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ABSTRACT:  The oxidation of triphenylphosphine by perfluorinated phenaziniumF aluminate in difluorobenzene affords the 
hexaaryl-1,2-diphosphonium dialuminate 1.  Dication 12+ is isoelectronic with elusive hexaphenylethane, where instead the 
formation of a mixture of the trityl radical and Gomberg’s dimer is favored.  Quantum-chemical calculations in combination 
with Raman/IR spectroscopies rationalize the stability of the P–P bonded dimer in 12+ and suggest, akin to the halogens, facile 
homolytic as well as heterolytic scission.  Thus, 12+ serves as a surrogate of both the triphenylphosphorandiylium dication 
(Ph3P2+) and the triphenylphosphine radical monocation (Ph3P•+).  Treating 1 with dimethylaminopyridine (DMAP) replaces 
triphenylphosphine under heterolytic P–P bond scission.  Qualifying as a superoxidant (E vs. Fc/Fc+ = +1.44 V), 1 oxidizes 
trimethylphosphine.  Based on halide abstraction experiments (−BF4, −PF6, −SbCl6, −SbF6) as well as the deoxygenation of 
triethylphosphine oxide, triflate anions as well as toluic acid, 1 also features Lewis superacidity.  The controlled hydrolysis 
affords Hendrickson’s reagent, which itself finds broad use as dehydration agent.  Formally homolytic P–P bond scission is 
induced by diphenyldisulfide (PhSSPh), dihydrogen, and the triple bond in acetonitrile.  The irradiation by light cleaves the 
P–P bond homolytically and generates transient triphenylphosphine radical cations, which engage in H-atom abstraction as 
well as CH phosphoranylation.

Introduction 

In quest for hexaphenylethane (Figure 1, I), Moses Gomberg 
reported the triphenylmethyl (trityl) radical II in 1900.1  
The discovery of “trivalent carbon” is considered nowadays 
the beginning of organic radical chemistry.  Later scrutiny 
revealed that the trityl radical had been obtained only in 
marginal yield, as it dimerizes instead through addition to 
the para-position of one phenyl substituent (Gomberg’s di-
mer III).2  Whereas heavier hexaphenylsilaethane is isola-
ble,3 corresponding addition reactions to the para-position 
occur also for the isoelectronic triphenylboryl radical an-
ion4 and the triphenylamine radical cation.5  Later in the 
1970s, it was found that the decoration of the phenyl sub-
stituents allows to shift the equilibrium to respective hexa-
arylethane dimers.6  Phenyl group decoration similarly al-
lows to shift the equilibrium toward monocationic triaryl-
amine radical monomers7 and dianionic diboron(6) di-
mers.8 
In stark contrast, both the hexaphenyl-1,2-diphosphonium 
dication as well as the triphenylphosphine radical cation re-
main elusive.9  Triphenylphosphine radical cations are be-
liveed though to serve as transient key intermediates in 
(photo)redox and electro-catalysis,10 as well as even arene 
hydrogenation by water.11  It is known furthermore that the 
sterically encumbered trimesitylphosphine radical cation 

does not dimerize.12  This radical may be obtained in crys-
talline form upon treating (Mes)3P with Al(C6F5)3,12b thus 
bridging the fields of Frustrated Lewis Pair (FLP)13 and ra-
dical chemistry.14   

 

