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Abstract: The first bis(amidophenolato)phosphonium salts are
prepared and fully characterized. The perfluorinated deriva-
tive represents the strongest monocationic phosphorus Lewis
acid on the fluoride and hydride ion affinity scale isolable to
date. This affinity enables new reactions, such as hydride
abstraction from Et3SiH, the first phosphaalkoxylation of an

alkyne or a phosphorus catalyzed intramolecular hydroaryla-
tion. All properties and reactions are scrutinized by theory
and experiment. Substantial σ- and π-acidity provides the
required affinity for substrate activation, while phosphorus-
ligand cooperativity substantially enriches the reactivity
portfolio of phosphonium ions.

Introduction

Continuous interest has been awarded to the development of
Lewis acidic electrophilic phosphorus cations (EPC) in recent
years. Spearheaded by the preparation of the fluorophospho-
nium ion FP(C6F5)3

+ (Figure 1a), related electrophilic com-
pounds have unlocked new possibilities in Lewis acid catalysis.[1]

In this vein, we introduced a class of phosphonium ions, where
structural constraint through rigid catecholato ligands empow-
ered extreme Lewis acidity (Figure 1c).[2] This strategy success-
fully provided the first neutral silicon and germanium Lewis
superacids.[3] Herein we report the class of
bis(amidophenolato)phosphonium ions. The ligand variation
imparts an effective means to alter the electronics and sterics at
phosphorus while simultaneously controlling the tendency for
phosphorus ligand-cooperative (PLC) bond activation
reactions.[4] Previous examples for amidophenolato substituted
phosphorus compounds comprise organo-[5] and
metallaphosphoranes[6] (Figure 1b), as well as investigations on
the tris(amidophenolate)phosphate scaffold.[7] Very recently,
Dobrovetsky and Alcarazo described an exciting tethered
ONNO bis(amidophenolate)ligand to create structurally con-
strained phosphorus species with unique reactivity (Figure 1b).[8]

However, free tetracoordinate phosphonium ions of the ON-
ligand type and their reactivity have remained elusive thus far.
It turns out that the combination of highly Lewis acidic
phosphonium with a fairly nucleophilic ligand scaffold empow-
ers several unique PLC reactivity modes.

Results and Discussion

The aminophenoles 1a and 1b were prepared by literature-
known procedures and are accessible within one or two high-
yielding steps at a multigram scale (Figure 2).[7,9] Fully fluori-
nated 1c was recently introduced as a ligand for the
preparation of a highly Lewis acidic silane and is easily prepared
via a three-step procedure starting from hexafluorobenzene.[10]
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Figure 1. a) Seminal fluorophosphonium Lewis acid. b) Metallaphosphoranes
and geometrically constrained P species of the N,O-ligand. c) Comparison of
this work to previous catecholato-phosphonium Lewis acids.
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Reacting the aminophenols with PCl5 proceeded with the
liberation of HCl and yielded the respective
bis(amidophenolato)chlorophosphoranes 2a–c in good to ex-
cellent yields after workup.[11]

While the reaction with 1c occurred readily at room
temperature, more forcing conditions were required with 1a/b.
The respective phosphonium salts were obtained by salt
metathesis of 2a and 2b with Li[Al(ORF)4] (RF=C(CF3)3), furnish-
ing 3a and 3b in excellent yields. No reaction, however, was
observed with 2c. Attempts to generate the cation with the
more potent Et3Si[BArF20] in benzene or toluene were unsuc-
cessful, hinting at a substantial chloride ion affinity of 3c.
Switching the solvent to less coordinating chlorobenzene
enabled the chloride abstraction, generating the perfluorinated
phosphonium salt 3c in excellent yield. With an increasing
degree of fluorination, an increased deshielding of the central
phosphorus atom is observed, leading to 31P NMR signals
ranging from 34.7 ppm for 3a, 35.3 ppm for 3b to 38.3 ppm for
perfluorinated 3c. Unlike 3a and 3b, 3c is only poorly soluble

in dichloromethane, but good solubility is observed in o-
difluorobenzene. The salts can be prepared up to a multigram
scale and stored over months at room temperature as solids
under an inert atmosphere. In solution, slow decomposition via
fluoride abstraction from the BArF20 counteranion was observed
over weeks.

