coverage of independent reflections 99.9% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8190 and 0.7330 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 15411 / 198 / 670 
Goodness-of-fit on F2 1.017 
Final R indices [I>2σ(I)] R1 = 0.0532, wR2 = 0.1000 
R indices (all data) R1 = 0.1170, wR2 = 0.1195 
Largest diff. peak and hole 1.326 and -1.378 eÅ-3 
R.M.S. deviation from mean 0.135 eÅ-3 
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Table 5.12. Crystal data and structure refinement for 
[{C6H4(MeN)2C}2C.P{(CH2CCH3)2}Ph][AlCl4]2, [2a-h][AlCl4]2. 

 
  

Identification code dv323 
Chemical formula C32H37Al2Cl10N4P 
Formula weight 917.08 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.060 x 0.120 x 0.160 mm 
Crystal habit colorless plate 
Crystal system monoclinic 
Space group P 1 21/n 1 
Unit Cell Dimensions a = 9.5886(4) Å α = 90° 

b = 36.6578(17) Å β = 98.046(3)° 
c = 12.1022(7) Å γ = 90° 

Volume 4212.0(4) Å3 
Z 4 
Density (calculated) 1.446 g/cm3 
Absorption coefficient 0.771 mm-1 
F(000) 1872 
Theta range for data collection 1.79 to 25.88° 
Index ranges -11 ≤ h ≤ 9, -44 ≤ k ≤ 45, -14 ≤ l ≤ 14 
Reflections collected 44804 
Independent reflections 8081 [R(int) = 0.1497] 
Coverage of independent reflections 98.9% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.9550 and 0.8870 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 8081 / 0 / 448 
Goodness-of-fit on F2 1.009 
Final R indices [I>2σ(I)] R1 = 0.0607, wR2 = 0.1619 
R indices (all data) R1 = 0.1615, wR2 = 0.2401 
Largest diff. peak and hole 0.558 and -0.665 eÅ-3 
R.M.S. deviation from mean 0.133 eÅ-3 
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Table 5.13. Crystal data and structure refinement for [(iPr2N)2P][BArCl
4], [3][BArCl

4]. 
  

Identification code dv411 
Chemical formula C36H40BCl8N2P 
Formula weight 826.08 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.360 x 0.400 x 0.420 mm 
Crystal habit yellow block 
Crystal system monoclinic 
Space group P 1 21/n 1 
Unit Cell Dimensions a = 9.7448(3) Å α = 90° 

b = 13.9148(4) Å β = 95.6699(14)° 
c = 29.7605(8) Å γ = 90° 

Volume 4015.7(2) Å3 
Z 4 
Density (calculated) 1.366 g/cm3 
Absorption coefficient 0.629 mm-1 
F(000) 1704 
Theta range for data collection 1.38 to 33.24° 
Index ranges -15 ≤ h ≤ 14, -21 ≤ k ≤ 21, -45 ≤ l ≤ 45 
Reflections collected 116505 
Independent reflections 15393 [R(int) = 0.0294] 
Coverage of independent reflections 99.8% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8050 and 0.7780 
Structure solution technique direct methods 
Structure solution program XS, VERSION 2013/1 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 15393 / 130 / 471 
Goodness-of-fit on F2 1.081 
Final R indices [I>2σ(I)] R1 = 0.0348, wR2 = 0.0848 
R indices (all data) R1 = 0.0414, wR2 = 0.0881 
Largest diff. peak and hole 1.439 and -0.672 eÅ-3 
R.M.S. deviation from mean 0.063 eÅ-3 
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Table 5.14. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.P(H)Ph][AlCl4], 
[2a-H][AlCl4]. 

Identification code dv344s 
Chemical formula C50H53Al2Cl8N8P2 
Formula weight 1165.50 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.060 x 0.100 x 0.120 mm 
Crystal habit yellow block 
Crystal system orthorhombic 
Space group P c a 21 
Unit Cell Dimensions a = 21.0177(16) Å α = 90° 

