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ABSTRACT

N-Alkyl-4-boronopyridinium salts are highly effective and reusable catalysts for the dehydrative amide condensation reaction between equimolar
mixtures of carboxylic acids and amines. N-Alkylboronopyridinium salts are thermally stabilized in the order N-alkyl-2-boronopyridinium salt
, N-alkyl-3-boronopyridinium salt < N-alkyl-4-boronopyridinium salt. Homogeneous catalysts, such as 4-borono- N-methylpyridinium iodide,
are more effective in the presence of ionic liquid and can be recovered by extraction with ionic liquid. In contrast, heterogeneous catalysts,
such as polystyrene-bound 4-boronopyridinium salts, are effective even in the absence of ionic liquid and can be recovered by filtration.

We have previously reported that the dehydrative condensa-
tion of equimolar mixtures of carboxylic acids and amines
or ureas proceeds under azeotropic reflux conditions with
the removal of water in less-polar solvents such as toluene
and xylene in the presence of benzeneboronic acids bearing
electron-withdrawing groups at them- or p-positions, such
as 3,4,5-trifluorobenzeneboronic acid and 3,5-bis(trifluorom-
ethyl)benzeneboronic acid (1).1 Furthermore, we have suc-
ceeded in the design of a fluorous amide condensation
catalyst, 3,5-bis(perfluorodecyl)benzeneboronic acid, which
can be recovered without any fluorous solvents and reused

repeatedly.2 The catalytic activities of these neutral boronic
acids are greatly diminished in polar solvents. This solvent
limitation has restricted the scope of substrates suitable for
this dehydrative condensation.

In 2000, we found that 4-borono-N-methylpyridinium
iodide (2) was effective as a polar-solvent-tolerable catalyst
for amide condensation. Cationic boronic acid2 was much
more active than neutral boronic acids in polar solvents, such
as anisole, acetonitrile, andN-methylpyrrolidinone (NMP),
because the boron atom in2 shows greater Lewis acidity in
polar solvents.3a Thus, 2 was successfully applied as a
catalyst for the direct polycondensation of arenedicarboxylic
acids with diaminoarenes in a mixed solvent of terphenyl
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andN-butylpyrrolidinone (NBP).3 In the next year, Wang et
al. reported 3-borono-N-methylpyridinium iodide (3) and
N-polystyrene resin-bound 3-boronopyridinium chloride (4)
as amide condensation catalysts.4

We report here thatN-alkyl-4-boronopyridinium salts are
more thermally stable thanN-alkyl-3-boronopyridinium salts.
We found that a homogeneous catalyst2 could be reused
through the use of ionic liquid-toluene biphasic solvents. Fur-
thermore, we developedN-polystyrene resin-bound 4-borono-
pyridinium salts5a-d as heterogeneous and reusable amide
condensation catalysts without the need for ionic liquids.

According to some reports,5 the thermostability of py-
ridineboronic acids for hydrolytic protodeboration increases
in the order 2-pyridineboronic acid, 3-pyridineboronic acid
(6) < 4-pyridineboronic acid (7). First, the thermostability
of N-methyl boronopyridinium iodides was investigated
under heating conditions at 120°C in DMF. The half-life of
2 was 8 h under the above conditions. On the other hand,3
was completely decomposed to boric acid andN-methylpy-
ridinium iodide within 8 h via hydrolytic protodeboration.
In contrast,6 and7 were stable even after heating at 120°C
for 1 day. 2-Borono-N-methylboronopyridinium iodide could
not be prepared from 2-pyridineboronic acid because of its
high sensitivity to hydrolysis. Thus, we determined their
thermostabilities, which increased in the order 2-pyridinebo-
ronic acid, 3 < 2 < 6 e 7.

Next, the catalytic activities of pyridineboronic acids and
boronopyridinium iodides were examined for the model
amide condensation reaction of cyclohexanecarboxylic acid
with benzylamine in 5:1 (v/v) biphasic solvents of toluene
and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
[emim][OTf]. The reactions were carried out under azeo-
tropic reflux conditions with the removal of water for 2 h.
The results are shown in Table 1. As expected,2 was the

most active catalyst (entry 1). The catalytic activity of3 was
slightly lower than that of2 (entry 2). 3- and 4-Pyridinebo-

ronic acids,6 and7, were less active than the corresponding
boronopyridinium iodides (entries 3 and 4). The catalytic
activity of 7 was quite low, probably because of its low
solubility under these reaction conditions.

