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Abstract—In the following letter, we report our studies of dicationic electrophiles involving the phosphonium group and we
present evidence that the cationic phosphonium group may dramatically enhance the reactivities of adjacent electrophilic centers.
We describe superacid-catalyzed reactions involving phosphonium-substituted aldehydes, ketones, olefins, and alkynes, and their
conversions to products of condensation and addition reactions. We also report the direct observation of a phosphonium–carbox-
onium dication in FSO3H–SbF5–SO2ClF by low-temperature 13C NMR spectroscopy. © 2002 Elsevier Science Ltd. All rights
reserved.

More than 20 years ago, the Olah group reported that
electrophilic nitrations and acylations are facilitated by
superacids.1 These seminal studies led to the proposal
of superelectrophilic activation.2 In the case of nitra-
tion, superelectrophilic activation involves protonation
of the nitronium cation (NO2

+) to give the protio-nitro-
nium dication (HNO2

2+). Superelectrophiles and
analogous dications have since been proposed or stud-
ied in biological systems,3 in metal complexes,4 and in
numerous superacid-catalyzed reactions.5 Related stud-
ies have also been conducted using mass spectrometry
techniques, and recently the protio-nitronium was
observed in these gas-phase studies.6

Our group has reported several examples in which an
ammonium group can be used to activate an adjacent
electrophilic center.7 These dicationic electrophiles are
highly reactive and exhibit chemistry similar to the
superelectrophiles. In this report, we show that the
phosphonium group can also activate adjacent elec-
trophilic groups, we describe a route to obtain arylated
phosphonium salts, and we report the direct observa-
tions of a dicationic electrophilic species having a phos-
phonium group.

Carboxonium ions can be readily formed by protona-
tion of aldehydes or ketones, but the resulting elec-
trophiles are generally not reactive enough to attack
benzene or deactivated arenes.8 Despite being almost
completely protonated in solutions of CF3SO3H (triflic

acid, TfOH), neither n-octanal nor cyclohexanone
reacts with benzene. In contrast, phosphonium-substi-
tuted aldehydes and ketones 1–4 condense with benzene
in excellent yields from TfOH (Table 1).9 Using either
the phosphonium salt or the ylid, we propose that
reaction with TfOH generates the dicationic elec-
trophiles (18 and 19 from 4, Scheme 1). These dications
are sufficiently electrophilic to react with benzene. Since
carboxonium ions are generally unreactive towards
benzene, these results suggest that the phosphonium
group increases the electrophilic reactivity of the adja-
cent carboxonium ions. This activation may be the
result of electrostatic effects and/or inductive effects.

Using low-temperature 13C NMR spectroscopy, phos-
phonium–carboxonium dications may be observed
directly. When compound 4 is added to a solution of
FSO3H–SbF5 (1:1) with SO2ClF diluent at −80°C, dica-
tion 18 appears as a cleanly formed species (Fig. 1). The
methylene resonance is at 39 ppm and the carboxonium
resonance is at 240 ppm. Although TfOH (Ho −14.1) is
much less acidic than FSO3H–SbF5 (Ho −20),10 the
observation of dication 18 indicates that phosphonium–
carboxonium dications can be produced in high con-
centrations in superacid.

Olefinic phosphonium salts (5–8) also react with benz-
ene and TfOH to give the arylated products (14–17) in
good yields (Table 1). In these reactions, there is no
evidence of oligomerization between the dicationic
intermediates and the unreacted olefinic phosphonium
salts. The reactions of the olefinic systems are consistent
with the rules of Markovnikov addition: the most sta-
ble carbocationic structure directs the position of aryla-
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Table 1. Products and yields from the reactions of phosphonium salts (1–9) with CF3SO3H and C6H6

tion. Compounds 5 and 6 react through the more
highly substituted carbocations while 7 reacts through
the resonance stabilized carbocation. When compound
8 is reacted with C6H6 in TfOH, product 1711 is formed
as the only major product. Compound 17 is apparently
the result of the rapid equilibration of the dicationic
intermediates and subsequent reaction with benzene.
Thus, protonation of 8 initially gives the 1,4-dication
(20), equilibration with the acid provides the 1,5-dica-
tion (21), and reaction with benzene yields 17. This
equilibration can be explained by electrostatic effects;

the separation of the two charge centers lowers the
energy of the intermediate.

