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bstract

Fischer esterification of long chain aliphatic acids with methanol and ethanol could be promoted by two novel Brønsted acidic ionic liquids

hat bear an aromatic sulfonic acid group on the imidazolium or pyridinium cation. The reactions carried out smoothly at room temperature with
ood to excellent isolated yields (85–99%) under solvent-free conditions in the presence of 10 mol% ionic liquids. These ionic liquids could be
ecovered easily and recycled three times without any significant loss in catalytic activity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Long chain aliphatic esters are important chemical prod-
cts and intermediates [1]. There are many routes [2] available
or their preparation, the simpler and most widely employed
ethod is the Fisher esterification. However, the conventional
isher esterification suffers from problems associated with the
eneration of side reactions (such as oxidation, etherification),
orrosion of equipments, tedious purification procedures, long
eaction times and discharge large volumes of acidic wastes.
n addition to these problems, this industrially important pro-
ess also suffers from using volatile organic solvents. Facing
he ecological and economic increasing challenge, there is an
rgent need to develop an environmentally benign, simple and
ighly efficient method for the synthesis of long chain aliphatic
sters. Recently functional ionic liquids have crossed the barrier
f solvent and entered very successfully into the area of catalyst
3,4]. For example, Brønsted acidic ionic liquids (BAILs), which
ontain Brønsted acid functionalized component in the cation or

nion, which can take dual role in organic reactions as solvents
nd catalysts. Many typical acid-catalyzed organic reactions
ave been carried out successfully in them [5–10]. Among these

∗ Corresponding author at: Xinjiang Technical Institute of Physics & Chem-
stry, Chinese Academy of Sciences, Urumqi 830011, China.
el.: +86 991 7882137; fax: +86 991 7882137.

E-mail address: BAILS wl@126.com (W. Eli).

c
c
c

2

p

381-1169/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2007.08.032
eactions Fischer esterifications are hot topic [11–17]. Com-
ared with conventional homogeneous and heterogeneous acid
atalysts these published reports of esterifications using BAILs
emonstrated the advantages include: reaction can carried out
nder solvent-free condition, the product ester can be separated
y easy decantation and BAILs can be recycled. However, these
eports [11–17] have not been entirely satisfactory with draw-
acks such as the higher amount of BAILs (20–300 mol%),
elatively long reaction time (2.5–48 h) and reactions carried
ut under hearting or reflux conditions, use of an excess of acid
r alcohol. Aim to develop novel BAILs as catalysts for esteri-
cations and realize the green synthesis of long chain aliphatic
sters, herein we wish to report the first study on the application
f two novel BAILs based on sulfonic acid group served as cat-
lyst for Fisher esterification of long chain aliphatic acids with
lcohols (Scheme 1). The use of two novel BAILs in the present
ork has circumvented all the above mentioned limitations, this

eaction system carried out smoothly at room temperature with
ood to excellent isolated yields (85–99%) under solvent-free
onditions without the need for any added catalyst. The recy-
led BAILs can be reused three times without significant loss of
atalytic activity.
. Experimental

Melting points were measured using Gallen Kamp melting
oint apparatus and are uncorrected. IR spectra were recorded

mailto:BAILS_wl@126.com
dx.doi.org/10.1016/j.molcata.2007.08.032
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Scheme 1. Fisher esterification reaction in Brønsted acidic ionic liquids.

y a Perkin–Elmer FT-IR 240-c spectrophotometer using KBr
ptics. 1H NMR (400 MHz) and 13H NMR (100MHz) spec-
ra were recorded on VARIAN INOVO-400 spectrometer in

2O with DSS as internal standard. The compositions of the
ster products were analyzed by GC (HP-6890). Density was
easured using an Anton Paar vibrating tube density meters
MA-4500. Viscosity was measured using a NDJ-5S Digital
iscometer (Shanghai Nirun Intelligent Technology Co., Ltd.,
hina). Pyridine purified by distillation before use, and the other
hemicals (AR grade) were commercially available and used
ithout further purification.

.1. General procedure of preparation and
haracterization of ionic liquid 2a

N-Methylimidazole (30 mmol) was dissolved in toluene
25 mL) under stirring. Equal mole amount of benzyl chloride
as added dropwise over a period of 30 min at 0–5 ◦C. Contin-
ed the stirring at this temperature for 24 h then were heated to
5–70 ◦C for 24 h. Upon completion of the reaction, the solvent
as evaporated under vacuum. The residual was washed with

thyl acetate (3× 30 mL) and then dried under vacuum at 70 ◦C
or 8 h to afford 1a as off-white viscous oil liquid in the yield of
5%.

