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ABSTRACT

Boric acid is a highly effective catalyst for the dehydrative esterification reaction between equimolar mixtures of r-hydroxycarboxylic acids
and alcohols. In contrast, N-methyl-4-boronopyridinium iodide (2a) is a more effective catalyst than boric acid for the similar esterification in
excess alcohol. A heterogeneous catalyst, such as N-polystyrene-bound 4-boronopyridinium chloride, is also an effective catalyst and can be
recovered by filtration.

In 1996, we found that the dehydrative condensation of
equimolar mixtures of carboxylic acids and amines proceeds
under azeotropic reflux conditions with the removal of water
in less-polar solvents, such as toluene and xylene, in the
presence of benzeneboronic acids1 bearing electron-with-
drawing groups at them- or p-positions, such as 3,4,5-tri-
fluorobenzeneboronic acid (1a) and 3,5-bis(trifluoromethyl)-
benzeneboronic acid (1b).1 We also found thatN-alkyl-4-
boronopyridinium halides2, such as 4-borono-N-methylpy-
ridinium iodide (2a) andN-polystyrene resin-bound 4-borono-

pyridinium chloride (2b), were effective as cationic catalysts
for amide condensation in polar solvents, such as anisole,
acetonitrile,N-methylpyrrolidinone (NMP), and ionic liquid.2

Unfortunately, these boronic acids were much less effective
for the esterification of simple carboxylic acids because an
alkoxyborane species was preferentially produced rather than
the desired acyloxyborane species.1a In 2004, however,
Houston et al. reported that boric acid (B(OH)3, 10-20 mol
%) was effective as a catalyst for the chemoselective esteri-
fication of R-hydroxycarboxylic acids with excess alcohol
as solvents even at ambient temperature (Scheme 1).3,4 This
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unexpected reactivity ofR-hydroxycarboxylic acids with
alcohols can be understood by considering that thermally
stable 2,2-dialkoxy-4-oxo-1,3,2-dioxaborolan-2-uide (3) is
preferentially produced as an anionic active intermediate even
in the presence of excess alcohol.

On the basis of Houston’s report,3 we explored the efficacy
of boric acid,1, and2 as catalysts for the esterification of
R-hydroxycarboxylic acids. We report here that2a is a more
effective catalyst than boric acid for the esterification of
R-hydroxycarboxylic acids in excess alcohol solvents (Hous-
ton’s conditions). On the other hand, boric acid is a more
effective esterification catalyst for equimolar mixtures of
R-hydroxycarboxylic acids and alcohols.

First, the catalytic activities of boric acid, neutral boronic
acid1b, and cationic boronic acid2a were compared in the
esterification of mandelic acid in several excess alcohols
(Table 1). Expectedly, boric acid was not very effective.1b

was also less active in polar solvents, such as alcohols. In
every case,2a gave the best results, probably because2a
was a tolerable cationic Lewis acid catalyst in polar alcohols.
Although 2a is known to be condensed to a less-active

dodecamer under dehydrative conditions,2c this is prevented
by excess alcohol.

To explore the generality and scope of the esterification
catalyzed by2a in excess alcohol, various substrates were
examined in the presence of 5 mol % of2a. Representative
results are shown in Table 2. Not onlyR-hydroxycarboxylic

acids but alsoâ-hydroxycarboxylic acids were condensed.
In the esterification of 4-hydroxyisophthalic acid, the 3-hy-
droxycarbonyl group was selectively reacted (entry 12). The
esterification condensation of less-reactive secondary alco-
hols and conjugated carboxylic acids proceeded well with
the use of 10 mol % of2a (entries 6, 11, and 12).â-Hydroxy-
carboxylic acids bearing a benzyloxycarbonylamino group
at theR-position also reacted (entries 13 and 14). Although
ethylene glycol is known to react with boronic acid, leading
to the corresponding cyclic boronic ester, esterification with
mandelic acid was unexpectedly preferred (entry 7).

Next, to recover and reuse homogeneous catalyst2a, we
preparedN-polystyrene-bound 4-boronopyridinium chloride
(2b) from Merrifield resin and pyridin-4-ylboronic acid.2c

2b was recovered by filtration and reused at 10 times without
any loss of activity for the esterification reaction of mandelic
acid in excess isobutanol under reflux conditions (Table 3).

Next, the correlation between the catalytic activity of B(III)
and the molar ratio ofR-mandelic acid and butanol was

(4) Tang, P.Org. Synth.2005,81, 262-272. Tang reported that boric
acid, which was less active than1, was still effective for the amide
condensation reaction. According to our experiments concerning the amide
condensation of an equimolar mixture of mandelic acid and benzylamine,
1b was much more effective than boric acid:

Scheme 1. Houston’s Boric Acid-Catalyzed Esterification3

Table 1. Catalytic Activities of Boric and Boronic Acids

a 10 mol % of catalyst was used.b 5 mol % of catalyst was used.c 2-
Hydroxyethyl mandelate was produced.

