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Summary. Esterifications of acetic acid with some linear,
secondary, tertiary, and benzylic alcohols mediated by catalyt-
ic amounts of Keggin, Wells—Dawson, and Preyssler type het-
eropolyacids were carried out under reflux at mild reaction
conditions with good to excellent yields. Among the examined
catalysts, H3PW,049 and H;4sNaPsW;,0;;o revealed better
results than other heteropolyacids. This work was performed
with the aim of simplifying the esterification process by omit-
ting any solvents and mineral acid catalysts. Easy work-up,
low cost, and acidic waste reduction, which are all important
features from the environmental and economical points of
view, are distinct aspects of this protocol. Heteropolyacid cata-
lysts could be separated after a simple work-up and reused for
several times.

Keywords. Esterification; Heteropolyoxometalate; Catalytic;
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Introduction

Selective esterification of carboxylic acids using ali-
phatic alcohols is one of the most frequently used
transformations in organic chemistry [1]. It provides
an efficient and inexpensive route for the protection
of hydroxyl/carboxyl groups in multi-step synthetic
processes and for the synthesis processes of valuable
industrial and pharmaceutical compounds, food pre-
servatives, solvents, perfumes, plasticizers, and cos-
metics [2-3].
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Esterification and transesterification reactions are
usually carried out in hydrocarbon solvents using
an inorganic or organic catalyst. The catalysts em-
ployed in the esterification reactions of carboxylic
acids with alcohols include mineral acids [4], anhy-
drous magnesium sulfate and catalytic amounts of
sulfuric acid [5], tosyl chloride/pyridine [6], boron
trifluoride etherate /alcohol [7], titanium and tin salts
[8], hafnium salts [9], aluminum phosphate mole-
cular sieves [10], polymer protected reagents [11],
graphite bisulfite [12], diorganotin dichloride [13],
Filtrol-24™, Amberlyst®-15, sulfated zirconia [14],
ion exchange resins [15], and Lewis acid catalysts
such as Sc(OTf); [16], TMSOTf [17], Cu(OTf), [18],
TaCly [19], and CoCl, [20]. Synthesis of some of
these catalysts is difficult and there is always the
problem of unfavorable side reactions. Moreover,
some of the conventional acetylation media using min-
eral acids such as H,SO4 or HF are very corrosive
and not only pose problems for the design and con-
struction of reactors, vessels, and piping systems,
which must be made of expensive alloys, but also
raise concerns because of their toxicity and environ-
mental impact [21-24]. Consequently, replacement
of corrosive liquid acid catalysts by solid acid cata-
lysts is an important objective.

The replacement of current chemical processing
methods with more environmentally benign alterna-
tives is an increasingly attractive subject. In view of
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Heteropolyacid, 55-90°C

ROH +CH,COOH » CH;COOR+H,0

R = alkyl, cyclohexyl, benzyl

Scheme 1

changing environmental mandates, there is a global ef-
fort to replace conventional catalysts by eco-friendly
ones. In this regard, heteropolyacids have attracted
considerable interest due to their less toxic nature, in
addition to possessing high acidity [25, 26]. Homo-
geneous catalysis using heteropolyoxometalates has
been widely developed for a broad range of organic
syntheses and environmentally benign catalysis pro-
cedures during the past few decades. Good yield, high
selectivity, economy, ease of work-up, high stability,
and high catalytic activity of heteropolyacids have
motivated their increasing use for catalysis in or-
ganic synthesis, biomedical transformations, and en-
vironmentally benign catalysis [27, 28]. These well
defined molecular clusters are commonly used for
industrial catalysis of a variety of reactions such as
oxidations of olefins, alkanes, alcohols, amines, es-
terification, and Sn-C bond-breaking [29-37].
Herein we report the esterification of acetic acid
with some alcohols at relatively low temperatures and
after short times in the presence of several Keggin,
Dawson, and Preyssler heteropolyacids (Scheme 1).