.1.1. Preparation of 2a via Route 1
1a (2.3 g, 10.6 mmol) was added slowly in concentrated

2SO4 (5 g, 97%) at −5 to 0 ◦C under stirring. Continued the
tirring at this temperature for 8 h, then heated to 60–65 ◦C for
h (reaction progress was monitored by TLC). Upon comple-

ion, the reaction mixture was dried under high vacuum at 70 ◦C
or 4.5–6.5 h. The residue was purified by flash column chro-
atography using silica gel (methanol:ethyl acetate = 95:5). 2a
as obtained as off-white oil liquid in 88% yield.
.1.2. Preparation of 2a via Route 2
A mixture of 3a (was prepared as method reported in

iterature [13]) (11.5 g, 40.5 mmol) and 15 mL anhydrous
ichloromethane was added dropwise into chlorosulfonic acid

4

o
2

sis A: Chemical 279 (2008) 159–164

5 g, 42.5 mmol) at 0–5 ◦C over a period of 1.5 h under stirring.
ontinued the stirring at this temperature for 8 h, then heated

o 60–65 ◦C for 4 h (reaction progress was monitored by TLC).
pon completion, dichloromethane was evaporated with a rotary

vaporator. The reaction mixture was dried under high vacuum
t 70 ◦C for 4.5–6.5 h. The residue was purified by flash column
hromatography using silica gel (methanol:ethyl acetate = 95:5).
a was obtained as off-white oil liquid in 89.7% yield.

1a: IR (KBr) ν = 3032, 2853, 2110, 1645, 1568, 1456, 1161,
086, 866, 725 cm−1. 1H NMR δ = 8.74 (d, 1H), 7.41–7.51 (m,
H), 5.38 (s, 2H), 3.88 (s, 3H).

2a: density (g/cm3, 25 ◦C): 1.41; viscosity (cP, 28 ◦C): 213
R (KBr) ν = 3420, 3158, 2960, 1700, 1458, 1256, 1059, 883,
81, 721, 673, 588 cm−1. 1H NMR δ = 8.64 (s, 1H), 7.23–7.57
m, 6H), 5.31 (s, 2H), 3.80 (s, 3H), 13C NMR δ = 146.7, 138.56,
37.42, 130.21, 129.54, 125.28, 123.04, 52.27, 29.24.

Elemental analysis calcd. (%) for C11H14N2O7S2 (350.36):
37.71, H 4.03, N 8.00; found: C 38.13, H 3.95, N 8.12.
3a was obtained as off-white oil liquid with yield of 98.6%

ensity (g/cm3, 25 ◦C): 1.36; viscosity (Pa s, 28 ◦C) 3.63 IR
KBr) ν = 3108, 2970, 2857, 2325, 2100, 1642, 1500, 1446,
210, 872, 745, 710 cm−1. 1H NMR are same as 1a.

.2. General procedure of preparation and
haracterization of ionic liquid 2b

Pyridine (5 g, 62.7 mmol) was dissolved in toluene (25 mL)
nd cooled to 0–5 ◦C, equal mole amount of PhCH2Cl added
lowly over a period of 30 min. Continued the reaction overnight
t 0–5 ◦C. After reaction for 24 h at room temperature, the reac-
ion mixture was heated to 65–70 ◦C for 24 h. The workup
rocedure is the same as 1a. Afford to the target compound
b in 92% yield.

.2.1. Preparation of 2b via Route 1
2b was prepared by the similar procedures in 2a except that

b was added into H2SO4 (97%) in small portions at −5 to 0 ◦C.
ddition of the total amount of the 1b took about 1 h, 2b was
btained as yellowish oil liquid in 85% yield.

.2.2. Preparation of 2b via Route 2
2b was prepared by the similar procedures in 2a, 2b was

btained as yellowish oil liquid in 87% yield.
1b: high hygroscopic white crystal. mp 125–128 ◦C IR (KBr)

= 3036, 2963, 1630, 1489, 1454, 1159, 770 cm−1. 1H NMR
= 8.95 (d, J = 5.2Hz, 2H), 8.60 (m, 1H), 8.11 (m, J = 7.2Hz,
H), 7.52–7.56 (m, 5H), 5.86 (s, 2H).

