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Abstract: Inspired by the commercially available azoimida-
zolium dyes (e.g., Basic Red 51) that can be obtained from
aryldiazonium salts and N-heterocyclic carbenes, we devel-
oped the synthesis of a unique set of arylazophosphonium salts.
A range of colours were obtained by applying readily tuneable
phosphine donor ligands and para-substituted aryldiazonium
salts as nitrogen-based Lewis acids. With cyclic voltammetry,
a general procedure was designed to establish whether the
reaction between a Lewis acid and a Lewis base occurs by
single-electron transfer or electron-pair transfer.

The metal-free activation and functionalization of dinitrogen
is one of the key challenges of modern main-group chemis-
try.[1, 2] The low-lying N2 s orbital (HOMO) and high-lying p*
orbital (LUMO) make dinitrogen a weak Lewis base and
a weak Lewis acid and, therefore, a relatively inert substrate
(Figure 1).[2c] Inspired by the recently reported interaction of
boranes with metal–N2 complexes enabling facile N protona-
tion,[3] borylation, and silylation,[4] Stephan and co-workers
demonstrated that diphenyldiazomethane, a formal diphe-
nylcarbene–N2 adduct, can function as a Lewis base (HOMO:
@7.31 eV; Figure 1), forming a labile adduct with B(C6F5)3.[5]

While the direct interaction of dinitrogen with boranes has
only been observed spectroscopically under forcing condi-
tions,[6] the use of transient borylenes afforded a stable
bis(borylene)–N2 complex as recently reported by Braunsch-
weig and co-workers.[7] We were intrigued by the reaction of
the strongly Lewis acidic phenyl cation with N2 that affords
the phenyldiazonium ion in cryogenic argon matrices,[8] and
found that the planar C6H5

+ activates N2 by greatly lowering

its p* acceptor orbital (LUMO: from 1.30 (N2) to @6.24 eV;
see Figure 1). This makes aryldiazonium salts suitable nitro-
gen-based Lewis acids,[9] which we were keen on investigating.

N Coordination of diazonium salts to Lewis basic
N-heterocyclic carbenes is well established and affords the
strongly coloured, industrially produced azoimidazolium salts
[RN2(NHC)][X] (X = Cl, BF4, PF6, etc.).[11] Surprisingly, to
date the corresponding azoammonium salts [RN2(NR3)][X]
are unknown,[12] while the phosphine–diazonium Lewis
adducts have been barely studied. Thus far, Horner and
Stçhr postulated the red azophosphonium chlorides A (R =
H, Me, Cl, NO2, CO2H, OMe, OC(O)Me; Figure 2) as
unstable species[13] that are susceptible to N2 elimination,
affording the corresponding arylphosphonium salts [ArPPh3]-
[Cl].[14] Later, Yasui and co-workers found that aryldiazonium
tetrafluoroborates are readily dediazoniated by triphenyl-
phosphine by single-electron transfer when mixed in alcoholic
solvents at room temperature.[15,16] Flower and co-workers
synthesized B, but only reported its 31P NMR resonance
(d31P{1H} = 40 ppm; R = 6-naphthalen-2-ol),[17] and Wokaun

Figure 1. Lewis acid (C6H5
+) and base (Ph2C) augmented activation of

N2, including the HOMO (bottom) and LUMO (top) energies (in eV)
calculated at the wB97X-D/6–311+G(d,p) level of theory.[10]

Figure 2. Reported aryldiazonium–phosphine adducts.
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and co-workers characterized C only spectroscopically (R =
Cl, CN, SO2NH2, C(O)OEt; Figure 2).[18] Herein, we report
on the facile synthesis of readily tuneable azophosphonium
salts simply from phosphines and aryldiazonium tetrafluoro-
borates in acetonitrile, and provide detailed mechanistic
insight by experimental and computational means. Related
reactions of phenyldiazonium tetrafluoroborate with tertiary
amines have also been investigated.

