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bstract

Esterification of acetic acid with 1-octanol was studied using a series of alkylammonium salts as Brønsted acidic ionic liquids. The following
onic liquids were prepared and used as catalysts and mediums in the esterification reaction; [Et3NH][HSO4], [Et3NH][H2PO4], [Et3NH][BF4],
Et3NH][p-CH3C6H4SO3], [Et2(PhCH2)NH][HSO4], [n-Bu3NH][HSO4], [n-Oct3NH][HSO4], [Et2NH2][HSO4], [Et2NH2][H2PO4], [Et2NH2]

BF4], [i-Pr2NH2][HSO4], [EtNH3][HSO4], [EtNH3][H2PO4], and [EtNH3][BF4]. Higher acidity of the anion in the ionic liquid resulted in high
ield of the ester. Yield of the ester decreased with increase in the size of the cation. There was no phase separation in the reactions where size of
nion and/or cation was bigger.

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

Currently, ionic liquids are receiving a widespread attention
s mediums for a variety of reactions [1]. Their properties such
s very low or practically no vapour pressure, remarkable solu-
ility behaviour and possibility to vary structure to manipulate
he parameters like density, solubility etc. has generated much
nterest among the researchers in chemistry. The Brønsted acidic
onic liquids have found application as catalyst and medium
or the Fischer esterification reaction [2–10]. High conversions
ave been obtained as the water formed in the reaction is effec-
ively solvated by the ionic liquid. Often the ionic liquid and
he water forms one phase and the ester remains in a separate
hase at the top. Thus, the product is conveniently separated
rom the catalyst. Use of ionic liquids also obviates need of
olatile organic solvents generally used for azeotropic removal
f water formed in the esterification. Therefore, ionic liquids
rovide environment-friendly alternative to the conventional
olvents.
The use of ionic liquids in the Fischer esterification has been
imited to the derivatives of imidazole and pyridine. Literature
eports specially designed ionic liquids called “task specific
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onic liquids” for the esterification reaction [2,3,7]. These ionic
iquids have cation that contains an alkyl chain with a sul-
onic acid group, to provide a Brønsted acid catalyst. However,
ecently it is observed that the activity of ionic liquid is influ-
nced by the acidity of anion and the sulfonic acid group in
he cation probably plays no role in the esterification cataly-
is [11]. Moreover, preparation of such ionic liquids involves
everal synthetic steps. Recently, we have shown that ionic liq-
ids derived from simple amines also show high activity for the
sterification reaction [12]. However, the structure–activity rela-
ionship is not clearly understood in this system. In the present
ork, we have prepared a series of ionic liquids from alky-

amines and applied them to the esterification of acetic acid
ith 1-octanol (Scheme 1) as the model substrates to study the

tructure–activity relationship.

. Experimental

All the chemicals were of reagent grade and used as
eceived. N,N-diethylbenzylamine was prepared by alkylation
f diethylamine with benzyl chloride. The melting points were

etermined on Sanyo Gallenkamp MPD350 apparatus. 1H NMR
300 MHz) spectra were recorded on Varian Mercury-300 instru-
ent. Moisture analysis was carried out by Karl–Fischer method

n Metrohm (model 720 KFS Titrino) titrator. Gas chromato-
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raphic analysis was performed on Schimadzu GC 17A using
he flame ionization detector. A capillary GC Column, Innowax
Length, 60 m; ID, 0.32 mm; film thickness, 0.5 �m) and nitro-
en as carrier gas were used.

.1. Preparation of ionic liquids

The ionic liquids were prepared by using the procedure
eported in the literature [13].

Triethylammonium sulfate [Et3NH][HSO4]: Colourless crys-
als; yield 95%; m.p. 83–85 ◦C, (Lit.[13] 91 ◦C); 1H NMR
CD3OD) δ 1.24 (t, J = 7 Hz, 9H, CH3), 3.13 (q, J = 7 Hz, 6H,
H2), 5.18 (s, NH).

Triethylammonium dihydrogen phosphate [Et3NH][H2PO4]:
olourless crystals; yield 88%; m.p. 85–87 ◦C, (Lit.[13] 93 ◦C);
H NMR (CD3OD) δ 1.23 (t, J = 7.3 Hz, 9H, CH3), 3.08 (q,
= 7.3 Hz, 6H, CH2), 5.79 (s, NH).

Triethylammonium tetrafluoroborate [Et3NH][BF4]: Colour-
ess crystals; yield 93%; m.p. 98–101 ◦C, (Lit.[13] 98 ◦C); 1H
MR (CDCl3) δ 1.36 (t, J = 7 Hz, 9H, CH3), 3.22 (m, J = 7 Hz,
H, CH2), 7.26 (br.s, NH).