b = 22.3251(16) Å β = 90° 
c = 11.6657(9) Å γ = 90° 

Volume 5473.8(7) Å3 
Z 4 
Density (calculated) 1.414 g/cm3 
Absorption coefficient 0.546 mm-1 
F(000) 2404 
Theta range for data collection 1.82 to 25.57° 
Index ranges -26 ≤ h ≤ 26, -14 ≤ k ≤ 14, -27 ≤ l ≤ 22 
Reflections collected 10242 
Independent reflections 10242 [R(int) = 0.1152] 
Coverage of independent reflections 99.8% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.9680 and 0.9370 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/6 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 10242 / 1 / 646 
Goodness-of-fit on F2 1.064 
Final R indices [I>2σ(I)] R1 = 0.0561, wR2 = 0.1276 
R indices (all data) R1 = 0.1080, wR2 = 0.1637 
Absolute Structure Parameter 0.2(1) 
Largest diff. peak and hole 0.747 and -0.523 eÅ-3 
R.M.S. deviation from mean 0.129 eÅ-3 
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Table 5.15. Crystal data and structure refinement for 
[{C6H4(MeN)2C}2C.P(H)(BH2

.NMe3)Ph][AlCl4]2, [2a-j][AlCl4]2. 

 

Identification code dv335 
Chemical formula C28H37Al2BCl8N5P 
Formula weight 822.96 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.280 x 0.340 x 0.420 mm 
Crystal habit colorless block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 11.0690(7) Å α = 90.450(3)° 

b = 18.5787(13) Å β = 105.030(3)° 
c = 19.7880(13) Å γ = 90.613(3)° 

Volume 3929.7(5) Å3 
Z 4 
Density (calculated) 1.391 g/cm3 
Absorption coefficient 0.686 mm-1 
F(000) 1688 
Theta range for data collection 1.10 to 26.54° 
Index ranges -13 ≤ h ≤ 13, -23 ≤ k ≤ 23, -24 ≤ l ≤ 24 
Reflections collected 130301 
Independent reflections 16208 [R(int) = 0.0625] 
Coverage of independent reflections 99.2% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8310 and 0.7610 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 16208 / 844 / 889 
Goodness-of-fit on F2 1.122 
Final R indices [I>2σ(I)] R1 = 0.0703, wR2 = 0.2133 
R indices (all data) R1 = 0.0951, wR2 = 0.2356 
Largest diff. peak and hole 0.907 and -0.933 eÅ-3 
R.M.S. deviation from mean 0.124 eÅ-3 
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Table 5.16. Crystal data and structure refinement for [(iPr2N)2P(H)BH2
.Py][BArCl

4], [3-
i][BArCl

4]. 

  

Identification code dv396 
Chemical formula C41H48B2Cl8N3P 
Formula weight 919.01 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.240 x 0.300 x 0.420 mm 
Crystal habit colorless block 
Crystal system monoclinic 
Space group P 1 21/c 1 
Unit Cell Dimensions a = 14.6575(6) Å α = 90° 

b = 13.5987(5) Å β = 106.9035(14)° 
c = 23.7606(9) Å γ = 90° 

Volume 4531.4(3) Å3 
Z 4 
Density (calculated) 1.347 g/cm3 
Absorption coefficient 0.566 mm-1 
F(000) 1904 
Theta range for data collection 1.45 to 31.03° 
Index ranges -18 ≤ h ≤ 21, -19 ≤ k ≤ 19, -34 ≤ l ≤ 34 
Reflections collected 71364 
Independent reflections 14451 [R(int) = 0.1219] 
Coverage of independent reflections 99.8% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8760 and 0.7970 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 14451 / 0 / 516 
Goodness-of-fit on F2 1.021 
Final R indices [I>2σ(I)] R1 = 0.0547, wR2 = 0.1285 
R indices (all data) R1 = 0.0870, wR2 = 0.1492 
Largest diff. peak and hole 0.914 and -0.690 eÅ-3 
R.M.S. deviation from mean 0.104 eÅ-3 
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Table 5.17. Crystal data and structure refinement for [(iPr2N)2P(H)BH2
.NMe3][BArCl

4], 
[3-j][BArCl

4]. 

