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ABSTRACT

A macroporous polymeric acid catalyst was prepared for the direct esterification of carboxylic acids and alcohols that proceeded at 50�80 �C
without removal of water to give the corresponding esters with high yield. Flow esterification for the synthesis of biodiesel fuel was also achieved
by using a column-packed macroporous acid catalyst under mild conditions without removal of water.

Direct dehydrative esterification of alcohols and car-
boxylic acids is one of the most fundamental yet challen-
ging transformations in organic syntheses,1 where the use
of a small amount of catalysts under neat conditions is
among the most ideal methods.2 This reaction is an
equilibrium dehydration process in which a stoichiometric

amount of water forms as a coproduct. Therefore, in most
cases, large amounts of excess alcohols or carboxylic acids
under the azeotropic reflux conditions or with dehydrating
agents are required in order to promote the equilibrium
reaction and obtain a quantitative yield of the ester.2�4

Nature provides us with directions for developing cata-
lysts for in-water dehydrative reactions against equili-
brium: nucleic acids and proteins are synthesized via in-
water dehydrative reactions mediated by proteins via
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phase separation under nonequilibrium conditions.5 This
phenomenaprompted us todevelop enzyme-inspired poly-
meric acid catalysts that realize phase-separated non-
equilibrium reaction conditions. We designed a fairly
hydrophilic meso/macroporous acid catalyst for this pur-
pose. Fairly hydrophilic meso/macropores in the catalyst
should readily capture a fairly hydrophilic substrates and
reactants, alcohols and carboxylic acids, to convert to the
corresponding more hydrophobic esters that could be
kicked out from the hydrophilic nano/macropores not to
be captured and mediated by the catalyst. This is our
working hypothesis of in-water dehydrative reaction with
phase separation under nonequilibrium conditions to af-
ford the desired esters in high yield. Here, we report the
development of a macroporous phenolsulfonic acid�
formaldehyde resin catalyst as a novel heterogeneous
polymeric acid catalyst. By using the catalyst, the direct
dehydrative esterification proceeded smoothly in the pre-
senceof less than1mol%of themacroporous acid catalyst
without removal of water to afford the corresponding
esters with high yield. Moreover, biodiesel fuel was pro-
duced under the flow reaction conditions by using a
column-packed macroporous acid catalyst.
Phenolsulfonic acid�formaldehyde resins have been

used as cation exchangers or electron-conductive composi-
tions.6However, to the best of our knowledge, there are no
reports on their catalytic use as heterogeneous catalysts.
The phenolsulfonic acid�formaldehyde resin 1 was pre-
pared by the condensative polymerization of p-phenolsul-
fonic acid and formaldehyde (5 mol equiv) in H2O at
120 �C for 6 h (Scheme 1), after which the reactionmixture
was gradually cooled to 25 �C over 12 h to give a pale
brownish gel. After being dried under reduced pressure, the
gel became a reddish brown, hardly soluble solid. Elemental
analysis and the IR spectrum (773and708 cm�1) (Figure S1,
Supporting Information) of 1 showed 80% degradation of
the sulfonic acid group via thermal decomposition.

When the high-resolution SEM of 1 was observed, we
were surprised to find that itwasanaggregatedmacroporous

material with a pore size of 1�5 μm wide (Figure 1a,b).
Energy-dispersive X-ray spectroscopy analysis on the SEM
(EDX/SEM) of 1 showed sulfur atoms uniformly dispersed
on the polymeric matrix (Figure 1c,d). The surface area
of 1 was 11.5 m2/g from Kr absorption�BET analysis.

With a phenolsulfonic acid�formaldehyde resin 1 in
hand, we investigated the catalytic activity in the direct
esterification of 2a and acetic acid with a variety of homo-
geneous and heterogeneous acid catalysts at 50 �C for 12 h
without removal of water (Figure 2). When the esterifica-
tion of benzyl alcohol (2a) and acetic acid (1.2 mol equiv)
was performed with 1 (0.7 mol % SO3H) at 50 �C for
12 h, we were pleased to find that the reaction with less
than 1 mol % catalyst proceeded smoothly to give benzyl
acetate (3a) with 96% conversion. While a homogeneous
counterpart p-phenolsulfonic acid and a common homo-
geneous catalyst p-TsOH led to the formation of 3a with
72% and 77% within 6 h, a prolonged reaction time did
not afford the generation of 3a owing to the equilibrium
(12 h; 79% and 82% conversion, respectively). The cata-
lytic activity of common heterogeneous acid catalysts
zeolite (MS3A),7 Amberlyst,8 and DOWEX9 was lower
than that of 1 (12 h, 7%, 31%, and 51% conversion,
respectively) under similar conditions.
Using the best heterogeneous catalyst 1, direct esterifica-

tion of various alcohols and acetic acid (1.2mol equiv) was
performed with 1 (0.7 mol %) at 50 �C for 12 h under
similar conditions (Table 1). The esterification of benzyl
alcohol (2a), 2-phenylethanol (2b), and 3-phenyl-1-propanol
(2c) with acetic acid proceeded smoothly to afford the corre-
sponding acetates (3a�c) with 93�94% yield (entries 1�3).