Table 2. Esterification of Hydroxycarboxylic Acids in
Alcohols Catalyzed by2a

a 10 mol % of 2a was used.b Diisobutyl 4-hydroxyisophthalate and
2-hydroxy-5-(isobutoxycarbonyl)benzoic acid were produced in respective
yields of 5 and 2%.
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examined for esterifications catalyzed by 2 mol % of boric
acid, 1b, and2a. The conversion to butyl mandelate after
heating under reflux conditions in toluene for 1 h was plotted
in terms of the molar ratio of mandelic acid to butanol (Figure
1). Surprisingly, boric acid was the most active catalyst with

a molar ratio of mandelic acid/butanol of>1:2. On the other
hand,2a was the most active catalyst with a molar ratio of
mandelic acid/butanol of<1:3. In contrast,1b was less active
than boric acid and2a regardless of the molar ratio of
mandelic acid/butanol. Two phenomena that were common
to these three catalyses were noted: (1) excess mandelic acid
accelerated the esterification, and (2) excess butanol sup-
pressed the esterification probably because excess butanol
diluted the concentration of mandelic acid, and the Lewis
basicity of excess butanol weakened the Lewis acidity of
catalysts. However,2a was still active in the presence of
excess butanol because of its ability to tolerate polar
compounds. Therefore, excess butanol (4-5 equiv) acceler-
ated the esterification catalyzed by2a.

To ascertain the generality and scope of the esterification
of equimolar mixtures ofR-hydroxycarboxylic acids and
alcohols catalyzed by boric acid, several substrates were
examined in the presence of 5 mol % of boric acid in toluene
under azeotropic reflux conditions (Table 4). Not only

R-hydroxycarboxylic acids and primary alcohols but also
â-hydroxycarboxylic acids and secondary alcohols were
applicable. It was ascertained thatR-hydroxyesters produced
were optically pure (>99% ee) (entries 1 and 4). The
esterification of less-reactive substrates, such as conjugated
carboxylic acids and secondary alcohols, required 10 mol
% of boric acid in toluene or xylene.

The boric acid-catalyzed chemoselective esterification of
R-hydroxy-R-methylpropanoic acid proceeded in the pres-
ence of 4-phenylbutyric acid or benzoic acid (Scheme 2).
Houston previously reported that a similar boric acid
catalyzed chemoselective esterification in excess alcohol
solvents.3 However, our new procedure using boric acid does
not require the use of excess substrates.

Table 3. Recovery and Reuse of2b for Esterification

run conversion (%) run conversion (%)

1 96 6 99
2 99 7 98
3 98 8 95
4 99 9 97
5 96 10 95

Figure 1. Correlation between the catalytic activity of B(III) and
the molar ratio of mandelic acid and butanol.

Table 4. Esterification of Equimolar Mixtures of
Hydroxycarboxylic Acids and Alcohols Catalyzed by B(OH)3

a B(OH)3 (10 mol %) was used.b Xylene was used in place of toluene.

Scheme 2. Boric Acid-Catalyzed Chemoselective
Esterification ofR-Hydroxy-R-methylpropanoic Acid without

Excess Substrates
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Another application of B(III)-catalyzed dehydrative con-
densation is shown in Scheme 3. Three successive dehydra-

tive condensations of 4-phenylbutyric acid, 5-aminopentan-
1-ol, and 2-hydroxy-2-methylpropanoic acid proceeded in
high yield through the chemoselective amidation catalyzed
by 2a and subsequent esterification catalyzed by boric acid.
No excess substrates were used.

Why was the catalytic activity of boric acid remarkably
increased in the presence of excessR-hydroxycarboxylic
acids (Figure 1)? Boric acid is known to react with 2 equiv
of R-hydroxycarboxylic acids to give dimeric spiro 4-oxo-
1,3,2-dioxaborolan-2-uide4,5 which should be more active
than monomeric 2,2-dialkoxy-4-oxo-1,3,2-dioxaborolan-2-
uide3 (Scheme 4). However, equilibrium has been observed
between3 and4.5 The more active species4 should exist as
a major intermediate in a esterification reaction solution with
a higher molar ratio ofR-hydroxycarboxylic acid, while the
less active species3 would be present as a major intermediate
in excess alcohol. Judging from the experimental results
shown in Figure 1, the reactivity of intermediates with

alcohols should increase in the order3 < 2-alkoxy-2-(N-
methylpyridinium-4-yl)-4-oxo-1,3,2-dioxaborolan-2-uides (5
and6)6 < 4.

In conclusion,N-alkyl-4-boronopyridinium halides are
highly effective catalysts for not only the amide condensation
reaction2 but also the esterification reaction ofR-hydroxy-
carboxylic acids in excess alcohol.7 Boric acid is also
effective as a catalyst for not only the amide condensation4

but also the esterification of equimolar mixtures ofR-hy-
droxycarboxylic acids and alcohols.7 The former is practical
for condensation with volatile alcohols which are useful as
solvents, while the latter is practical for condensation with
expensive alcohols.
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Scheme 3. Three Successive Dehydrative Condensations of
Three Components without the Use of Excess Substrates

Scheme 4. Proposed Reaction Mechanism
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