 
  

Identification code dv395 
Chemical formula C39H52B2Cl8N3P 
Formula weight 899.02 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.320 x 0.380 x 0.440 mm 
Crystal habit colorless block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 12.7943(5) Å α = 96.1461(14)° 

b = 12.8697(5) Å β = 109.8769(14)° 
c = 15.7309(6) Å γ = 108.7461(14)° 

Volume 2237.60(15) Å3 
Z 2 
Density (calculated) 1.334 g/cm3 
Absorption coefficient 0.571 mm-1 
F(000) 936 
Theta range for data collection 1.42 to 33.33° 
Index ranges -19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -24 ≤ l ≤ 24 
Reflections collected 105482 
Independent reflections 17242 [R(int) = 0.1075] 
Coverage of independent reflections 99.6% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.8380 and 0.7870 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 17242 / 0 / 498 
Goodness-of-fit on F2 1.014 
Final R indices [I>2σ(I)] R1 = 0.0511, wR2 = 0.1189 
R indices (all data) R1 = 0.0823, wR2 = 0.1390 
Largest diff. peak and hole 1.402 and -0.594 eÅ-3 
R.M.S. deviation from mean 0.081 eÅ-3 
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Table 5.18. Crystal data and structure refinement for [{C6H4(MeN)2C}2C.PH2][AlCl4], 
[2.PH2][AlCl4]. 

 
  

Identification code dv376s 
Chemical formula C19H22AlCl4N4P 
Formula weight 506.15 g/mol 
Temperature 103(2) K 
Wavelength 0.71073 Å 
Crystal size 0.100 x 0.180 x 0.220 mm 
Crystal habit orange block 
Crystal system monoclinic 
Space group P 1 21/n 1 
Unit Cell Dimensions a = 10.4946(9) Å α = 90° 

b = 14.2035(15) Å β = 100.966(3)° 
c = 16.6481(15) Å γ = 90° 

Volume 2436.3(4) Å3 
Z 4 
Density (calculated) 1.380 g/cm3 
Absorption coefficient 0.601 mm-1 
F(000) 1040 
Theta range for data collection 1.90 to 27.11° 
Index ranges -13 ≤ h ≤ 12, -18 ≤ k ≤ 18, -21 ≤ l ≤ 19 
Reflections collected 30724 
Independent reflections 5364 [R(int) = 0.0694] 
Coverage of independent reflections 99.7% 
Absorption correction Multi-Scan 
Max. and min. transmission 0.9420 and 0.8790 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 5364 / 1 / 272 
Goodness-of-fit on F2 1.068 
Final R indices [I>2σ(I)] R1 = 0.0581, wR2 = 0.1656 
R indices (all data) R1 = 0.0911, wR2 = 0.1842 
Largest diff. peak and hole 1.012 and -0.727 eÅ-3 
R.M.S. deviation from mean 0.113 eÅ-3 
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Table 5.19. Crystal data and structure refinement for 
[{C6H4(MeN)2C}2C.P({CH}6CH2)Ph][BArCl

4]2, [2a-k][BArCl
4]2. 

 
  

Identification code dv386s 
Chemical formula C92H67B2Cl16F4N4P 
Formula weight 1924.28 g/mol 
Temperature 153(2) K 
Wavelength 0.71073 Å 
Crystal size 0.080 x 0.160 x 0.200 mm 
Crystal habit yellow block 
Crystal system triclinic 
Space group P -1 
Unit Cell Dimensions a = 13.3965(11) Å α = 93.476(5)° 

b = 13.4151(12) Å β = 101.749(5)° 
c = 25.380(2) Å γ = 101.070(5)° 

Volume 4358.9(7) Å3 
Z 2 
Density (calculated) 1.466 g/cm3 
Absorption coefficient 0.581 mm-1 
F(000) 1960 
Theta range for data collection 4.77 to 26.16° 
Index ranges -16 ≤ h ≤ 16, -16 ≤ k ≤ 15, -31 ≤ l ≤ 31 
Reflections collected 72340 
Independent reflections 17104 [R(int) = 0.0978] 
Coverage of independent reflections 99.3% 
Absorption correction Multi-Scan 
Structure solution technique direct methods 
Structure solution program XS, VERSION 2013/1 
Refinement method Full-matrix least-squares on F2 
Refinement program SHELXL-2014/7 (Sheldrick, 2014) 
Function minimized Σ w(Fo

2 - Fc
2)2 

Data / restraints / parameters 17104 / 171 / 1096 
Goodness-of-fit on F2 1.051 
Final R indices [I>2σ(I)] R1 = 0.0997, wR2 = 0.2567 
R indices (all data) R1 = 0.1240, wR2 = 0.2787 
Largest diff. peak and hole 0.892 and -0.816 eÅ-3 
R.M.S. deviation from mean 0.133 eÅ-3 
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Section 5.4. Computational Methods 

Computational calculations in Section 2.2 were performed with the Gaussian 09 

package.11 The geometry of the free ligand 1, [1a]2+, [1b]2+, and [1c]2+ were fully 

optimized by B3PW9112 method with the 6-31G(d) basis set using atom coordinates from 

the solid state analysis. Harmonic frequency calculation was performed to validate the 

optimized geometry in local minimum on the potential energy surface by yielding zero 

imaginary vibrational frequency. 