Single crystals suitable for X-ray diffraction were obtained
for all phosphonium salts by either vapor diffusion of pentane
into or directly cooling concentrated solutions in dichloro-
methane (Figure 3). The solid-state structures show the mono-
meric nature and distorted tetrahedral coordination geometry
around the central phosphorus. Bond lengths and angles of all
structures are similar and in the expected range of P� N and
P� O bonds (see table S1). The only significant difference is the
apparent stacking of the � C6F5 groups of 3b/3c compared to
the phenyl groups of 3a (angles of the aromatic planes relative
to each other were measured at 5.4 and 16.3° for 3b and 3c vs.
24.6° for 3a). This is attributed to the increase in dispersion
interaction introduced by the heavier fluorine atoms, favoring
the coplanar orientation.[12]

For the assessment of global Lewis acidity, fluoride (FIA) and
hydride (HIA) ion affinities were computed in the gas phase and
with a solvent model (Table 1). Fluorination of the amidopheno-
late backbone has a stronger impact over fluorination of the N-

Figure 2. Synthesis of chlorophosphoranes 2a–2c and transformation into
the bis(amidophenolato)phosphonium salts 3a–3c. (RF =C(CF3)3).

Figure 3. SCXRD derived molecular structures of phosphonium ions 3a, 3b and 3c. Ellipsoids are displayed at 50% probability, hydrogens and counteranions
were omitted for clarity. Selected bond lengths [Å] and angles [deg]: 3a: P1� N1=1.6266(13), P1� O1=1.5741(12), N1� C13=1.450(2), O1� P1� N1=97.90(6);
3b: P1� N1=1.630(2), P1� O1=1.572(2), N1� C9=1.425(4), O1� P1� N1=97.42(12); 3c: P1� N1=1.6304(17), P1� O1=1.5683(15), N1� C1=1.438(3),
O1� P1� N1=97.93(8).

Table 1. Computed fluoride and hydride ion affinities at the DLPNO-
CCSD(T)/def2-TZVPP//ωB97X-D3(BJ)/def2-TZVPP (COSMO-RS)[13] level of
theory. Entries 1–3, 7–8 obtained from reference.[2] Gutmann-Beckett 31P
NMR shifts vs. free OPEt3 in CD2Cl2.

Compound FIA [kJmol� 1] HIA [kJmol� 1] GB-shift

1 [P(catH)2]
+ 776 (303) 825 (486) 55.6

2 [P(cattBu)2]
+ 739 (292) 787 (474) 53.3

3 [P(cattBu)(catCl)]+ 792 (330) 845 (517) 58.8
4 [P(aphPh)2]

+ 3a 687 (245) 743 (430) 45.5
5 [P(aphC6F5)2]

+ 3b 750 (296) 808 (485) 50.6
6 [P(FaphC6F5)2]

+ 3c 825 (352) 890 (550) 58.4
7 [(C6F5)3PF]+ 717 (248) 799 (461) 40.4
8 B(C6F5)3 445 (249) 471 (401) 30.6
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substituted phenyl ring. The obtained values suggest that 3c
constitutes the most potent isolable monocationic
phosphonium ion, surpassing all previously isolable catechola-
to-phosphonium ions by over 30 kJmol� 1.

To assess the effective Lewis acidity of these phosphonium
ions, triethylphosphine oxide (TEPO) was added in dichloro-
methane according to the Gutmann-Beckett (GB) method.[14]

The emergence of two new pairs of doublets in the 31P{1H} NMR
spectra with matching coupling constants indicated adduct
formation. The relative shifts of the 31P NMR signals of the
bound TEPO followed the expected order and demonstrated
substantial Lewis acidity also on the Gutmann-Beckett scale
(Table 1). While 3b seems to be a stronger Lewis acid on the
anion affinity scale compared to [P(cattBu)2]

+, the order is
reversed on the GB scale, likely due to steric reasons.

The reactivity of these compounds with silanes was probed
and compared with the catecholato-phosphonium ions (Fig-
ure 4). Adding Et3SiH to 3a led to no reaction, while 3b and 3c
showed immediate reaction upon mixture.