Scheme 1. Preparation of p-Phenolsulfonic Acid�Formaldehyde
Resins

Figure 1. (a, b) SEM images (bar scale: (a) 1 μm, (b) 30 μm), (c)
EDX/SEM image of 1, and (d) EDX/SEM mapping of sulfur
atom in 1.
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Aliphatic alcohols 1-octanol (2d), 1-decanol (2e), and
1-dodecanol (2f) were also transformed into the corre-
sponding acetates (3d�f) with 92�93% yield (entries 4�6).
The direct esterification of 3,7-dimethyl-1-octanol (2g) and
acetic acid gave 3,7-dimethyloctyl acetate (3g) in 93%yield.
The direct esterification of alicyclic and aliphatic secondary
alcohols, cyclohexanol (2h), cyclooctanol (2i), and 2-octanol
(2j) led to the formationof the corresponding acetates (3h�j)
with 91�94% yield under similar conditions.
Furthermore, direct esterification of various carboxylic

acids and methanol (5 mol equiv) was performed with 1

Table 1. Direst Esterification of Various Alcohols and Acetic
Acid Catalyzed by 1

a

aConditions: 2a (1.0mmol), AcOH (1.2mmol), 1 (0.7mol%), 50 �C,
12 h. b Isolated yield. c 80 �C.

Table 2. Direst Esterification of Various Carboxylic Acids and
Methanol Catalyzed by 1a

entry product 5 yieldb (%)

1 CH3(CH2)6CO2Me 5a 94

2 CH3(CH2)8CO2Me 5b 95

3 CH3(CH2)10CO2Me 5c 93

4 CH3(CH2)14CO2Me 5d 95

5c CH3(CH2)16CO2Me 5e 95

aConditions: 4a (1.0mmol),MeOH (5.0mmol), 1 (0.7mol%), 50 �C,
12 h. b Isolated yield. c 60 �C.

Scheme 2. Direct Esterification of Octanoic Acid (4a) and
1-Octanol (2d) Catalyzed by 1Figure 2. Catalytic activity (time course) of 1 and commercially

available homogeneous and heterogeneous acid catalysts
(0.7 mol % of SO3H) for direct esterification.

Figure 3. Image of continuous flow esterification for the synthe-
sis of biodiesel fuel 7 by use of column-packed 1 and graphic
chart of continuous flow time (X-axis) and yield of 7 (Y-axis).
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(0.7 mol %) at 50 �C for 12 h without removal of water
(Table 2). Thus, the direct esterification of octanoic
acid (4a) and decanoic acid (4b) proceeded to afford the
corresponding methyl esters (5a,b) with 94�95% yield.
Lauric acid (4c) and palmitic acid (4d) were also converted
to give the corresponding methyl esters 5c,dwith 93�95%
yield. The direct esterification of stearic acid (4e) was
performed at 60 �C (4ewas hardly soluble at 50 �C) under
similar conditions to give stearic acidmethyl ester (5e) with
95% yield. Moreover, direct esterification of an aliphatic
acid, octanoic acid, and an aliphatic alcohol, 1-octanol
(1.2 mol equiv), also proceeded at 80 �Cunder similar con-
ditions to give 6 with 95% yield (Scheme 2).
To apply the catalyst 1 for the synthesis of functional

materials, the flow continuous esterification of oleic acid
and methanol was investigated to provide biodiesel fuel
(Figure 3).10 Into the acid catalyst 1 (900 mg) packed
column was injected a neat mixture of oleic acid and
methanol (5 mol equiv) continuously by a pump injector
at a flow rate of 0.6 mL/h at 80 �C. The esterification
proceeded within a residence time of 18 min to give the

desired biodiesel fuel 7 with 92�96% yield. The flow
system provided 7 with 92�96% yield for 4 days without
loss of its catalytic activity.
In conclusion, a porous p-phenolsulfonic acid�formal-

dehyde resin 1 with 0.7 mol % efficiently catalyzed the
direct esterification of alcohols and carboxylic acids at
50�80 �C for 12 h without removal of water to give the
corresponding esters with 92�96% yield. Moreover, the
flow reactor with a 1-packed column continuously pro-
vided biodiesel fuel with high yield.
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