 

Table 5.20. Molecular orbitals and the relative energies of Ph- [1a]2+, 4-F-Ph-[1b]2+, and 
NiPr2-substituted [1c]2+ phosphenium dications. 

Compound LUMO HOMO P-lone pair orbital 

[1a]2+ 

   

 - 0.31 eV - 0.44 eV - 0.47 eV 

[1b]2+ 

   

 - 0.31 eV - 0.44 eV - 0.47 eV 

[1c]2+ 

   

 - 0.28 eV - 0.43 eV - 0.47 eV 
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Theoretical analysis in Section 3.1 was performed with the Gaussian 0915 suite of 

programs using default convergence criteria for optimization and an ultrafine integration 

grid. Cartesian coordinates of the structures optimized at B3LYP/6-31G* level are 

reported.  

 

Table 5.21. Frontier molecular orbitals and the relative energies of P-monocation [3]+, 
carbodicarbene-stabilized Ph- [2a]2+, NiPr2- [2c]2+, and tBu-substituted [2d]2+ 
phosphenium dications. 

Compound LUMO HOMO P-lone pair orbital 

[3]+ 

   

 - 6.17 eV - 10.60 eV - 11.96 eV 

[2a]2+ 

   

 - 9.25 eV - 12.18 eV - 14.00 eV 

[2c]2+ 

   

 - 8.56 eV - 11.87 eV - 14.14 eV 
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[2d]2+ 

   

 - 9.17 eV - 12.51 eV - 13.38 eV 

 

All quantum chemical calculations in Section 3.2 were performed with the 

Gaussian program package. 13  Frequency calculations on all optimized structures 

confirmed that they represent minima on potential energy hypersurfaces. QTAIM analysis 

was carried out with the AIMAll software package.14 

 

Table 5.22. Selected bonding and antibonding molecular orbitals for the trication model 
compound [(2’)2P]3+. 

Compound LUMO HOMO P-lone pair orbital 

[(2’)2P]3+ 

   

 - 10.87 eV - 14.14 eV - 15.94 eV 

 

Quantum chemical calculations in Section 3.3 were performed with the Gaussian 

program package15 at the B3LYP/6-31G(d) level. Frequency calculations performed on 

the optimized structures revealed absence of imaginary frequency for the stable species, 

and a single imaginary frequency for each transition state. Intrinsic reaction coordinate 

calculations confirmed that the optimized transition states connect the structures of 

interest. Analysis of electron density and its Laplacian in the bond critical points and 

computation of delocalization index were performed with the AIMAll program package.16 

 

      11  

 

 

LUMO 

 

HOMO – 4 (Lone pair orbital) 

 

HOMO 

 

HOMO – 10 (S bonding orbital) 

Figure S9. Selected bonding and antibonding molecular orbitals for the trication. 

 

Table S1.  Ellipticity values for selected P-C bonds of several compounds 

PMe3 
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0.15 0.03 (P-C) 
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0.05 (P-C) 
0.50 (P=C) 0.31 
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Table 5.23. Activation energy values for reactions of carbodiphosphorane 1 and 
carbodicarbene 2 with MeN(PCl2)2. 
Ligand Ea: kJ/mol (kcal/mol) 

1 54 (12.9) 
2 44 (10.4) 

 

Table 5.24. Change in various bond distances (r), their electron densities (ρBCP), 
Laplacians (∇2ρBCP), and delocalization indexes (DI) as 1 is approaching PA of 
MeN(PCl2)2. Values highlighted in green are for the transition state while those ones in 
orange are for the final product(s).  