The reaction with 3b did not proceed cleanly, whereas
selective hydride abstraction was observed when 3c and Et3SiH
were mixed in CD2Cl2, resulting in the formation of phosphor-
ane 4 (Figure 4a) with a signal in the 31P NMR at � 49.6 ppm and
a characteristically large coupling constant (1JPH =928.7 Hz)
indicative of a P(V)-H species (Figure 4b). X-ray diffraction
analysis of crystals obtained by gas phase diffusion of pentane
into the reaction solution confirmed the molecular structure
(Figure 4c). In line with this observation, the solvent-corrected
HIA of 3c in CH2Cl2 was computed higher than that of Et3Si+ by
25 kJmol� 1. The formed triethylsilylium cation is unstable in
dichloromethane and decomposes to several species, including
Et3SiCl/F by halide abstraction from the solvent and counter-
anion. To the best of our knowledge, this is the first unequivocal

evidence of hydride abstraction from a silane by a
phosphonium ion - a commonly proposed step in
phosphonium ion-mediated reduction catalysis.[1] Interestingly,
analog reactions of the bis(catecholato) phosphonium ion
P(catH)2

+ with silanes did not result in mere hydride abstraction.
Instead, the addition of the Si� H moiety along the P� O bond in
PLC-fashion yielded phosphonium cation 5 (δ 31P=36.0 ppm,
1JPH =946 Hz, Figure 4d). Umpolung of the formerly hydridic
silane hydrogen to an acidic proton allowed easy deprotonation
by a relatively weak base such as triphenylphosphine. The
resulting phosphite could be isolated as a colorless oil, and
structural evidence was obtained by complexation of the
phosphite with (PhCN)2PdCl2, yielding the dinuclear palladium
complex [Pd2Cl4]-62, as confirmed by scXRD (Figure 4e). Compu-
tational studies confirmed a favorable silyl group transfer from
the intermediary phosphonium-silane σ-adduct (see Supporting
Information).

The addition of 3-hexyne to a solution of 3b results in the
selective and immediate reaction to a single product with a
singlet in the 31P NMR at 24.6 ppm. Integration of 1H NMR
signals indicated a 1 :1 adduct of phosphonium ion and alkyne.
The combined analytical features were consistent with product
8, containing a phosphine oxide connected to an indolium
fragment (Figure 5a).

The reaction of 3c with tolane (and other aromatic alkynes)
gave products equivalent to 8 (Figure 5b). Slow evaporation of
solvent from a dichloromethane solution provided single
crystals for X-ray diffraction, giving structural evidence for the
connectivity of 9 (Figure 5c). DFT calculations at the DSD-BLYP-
D3(BJ)/def2-QZVPP+SMD(CH2Cl2)//r

2-SCAN-3c level of theory
showed that the reaction likely proceeded by initial cooperative
addition of the alkyne via dearomatization of the amidopheno-
late ligand to give intermediate 7a (Figure 5a).[15] Such a
reactivity mode had been observed for antimony amidopheno-
lates in reaction with dioxygen but is unknown for
phosphorus.[16] Subsequent rearrangement to 7b and a final
1,2-shift of the phosphorus yields the more stable isomer 8,
containing an iminium ion instead of a carbocation. Alternative
additions along the P� O or P� N bonds are computed to be
kinetically prohibited (for details, see the Supporting Informa-
tion).

Interestingly, the reaction of 3c with the terminal alkyne
phenylacetylene yielded the regioisomeric and neutral product
11 with the P-part placed at the α-position of the formed indole
(Figure 5b). Apparently, deprotonation from an intermediate of
type 7b is more rapid than the 1,2-shift leading to products 8
and 9, where such protons are missing. These observations
further corroborate the mechanism depicted in Figure 5a.

Yet another outcome was observed during the reaction of
3-hexyne with 3c (Figure 5b). 1H NMR integration of signals
again indicated a 1 :1 addition product, while multidimensional
NMR-spectroscopic data confirmed the addition proceeding
across the P� O bond to give 12. This pattern is further
supported by fitting computed 31P NMR shifts and mechanistic
elucidation (see section 6d in Supporting Information).[17]

Interestingly, the aryl-attack leading to an intermediate of type
7a is disfavored with the electron-deficient 3c, but a P� O

Figure 4. (a) Reaction of 3c with Et3SiH, (b) 31P NMR spectrum and (c) solid-
state structure of the reaction product 4. d) Reaction of P(catH)2