Figure 1.  Opposed to the triphenylmethyl radical, which asso-
ciates to Gomberg’s dimer (top), the isoelectronic triphenyl-
phosphine radical cation affords the hexaphenyl-1,2-diphos-
phonium dimer (bottom).  
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Further, a phosphine radical cation with three bulky halo-
genated naphthyl substituents, where the halogen-substitu-
ents interact with the radical site, was reported.15  The per-
methylation of diphosphines R2P–PR2 by an excess of me-
thyl triflate (R = Me) affords peraliphatic +P–P+ vicinal di-
phosphonium dications.16  Whereas the reactivity of these 
compounds remains essentially unexplored beyond treat-
ing them with nucleophiles,10b, 17 the electronic nature of the 
unusual vicinal dicationic18  +P–P+ bond has been investiga-
ted computationally and spectroscopically.19  It has been ar-
gued that (i) the +P–P+ bond is more susceptible for homo-
lytic than heterolytic cleavage, and (ii) that the vicinal cat-
ionic charges infer covalency.  Enforcing two phosphorus 
centers into proximity by a rigid bridge represents an alter-
native approach to 1,2-diphosphonium dications.20  Treat-
ing the naphthalene-linked PV/PIII precursor 
(Ph2F2P)(C10H6)(PPh2) with the triethylsilylium cation af-
forded the respective +P–P+ dication, which was described 
as a purely phosphorus-based and Lewis-acidic21 as well as 
hydridophilic FLP. Encouraged by the rich bond-activation 
chemistry by formal phosphorus dications22 and typically 
constrained phosphenium monocations and related com-
pounds,23 the emergence of organopnictogen redox cataly-
sis,24 as well as reports on formal carbon dications,25 we 
turned our attention toward oxidizing triphenylphosphine 
by an innocent oxidant.  The fluorinated phenazinium radi-

cal cations reported by the Krossing group appeared a pro-
mising choice,26 as they are prepared with stable aluminate 
anions.27  Here, we report that triphenylphosphine is swiftly 
oxidized by such “deelectronators”, thereby affording the 
hexaaryl-1,2-diphosphonium dication 12+.  Spectroscopic as 
well as computational investigations rationalize the stabili-
ty of 12+ in respect to Gomberg’s dimer.  Reactivity studies 
demonstrate (i) both homo- as well as heterolytic cleavage 
of the P–P bond, (ii) Lewis (super-)acidity, (iii) H-atom ab-
straction capabilities, and (iv) that dication 12+ serves as po-
werful deoxygenation and phosphoranylation agent.  

Results and Discussion 

Treating triphenylphosphine in cold ortho-difluorobenzene 
(oDFB) or 1,2,3,4-tetrafluorobenzene (TFB) with two equi-
valents of [phenF][AlF] ([phenF] = [perfluoro-5,10-bis(per-
fluorophenyl)-5,10-dihydrophenazinium]∙+; [AlF] = 
[Al{OC(CF3)3}4]– ) (Scheme 1, a) afforded a faint yellow solu-
tion.  A crystalline colorless precipitate formed upon slowly 
warming the solution to room temperature.  The precipitate 
was identified as 1 according to the 31P NMR spectroscopic 
analysis with a signal at 17.6 ppm (c.f. [Me3P–PMe3][OTf]2 
28.4 ppm),16a and was isolated in 87% crystalline yield after 
workup.  Single-crystal X-Ray diffraction (sc-XRD) confirm-
ed the formation of the hexaphenyl-1,2-diphosphonium di-
aluminate [Ph3P–PPh3][AlF]2 (1, Scheme 1, b).    

