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The amide bond is ubiquitous in nature. It links amino acids to
form peptides and proteins and is an important component of
many natural products. Furthermore, it has been estimated
that as many as 25% of all synthetic pharmaceutical drugs
contain an amide unit.[1] Consequently, the development of
efficient amidation methods continues to be an important
scientific pursuit.[2, 3] Despite the favorable thermodynamic
stability of the resulting amide bond, the simple thermal
dehydration reaction between a carboxylic acid and an amine
is plagued by a large activation energy. The initial formation
of a stable ammonium carboxylate salt deters the dehydration
step, and the intermediate salt collapses to provide the amide
product only at very high temperatures (over 160 8C) that are
incompatible with most functionalized molecules
(Scheme 1).[4] Consequently, there are still no general meth-
ods to access amides directly from free carboxylic acids and
amines in a simple, green, and atom-economical fashion at
ambient temperature.[5] Common means for forming amide
bonds involve the use of stoichiometric excesses of expensive

and often toxic coupling reagents such as carbodiimides or
phosphonium or uronium salts to activate and dehydrate the
carboxylic acid.[2] These reagents and their associated co-
reagents, including bases, supernucleophiles, and other addi-
tives, generate large amounts of wasteful by-products that
complicate the isolation of the desired amide product.

Our interest in the applications of ortho-functionalized
arylboronic acids[6] led us to examine the catalytic potential of
these compounds, with the objective of identifying a catalyst
for direct amidation that would function under practical and
mild conditions at room temperature. Precedent for this
approach was reported in 1996, when Yamamoto and co-
workers described the clever use of electron-poor arylboronic
acids as catalysts for direct amidations.[7,8] However, even the
most efficient boronic acid, 3,4,5-trifluorophenylboronic acid,
required heating at reflux in solvent at temperatures over
110 8C for several hours (for other boronic acids, also at high
temperatures, see references [9,10]). Using a model amida-
tion reaction between phenylacetic acid and benzylamine, we
undertook a systematic evaluation of over 45 ortho-function-
alized arylboronic acids in different organic solvents (see the
Supporting Information for a complete list). A handful were
active at room temperature, and in all cases it was found
essential to scavenge the water by-product of the reaction,
which was conveniently accomplished by the use of molecular
sieves.[11] A second round of evaluation of the most promising
candidates revealed ortho-bromophenylboronic acid (1) and
the hitherto unknown ortho-iodophenylboronic acid (2)[12] to
be the most efficient catalysts (Scheme 2). The iodo deriva-
tive (2) in particular was found to give higher yields within
shorter reaction times than the commercially available 1.
Both of these catalysts are clearly superior to 3,4,5-trifluoro-
phenylboronic acid[7] and boric acid.[13,14] Further optimiza-
tion of reaction conditions identified methylene chloride and
tetrahydrofuran as the optimal solvents. As excess amine was
found to slow down the reactions, it was deemed preferable to
use a slight excess of the carboxylic acid.

The examples compiled in Table 1 demonstrate the
versatility and scope of the new catalysts 1 and 2 in promoting
direct amidations at room temperature. Standard conditions
employed the commercially available catalyst 1 in methylene
chloride containing 4: molecular sieves. To ensure reaction
completion in the case of slower substrates, a reaction time of
48 h was chosen. Carboxylic acids and primary amines
containing aromatic substituents, straight aliphatic chains, or
branched aliphatic chains, are suitable substrates (Table 1,
entries 1–7). Although an acyclic secondary amine failed to
react at room temperature (Table 1, entry 2), cyclic ones

Scheme 1. Direct amide formation by reaction of free carboxylic acids
and amines.
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provided the expected tertiary amides (Table 1, entries 6 and
7). Aromatic carboxylic acids were found to require a higher
temperature and afforded lower yields after 48 h (Table 1,
entry 8). In other difficult cases, such as the formation of
cyclic tertiary amides, the superior ortho-iodo catalyst 2 is
more appropriate (Table 1, entry 6). Likewise, with some
substrates the use of THF as solvent gives higher yields (e.g.,
Table 1, entries 3 and 7). The hindered hydrophobic amine
leelamine reacted in good yield (Table 1, entry 9). Highly
functionalized substrates were successfully employed to make
biologically important amide products using this simple and
highly atom-economical process. For example, amides of the
drug indomethacin are known to display potent biological
properties, such as the inhibition of COX-2 enzymes.[15,16]