PA-CA PA-NA PB-NA 
r ρBCP ∇ 2ρBCP DI R ρBCP ∇ 2ρBCP DI r ρBCP ∇ 2ρBCP DI 

1.845 0.152 -0.157 0.93 / / / / 1.534 0.208 1.236 1.58 
2.071 0.105 -0.097 0.77 2.254 0.066 0.060 0.48 1.608 0.190 0.798 1.09 
2.100 0.100 -0.074 0.73 2.179 0.075 0.044 0.53 1.616 0.188 0.758 1.07 
2.200 0.082 -0.017 0.63 2.017 0.100 -0.030 0.65 1.640 0.181 0.658 1.00 
2.300 0.068 0.018 0.54 1.933 0.115 -0.068 0.70 1.655 0.177 0.592 0.97 
2.400 0.056 0.037 0.47 1.882 0.124 -0.044 0.73 1.666 0.174 0.551 0.95 
2.500 0.047 0.047 0.40 1.848 0.130 0.006 0.75 1.675 0.172 0.515 0.93 
3.000 0.020 0.039 0.18 1.770 0.147 0.203 0.81 1.698 0.165 0.429 0.89 
3.500 0.009 0.020 0.08 1.744 0.153 0.282 0.83 1.708 0.162 0.394 0.87 
4.000 0.004 0.010 0.03 1.733 0.155 0.316 0.84 1.713 0.161 0.380 0.86 
∞ / / / 1.720 0.159 0.358 0.85 1.720 0.159 0.358 0.85 

 

Table 5.25. Change in various bond distances (r), their electron densities (ρBCP), 
Laplacians (∇2ρBCP), and delocalization indexes (DI) as 2 is approaching PA of 
MeN(PCl2)2. Values highlighted in green are for the transition state while those ones in 
orange are for the final product(s).  

PA-CA PA-NA PB-NA 
r ρBCP ∇ 2ρBCP DI R ρBCP ∇ 2ρBCP DI r ρBCP ∇ 2ρBCP DI 

1.860 0.152 -0.199 0.83 / / / / 1.534 0.208 1.236 1.58 
2.008 0.119 -0.154 0.73 2.264 0.065 0.061 0.47 1.608 0.190 0.791 1.09 
2.100 0.100 -0.077 0.64 2.067 0.092 -0.002 0.61 1.633 0.183 0.687 1.02 
2.200 0.083 -0.021 0.56 1.966 0.109 -0.058 0.68 1.649 0.179 0.616 0.98 
2.300 0.069 0.013 0.49 1.905 0.120 -0.062 0.72 1.662 0.175 0.567 0.96 
2.400 0.057 0.035 0.42 1.863 0.128 -0.018 0.74 1.671 0.173 0.530 0.94 
2.500 0.047 0.045 0.36 1.833 0.133 0.038 0.76 1.678 0.171 0.502 0.92 
3.000 0.019 0.037 0.16 1.762 0.148 0.228 0.81 1.700 0.164 0.423 0.89 
3.500 0.008 0.018 0.07 1.737 0.154 0.305 0.83 1.710 0.161 0.389 0.87 
4.000 / / 0.02 1.720 0.159 0.359 0.85 1.725 0.157 0.340 0.85 
∞ / / / 1.720 0.159 0.358 0.85 1.720 0.159 0.358 0.85 
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Section 5.5. Determination of the valence electron equivalent (γ) 
 
Molecule: [(2’)2P]3+ 

Summary of charge map (the total charge is +3) 

 
Two resonance forms are required to reproduce this distribution 

 
Portions: [(0.3875) x A] + [(0.6125) x B]  

Such that charge on P = (0.3875 x -1) + (0.6125 x +3) = +1.45  

Then γ(P) = (0.3875 x 10) + (0.6125 x 2) = 5.10  

 

Molecules: a and b 

Contributing resonance forms 

 
For X = Cl, charges: P +1.12, Cl -0.53 (average) 

This is reproduced by [0.47 x A] + [0.53 x B] 

Such that charge on P = (0.47 x -1) + (0.53 x +3) = +1.12  

Then γ(P) = (0.47 x 10) + (0.53 x 2) = 5. 76  
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For X = Br, charges: P +0.88, Br -0.47 (average)  

This is reproduced by [0.53 x A] + [0.47 x B] 

Such that charge on P = (0.53 x -1) + (0.47 x +3) = +0.88  

Then γ(P) = (0.53 x 10) + (0.47 x 2) = 6.24  

 

Molecule: c 

Summary of charge map (the total charge is +1)  

 
Four resonance forms are required to reproduce this distribution  

 
Portions: [(0.26) x A] + [(0.08) x B] + [(0.16) x C] + [(0.5) x D] 

Such that charge on P = (0.26 x -1) + (0.08 x 0) + (0.16 x +1) + (0.5 x +3) = +1.40 

Then γ(P) = (0.26 x 10) + (0.08 x 8) + (0.16 x 6) + (0.5 x 2) = 5.2  

 