Results and Discussion

Production of ethyl acetate and water from the ester-
ification of acetic acid with ethanol is equilibrium
limited in the liquid phase for both the neat form
and in various non-reactive solvents. Since this reac-
tion progresses very slowly, a strong acid catalyst,
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typically sulfuric or hydrochloric acid, is generally
added to increase the rate of the reaction; however,
too much catalyst may cause dehydration of the
alcohol or isomerization. The most effective way
to increase product formation is to carry out this
reaction in such a manner so as to remove one of
the products during the reaction process, effectively
pushing the equilibrium to the right. We now present
a new method involving direct isolation of products
from the reaction mixture. Continuous removal of
products improved the yield of ester production sev-
eral-fold.

Table 1 describes acetylation of ethanol with one
and two equivalents of acetic acid catalyzed by some
common heteropolyacids (entries 1-2). Findings
showed that the Preyssler acid H;4NaPsW3¢Oq o
was the best catalyst in the acetylation of ethanol
with one equivalent of acid affording an 84% yield
of ethyl acetate after 40 min. Other catalysts led to
54-78% vyields of ethyl acetate with one equivalent
of acid under similar reaction conditions after the
same reaction time. Notably, no acetylation of etha-
nol was observed in the absence of catalyst with one
equivalent of acetic acid over the same or prolonged
reaction times. Entry 2 in Table 1 shows the results
of acetylation of ethanol with two equivalents of
acetic acid. This experiment showed that the effi-
ciency of the acetylation increased noticeably in
the presence of two equivalents of acid with all the
examined catalysts except for H;4,NaPsW;,01¢. The
yields were also dependent on the alcohol used, as
shown by entries 3—4 for methanol and 1-butanol,
respectively. In both cases the best catalyst for the
reactions with two equivalents of acid was unsup-
ported H3PW12040.

Table 1. Esterification of acetic acid with ethanol, methanol, and 1-butanol catalyzed by some heteropolyacids

Yield/%
Molar ratio of
Entry Substrate Product 0 0p o1 facid  HsPW 1204 — HePaW1s0s2  HiSiW1:040 HisNaPsWsoO110  HsPW 15040

(Keggin)  (Wells—Dawson) (Keggin) (Preyssler) SiO,

1 Ethanol  Ethyl 1:1 78 65 71 84 54
acetate

2 Ethanol  Ethyl 1:2 38 90 92 33 63
acetate

3 Methanol Methyl 1:2 100 90 84 68 71
acetate

4 1-Butanol 1-Butyl 1:2 97 19 35 92 20

acetate
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Comparison of the findings obtained for the sup-
ported and unsupported H3PW;,04, showed that
the supported heteropolyacid was less effective than
the unsupported one in the presence of one and two
equivalents of acetic acid. Thus, H3PW,,049 was
almost 1.4 times more reactive than the supported
catalyst H;PW,040-SiO,. One plausible interpreta-
tion for the lesser reactivity of the supported catalyst
is that some protons of the polyacid interacted with
some basic sites of the support. Therefore, different
acid—base interactions between heteropolyanion and
support decreased availability of H;PW 1,04 in the
catalytic cycle.

To explore the influence of the ethanol /acetic acid
molar ratio on yield and selectivity of ester produc-
tion, esterification of acetic acid with ethanol was
examined with different molar ratios of alcohol /acid
acid in the presence of H;PW 5,049 and H4SiW 1,049
(Table 2). Since esterification is a straightforward

Table 2. Esterification of acetic acid with ethanol catalyzed
by H;PW,,0,49 and H4SiW,0,4¢ under different molar ratios
of ethanol/acetic acid

Yield/%
Entry Alcohol/acid
H3PW 15,049 H4SiW 1,040
1 1:1 77 70
2 1:2 88 92
3 1:3 85 97
4 1:4 97 98
5 1:5 87 61

120
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reaction subject to general Brgnsted acid catalysis,
the yield of ester can be enhanced by increasing the
concentration of either alcohol or acid. In the present
study, acetic acid, the reactant that is usually less
expensive, was used in excess. The best molar ratio
of ethanol/acetic acid was found to be 1:4 for both
catalysts (Fig. 1). When the acid concentration was
increased, the ester yield was enhanced smoothly.
Any further increase in the mole ratio of acid above
4 decreased the yield of ester. It was found that the
selectivity of esterification reactions was ~100% for
all the examined molar ratios of ethanol/acetic acid.