Considering their reported method of preparation using
excess coupling reagents and chromatographic purification,
it is remarkable that indomethacin amides can be made with
such ease using the new catalysts (Table 1, entry 11). A
protected serotonin derivative was prepared in pure form
with a high yield (Table 1, entry 10). Ibuprofen amides have
been reported to display improved anti-inflammatory activity
with less toxicity.[17] In this case, the amidation of optically
active (S)-ibuprofen with both benzylamine and (R)-(+)-a-
methylbenzylamine in THF led to the corresponding amides
with less than 5% racemization (Table 1, entry 12). Given the
propensity of ibuprofen and its amides to racemize,[18] this
result provides a clear testimony to the mildness of these low-
temperature conditions.[19] These direct catalytic amidations
are operationally very simple. They employ equimolar
amounts of acid and amine substrates, require no heating or
cooling source, generate no by-products, and they afford pure
amide products after a simple filtration and acid–base
extractions to remove any unreacted substrates and the
catalyst. The boronic acid catalyst can be recovered in high
yield from the basic aqueous phase.

The previously proposed mechanism for boronic acid
catalyzed amidations was supported by the isolation of a
monoacyl boronate intermediate I (Scheme 3A),[7] but the

reaction may also involve a diacylboronate (II).[10] Intermedi-
ate I would provide electrophilic activation of the carboxylate
group through boron conjugation and internal H-bonding.[20]

The exceptional activity of ortho-iodophenylboronic acid is
unexpected and probably not due to steric effects. The fact
that the para isomer is significantly less effective confirms the
crucial importance of the ortho position. On the other hand,
o,o’-dihaloarylboronic acids are less effective, which is con-
sistent with the need for one unsubstituted ortho position.
Because of the reverse trend of efficacy observed in the ortho-
halide series (I>Br>Cl>F, cf. Scheme 2), inductive effects
alone cannot account for the superiority of catalyst 2. Owing
to the size and electron density of the iodo substituent and X-
ray crystallographic observations such as the unusual angular

Scheme 2. Comparison of product yields between the most promising
ortho-substituted arylboronic acid catalysts in a model amidation
reaction.

Table 1: Direct amidations between carboxylic acids and amines
catalyzed by boronic acids 1 and 2 at room temperature.[a]

1 2

99% 0%

3 4

66% (87% in THF) 80%

5 6

99% 41%
76% (with 2)

7 8

52% (with 2)
97% (with 2 in THF)

24% (with 20 mol% 2 in toluene
at 50 8C)

9 10

74% (with 2) 95% (with 20 mol% 2)

11 12

R= (CH3)2CHCH2 73%
R=PhCH2 93%

R=H 73% (with 2 in THF)
R=CH3 70% (with 20 mol% 2,
THF, 16 h)

[a] The boronic acid (0.05 mmol), carboxylic acid (0.50-0.55 mmol), and
the amine (0.5 mmol) were stirred at 24–25 8C for 48 h in solvent
containing powdered activated 4D molecular sieves (1 g). Unless
indicated otherwise, amidations took place in CH2Cl2 with catalyst 1
(10 mol%). Product purity was greater than 95% according to 1H NMR
spectroscopic analysis. Boc=butoxycarbonyl.
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distortion of the B-C-C bonds (1178, 1268) of boronic acid 2,[21]

subtle electronic or structural effects may be at play.[22]