Molecule: d 

Summary of charge map (the total charge is -1)  

 
Two resonance forms are required to reproduce this distribution 
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Portions: [(0.38) x A] + [(0.62) x B] 

Such that charge on P = (0.38 x -1) + (0.62 x +3) = +1.48 

Then γ(P) = (0.38 x 10) + (0.62 x 2) = 5.04  

 

Molecule: e 

Summary of charge map (the total charge is 0) 

 
Three resonance forms are required to reproduce this distribution 

 
Portions: [(0.26) x A] + [(0.283) x B] + [(0.457) x C] 

Such that charge on P = (0.26 x -1) + (0.283 x 0) + (0.457 x +3) = +1.12 

Then γ(P) = (0.26 x 10) + (0.283 x 8) + (0.457 x 2) = 5.778 

 

Molecule: f 

Summary of charge map (the total charge is -1) 
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Three resonance forms are required to reproduce this distribution 

 
Portions: [(0.35) x A] + [(0.08) x B] + [(0.57) x C] 

Such that charge on P = (0.35 x -1) + (0.08 x +2) + (0.57 x +3) = +1.52 

Then γ(P) = (0.35 x 10) + (0.08 x 4) + (0.57 x 2) = 4.96  

 

Molecule: g 

Summary of charge map (the total charge is -1) 

 
Two resonance forms are required to reproduce this distribution 

 
Portions: [(0.4225) x A] + [(0.5775) x B] 

Such that charge on P = (0.4225 x -1) + (0.5775 x +3) = +1.31 

Then γ(P) = (0.4225 x 10) + (0.5775 x 2) = 5.38  
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CHAPTER 6 
 

Overall Conclusions and Future Work 
 

 First, we demonstrated that the combination of carbodiphosphorane ligand 1, with 

phenyl-based substituents yielded transient phosphenium dications [1a]2+ and [1b]2+, 

whose highly electrophilic nature was subsequently employed for the C-F bond activation 

of trifluorotoluene and [BArF
4]- anion (Scheme 6.1). The observed reactivity has no 

precedent in the P(III) chemistry, and it was attributed to the low-lying LUMOs of [1a]2+ 

and [1b]2+. 

 

 
Scheme 6.1. C-F bond cleavage of trifluorotoluene induced by transient phosphenium 
dications [1a]2+ and [1b]2+. 
 

By replacing the carbodiphosphorane 1, with a more nucleophilic and electron-

donating carbodicarbene ligand 2, we prepared a series of stable two-coordinate P(III)-

based dications, as well as the first example of a triply charged phosphenium ion [(2)2P]3+  

(Scheme 6.2). According to the computational studies, the combination of the increased 

overall positive charge and amino-for-aryl/alkyl ligand replacement resulted in the 

significant stabilization of LUMOs with an overall reduction of a HOMO-LUMO gap of 

P-dications.  

 

 
Scheme 6.2. Ligand replacement, P-based di- and trications, respectively. 
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Attempts to generate a P-based tetracation by bridging two phosphenium ions, 

revealed a novel P-N bond cleavage route that proceeds via an SN2’-like mechanism 

(Scheme 6.3). This represents a unique reactivity mode for both carbones and 

bis(dichlorophosphino)amines. 

 

 
Scheme 6.3. Carbone-induced P-N bond cleavage via an SN2’-like mechanism. 
 

Lastly, modification of electronic properties of phosphenium ions enabled the 

activation of enthalpically strong E-H (E = B, Si, C) bonds, leading to the formation of 

bond insertion and hydride-abstraction products. The described reactivity suggested that 

P-dications could be to phosphenium chemistry as cyclic(alkyl)(amino) carbenes (cAACs) 

are to carbene chemistry.1 

 

 
Scheme 6.4. E-H (E = B, Si, C) bond activation by phosphenium dications. 
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their increased electrophilicity appeared inadequate towards more challenging homopolar 

H-H and C-C bonds.2 To expand the substrate scope beyond polar covalent bonds, further 
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atoms 4  with carbodicarbene ligand, which appeared crucial in stabilizing the two-

coordinate doubly, and even triply charged P-species. The improved oxidative flexibility 

of P(III)/P(V) redox pair could not only deliver the insertion into nonpolar σ-bonds, but 

also promote the P-centered reductive elimination, which has yet to be observed in the 

chemistry of phosphenium ions.5 
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