Table 3 presents the results of acetylation of differ-
ent mole ratios of ethanol and 1-butanol with acetic
acid catalyzed by H3PW12040 or H]4N8.P5W300110.
These findings proved that H;PW,0, is more effi-
cient than the Preyssler acid H;4NaPsW3¢Oy ¢ in the
acetylation of ethanol and butanol under all the ex-
amined mole ratios. Moreover, the best molar ratio
of alcohol/acid depends on the selected catalyst. For
example, a 2:5 molar ratio was the best in the ester-
ification of both alcohols with H;PW,0,4, whereas
the best results were obtained at a 3:5 molar ratio
of alcohol/acid in the acetylation of 1-butanol with
H;4NaPsW3¢01 0. In the esterification of ethanol with
H;4sNaPsW3oO; o the results are almost similar for
all molar ratios of alcohol /acid.

Esterification of two equivalents of acetic acid
with one equivalent of some linear, secondary, ter-
tiary, and benzylic alcohols catalyzed by Preyssler
acid H4,NaPsW3¢0 g is reported in Table 4. Results
confirmed that benzylic, tertiary, and open-chain

Yield/%

1:3 : 1:5
Molar ratio

Fig. 1. Effect of different molar ratios of ethanol/acetic acid on the esterification of acetic acid with ethanol catalyzed by

H3PW]2040 and H4SIW] 204()
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Table 3. Acetylation of different mole ratios of ethanol and 1-butanol with acetic acid catalyzed by H3PW[,04 and

H14NaP5W3001 10 after 45 min

Molar ratio Yield/%
Entry Substrate Product of alcohol /acid
H3PW 12040 H;4NaPsW300110
1 Ethanol Ethyl acetate 1:5 87 70
2 1-Butanol 1-Butyl acetate 1:5 61 55
3 Ethanol Ethyl acetate 2:5 97 65
4 1-Butanol 1-Butyl acetate 2:5 96 72
5 Ethanol Ethyl acetate 3:5 92 65
6 1-Butanol 1-Butyl acetate 3:5 95 90

Table 4. Acetylation of different alcohols with acetic acid catalyzed by H4JNaPsW3qO;o under 1:2 molar ratio of alcohol:acid

Yield/%
Entry Substrate Product
H]4N3.P5W3001 10 (Preyssler)
1 CGHscHon C6H5CH20AC 85
2 (CH;);COH (CH3);COACc 75
3 CH;CH(OH)CH,CH; CH;CH(OACc)CH,CH3; 72
4 CHj3(CH,);CH,OH CH3(CH,);CH,0Ac 45
5 CH;(CH,),CH,0OH CH;3(CH,)4CH,0Ac 40
6 Cyclohexanol Cyclohexyl acetate 15

secondary alcohols were more effective in the acet-
ylation reactions than primary alcohols. Benzyl
alcohol, r-butanol, and 2-butanol led to >72% con-
version, whereas the linear alcohols and cyclohexa-
nol produced <45% of the corresponding acetylated
products under the same reaction conditions and at
the same time.

In order to know whether the catalysts would lose
their catalytic activity during the reaction, they were
recovered after the reaction and were reused in the
esterification reactions. It was found that the cata-
lysts could be reused several times without any ap-
preciable loss of activity.

In conclusion, this protocol introduces a simple
route for efficient acetylation of alcohols in the ab-
sence of any solvents and mineral acid catalysts.
Important aspects of this cheap methodology are
easy work-up and reduction of acidic waste which
are crucial from the economical and environmental
points of view.

Experimental

Acetic acid, alkyl acetates, alcohols, and other solvents were
commercially available, and their purities were monitored

by gas chromatography. All products were characterized
by comparing their spectral and physical data with those of
known samples. Purity of the substances and reaction prog-
ress were monitored by TLC on silica gel or by GLC analyses
performed on a PU-4500 Perkin Elmer instrument equipped
with a flame ionization detector. H3PW12040, H6P2W18062,
H45iW12040, H14NaP5W300110, and H3PW12040—8102 were
prepared according to literature [38—41] or were purchased.