Beyond direct amidations, the carboxylic acid group tends
to be a difficult functional group that is incompatible or
unreactive in several important chemical reactions. It can be
envisaged that the same catalytic activation mechanism could
be exploited in cycloadditions and conjugate additions of
unsaturated carboxylic acids (Scheme 3B). Such a concept
using boronic acids as organocatalysts would complement the
pyrrolidine-catalyzed iminium ion activation of a,b-unsatu-
rated ketones and aldehydes.[23] As a test, we chose the
thermal Diels–Alder reactions of a,b-unsaturated carboxylic
acids, which are notoriously difficult. Indeed, acrylic acid is
known to induce decomposition of functionalized dienes at
high temperatures, and it is quite unreactive at low temper-
atures.[24] We found that boronic acids 1 and 2 catalyze Diels–
Alder reactions of acrylic acid and a-bromoacrylic acid in
good to high yields at room temperature (Table 2).[25] The
reactions proceed in less than 5% yield in the absence of the
catalyst. Interestingly, the absence of water (i.e., when using
molecular sieves) does not allow catalyst turnover and leads
to low yields.[26] Although there are a few reported cases of
Lewis acid catalyzed [4+2] cycloadditions of acrylic acid,[27,28]

the current system permits a remarkable selectivity over the
corresponding esters that would be difficult to achieve with
noncovalent catalysis [Eq. (1)]. Furthermore, the possibility
to perform cascade reactions with the help of simple organo-
catalysts is very attractive from the standpoint of step-
economy and synthetic efficiency.[29] In this regard, it was
found possible to combine the two reactions described herein
and promote a remarkable “one-pot” sequential Diels–Alder

cycloaddition/amidation with a single catalyst, boronic acid 2
[Eq. (2)].

In the past decade, boronic acids have emerged as a very
useful and versatile class of organic compounds.[30] Herein, we
describe the exceptional ability of ortho-bromo- and, espe-
cially, ortho-iodophenylboronic acid to serve as recoverable
catalysts for direct amidations and cycloadditions of carbox-
ylic acids under mild and waste-free conditions at room
temperature. With three other ring positions that can be
electronically modulated with various substituents, improved
catalysts could be designed to further expand the substrate

Scheme 3. A) Postulated mechanism for direct amidations with cata-
lysts 1 and 2. B) Organocatalytic activation of a,b-unsaturated carbox-
ylic acids.

Table 2: Diels–Alder cycloadditions of free a,b-unsaturated carboxylic
acids catalyzed by boronic acids 1 and 2.[a]

1

no catalyst
1 with 1.0 equiv water
1 with 0.1 equiv water
1 with no water added
1 with 4D M.S.

5%
25%
76%
90%
20%

2

99% (24 h)

3

35% (with 2)

4

71%

[a] The boronic acid (0.28 mmol), carboxylic acid (1.4 mmol), and diene
(2.78 mmol) were stirred at 25 8C in dichloromethane. Unless indicated,
the mixture was stirred for 48 h with catalyst 1 (20 mol%). Yields are for
purified products.
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scope of these reactions. Along with a better mechanistic
understanding, this concept of organocatalytic activation of
carboxylic acids could become broadly applicable to other
important synthetic transformations.

Experimental Section
Example of procedure for organocatalytic amidations (N-benzylphe-
nylacetamide): A 25-mL round-bottom flask equipped with a stirbar
was charged with phenylacetic acid (0.075 g, 0.55 mmol, 1.1 equiv),
ortho-bromophenylboronic acid (10 mg, 0.05 mmol, 10 mol%), and
activated 4: molecular sieves (1 g). Dichloromethane (7 mL) was
added, and the mixture was stirred for 10 min. Then, benzylamine
(55 mL, 0.5 mmol, 1 equiv) was added. The resulting suspension was
stirred at room temperature (24–258C) for 48 h, after which time it
had become homogeneous. The reaction mixture was filtered through
a pad of Celite 545. The filtrate was washed with an aqueous acidic
solution (pH 4), aqueous basic solution (pH 10–11), and brine. The
organic layer was collected, dried over anhydrous Na2SO4, filtered,
and evaporated to yield the amide product in essentially pure form.
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