2b: density (g/cm3, 25 ◦C): 1.44; viscosity (cP, 28 ◦C): 197
R (KBr) ν = 4300, 3158, 1700, 1651, 1230, 1059, 1002, 885,
79, 662 cm−1. 1H NMR δ = 8.95 (d, J = 5.2 Hz, 2H), 8.64 (m,
H), 8.15 (m, J = 7.7 Hz, 2H), 7.55–7.58 (d, 4H), 5.86 (s, 2H),
3C NMR δ = 151.2, 148.76, 139.57, 136.83, 130.25, 127.61,
24.64, 53.39. Anal. calcd. (%) for C12H13N1O7S2 (347.36): C

1.49, H 3.77, N 4.03; found: C 41.79, H 3.72, N 3.87.

3b was prepared as method reported in literature [13] and was
btained as off-white oil liquid in 99% yield density (g/cm3,
5 ◦C): 1.38; viscosity(Pa s, 28 ◦C) 2.65 IR (KBr) ν = 3128,
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Scheme 2. Synthetic route

970, 2857, 2338, 1642, 1500, 1456, 1210, 882, 755, 709 cm−1.
H NMR are same as 1b.

.3. A typical procedure of Fischer esterification in BAILs

The required amounts of BAILs, organic acid and alcohol
ere charged successively into a test tube with a magnetic stir-

er and then the esterification reaction was allowed to proceed
t room temperature (19–25 ◦C) for 3–4.5 h under vigorous stir-
ing. Upon completion, the reaction mixture became biphasic.
he upper layer contained the expected ester and can be isolated
y simple decantation. The lower layer consisting of the BAILs
as reused in a further run. After washing with diethyl ether

3× 7.5 mL) under vigorous stirring at ambient temperature for
.5–2 h, the washing layer was separated by decantation, the
btained ionic liquids layer was subjected to drying under high

acuum (10−2 Torr) at 70 ◦C for 6 h to remove water, leaving
ehind the BAILs (recovery 97.5%) which was recycled. The
ombined washing layers were washed twice with NaOH solu-
ion (2M), then with H2O, dried over MgSO4 and filtered, the

s
t
s
r

nsted acidic ionic liquids.

ltrate concentrated firstly by rotary evaporation then distilled
nder reduced pressure, the resulting distillate was controlled
y 1H NMR spectroscopy. The content of produced esters was
ested by GC according to the procedures described in GB/T
7377-1998 [18] (eqv.ISO5508:1990).

Chromatographic conditions—stationary: DEGS (15%); col-
mn: wide-bore capillary column; column temperature: 165 ◦C;
njector temperature: 215 ◦C; detector temperature: 215 ◦C; high
ure N2 press 150 kPa; H2 press 70 kPa; air press 50 kPa; detec-
or: FID.

. Results and discussion

The synthesis of 2a and 2b involve a two-step process
Scheme 2, Route 1). N-Methyllimidazole and pyridine were
ndependently alkylated by using benzyl chloride at the first

tep, and the resulting quaternary halides 1a and 1b were finally
ransformed into the target compounds by using concentrated
ulphuric acid as anion exchange and sulfonating agent [19–22],
espectively. For the purpose of comparison, we also synthe-
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Table 1
Results of Fischer esterification of aliphatic acids with methanol and ethanol in 2a and 2b

Entry Acid Alcohol Ratio of acid/alcohol/IL (mol) Reaction time (h) Yield a,b 2a/2bc (%) Yield a,b 2a/2bd (%)

1 n-Butanoic acid Methanol 1:1:0.1 3 98/97.2 97.7/97
2 n-Pentanoic acid Methanol 1:1:0.1 3 99/95.6 98.4/94.2
3 n-Hexanoic acid Methanol 1:1:0.1 3 97.3/95.3 96.1/95
4 n-Octanoic acid Methanol 1:1:0.1 3.5 97.1/92 97/92.4
5 n-Nonanic acid Methanol 1:1:0.1 3.5 96/95 94.7/93.8
6 Dodecanoic acid Methanol 1:1.5:0.1 4.5 93/94.2e 92/92.5e

7 Hexadecanoic acid Methanol 1:1.5:0.1 4.5 90.4/92.5f 88.7/90.3f

8 Oleic acid Methanol 1:1:0.1 4.5 88/94.7 86.4/91.4
9 n-Butanoic acid Ethanol 1:1:0.1 3 95.4/96 93.6/95.2

10 n-Pentanoic acid Ethanol 1:1:0.1 3 94/91 94/89.7
11 n-Hexanoic acid Ethanol 1:1:0.1 3 97/95 95.3/94.1
12 n-Octanoic acid Ethanol 1:1:0.1 3.5 95/96 95/95.2
13 n-Nonanic acid Ethanol 1:1:0.1 3.5 95/97.6 93.7/95.8
14 Dodecanoic acid Ethanol 1:1.5:0.1 4.5 87/85e 88/86.4e