The propargyl phosphonium salt (9a) and the
trimethylsilylpropargyl phosphonium salt (9b) also
react with C6H6 in TfOH to give the addition product
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Scheme 1.

Scheme 2.
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(13) in good yields (Table 1). We propose that these
conversions go through the novel phosphonium–vinyl
dication (22) and the phosphonium–carbenium dication
(19, Scheme 2). In the case of 9b, the conversion also
includes a step involving the protolytic cleavage of the
silyl group.

In summary, we have found that propargyl and olefinic
phosphonium salts react in superacid to give addition
products in high yields. Phosphonium-substituted alde-
hydes and ketones also react with benzene in superacid
to give condensation products in good yields. We pro-
pose a series of dicationic electrophiles as intermediates
for these reactions. In one case, the dicationic elec-
trophile can be directly observed by low-temperature
NMR spectroscopy. Our results also indicate that the
phosphonium group can enhance the reactivity of adja-
cent electrophilic sites, such as carboxonium groups.
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Figure 1. 13C NMR spectrum of the dication 18 from the reaction of 4 with FSO3H–SbF5 in SO2ClF at −60°C.
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Product 10: 1H NMR (CDCl3): � 4.18–4.25 (m, 3H),
6.96–7.10 (m, 6H), 7.20–7.28 (m, 4H), 7.48–7.66 (m,
15H); 13C NMR (CDCl3): � 28.9 (d, JC–P=81.9 Hz), 46.5
(d, JC–P=3.5 Hz), 117.8 (d, JC–P=142.8 Hz), 127.5,

127.6, 129.4, 130.6 (d, JC–P=20.9 Hz), 133.7 (d, JC–P=
16.7 Hz), 135.3 (d, JC–P=5.0 Hz), 142.3 (d, JC–P=13.3
Hz); mp (MeOH:Et2O): 137–138°C.
Product 13: 1H NMR (CDCl3): � 1.69 (s, 3H), 4.40 (d,
J=12.6 Hz, 2H), 7.09–7.13 (m, 10H), 7.53–7.67 (m, 15H);
13C NMR (CDCl3): � 29.7, 35.1 (d, JC–P=82.0 Hz), 46.4
(d, JC–P=5.6 Hz), 118.4 (d, JC–P=140.9 Hz), 127.2,
127.3, 128.9, 130.4 (d, JC–P=20.9 Hz), 133.8 (d, JC–P=
16.6 Hz), 134.9 (d, JC–P=4.8 Hz), 146.1 (d, JC–P=13.8
Hz); mp (MeOH:Et2O): 175–177°C.
Product 17: 1H NMR (CDCl3): � 1.15 (d, J=3.9, 1.5 Hz,
3H), 1.43 (m, 2H), 1.78 (m, 1H), 2.20 (m, 1H), 2.74 (m,
1H), 3.16–3.42 (m, 2H), 7.04–7.29 (m, 5H), 7.48–7.76 (m,
15H); 13C NMR (CDCl3): � 20.6 (d, JC–P=7.1 Hz), 22.1
(d, JC–P=84.0 Hz), 23.0, 37.8 (d, JC–P=25.6 Hz), 39.1,
118.4 (d, JC–P=147.3 Hz), 126.4, 127.3, 128.8, 130.7
(d, JC–P=20.8 Hz), 133.6 (d, JC–P=16.1 Hz), 135.3 (d,
JC–P=4.8 Hz), 146.2; clear oil.
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