Triethylammonium p-toluenesulfonate [Et3NH][p-
H3C6H4SO3]: Colourless crystals; yield 97%; m.p. 84–86 ◦C;
H NMR (D2O) δ 1.10 (t, J = 7.3 Hz, 9H, CH3), 2.25 (s, 3H,
H3–Ar), 2.99 (q, J = 7.3 Hz, 6H, CH2), 7.21 (d, J = 8 Hz, 2H,
rH), 7.55 (d, J = 8 Hz, 2H, ArH).
N,N-Diethylbenzylammonium sulfate [Et2(PhCH2)NH]

HSO4]: Brownish gel; yield 99%; 1H NMR (D2O) δ 1.07 (t,
H, CH3), 2.95 (m, 4H, CH2), 4.69 (s, 2H, CH2–Ph), 7.24 (br.s,
H, Ph).

Tributylammonium sulfate [n-Bu3NH][HSO4]: Colourless
rystals; yield 97%; m.p. 83–87 ◦C, (Lit.[13] 80 ◦C); 1H NMR
D2O) δ 0.79 (t, J = 7.3 Hz, 9H, CH3), 1.22 (m, 6H, CH2), 1.52
m, 6H, CH2), 2.98 (t, 6H, CH2).

Trioctylammonium sulfate [n-Oct3NH][HSO4]: Colourless
ax; yield 97%; 1H NMR (CDCl3) δ 0.87 (t, 9H, CH3), 1.28

m, 30H, CH2), 1.70 (br.s, 6H, CH2); 3.05 (br.t, 6H, CH2–N).
Diethylammonium sulfate [Et2NH2][HSO4]: Colourless

rystals; yield 96%; m.p. 78–81 ◦C (Lit.[13] 82 ◦C); 1H NMR
D2O) δ 1.04 (m, 6H, CH3), 2.83 (m, 4H, CH2).

Diethylammonium dihydrogen phosphate [Et2NH2]
H2PO4]: Colourless crystals; yield 97%; m.p. 153–158 ◦C
Lit.[13] 148 ◦C); 1H NMR (D2O) δ 1.00 (m, 6H, CH3), 2.79
m, 4H, CH2).

Diethylammonium tetrafluoroborate [Et2NH2][BF4]:
olourless crystals; yield 97%; m.p. 172–176 ◦C; 1H NMR

D2O) δ 1.18 (m, 6H, CH3), 2.97 (m, 4H, CH2).
Diisopropylammonium sulfate [i-Pr2NH2][HSO4]: Colour-

ess crystals; yield 96%; m.p. 111–116 ◦C; 1H NMR (D2O) δ
.15 (d, J = 6.6 Hz, 12H, CH3), 3.35 (m, J = 6.6 Hz, 2H, CH).
Ethylammonium sulfate [EtNH3][HSO4]: Colourless viscous

iquid; yield 90%; 1H NMR (D2O) δ 0.80 (m, 3H, CH3), 2.58
m, 2H, CH2).

v
[
t
t

.

Ethylammonium dihydrogen phosphate [EtNH3][H2PO4]:
olourless crystals; yield 99%; m.p.129–131 ◦C; 1H NMR

D2O) δ 1.09 (m, 3H, CH3), 2.85 (m, 2H, CH2).
Ethylammonium tetrafluoroborate [EtNH3][BF4]: Colour-

ess crystals; yield 99%; m.p. 148–151 ◦C; 1H NMR (D2O) δ

.20 (t, 3H, CH3), 2.96 (q, 2H, CH2).

.2. Procedure for esterification reaction

A typical procedure for esterification reaction is as follows.
cetic acid (1.2 g, 20 mmol), 1-octanol (3.12 g, 24 mmol) and

onic liquid (1 g) were taken in a round bottom flask of 25 ml
apacity. The flask was fitted with a condenser and flushed with
itrogen gas. A nitrogen balloon was fitted at the top of the
ondenser to maintain inert atmosphere. The contents were mag-
etically stirred at 90 ◦C (oil bath) for 4 h. The reaction mixture
as cooled to room temperature and the layers separated. The top

ayer was analyzed using gas chromatography. Quantification
f the product was done by applying relative response factors
btained from GC analysis of the standard mixtures of 1-octyl
cetate and 1-octanol. When there was no phase separation in
he reaction mixture the following procedure was used for iso-
ation of the ester. The reaction mixture was cooled to room
emperature, diluted with water (15 ml) and extracted with ether
3 × 20 ml). The combined ether extracts were washed with 5%
q. sodium bicarbonate solution (2 × 20 ml) followed by water
20 ml) and dried over anhydrous sodium sulfate. Evaporation
f the solvent gave oil which was analyzed by GC.

