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Abstract: Azophosphines (Ar–N=N–PR2) were prepared
from N-aryl-N ′-trimethylsilyldiazenes (Ar–N=N–SiMe3) and
R2PCl by Me3SiCl elimination or oxidation of phosphinohy-
drazines (Ar–NH–NH–PR2) by 2,5-dialkyl-1,4-benzoquinones
(2,5-dialkylBQ). Azophosphines underwent 1,3-dipolar cycload-
dition with cyclooctyne and dimethylacetylene dicarboxylate
(DMAD) to give N-heterocyclic iminophosphoranes (NHIPs),
which are structurally similar to cyclic alkyl amino carbenes
(CAACs). The cycloaddition reaction is compatible with var-
ious P-atom substituents including phenyl (NHIP-1,4,6), iso-
propyl (NHIP-2), cyclohexyl (NHIP-3) and dimethylamino
(NHIP-5) groups. The pK BH+ values of the NHIPs in acetoni-
trile range from 13.13 to 23.14. Based on the Huynh electronic
parameter (HEP), NHIP-1 and NHIP-2 have comparable σ-
donor strength with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).
NHIP-1 underwent facile 1,2-addition with pentafluoropyridine
to form a rare fluorophosphorane. The treatment of NHIP-1
with triphenylsilane resulted in P–N bond cleavage, accompa-
nied by reduction of P(V) to P(III). A homoleptic, cationic
copper(I)-NHIP-1 complex was also prepared. The potential
utility of π-donating NHIPs was demonstrated by the stabiliza-
tion of a reactive iminoborane (Cl B N SiMe3). The facile
scalable synthesis, tunability of steric demands, and basicity of
NHIPs suggest that this new heterocycle class may find a wide
range of applications in synthetic chemistry.

Iminophosphoranes (R3P=NR) are not only versatile in-
termediates for functional group manipulations, 1–4 but also
used as ligands5–7 and organocatalysts 8 due to the basic
nitrogen center, which can be rationalized by the resonance
structures (R3P=NR ↔ R3P+–N−R).9,10 Cyclic iminophos-
phoranes,11 where all the substituents are bonded to phos-
phorus atoms through nitrogen atoms, have been prepared
by condensing amines with PCl5 and subsequent deproto-
nation. The rigid cyclic structure enabled selective anion
recognition via hydrogen-bonding, which was essential for
achieving high enantioselectivity. 12–15 A rigid cyclic struc-
ture is also advantageous for the stabilization of reactive
main group or metal species by preventing decomposition by
steric shielding. In this context, cyclic iminophosphoranes
(1,2 ; Scheme 1C), having geminal aromatic substitutions α
to the basic nitrogen, were prepared by 1,3-dipolar cycload-
dition of phosphinoimine (Ph2C=N–PR2) and DMAD.16–18

The resulting cyclic iminophosphorane 1 was used as a lig-
and for Au(I),19 but further reactivity studies have not been
pursued presumably because of the extreme steric crowd-
ing at the basic nitrogen atom. Recently, cycloaddition of
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Scheme 1. 1,3-dipolar cycloaddition of azophosphine and alkynes.
NHIP = N-heterocyclic iminophosphorane.

MesNNPA (A = anthracene) and cyclooctyne was disclosed,
where a nucleophilic phosphorus center and an electrophilic
N=N π* component enabled MesNNPA to react as a 1,3-
dipole (Scheme 1A). 20 This result motivated us to investi-
gate the cycloaddition reaction of alkynes and azophosphines
which do not have an anthracene leaving group (Scheme 1B).
This cycloaddition reaction provides a new class of heterocy-
cles, N -heterocyclic iminophosphoranes (NHIPs), which are
structurally similar to CAACs (Scheme 1C). 21,22 The less
sterically blocked basic nitrogen center and enhanced sta-
bility due to the more delocalized π electrons involving an
additional nitrogen atom in the ring system lead to the ex-
pectation that the new heterocycles could find a wide range
of applications. Here, we describe new protocols for the syn-
thesis of azophosphines and their cycloaddition reactivity
with alkynes. The basicity, electronic properties, reactivity,
and coordination chemistry of the resulting NHIPs are also
investigated.

Our investigation began with the synthesis of azophos-
phines. Azophosphines, having a general formula of R–
N=N–PR′

2 have scarcely been mentioned in the litera-
ture.23–25 Although detailed synthetic protocols for azophos-
phines are unavailable, the reaction of Ph2PCl with Ph–
N=N–SiMe3 in DCM at −30 ◦C (5 h) is reported to give Ph–
N=N–PPh2 as a red solid in 30% yield. 23 Thus we decided to
try similar reaction conditions for preparing azophosphines.