We found that treatment of the phenyldiazonium salt
[PhN2][BF4][19] with triphenylphosphine (1.0 equiv) in aceto-
nitrile at 0 88C afforded the red azophosphonium salt [PhN2-
(PPh3)][BF4] 1 (d31P{1H} = 39.4 ppm; Scheme 1; DE =
@43.5 kcalmol@1 at the wB97X-D/6–311 + G(d,p) level of
theory)[10] in near-quantitative yield after work-up; only
a minor side product could be detected by 31P NMR
spectroscopy (ca. 2%; d31P{1H} = 43.9 and 52.5 ppm, 3JP,P =
18.8 Hz),[10] which we tentatively ascribed to the bis-phos-
phine adduct [PhN(PPh3)N(PPh3)][BF4].[20] As Horner and
Stçhr had indicated[13] that compound 1 is unstable both in
solution and in the solid state,[10] we resorted to the stronger
and sterically more encumbered donor tri-tert-butylphos-
phine, which, according to DFT calculations at the wB97X-D/
6–311 + G(d,p) level of theory, should provide a more stable
product (DE = @53.2 kcalmol@1).[10] The reaction of phenyl-
diazonium tetrafluoroborate with tBu3P (1.1 equiv) in aceto-
nitrile resulted in an immediate colour change from colourless
to pink and afforded azophosphonium salt [PhN2(PtBu3)]-
[BF4] 2a (d31P{1H} = 69.4 ppm; Scheme 1) as the sole product
in 95% yield upon isolation. Gratifyingly, this cationic Lewis
adduct is stable towards air, moisture, and even an aqueous
2m HCl solution (only the tetrafluoroborate anion hydrolysed
over time).[21] The molecular structure of 2a (Scheme 1),[22,23]

determined by X-ray crystal-structure analysis of suitable
crystals of its tetraphenylborate analogue (obtained after
anion exchange with NaBPh4 in DCM),[10] displays an almost
planar (P1-N1-N2-C1 173.4(7)88) trans arylazophosphonium
moiety with a disordered azo group. The C@N and N@N bond
lengths (1.437(7) and 1.245(6) c, respectively) are compara-
ble to those of the related arylazoimidazolium borates
[ArN2(IMes)][BPh4] (Ar = Mes, o/p-ClC6H4) reported by
Severin and co-workers (C–N: 1.411(2)/1.395(4)/1.455(13);
N–N: 1.265(2)/1.266(9)/1.24(2) c, respectively),[11e] illustrat-
ing that in these cationic azo dyes, phosphines behave similar
to carbenes.

As the colour of the arylazophosphonium salts can be
readily tuned by changing the donor ligand (1 (L = PPh3): red;
2a (L = tBu3P): pink), we next investigated the influence of
the para substituent on the arene ring on the photophysical
properties of 2. Treatment of the 4-substituted phenyldiazo-
nium salts [(p-R-C6H4)N2][BF4] (R = NO2 (b), Br (c), OMe
(d), NMe2 (e))[19] with tri-tert-butylphosphine (1.1 equiv) in
acetonitrile afforded the intensely coloured (from purple to
red/brown) arylazophosphonium salts [(p-R-C6H4)N2-
(PtBu3)][BF4] 2b–e in 87–96% yield upon isolation
(Scheme 1 and Figure 3).[10] Evidently, the para substituent
has a direct influence on the 31P NMR chemical shift as well as
the colour (see Table 1 and Figure 3), which we further
substantiated by UV/Vis spectroscopy. Compounds 2a–

Figure 3. UV/Vis spectra and colours of azophosphonium salts 2a–
e in solution (0.006m in CH3CN) and in the solid state (from left to
right: 2a, 2b, 2c, 2d, and 2e).

Scheme 1. Synthesis of arylazophosphonium tetrafluoroborates 1 and
2a–e and molecular structure of [(C6H5)N2(PtBu3)][BPh4] (2a-BPh4 ;
displacement ellipsoids are set at 30% probability, hydrogen atoms
and the noncoordinating BPh4 anion are omitted for clarity, one
disorder component is shown). Selected bond lengths [b] and torsion
angles [88] (values for the second disorder component in square
brackets): P1–N1A 1.742(5) [1.766(7)], N1A–N2A 1.245(6) [1.245(8)],
N2A–C1A 1.437(7) [1.439(8)]; P1-N1A-N2A-C1A 173.4(7) [@167.3(11)].
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