Scheme 1.  a) Synthesis of 1, b) sc-XRD structure of 12+ in single-crystals of 1·C6H2F4 Illustrated with a Side (left) and 
Top View (right), c) QTAIM analysis of 12+ in comparison to Ph3C–CPh3, and d) Energy Profile for the formation of 
Gomberg’s-dimer at the CPCM(Fluorobenzene)-PBE0-D3(BJ)/def2-TZVPP//PBE0/def2-SVP Level of Theory. Anions 
and Cocrystallized C6H2F4 are Omitted for Clarity, Thermal Ellipsoids are Given at 50% Probability.  Selected Bond 
Lengths [Å] and Angles [°] in 1:  P1–P1, 2.262(3); P1–C1, 1.794(4); P1–C7, 1.786(4); P1–C13, 1.794(4); C1-P1-C7, 
111.5(2); C7-P1-C13, 113.2(2);  C1-P1-C13, 112.2(2); C13-P1-P1, 105.8(2); C7-P1-P1, 106.6(2); C13-P1-P1, 105.8(2); 
C13-P1-P1-C13, 180°. 
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In the solid-state structure, an inversion center is found bet-
ween the two phosphorus atoms, which infers a staggered 
conformation of the phenyl groups.  The P–P bond of 
2.262(3) Å is elongated in comparison to the PMe3-congen-
er (2.198(2) Å).16a  The comparison with triphenylphosphi-
ne reveals that the P–C bonds in 1 are shorter (1, 1.794(4); 
1.786(4); 1.794(4) Å; PPh3, ~1.823 Å) and that the C-P-C 
angles (1, 111.5(2), 113.2(2), 112.2(2)°; PPh3, ~102°) are 
larger, thus indicating significant planarization and charge-
delocalization.   
The Raman (IR, respectively; Figs. S15 S16, S17) vibrational 
spectroscopy revealed bands at ν̃ = 191 and 611 cm−1, and a 
weak feature at 450 cm−1.  Based on computations (vide in-
fra), we assign these signals to the P–P stretch, which 
couples with phenyl-based modes (ν̃calc = 202, 581 and 449 
cm−1;  Fig. S111).  Whereas it has been argued3b, 19b that nei-
ther the P–P bond length nor corresponding stretching fre-
quency (Badger’s and Gordy’s rules) are an accurate mea-
sure for the P–P bond’s strength, we note that these values 
are similar to the ones reported for the diphosphonium di-
cation in [Me3P–PMe3][OTf]2 (ν̃ = 207, 456, 692 cm−1; ν̃calc = 
212, 444, 670 cm−1; Fig. S112).  The cyclovoltammetric an-
alysis in PFB (Fig. S97) revealed that dimeric 1 is a potent 
oxidant with a redox potential of E = +1.44 V vs. Fc/Fc+, 
which exceeds the one of monomeric PPh3 (E = ~0.88 V vs. 
Fc/Fc+) by almost 0.6 V. 
Quantum chemical calculations at the density functional le-
vel of theory (DFT) were performed to understand the sta-
bility of 12+.  The topological analysis of the electron density 
(QTAIM; Scheme 1, c) affords a bond critical point (bcp) 
connecting the two phosphorus atoms.  The negative sign of 
the Laplacian at the bcp (2ρ(rbcp) = −5.38 e Å−5) and the 
bond order (DI = 0.70) are consistent with a covalent inter-
action and local charge accumulation, coupled to charge de-
pletion in the area opposed to the P–P bond.  The QTAIM 
descriptors are similar to those reported for [Me3P–PMe3]2+ 
(ρ(rbcp) = 0.82 e·Å−3;  2ρ(rbcp) = −4.45 e·Å−5), yet enhanced 
covalency is found for carbon-congener I (ρ(rbcp) =1.26 
e·Å−3; 2ρ(rbcp) = −10.55 e·Å−5; DI = 0.85).  According to 
Energy Decomposition Analysis coupled with Natural Orbi-
tals for Chemical Valence (EDA-NOCV;28 Tables S4–S9) in 
the gas-phase, the P–P interaction (ΔEint = −122 kJ mol−1) is 
largely governed by dispersion (ΔEdisp = −80 kJ mol−1), and 
stronger than in [Me3P–PMe3]2+ (ΔEint = −42 kJ mol-1, ΔEdisp= 
−27 kJ mol−1).  Further, the electrostatic contribution is mo-
re favorable (ΔEelstat = −206 kJ mol−1 vs. +7 kJ mol−1) due to 
charge delocalization within the phenyl rings in 12+.  In the 
case of hexaphenylethane I, the dispersion contribution 
(ΔEdisp = −81 kJ mol−1) is essentially the same as in 12+.  Yet, 
and although the C–C interaction is strong (ΔEint = –378 kJ 
mol−1), the monomers’ preparation energies compromise 
the stability of the dimer I (–Eprep = +329 kJ mol−1).   
Scheme 1d shows the free-energy profile for the formation 
of Gomberg’s dimer III and the corresponding P-congener V 
in fluorobenzene solution.  Solvation renders the homolytic 
P–P bond cleavage in 12+ strongly endergonic (IV, G = +176 
kJ mol−1), which stands in stark contrast to the gas phase, 
where this reaction is facile (Fig. S104; Ggas = +33 kJ mol−1).  
As dearomatization is not coupled to efficient charge-delo-
calization, also the addition product V is very high in energy 
(G = +142 kJ mol−1).  Opposed to 12+, solvation does not 
play a crucial role for the dissociation of neutral I into trityl 