In the course of the experiment in which2 was heated in
DMF at 120°C, we observed that2 completely changed to
a yellow precipitate within 1 h and then gradually underwent
hydrolytic deboration. We isolated this yellow precipitate
as an orange crystal from water. Surprisingly, the crystal was
unambiguously confirmed to be a dodecamer of2, [2]12, by
single-crystal X-ray diffraction (Figure 2). To the best of

our knowledge, this is the first example of a dodecamer of
an arylboronic acid. Interestingly, [2]12 was dissolved and
stable even in water because the 12 hydrophilic pyridinium
ion moieties were oriented on the outside of [2]12.

Next, the catalytic activities of2 and [2]12 (5 mol % for
B-atom) were compared in the amide condensation of
4-phenylbutyric acid with benzylamine under azeotropic
reflux conditions in toluene with the removal of water (entries
1 and 2, Table 2). The catalytic activity of [2]12 was much
lower than that of2. Fortunately, the catalytic activities of2
and [2]12 were dramatically improved in biphasic solvents
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Figure 1. Thermally stable and reusable boronopyridinium salt
catalysts2 and5a-d.

Figure 2. X-ray crystal structure of dodecamer [2]12,
[CH3NC5H4BO14/12]12I8‚10H2O. Water is omitted for clarity.

Table 1. Catalytic Activity of Boronic Acids

a 7 did not dissolve under these conditions.
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of toluene and [emim][OTf] (entries 3 and 4). These results
can be understood in terms of the stability of2 in the
presence of [emim][OTf]. It is likely that2 is regenerated
from [2]12 by hydrolysis in the presence of [emim][OTf].
Furthermore, [emim][OTf] should play an important role in
suppressing the condensation of2 to [2]12. Thus, the amide
condensation went to completion in the presence of 5 mol
% of 2 in toluene-[emim][OTf] (5:1 (v/v)) within 5 h (entry
5). After amide condensation, the desired amide was obtained
in quantitative yield by repeated extraction with Et2O from
an [emim][OTf] layer.2 remained in the [emim][OTf] layer.
Thus, a solution of2 in [emim][OTf] was repeatedly reused
for the same amide condensation reaction without any loss
of catalytic activity (entries 6 and 7). Neutral boronic acid1
was also effective in the presence of [emim][OTf] because
of the weak Lewis basicity of [emim][OTf] (entry 8).
However, 1 remained in a toluene layer without being
extracted with [emim][OTf] (entry 9).

To explore the generality and scope of the amide con-
densation catalyzed by2 in the presence of [emim][OTf],
various substrates were examined. Representative results are
shown in Table 3. Not only aliphatic but also aromatic
substrates were condensed in the presence of 5 mol % of2.7

The amide condensation of less-reactive substrates proceeded
well under azeotropic reflux conditions ino-xylene in place
of toluene. Functionalized substrates, such as conjugated
carboxylic acids,R-hydroxycarboxylic acids,R-alkoxycar-
boxylic acids, and cyanobenzoic acids, were also applicable.
Furthermore, a solution of2 in [emim][OTf] was repeatedly
reused without any loss of activity.

Next, to recover and reuseN-alkyl-4-boronopyridinium
halides without any ionic liquids, we preparedN-polystyrene-
bound 4-boronopyridinium chloride (5a) as well asN-
polystyrene-bound 3-boronopyridinium chloride4, which had
been developed by Wang and co-workers.4 Catalysts4 and

5a (5 mol %) were recovered by filtration and reused five
times for the amide condensation reaction of 4-phenylbutyric
acid with benzylamine under azeotropic reflux conditions
with the removal of water (Table 4). Unfortunately, the rate

of the reaction catalyzed by4 decreased every time4 was
reused. The existence of B(OH)3 was confirmed by11B NMR
analysis of the filtrate after amide condensation. These

(6) The existence of [2]12 in D2O was ascertained by1H NMR spectral
analysis.