. Results and discussion

A series of salts containing trialkylammonium, dialkylam-
onium, and alkylammonium cations was synthesized. In each

ategory, there are three anions viz. HSO4
−, H2PO4

− and BF4
−.

salt with p-CH3C6H4SO3
− anion and triethylammonium

ation was also prepared. The salts were applied as catalyst and
edium in the esterification of acetic acid with 1-octanol as the
odel substrates. The reactions were performed with 20 mmol

f acetic acid, 24 mmol of 1-octanol, and 1 g of ionic liquid at
0 ◦C for 4 h under nitrogen atmosphere. The reaction tempera-
ure, time, and amount of ionic liquid have been optimized earlier
12] for the above reactant ratio with respect to the ionic liquid
Et3NH][HSO4]. The ionic liquid is used in catalytic amounts
1 g = 5 mmol) and acetic acid to ionic liquid mole ratio is 4:1.

e have also demonstrated that two recycles of the ionic liquid
howed no loss of activity [12].

The majority of alkylammonium salts used in the present
tudy have melting points below 100 ◦C. A few salts,

iz. [Et2NH2][H2PO4], [Et2NH2][BF4], [EtNH3][H2PO4],
EtNH3][BF4], and [i-Pr2NH2][HSO4] have melting points in
he range of 111–176 ◦C. However, the higher melting points of
hese salts presented no problem in their application as ionic liq-
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Table 1
Esterification of acetic acid with 1-octanol in the presence of various alkylammonium salts as ionic liquidsa

Entry Ionic liquid Additive p-CH3C6H4SO3H hydrate (mg) Yieldb of n-octyl acetate (%) Phase separation (yes/no)

1 [Et3NH][HSO4] 81 Y
2 [Et3NH][H2PO4] 26 Y
3 [Et3NH][BF4] 18 Y
4 [Et3NH][BF4] 25 58 Y
5 [Et3NH][BF4] 100 90 Y
6 [Et3NH][p-CH3C6H4SO3] 42 N
7 [Et2NH2][HSO4] 88 Y
8 [Et2NH2][H2PO4] 25 Y
9 [Et2NH2][BF4] 50 Y

10 [EtNH3][HSO4] 94 Y
11 [EtNH3][H2PO4] 28 Y
12 [EtNH ][BF ] 25 Y
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We have screened ionic liquids with [HSO4] anion and a variety
of alkylammonium cations for the esterification of acetic acid
with 1-octanol at 90 ◦C for 4 h under nitrogen atmosphere. The
results are shown in the Table 2.

Table 2
Effect of variation of cation in alkylammonium sulfate ionic liquids on the
esterification of acetic acid with 1-octanola

Entry Ionic liquid Yield of n-octyl
acetateb (%)

Phase separation
(yes/no)

1 [Et3NH][HSO4] 81 Y
2 [Et2(PhCH2)NH][HSO4] 86 Y
3 [n-Bu3NH][HSO4] 70 N
4c [n-Bu3NH][HSO4] 53 N
5 [n-Oct3NH][HSO4] 70 N
6 [Et2NH2][HSO4] 88 Y
7 [i-Pr2NH2][HSO4] 72 Y
8 [EtNH ][HSO ] 94 Y
3 4

a Conditions: acetic acid (20 mmol), 1-octanol (24 mmol) and ionic liquid (1
b Yield based on acetic acid taken.

ids in these reactions which are performed at 90 ◦C. These salts
issolve quickly when the reaction mixture is stirred and heated
o 90 ◦C. However, the salt separates out as a liquid phase within
0–30 min of starting of the reaction. The water produced in the
eaction and the salt together form the heavy phase, and the ester
nd unconsumed alcohol form the lighter phase. The salt, with
he reaction water dissolved in it, remains as a liquid phase at the
ottom even after cooling the reaction mixture to room tempera-
ure. The phases can be easily separated using a small separatory
unnel. All the separated heavy phases remained in liquid state
t room temperature except in the cases of the reactions using
Et2NH2][H2PO4] and [Et2NH2][BF4] (Table 1, entries 8 and 9)
herein the salts crystallized out after a day. Thus, the behaviour
f the high-melting salts is similar to that of the low-melting salts
s ionic liquid mediums in this reaction. The result of the ester-
fication reaction using the series of alkylammonium salts are
hown in the Table 1.

It is known that the nature of anion influences the catalytic
ctivity of the ionic liquids in the Fischer esterification [7]. Ini-
ially, activity of triethylammonium salts containing HSO4

−,
2PO4

−, BF4
−, and p-CH3C6H4SO3

− was compared to see
he effect of variation of these anions on the yield of the ester.
riethylammonium sulfate with highly acidic HSO4

− anion
ave 81% yield of n-octyl acetate (Entry 1). Triethylammonium
alts containing H2PO4

− and BF4
− anions showed poor activity

Entries 2 and 3). The catalytic activity of the ionic liquid with
SO4

− anion was substantially higher than the other two. Such a
igh activity of Brønsted ionic liquid with HSO4