radicals II (G = –21 kJ mol−1 Fig. S105; Ggas = –14 kJ mol−1; 
Fig. S106) and neither for the further transformation to 
Gomberg’s dimer III (G = –9 kJ mol−1, Fig. S105; Ggas = –5 
kJ mol−1, Fig. S106), which profits from the generation of a 
strong C=C double bond.   
Efforts were conducted to gauge the Lewis-acidity29 as well 
as oxophilicity of 1 (Ph3P2+, respectively)30 through either 
the addition of para-fluorobenzonitrile31 or triethylphos-
phine oxide (Gutmann–Beckett method).32  However, no re-
action was observed with fluorobenzonitrile, whereas tri-
ethylphosphine oxide leads to oxygen transfer, thereby 
generating a stoichiometric mixture of triphenylphosphine 
oxide, triphenylphosphine and [Et3P–O–PEt3]2+ (Scheme 2).   
Scheme 2.  Deoxygenation of Et3PO, Water, p-Toluic 
Acid and [PNP][OTf] by 12+; [AlF] Anions are Omitted for 
Clarity, all Reactions were Conducted in oDFB at 
Ambient Temperature and Occur Instantaneously and 
Quantitatively. 

 
We consequently explored also the reaction with other oxy-
gen-containing molecules such as water,11 a triflate salt, and 
p-toluic acid.  The controlled partial hydrolysis cleanly ge-
nerated the aluminate analogue of Hendrickson’s reagent 
[(Ph3P)2O][OTf]2 (“POP”)33 and a stoichiometric amount of 
triphenylphosphonium salt [Ph3PH]+.  This reaction is re-
markable, as Hendrickson’s reagent itself finds use for chal-
lenging dehydration reactions.34  In fact, and highlighting 
exceeding oxophilicity, we observed the instantaneous ab-
straction of oxygen atoms upon adding the triflate salt 
[PNP][OTf] (PNP = [Ph3PNPPh3]+) to 1.35  The reaction with 
p-toluic acid generated the respective acyloxyphosphonium 
salt, which serves as the activated mixed-anhydride inter-
mediate in the Appel36 and Mitsunobu37 reactions.   
Further detailed reactivity studies were conducted to gauge 
the interplay of heterolytic versus homolytic P–P bond clea-
vage.  Dimethylaminopyridine (DMAP) readily replaces tri-
phenylphosphine under heterolytic P–P bond cleavage to 
afford the DMAP adduct 2 in oDFB solution at room tempe-
rature (Scheme 3, a).  In the solid-state structure of 2, both 
the P–N (1.719(2) Å) as well as C=NMe2 (1.320(4) Å) bonds 
are consistent with the values found for [Me3P(DMAP)] 
[OTf]2 (P–N, 1.720(3); C=NMe2 1.319(4) Å),17a thus indica-
ting pronounced delocalization of cationic charge onto the 
DMAP substituent.  Note however that the equilibrium lies 
in case of [Me3P(DMAP)][OTf]2 at the side of [Me3P–PMe3] 
[OTf]2.  The substitution of PPh3 proceeds according to 
quantum-chemical calculations barrierless through an SN2-
type mechanism (Fig. S114), thereby highlighting the 
Lewis-acidity of 1.   
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Scheme 3.  Heterolytic (a) and Homolytic (b) Bond Cleavage Reactions of 1; [AlF] Anions are omitted for clarity.  All Reactions 
were Performed in oDFB and Proceed Quantitatively.  Most Hydrogen Atoms within Crystal Structure Representations are 
Omitted for Clarity, Thermal Ellipsoids are Given at 50% Probability.  Only one of Four Independent [PPh3Cl]+ Moieties and 
a Symmetry Generated Part of the Anion are Shown for Clarity (see ESI for Details).  Selected Bond Lengths [Å] and Angles 
[°]:  22+; P1–N1, 1.719(2);  P1–C8, 1.772(3);  P1–C14, 1.780(3);  P1–C20, 1.779(3);  N1–C1, 1.384(4);  N1–C5, 1.387(4);  C1–
C2, 1.339(4);  C2–C3, 1.423(4);  C4–C5, 1.329(4);  C3–C4, 1.433(4);  C3–N2, 1.320(4);  C14-P1-C20, 113.6(1);  C20-P1-C8, 
113.9(1);  C8–P1–C14, 109.9(1);  C8-P1-N1, 108.1(1);  C20-P1-N1, 104.0(1);  C14-P1-N1, 106.8(1).  3+;  P1–Cl1, 1.995(2);  P1–
C4, 1.780(5);  P1–C5, 1.757(7);  P1–C12, 1.776(7);  Sb1–Cl3, 2.369(2);  Sb1–Cl4, 2.420(2);  Sb1–Cl5, 2.775(2);  Sb1–Cl6, 
2.492(2);  Sb2’–C7’, 2.394(2);  Sb2’–C8’, 2.381(2);  Sb2’-C9’, 2.488(2);  Sb2’–C5, 2.986(2);  Sb2’–C10’, 2.776(2);  Cl1-P1-C4, 
107.64(2);  Cl1-P1-C5, 107.2(2);  Cl1-P1-C12, 107.1(2).  42+;  P1–N1, 1.650(4);  P1–C3, 1.783(4);  P1–C9, 1.787(5);  P1–C15, 
1.788(5);  N1–C1, 1.424(6);  C1–C2, 1.324(7);  P2–C1, 1.817(4);  P2–C21, 1.790(5);  P2–C27, 1.793(5);  P2–C33, 1.794(5);  
C39–C40, 1.457(9);  C40–N2, 1.119(9);  N1∙∙∙N2, 2.844(6);  P1-N1-C1, 123.6(3);  N1-C1-P2, 116.3(3);  N1-C1-C2, 123.9(4);  
C39-C40-N2, 179.4(7);  C3-P1-C9, 108.8(2);  C3-P1-C15, 108.8(2);  C9-P1-C15, 114.8(2);  C3-P1-N1, 112.4(2);  C9-P1-N1, 
103.5(2);  C15-P1-N1, 108.3(2);  P2-C1-N1, 116.3(3);  P2-C1-C2, 119.7(3);  C21-P2-C27, 111.7(2);  C21-P2-C33, 111.7(2);  
C27-P2-C33, 107.4(2);  C1-P2-C27, 108.4(2);  C1-P2-C21, 106.6(2);  C21-P2-C27, 111.7(2);  C1-P2-C27, 108.4(2). 