+ with
tBuMe2SiH (BArF20

� counterion omitted for clarity) and (e) solid-state
structure of the palladium-complex of phosphite 6. Conversion rates to the
products were estimated from 31P NMR.
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cleavage now becomes the preferred pathway. To our knowl-
edge, this reaction corresponds to the first report of a
phosphaalkoxylation of a C� C multiple bond. Of note here is a
reaction of an oxaphosphete cation with acetonitrile to form
the six-membered phosphorus heterocycle found by
Dielmann.[18]

This set of transformations showcased the pronounced
ability of bis(amidophenolato)phosphonium ions to act as π-
acids. Hence, we were interested if catalytic cycles could be
initiated upon offering a substrate that contains a nucleophilic
group able to compete with the intramolecular PLC mode
described above. Indeed, catalytic intramolecular hydroarylation

of alkyne substrate 13 to 9-phenylphenanthrene 14, yielded the
6-endo cyclization product in moderate isolated yields (Fig-
ure 5d).
3c also reacts smoothly with heteroarenes to directly form

the P-functionalized heteroarenes (Figure 6a). For instance, the
reactions with thiophene and 2-bromothiophene proceed
quickly, and the deprotonated product is formed almost
immediately upon mixing. A second equivalent of arene served
as a base here to deprotonate the highly Brønsted acidic
intermediate. The product of the thiophene reaction was
confirmed by scXRD (Figure6b).

Compared to the analogous reaction with the catecholato-
phosphonium ions, this reaction proceeds faster, and the
corresponding intermediate addition product containing the
phenolic OH-moiety was not detected.[2] Finally, rapid reactions
were also observed with alkenes. NMR spectroscopic analysis of
a reaction mixture of 3b with 2-norbornene indicated 17 as the
major and regioisomeric 18 as a minor product (Figure 6c).
Isolation was not attempted, but the identity of 17 was
confirmed by scXRD (Figure 6d). Interestingly, 17 results from
an initially formed nonclassical 2-norbornyl cation.[19] A sponta-
neous reaction of 3c was also observed with less activated
alkenes such as 1-methylcyclohexene, but the formation of
multiple isomers prevented the identification of the exact
product connectivity thus far.

Conclusion

In summary, this work describes the first isolation of
bis(amidophenolato)phosphonium ions and significantly ex-
tends the range of reactivity modes of phosphorus cations.
Compared to the bis(catecholato)phosphonium ions, even high-
er Lewis acidities are reached, and complementary reactivity is

Figure 5. (a) Reaction of 3b with 3-hexyne including calculated intermedi-
ates, isolated yield is given, (b) reaction of 3c with different aromatic alkynes,
conversion rates to the products were estimated from 31P NMR, (c) solid-state
structures of 9 and 11, ellipsoids set at 50% probability, hydrogen atoms
and the counteranion of 9 were omitted for clarity, selected bond lengths
[Å]: 9: P1� O2=1.4452(15), P1� O1=1.6180(14), P1� N1=1.6899(17),
C9� C10=1.521(3), C10� N2=1.327(2); 11: P1� O2=1.4601(19),
P1� O1=1.6121(18), P1� N1=1.695(2), C13� C16=1.368(3),
C13� N2=1.409(3), (d) exemplary catalysis, isolated yield is given.

Figure 6. (a) Reaction of 3c with different thiophene derivatives. (b) (d)
Solid-state structures of 15 and 17 (ellipsoids set at 50 and 30% probability,
respectively), hydrogen atoms and the counteranion of 17 were omitted for
clarity. (c) Reaction of 3b with 2-norbornene (products not isolated).
Conversion rates to the products were estimated from 31P NMR.
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noted. Based on the degree of fluorination of the amidopheno-
lato ligands, varying reactivity toward Si� H and multiple C� C
bond substrates is identified. The rapid alkyne and alkene
activations indicate multiple entry points for follow-chemistry
and promise novel opportunities for π- and σ-catalysis with this
class of Lewis superacids.

Experimental Section
For experimental details, see the Supporting Information.

Deposition Numbers 2206700, 2206701, 2206702, 2206703,
2206704, 2206705, 2206706, 2206707, 2206708, 2206709, and
2206710 contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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