15 Hexadecanoic acid Ethanol 1:1.5:0.1 4.5 91/89.7f 90.3/88.2f

16 Oleic acid Ethanol 1:1:0.1 4.5 86/91 84.6/90

All experiments carried out at room temperature.
a Yields of esters are based on isolated crude product.
b Purity of esters were test by GC and the content of esters no less than 95% (GC).
c 2a/2b were prepared via Route 1.

s
e
a
r
r
b
g
c
a
u
b
c
T
u

a
v
(
3
a
T
p
z
d
2

T
R

E

1
1
1

A

d 2a/2b were prepared via Route 2.
e Dodecanoic acid need an excess of alcohol to dissolve.
f Hexadecanoic acid need an excess of alcohol to dissolve.

ized 2a and 2b by using sodium hydrogen sulphate as anion
xchange agent and using chlorosulfonic acid as sulfonating
gent (Scheme 2, Route 2). Firstly, anion metathesis was car-
ied out in dry acetone for 2 days under mechanical stirring at
oom temperature, the resulting 3a and 3b then were sulfonated
y chlorosulfonic acid. The results indicate Route 2 also can
ive same products in satisfactory yields. 2a and 2b were fully
haracterized by 1H NMR, 13C NMR, IR spectra and elemental
nalyses were in conformity with their structure. In additional,
sing Route 2 can also obtain two novel BAILs 3a and 3b which

ear a benzyl functionality on the imidazolium or pyridinium
ation in excellent yields but they exhibited higher viscosities.
he resulting water-soluble 2a and 2b were isolated as oil liq-
ids with good mobility at room temperature. Their viscosities

w
p
w
m

able 2
esults of Fischer esterification of aliphatic acids with methanol and ethanol in 3a an

ntry Acid Alcohol Ratio of acid/a

1 n-Butanoic acid Methanol 1:1:0.1
2 n-Pentanoic acid Methanol 1:1:0.1
3 n-Hexanoic acid Methanol 1:1:0.1
4 n-Octanoic acid Methanol 1:1:0.1
5 Dodecanoic acid Methanol 1:1.5:0.1
6 Hexadecanoic acid Methanol 1:1.5:0.1
7 n-Butanoic acid Ethanol 1:1:0.1
8 n-Pentanoic acid Ethanol 1:1:0.1
9 n-Hexanoic acid Ethanol 1:1:0.1
0 n-Octanoic acid Ethanol 1:1:0.1
1 Dodecanoic acid Ethanol 1:1.5:0.1
2 Hexadecanoic acid Ethanol 1:1.5:0.1

ll experiments carried out at room temperature. Hexadecanoic acid and Dodecanoic
a Yields of esters are based on isolated crude product.
b Purity of esters were test by GC and the content of esters no less than 95% (GC).
re 0.213 and 0.197 Pa s (28 ◦C) respectively, even less than the
iscosities of [bmim]BF4 (233 cP, 30 ◦C) [23] and [bmim]PF6
312 cP, 30 ◦C) [23]. The content of water in 2a, 2b, 3a and
b were determined using Karl–Fischer titration [24] the results
re as follows—2a: 3.1%, 2b: 3.4%, 3a: 3.5% and 3b: 3.8%.
heir miscibility in organic solvent was also studied, they are
artially immiscible with ethyl esters, ethers, n-hexane, ben-
ene, toluene and but readily soluble in methanol, ethanol and
ichloromethane. In this study, the preparation of halide-free 2a,
b, 3a and 3b are very difficult for they are completely miscible

ith water and cannot remove the halide ions by a washing
rocedure with water. The halide impurities of these ionic liquids
ere evaluated by using ion chromatography according to the
ethod reported in literature [25], in our case, the contained

d 3b

lcohol/ILs (mol) Reaction time (h) Yield a,b 3a/3b (%)

5 49.8/51.7
5 47/50.4
5 48/51.2
5 27.7/31.2
5 15.7/19.7
5 8.1/10.2
5 48.8/52.3
5 48.2/48.7
5 46.5/50.4
5 22.7/26.5
5 12.5/13.2
5 7.6/8.4

acid need an excess of alcohol to dissolve.
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Table 3
Reuse of 2a/2b of the esterification of n-octanoic acid with methanol and ethanol

Run Acid Alcohol Ratio of acid/alcohol/ILs (mol) Reaction time (h) Reaction temperature (◦C) Yielda,b 2a/2b (%)

1 n-Octanoic acid Methanol 1:1:0.1 3.5 20–25 96.1/89
2 n-Octanoic acid Methanol 1:1:0.1 3.5 20–25 95/90
3 n-Octanoic acid Methanol 1:1:0.1 3.5 20–25 92/91
1 n-Octanoic acid Ethanol 1:1:0.1 3.5 20–25 94.2/95
2 n-Octanoic acid Ethanol 1:1:0.1 3.5 20–25 92/95.3
3 n-Octanoic acid Ethanol 1:1:0.1 3.5 20–25 93/95.7

(GC).
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a Yield of esters are based on isolated crude product.
b Purity of esters were test by GC and the content of esters no less than 95%

mounts of halide ranges from 130 to 180 ppm. We think these
alues may not be a problem for catalytic applications in Fischer
sterification.