Table 2. Catalytic Activities of2 and [2]12 for Amide
Condensation

entry
catalyst
(mol %)

solvents
(mL)

time
(h)

yield
(%)

1 2 (5) toluene (5) 1 41
2 [2]12 (10)a toluene (5) 1 15
3 2 (5) toluene (5)-[emim][OTf] (1) 1 74
4 [2]12 (5)b toluene (5)-[emim][OTf] (1) 1 75
5 2 (5) toluene (5)-[emim][OTf] (1) 5 >99
6c 2 (5) toluene (5)-[emim][OTf] (1) 5 >99
7d 2 (5) toluene (5)-[emim][OTf] (1) 5 >99
8 1 (5) toluene (5)-[emim][OTf] (1) 1 88
9e 1 (5) toluene (5)-[emim][OTf] (1) 1 7

a [2]12 (10 mol % for B-atom) was used.b [2]12 (5 mol % for B-atom)
was used.c 2 used in entry 5 was recovered and reused in entry 6.d 2 used
in entry 6 was recovered and reused in entry 7.e A solution of 1 in
[emim][OTf] used in entry 8 was recovered and reused in entry 9.

Table 3. Direct Amide Condensation Reaction Catalyzed by2

a A solution of 2 in [emim][OTf] was reused three times.

Table 4. Recovery and Reuse of Polystyrene-Bound 3- and
4-Boronopyridinium Chlorides4 and5a

Conversion (%) from Carboxylic Acid to Amide

Catalyst 4 Catalyst 5a

run 1 h 3 h 5 h 1 h 3 h 5 h

1 64 93 98 68 94 98
2 53 90 98 67 94 98
3 50 85 94 69 93 98
4 40 76 88 69 93 98
5 28 60 74 70 92 96

a See the equation in Table 2.
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experimental results suggest that4 was gradually decom-
posed to N-polystyrene-bound pyridinium chloride and
B(OH)3 by hydrolytic protodeboration. In contrast, no loss
of catalytic activity was observed for our newN-polystyrene-
bound boronic acid5a even after it was reused more than
five times. The high catalytic activity of5a, which was ob-
served even in the absence of [emim][OTf], can be under-
stood by assuming that a polymer support may prevent do-
decamerization of the 4-boronopyridinium chloride moiety
in 5a.

Next, the effects of several linkers betweenN-polystyrene
resin and 4-boronopyridinium ion were examined (Table 5).

The catalytic activity and thermal stability ofN-polystyrene-
bound catalyst5b linked with ethylene andN-polystyrene-
bound catalyst5d linked with butylene were the same as
those of5a linked with methylene (Tables 4 and 5). The
effect of a counteranion was also examined. Unexpectedly,
no difference in catalytic activity was seen between coun-

teranions, such as Cl-, Br-, and NTf2-. N-Polystyrene-bound
4-boronopyridinium triflylimide (5c) was reused 10 times
without any significant loss of activity.

To ascertain the generality and scope of the amide con-
densation catalyzed by5a, several substrates were examined
in the absence of ionic liquid (Table 6).5a was sufficiently
active, like2, regardless of the substrates examined.

In conclusion,N-alkyl-4-boronopyridinium salts are ther-
mally stable and reusable catalysts for direct amide conden-
sation.
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(7) According to the report by Wang and co-workers,4 the amide
condensation of less-reactive benzoic acid (1 equiv) with benzylamine (1.2
equiv) gave the product in 92% isolated yield in the presence of 1 mol %
of 3-pyridineboronic acid or3 in toluene. However, we could not duplicate
Wang’s results and obtained the amide in less than 10% yield under the
same conditions.

Table 6. Amide Condensation Reaction Catalyzed by5a

a 5a was reused three times.

Table 5. Recovery and Reuse ofN-Polystyrene-Bound
4-Boronopyridinium Salts5b-da

Conversion (%) from Carboxylic Acid to Amide

5b 5d 5c

run 5 h 5 h 1 h 3 h 5 h

1 92 98 68 98 >99
2 96 96 68 95 >99
3 95 98 71 96 >99
4 72 96 >99
5 64 95 >99
6 78 97 >99
7 71 94 >99
8 65 95 >99
9 68 95 >99

10 56 88 95

a See the equation in Table 2.
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