 

We analyzed the P–P bond polarization along the reaction co-
ordinate by the occupations of σ-type effective-fragment orbi-
tals (EFOs)38 of the triphenylphosphine fragments (Fig. 
S115).39  DMAP polarizes the P–P bond already at long distance 
(dP–N = 2.931 Å), rendering former 12+ effectively a triphenyl-
phosphine-stabilized triphenylphosphorandiylum dication.  
Upon treating 1 with two equivalents of trimethylphosphine, 
the stoichiometric formation of [Me3P–PMe3]2+ and PPh3 was 
observed, which reveals that 12+ is a stronger oxidant (less sta-
ble, respectively) than [Me3P–PMe3]2+.  Treatment with overall 
three equivalents of PMe3 generated [Me3PH]+ and 
[Me3PCH2PMe2]+.16c,d  Eventually, salt 1 was found to cleanly 
and instantaneously generate corresponding halotriphenyl-
phosphonium salts in the halide abstraction reactions with the 
−BF4, −PF6, −SbCl6 and even −SbF6 anions, which commonly ser-
ves as benchmark for Lewis-superacidity.40  Compound 1 also 
engages in formally homolytic P–P bond cleavage reactions 
(Scheme 3, b).  Both the S–S bond in diphenyldisulfide as well 
as the H–H bond in dihydrogen are readily cleaved (oxidized, 
respectively),41 thereby affording the [Ph3PSPh]+ and [Ph3PH]+ 
phosphonium cations, respectively.  Exploring the reactivity 
with C–H bonds, salt 1 was heated to reflux in oDFB in the pre-
sence of 9,10-dihydroanthracene (DHA; BDFE = 305 kJ mol−1; E 
= 0.88 V vs. H2)42.  However, the NMR spectroscopic analysis 
revealed that 1 is stable under these conditions.  In stark con-