Initially, the esterification of n-pentanoic acid with methanol
nd ethanol in 2a and 2b were chosen as model reactions, under
ptimized reaction conditions, n-pentanoic acid and equal mole
mount of alcohol and 2a (10 mol%) or 2b (10 mol%) were
ixed together and reacted under stirring for 3 h at room temper-

ture (20–25 ◦C). Upon completion of the reaction, the system
ecame biphasic, the upper layer, which is the produced esters
ere isolated by simple decantation, the lower layer is BAILs

hat contain the unreacted materials, produced water and a por-
ion of the produced esters. The BAILs were regenerated by
xtraction and removing water under vacuum. The results of
eactions were listed in Table 1 (entry 2, entry 10). 2a and 2b have
emonstrated excellent catalytic activity. Based on this initial
esult, we performed esterifications by using n-butanoic acid, n-
exanoic acid, n-octanoic acid, n-nonanic acid, dodecanoic acid,
exadecanoic acid and oleic acid as substrates. These results
ere listed in Table 1. As is evident, all reactions gave rise to

xcellent isolated yields in a relatively short reaction time. It
as interesting to note that the corresponding reaction in 3a

nd 3b under same condition over a period of 5 h afforded the
sters in relatively lowered yields (7.6–52%) (Table 2), thereby,
ighlighting the role of 2a and 2b in promoting these reactions.
urthermore, 2a/2b preparation from Route 2 were also tested

n the esterifications under same reaction conditions, the results
ere listed in Table 1, they gave essential same results as 2a/2b
reparation from Route 1.

These good results could be explained by the following facts:
sterification is a reversible reaction so it is necessary to simul-
aneously remove the formed water in order to make complete
eaction. In this case an outstanding feature of these synthe-
ized BAILs is that they have excellent solubility in water but
ardly miscible with esters, so the water formed during the reac-
ion can easily enter into BAILs phase from the produced ester.
his induces a spontaneous phase separation, which may drive

he reaction toward to full conversion. In addition, these good
esults can also be contributed to the stronger Brønsted acidity
f counter-anion HSO4

− [12,14,16,17] and smaller viscosity of
than b. From Table 1 we also found that with the increasing of
arbon chain of aliphatic acids the yields of esters are decreased,
his is because of the following reasons: (1) the emulsification
f ester is improved with the increasing of its carbon chain, so
ater become more difficult to be separated from the formed

R

sters; (2) longer carbon chain aliphatic acids take longer time
issolved in BAILs, so in Table 1 (entries 4–8 and entries 12–16)
eed longer reaction times than Table 1 (entries1–3 and entries
–11). Another interesting phenomenon we found was that the
ation also had an impact on the results of esterification, 2a gave
etter results for shorter carbon chain aliphatic acid than 2b.
n the contrary, 2b gave better results for longer carbon chain

liphatic acid than 2a. The reason is under further investigation
n our laboratory.

One of the primary aims of our study was to investigate the
ecycling of these BAILs and this is clearly important in the
ontext of economic feasibility and sustainable development.
he recycling performance of 2a and 2b were investigated in

he esterfication of n-octanoic acid with methanol and ethanol.
hese results were listed in Table 3. The recovered BAILs were

ecycled three times with only a marginal loss (1–5%) in yield.
urthermore, a small portion of producted esters in yields of
.7–4.8% were obtained during the recovering of BAILs.

. Conclusions

In this paper, we have designed and synthesized two novel
AILs that bear an aromatic sulfonic acid group on imidazolium
nd pyridinium cation by a simple and straight-foward proce-
ures from cheap starting materials in good yields, which served
s an efficient and reusable catalyst realized the green synthe-
is of long chain aliphatic acid esters at room temperature. This
eaction system has several note-worthy features: (1) the reac-
ion can be carried out at room temperature with shorter reaction
ime; (2) the produced esters can be separated by easy decanta-
ion with high yields and purity; (3) the BAILs can be reused for
hree times after simple treatment and (4) the BAILs are cheap,
nvironmentally benign and safe.
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