Preparation of Preyssler’s Anion

K12'5N111'5[NHP5W300110] and its Acidic Form
H4[NaPsW;300; 0]

The potassium salt was prepared following the method of
Alizadeh et al. [38] or a slight variation thereof. Orthophos-
phoric acid (75 cm®, 90%, 1.2mol) was slowly added to
a solution of 99 g Na,WO,-2H,0 (0.3 mol) in 50cm’® H,0
at 45°C and the resulting mixture was refluxed for 5h, then
cooled to room temperature, and diluted with 15 cm® H,O.
Powdered KCI1 (22.5g, 0.32mol) was then slowly added
to the vigorously stirred solution during 35 min at room
temperature. The pale green impure precipitate was fil-
tered off and washed with 0.1 M CH3;COOK. The white nee-
dle-like crystals of the potassium salt of Preyssler’s anion
were recrystallized from hot water. The free acid was prepared
by passage of a solution of 11.4g of the potassium salt in
20cm® H,0 through a column (50 x 1 cm) of Dowex®-50W-
X8 in the HY form. Evaporation of the elute to dryness
under vacuum afforded Hq4[NaPsW3qO11¢].
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Preparation of Wells—Dawson Heteropolyacid

H6P 2W18062

The potassium salt of the Wells—Dawson type heteropolyacid
KePoW 1506, was prepared and then converted to the corre-
sponding acid HeP,W;3Og; by passing it through a Dowex®-
50W-X8 ion exchange column. In the final step water was
removed under reduced pressure and the remaining solid was
collected and dried overnight at 120°C [30].

Preparation of Silica-included 12-Tungstophosphoricacid
H3PW]2040-Si02

A mixture of 36.2cm’® H,O (2.0mol), 18.3cm?, 1-butanol
(0.2mol), and 0.967 g H3PW 5,049 - 6.7H,0 (0.5 mmol) was
added to 41.6 g tetraethyl orthosilicate (0.2mol), and stirred
at 80°C for 3 h. The hydrogel obtained was dehydrated slowly
at 80°C for 1.5h in vacuo (25 Torr). The dried gel obtained
was extracted with water at 80°C for 3 h, and dried at 60°C for
12 h to give 13.5 g silica-included heteropolyacid (H;PW 50,4,
11.1 wt% estimated by ICP analysis). The silica-included
H3;PW,04p was vacuum dried (25 Torr) at 150°C for 3 h prior
to use for catalytic reactions.

Prepamtion 0fH4 [SiW]2040] . 15H20

To 300cm® 2M aqueous solution of Na,WO, was added
240cm® 3 M aqueous HCI by fraction with vigorous stirring
in order to redissolve the local precipitate of tungstic acid.
Then 100cm?® 0.5 M aqueous solution of sodium metasili-
cate was quickly added. A 6 M aqueous HCI (~20cm?)
solution was added to reach pH =5.5. After standing for
0.5 h, the solution was mixed quickly with another fraction
of 6 M HCI (totally 60cm® 6 M HCI added; final pH~1).
After concentration to about 400 cm?, the solution was fil-
tered to remove unreacted silica. The pH was adjusted to
about 2 with aqueous 1 M KOH. Addition of 50g solid
KClI induced the precipitation of a-K4SiW ;040 15H,0,
which was filtered off from warm water and dried in air with-
out preliminary washing (yield: 60% based on W). The ob-
tained precipitate from the saturated aqueous solution of the
above compound was acidified to produce crystals of the
title compound.

General Procedure for Esterification of Acetic Acid

with Ethanol Catalyzed by Heteropolyacids

To a stirred solution of heteropolyacid (0.037 mmol) in
11.4cm’ acetic acid (200 mmol), was added 5.9 cm?® ethanol
(100 mmol) and the reaction mixture was allowed to stir at
65-70°C [42] for 40 min. An open container system was used
to separate products from the reaction mixture. The produced
ester, under reflux, was allowed to pass through a condenser to
be liquefied. Continuous isolation of products from the reac-
tion mixture increased efficiency of the esterification method
10-fold. Progress of the reaction was followed by analysis of
aliquots withdrawn directly from the resolved products. At the
end of the reaction, the reaction mixture was slowly evapo-
rated at 50°C, then the recycled catalyst was washed with
CH,Cl,, dried at 130°C for 1h, and re-used in another reac-
tion. The infrared spectrum of the catalyst did not show any
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significant structural changes and the recycled catalyst could
be used several times without any appreciable loss of catalytic
activity.
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