The reaction of Tol–N=N–SiMe3
26 with Ph2PCl in pen-

tane at 21 ◦C under atmospheric pressure gave a mixture
of products;27 however, when the same reaction was re-
peated under vacuum (1 Torr), the reaction mixture solidi-
fied within 10 min to afford the desired product in moderate
purity based on the 31P{1H} NMR spectrum. The crude
azophosphine was purified by crystallization from diethyl
ether/pentane at −20 ◦C to afford 5, as a red solid, in 59%
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Scheme 2. Preparation of azophosphines. Reaction conditions
for Me3SiCl elimination route (A): azophosphine (1 equiv), R2PCl
(1 equiv), neat, −20 ◦C to 21 ◦C. Reaction conditions for oxidation
route (B): phosphinohydrazine (1 equiv), BQ (1 equiv), benzene,
21 ◦C, 1 h. aisolated yield. b2,5-di-tert-butylBQ was used. c2,5-
dimethylBQ was used. dthe product could not be purified.

yield (2.7 g, Scheme 2A). Using the same protocol, 6 was
generated. However, attempts to purify this compound via
crystallization were unsuccessful and, as a result, the crude
material was used in the next step without further purifi-
cation. However, this Me3SiCl elimination route was not
applicable to sterically hindered chlorophosphines, includ-
ing iPr2PCl.28 Indeed, the P-atom substituents in reported
azophosphines are limited to methyl and phenyl groups. 23–25

To access a wider range of azophosphines, we targeted se-
lective oxidation of phosphinohydrazines (Ar–NH–NH–PR2,
Scheme 2B). Given that Me–NH–NH–PiPr2 has been pre-
pared using iPr2PCl,29 N–P bond formation appears to
be less sensitive to steric hindrance. Inspired by a re-
cent study on oxidation of Ar–NH–NH–SiR3 to Ar–N=N–
SiR3,26 we screened several oxidants, including di-tert-
butylazodicarboxylate (DBAD) and BQ derivatives. A ma-
jor challenge of this targeted route is posed by the potential
side reactions of electron-rich and nucleophilic phosphorus
centers with oxidants. Indeed, the reactivity of PPh3 to-
wards select oxidants has been well studied. For example,
DBAD is known to react with PPh3 to form a betaine, a key
intermediate for the Mitsunobu reaction. 30 Also, in benzene,
p-chloranil forms P–O bonds with PPh3 via cationic phos-
phorus radicals, which are formed by single electron trans-
fer between p-chloranil and PPh3.31–33 By contrast, non-
substituted BQ, a weaker oxidant than p-chloranil in ben-
zene, resulted in the formation of a P–C bond with PPh3 by
conjugate addition. 33 Bearing in mind these facts, oxidation
conditions were screened using 7 as the model substrate. Of
all the oxidants screened, 2,5-dimethylBQ and 2,5-di-tert-
butylBQ showed the best results, where only product and
starting material were observed in the crude reaction mix-
tures with good conversions (∼70%) based on 31P{1H} NMR
spectra.34 Encouraged by these results, 2,5-di-tert-butylBQ
was chosen for further screening of the reaction conditions,
as tert-butyl substituents should more effectively suppress
side reactions relative to methyl substituents. To our de-
light, phosphinohydrazine 7 fully converted to azophosphine
10 using more concentrated reaction media, and the prod-
uct was easily purified by silica gel column chromatography
to afford a red oil in 89% (0.21 g) isolated yield. Although
less sterically hindered 2,5-dimethylBQ had to be used, the
same protocol afforded 11 in 53% (0.44 g) yield as a dark-
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orange solid. The reaction also worked for the preparation of
12; however, a small amount of unreacted starting material
9 and a side product (2,6-Me2C6H3)PPh2 could not be re-
moved.35 Given that BQ with various substitution patterns
have been synthesized, the yield could be further improved
by choosing proper substituents for optimal reduction po-
tential and steric protection. 36

With azophosphines in hand, 1,3-dipolar cycloaddition
was investigated (Scheme 3). Addition of cyclooctyne to
a thawing solution of azophosphine 5 in benzene resulted in
a color change from deep red to orange. The crude mate-
rial was purified by crystallization from DCM/diethyl ether
at −20 ◦C to afford orange crystals (NHIP-137) in 53%
yield. As expected, crystallographic analysis revealed a 5-
membered heterocycle, with all the ring atoms in the same
plane. The cycloaddition was not sensitive to the steric
demands of our azophosphines and NHIP-2 and NHIP-
3 were obtained as white solids. The crystalline nature of
NHIPs allowed us to use crude azophosphines for the syn-
thesis of NHIP-4 and NHIP-5,38 which were purified by
crystallization to give orange and pale yellow crystals, re-
spectively. DMAD was also a good dipolarophile, giving
NHIP-639 as a yellow solid. 40 Structural comparison be-
tween 1 (Scheme 1C) and NHIP-6 revealed that the C=C
(1.400(2) Å) and P=N (1.6326(15) Å) bonds of NHIP are
longer than the C=C (1.331(2) Å) and P=N (1.5749(15) Å)
bonds of 1, a finding consistent with the more delocalized
nature of the 6π system of NHIP than the 4π system of
1 and the smaller atomic radius of nitrogen as compared
with carbon.41 The pKBH+ values for NHIP-2, NHIP-4,
NHIP-5, and NHIP-6 in MeCN were determined to be
23.14, 19.86, 22.02, and 13.13 respectively. 42–44
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Next, we investigated the σ-donor strength of the NHIPs,
using Huynh electronic parameter (HEP) analysis, which
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covers a wide variety of σ donors including labile ligands
such as pyridines and acetonitrile. 45,46 For the HEP analysis,
the target palladium complex 14 was prepared by combin-
ing NHIP-1 with 13 in DCM47 (Scheme 4),47 and crystal
structure analysis revealed that NHIP-1 binds trans to the
carbene ligand. 48 The 13C{1H} NMR chemical shift of the
carbene carbon is 166.33 ppm, suggesting that the NHIP’s
σ-donor strength is comparable with that of DBU, whose
Pd-complex’s carbene carbon 13C{1H} NMR chemical shift
is 166.32 ppm. 45
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zene, 21 ◦C, 4 h.