trast, irradiating 1 by a Xenon-lamp in the presence of 50 equi-
valents of DHA afforded [Ph3PH]+ and anthracene within less 
than 30 min at room temperature.  The NMR-spectroscopic an-
alysis revealed thereby the major formation of the homo-coup-
led anthracenyl dimer, thus confirming a radical H-atom ab-
straction pathway (Fig. S82–87).  The formation of [Ph3PH]+ 
was observed also in the control experiment, that is in the ab-
sence of DHA.  In this case however, the reaction required 3 h 
to achieve quantitative conversion and is due to phosphorany-
lation of oDFB solvent molecules, followed by partial metathe-
tical aryl group exchange.  The formally electrophilic aromatic 
substitution is unusual, as it proceeds with an electron-defici-
ent arene.  It thus prospects synthetically useful substitution 
reactions with electron-rich arenes.  Homolytic P–P bond 
cleavage under the transfer of two Ph3P•+ substituents also was 
observed in the reaction with an unsaturated π-system.  Keep-
ing 1 at room temperature over two days in acetonitrile led to 
quantitative conversion to the nitrile-addition product 4.  Fol-
lowing the reaction by 1H NMR spectroscopy substantiated the-
reby the presence of an intermediate, which is assigned to the 
initial addition product, which then tautomerizes (Fig. S72).  
Paralleling the CH phosphoranylation of oDFB, this reaction 
again highlights the group-transfer capabilities of 12+, as elec-
tron-deficient acetonitrile usually is considered exceedingly 
difficult to activate under oxidative conditions. 
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Conclusion 

We report that the oxidation of triphenylphosphine 
furnishes the hexaphenyl-1,2-diphosphonium dication in 
the form of its perfluorinated alkoxy aluminate salt 1.  This 
reaction involves the dimerization of the transient triphen-
ylphosphine radical cation.  Highlighting cooperativity, this 
dimerization boosts the redox-potential by +0.6 V and hen-
ce generates a potent oxidant with E = +1.44 V vs. Fc/Fc+, 
which oxidizes trimethylphosphine and activates dihydro-
gen.  Quantum chemical calculations rationalize that 12+, 
isoelectronic with hexaphenylethane, does not form the 
equivalent of Gomberg’s dimer, as the phosphorus addition 
product is thermodynamically disfavored.  Mimicking ha-
logens, salt 1 may react by both heterolytic and homolytic 
pathways.  Heterolytic P–P bond cleavage dominates ther-
mally, that is the compound is to be understood here a phos-
phorus-only Frustrated Lewis Pair (FLP) and a surrogate of 
the triphenylphosphorandiylium dication Ph3P2+.  It hence 
serves as a (super-)acidic halide- and powerful oxygen ab-
straction and/or dehydration reagent.  Diphosphoranyla-
tion of the electron-deficient C≡N multiple bond occurs in 
the reaction with acetonitrile.  The irradiation with UV-light 
induces homolytic P–P bond cleavage to triphenylphos-
phine radical cations Ph3P•+, which engage in H-atom ab-
straction and arene CH phosphoranylation.  In short, com-
pound 1 complements our knowledge on the trityl radical, 
improves our understanding of oxidation catalysis with ubi-
quitous triphenylphosphine and corresponding transient 
triphenylphosphine radical cations.  It thereby presents it-
self as a powerful Lewis-acid, oxidant, as well as deoxygena-
tion- and phosphoranylation agent. 
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[AlF]–, [Al{OC(CF3)3}4]–;  bcp, bond critical point;  BDFE, bond 
dissociation free energy;  DHA, 9,10-dihydroanthracene;  
DMAP, dimethylaminopyridine;  DFT, density functional the-
ory;  DHA, dihydroanthracene;  EDA-NOCV, energy 
decomposition analysis with natural orbitals for chemical 
valence;  Fc, ferrocene;  FLP, frustrated Lewis pair;  IR, infrared;  
oDFB, 1,2-difluorobenzene;  [phenF]∙+, [perfluoro-5,10-bis(per-
fluorophenyl)-5,10-dihydrophenazinium]∙+;  PFB, 
pentafluorobenzene; NMR, nuclear magnetic resonance;  
QTAIM, quantum theory of atoms in molecules;  sc-XRD, single-
crystal X-ray diffractometry;  TFB, 1,2,3,4-tetrafluorobenzene. 
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