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ABSTRACT

In the Brønsted superacid CF3SO3H (triflic acid), amides are able to form reactive, dicationic electrophiles. It is shown that these dicationic
intermediates participate in two distinctly different types of electrophilic reactions. The protonated amide increases the reactivity of an adjacent
electrophilic group, and the protonated amide group itself shows enhanced reactivity arising from an adjacent cationic charge. In the latter
case, several types of amides are even capable of reacting with benzene by Friedel−Crafts acylation.

The amide functional group is an important structure in
organic chemistry, biochemistry, and medicinal chemistry.
Although the amide is a sturdy functional group, due in large
part to its partial double-bond character, it can undergo acyl-
transfer reactions with strong nucleophiles. For example,
protease enzymes cleave peptide bonds by nucleophilic attack
involving serine and cysteine residues.1 Protonation of amides
also enables the slow hydrolysis of peptides and amides.
Even with protonated amides, however, acyl-transfer reac-
tions are rare when the nucleophile is very weak, as in the
case of aromatic nucleophiles. Friedel-Crafts acylations
typically are done with more reactive functional groups, such

as carboxylic acids, anhydrides, and acid chlorides.2 There
are few examples in the literature of acylations of arenes
with amides or related compounds.3

Protonated amides have been thoroughly characterized by
NMR, IR, and other methods,4 and they have been estimated
to have pKa values around 0.0,5 suggesting complete proto-
nation in Brønsted superacids. Though the exact site of
protonation was once a controversial topic, NMR studies
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have provided strong evidence for protonation at the carbonyl
group in most cases.4

During the past two decades, an active area of research
has involved superelectrophilic and dicationic intermediates.6

Olah was the first to propose the concept of superelectrophilic
reactivity, and since these early reports, this concept has been
extended to many systems, including enzymes.6 In studies
related to Olah’s superelectrophilic activation, we and others
have shown that stable cationic groups are capable of
significantly increasing the reactivities of adjacent electro-
philic groups.7 For example, phosphonium, ammonium, or
pyridinum cations have been shown to greatly increase the
reactivities of adjacent carboxonium ions.8

In this paper, we show that protonated amides can increase
the reactivities of adjacent electrophilic groups, such as the
carboxonium ion. The direct observation of a dicationic
species is also reported. Moreover, we show that protonated
amides can have enhanced electrophilic reactivities when
adjacent to cationic groups. This is demonstrated in several
Friedel-Crafts acylations of benzene using amides.

When amide1 is reacted with C6H6 in superacidic CF3-
SO3H (triflic acid, TfOH), the condensation product (3) is
formed in good yield (Table 1, eq 1). It is proposed that the
diprotonated intermediate2 is formed and this dication is
sufficiently electrophilic to attack benzene. Under the same
reaction conditions, cyclohexanone does not react with C6H6

(eq 2), despite the fact that the carbonyl group is completely
protonated, giving the monocationic carboxonium ion (4).
This suggests that the protonated amide group enhances the
electrophilic reactivity of the ketone-carboxonium group in

dication 2. When amide5 is reacted with C6H6 in TfOH,
dication 6 is formed, and this leads to an acyl-transfer
reaction and the product acetophenone (eq 3). The analogous,
monocationic intermediate (7) from acetanilide is largely
unreactive to benzene (eq 4). The amide-carboxonium group
in dication 6 is clearly more reactive than the amide-
carboxonium group of monocation7. This suggests that the
adjacent cationic ammonium group enhances the electrophilic
reactivity of the amide-carboxonium group in the dication.
Thus, protonated amides can be part of two types of reactive
dications: the protonated amide group can activate an
adjacent electrophilic center or the protonated amide group
may itself be activated by an adjacent cationic group.

These two modes of reactivity are demonstrated in several
related systems (Table 2). Friedel-Crafts acylation of
benzene is seen with amides8-10. Though amide9 produces
a diprotonated intermediate (17) with significant resonance
stabilization, acyl transfer still occurs giving benzophenone.
In the case of amide10, reaction occurs at the amide instead
of the ketone, and dication18a,b is proposed as the
intermediate. This conversion can be explained by noting
that the ketone-carboxonium ion is stabilized by resonance
interactions, including withdrawing electron density from the
nitrogen (i.e.,18b). Like amide1, the piperidone derivatives
11 and13 undergo condensation at the ketone group. The
piperidone derivatives (1,11, and13) generate ketone-
carboxonium ions (i.e.,2) that do not have significant
resonance stabilization, and so the nucleophilic attack occurs
at the ketone-carboxonium ions. Theâ-ketoamide (15)
generates dication19 to give the condensation product16
in high yield.

In an attempt to extend the chemistry to carbocations, the
reactions of unsaturated amides were also studied (Scheme
1). Cinnamamide derivatives (20, 23, and25) react with
benzene to give addition products (22, 24, and26) in good
yields, presumably through the diprotonated intermediates
such as21. The pyridine derivative27 is found to give
indanone28 as the only major product. Similar to the
Friedel-Crafts acylations involving5 and 8-10, the py-
ridinum ring appears to enhance the electrophilic reactivity
of the protonated amide group in dication29. When amides
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Table 1. Reactions of Amides1 and5 in Superacid, the Proposed Dicationic Intermediates, and Comparisons to Monocationic
Intermediates
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22or 24are heated (100°C) with excess TfOH (300 equiv),
no indanone is formed.9 However, amide26 gives the
indanone28 by reaction with TfOH at 100°C. Amide 26
can form a dicationic intermediate (30), and the protonated
(piperazine) nitrogen activates the protonated amide group,
leading to cyclization.

Dicationic intermediates involving protonated amides can
be directly observed. Amide1 was dissolved in solutions of
varying acidity and studied by low-temperature13C NMR
spectroscopy (Table 3). As the acidity of the solution
increases, the carbonyl signals move downfield toward
apparent limiting values of 176.3 and 242.2 ppm in SbF5-
FSO3H (1:1). These values are consistent with the formation
of the diprotonated species2. The experimental values are
in reasonably good agreement with the calculated GIAO
chemical shift values, determined from the optimized struc-
ture (B3LYP/6-311g(d,p)//B3LYP/6-311g(d,p) level of
theory).10 Given that there is little change in the13C spectra

between TfOH (Ho -14) and SbF5-FSO3H (Ho -22), this
further suggests that the triflic acid-catalyzed conversion
involves the dicationic intermediate2.

In summary, we have found evidence for the formation
of dicationic intermediates involving protonated amides.
While similar dicationic intermediates have been proposed

(9) Following aqueous workup, the reaction of24 shows evidence of
hydrolytic cleavage.

(10) For details of the calculations, see the Supporting Information.

Table 2. Reactions of Amides with CF3SO3H and C6H6 Scheme 1

Table 3. Results from Low-Temperature (-80°C) 13C NMR
Studies of Amide1 Dissolved in SO2ClF and Strong and
Superacids (Experiments with CDCl3 and CF3CO2H Were Done
at -10 °C without SO2ClF) and a Comparison to Theoretical
Values
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in earlier reports,11 the present work demonstrates that the
protonated amide group can increase the reactivity of an
adjacent electrophilic group. Moreover, cationic groups such
as pyridinum and ammonium can increase the electrophilic
reactivities of protonated amides. The heightened reactivity
of these dicationic electrophiles has enabled amides to be
used in Friedel-Crafts acylations.12 Further studies are in
progress to determine the scope of both of these types of
electrophilic activation.
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