Finally, reactivity of NHIPs with common organic syn-
thesis reagents was investigated. When a THF solution of
NHIP-1 was combined with pentafluoropyridine, the or-
ange color of NHIP dissipated. 31P{1H} NMR analysis of
the crude reaction mixture showed complete consumption
of NHIP and clean conversion to 16, which exhibits a res-
onance at δ −34.76 (1J PF = 618.7 Hz) ppm. The crys-
tal structure revealed pyramidal nitrogen N2 and trigonal
bipyramidal geometry at phosphorus. 49 A P–F bond length
of 1.6785(7) Å was found, consistent with those of recently
reported fluorophosphoranes. 50,51

Next we investigated the reactivity of NHIP-1 with
Ph3SiH. Complete consumption of the NHIP-1 and a sin-
gle new resonance at δ −10.58 ppm was observed in the
31P{1H} NMR spectrum upon heating NHIP-1 and Ph3SiH
in benzene at 80 ◦C for 14 h. Crystallographic analysis re-
vealed selective P–N bond cleavage and reduction of P(V)
to P(III).52

Inspired by recently developed cationic iminophosphorane-
ligated copper complexes for catalytic azide-alkyne cycload-
dition,53 corresponding NHIP-ligated copper complexes
were targeted. The target product was easily prepared by
treating NHIP-1 with [Cu(MeCN)4][PF6] in THF. Crys-
tallographic analysis revealed a cationic, homoleptic copper
complex, in which the Cu–N bond length (1.8544(13) Å)
is comparable to those reported for copper iminophospho-
rane complexes (1.865(4) to 1.8902(18) Å),53 indicating the
potential catalytic activity of 18 for azide-alkyne cycload-
dition.

As NHIPs are both σ and π donating due to the filled p or-
bital, we wondered whether NHIPs may be used to stabilize
low-coordinate boron centers via π donation into the empty
p orbital of boron. The resulting NHIP adducts should
exhibit markedly different structural properties from corre-

Figure 1. Solid-state structure of 19 drawn using 50% proba-
bility ellipsoids. Hydrogen atoms are omitted for clarity. Select
bond lengths (Å): B1–N2, 1.477(2); B1–N3, 1.346(2).

sponding compounds stabilized by CAACs, which are only σ
donors due to the empty p orbitals at the coordinating car-
bon center. To compare the structures of NHIP- and CAAC-
stabilized boron species, Cl B N SiMe3, whose CAAC-
adduct has been prepared, 54 was targeted. When NHIP-4
was treated with (Me3Si)2NBCl2 in benzene, a new reso-
nance at δ 21.7 ppm was observed in the 31P{1H} NMR
spectrum. 1H NMR analysis showed the loss of one -SiMe3
group, and a new resonance at δ 21.1 ppm in the 11B NMR
spectrum was observed, indicating the formation of a 3-
coordinate boron center. Single crystal X-ray diffraction
revealed that the NHIP’s ring and B=N bond are nearly
in the same plane (torsion angle = 8.83◦) due to the NHIP’s
π donation, while the corresponding CAAC-adduct showed
that B=N and CAAC’s ring are perpendicular to each other
(torsion angle = 106.4◦),54,55 as expected.

In conclusion, scarcely known azophosphine compounds
have been prepared and shown to act as facile 1,3-dipoles
for cycloaddition reactions with activated alkynes. The re-
sulting NHIPs represent a robust and modular new class
of strongly basic heterocycles with potential applications as
ligands in d- and p-block element chemistry and catalysis.
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phoranes (R3P=NR′): From terminal to multidentate ligands
in organometallic chemistry. Adv. Organomet. Chem. 2022, 77,
105–168.

(7) Steiner, A.; Zacchini, S.; Richards, P. I. From neutral iminophos-
phoranes to multianionic phosphazenates. The coordination
chemistry of imino-aza-P(V) ligands. Coord. Chem. Rev. 2002,
227, 193–216.
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TOC Synopsis New protocols for the synthesis of azophosphines and their cycloaddition reactivity with alkynes are de-
scribed. The basicity, electronic properties, reactivity, and coordination chemistry of the resulting NHIPs (N -heterocyclic
iminophosphoranes) are also investigated. The potential utility of π-donating NHIPs was demonstrated by the stabilization
of a reactive iminoborane (Cl-B≡N-SiMe3).

5