− anion has also
een observed in the cases of other ionic liquids in the Fischer
sterification reaction [7]. Addition of catalytic amounts of p-
oluenesulfonic acid hydrate to the reaction using [Et3NH][BF4]
esulted in high yield of the ester (Entries 4 and 5). This indi-
ates that weaker acidity of [Et3NH][BF4] was responsible for
ts poor activity. The ionic liquid with p-CH3C6H4SO3

− anion
ave lower yield as compared to that with HSO4

− (Entry 6).
his is primarily due to lower acidity of the former as com-

ared to the latter. Moreover, the ester not forming separate
ayer in this reaction could also contribute to the lowering of
he yield. Formation of a separate phase for the ester favours
he equilibrium to the product side as it is expected to minimize

(

0 ◦C, 4 h, under nitrogen atmosphere.

he reverse reaction between the ester and water. The order of
ctivity for the anions in the ionic liquids containing triethy-
ammonium cation was [HSO4] > [p-CH3C6H4SO3] > [H2PO4]
[BF4].
Among the diethylammonium type the ionic liquid with

SO4
− anion also showed higher activity as compared to that

ith H2PO4
− and BF4

− anions (Entries 7–9). However, the ionic
iquid with BF4

− anion exhibited higher activity than that with
2PO4

− unlike in the case of triethylammonium ionic liquid
Compare entries 2 and 3 with 8 and 9). The trend in the ethylam-
onium ionic liquids was similar to the triethylammonium ionic

iquids with HSO4
− showing significantly higher activity than

2PO4
− and BF4

− (Entries 10–12). The ester formed separate
hase in all the reactions except in the case of [Et3NH][p-
H3C6H4SO3] (Entry 6). The bulky anion, p-CH3C6H4SO3

−
n the ionic liquid makes it miscible with the ester and/or alcohol
esulting in no phase separation.

The effect of variation of the cation in the alkylammonium
onic liquids on their activity in the esterification was studied.
3 4

a Conditions: acetic acid (20 mmol), 1-octanol (24 mmol) and ionic liquid
1 gm); 90 ◦C, 4 h, under nitrogen atmosphere.
b Yield based on acetic acid taken.
c Water (20 mmol) was added to the ionic liquid.
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Esterification using the ionic liquid [Et3NH][HSO4] gave
igh yield of the ester (Entry 1). Replacing one of the ethyl
roups in the above ionic liquid with a benzyl group resulted
n a small increase in the yield of the ester (Entry 2). The
ster and ionic liquid formed separate phases in both the above
eactions. Esterification using the ionic liquid with tributylam-
onium cation resulted in relatively lower yield of the ester and

o separate phases appeared in the reaction (Entry 3). The big-
er size of the tributylammonium cation makes the salt miscible
ith the ester and/or the alcohol which results in a homogeneous

olution. We attempted to induce phase separation in the reaction
y adding 0.36 g (20 mmol) of water to the ionic liquid in the
eginning of the reaction to reduce solubility of the ester in it.
owever, this failed to form separate phases and resulted in fur-

her lowering of the yield of the ester (Entry 4). Further increase
n the bulk of the cation appears to have no effect on the activity
f the ionic liquids as the use of trioctylammonium cation gave
ame results as the corresponding tributyl analogue (Compare
ntries 3 and 5). The ionic liquid with diethylammonium cation
ave higher yield than that with the bigger diisopropyl cation
Compare Entries 6 and 7). The ethylammonium sulfate with
he smallest cation gave the highest yield of the ester (Entry 8).

The order of activity among the ethylamines cations was as
ollows [EtNH3] > [Et2NH2] > [Et3NH] (Entries 1, 6, 8). In gen-
ral, increase in the size of the cation resulted in decrease in the
ield of the ester. This appears to be due to the decrease in the
bility of the ionic liquids for solvation of the water with increase
n the size of the cation in the ionic liquids.

The majority of the salts employed form separate liquid
hases in the esterification reaction. We have investigated the
ontent of the phases in the reactions shown in the Table 1 except
he entry 6 where no phase separation occurred. For the purpose
f these investigations the reactions may be divided into two
ategories: (1) the reactions resulting in high yield viz. Entries
, 5, 7, and 10; (2) the remaining reactions giving moderate and
ow yield of the ester. In the cases of the reactions giving high
ield, the 1H NMR of the product phase showed that it contained
he ester and the unreacted alcohol. There were no ionic liquids
resent in the product phase. The water content of this phase was
ess than 1%. 1H NMR of the ionic liquid (heavy) phase showed
resence of no ester and alcohol in it. The unreacted acetic acid
ets distributed in both the phases: Typically, 55% goes to the
roduct phase and the balance remains in the heavy phase. Thus,
here is no leaching of the ionic liquids in the product phase in
he high-yield reactions.

The situation is slightly different in the reactions where mod-
rate or low yield of the ester is obtained. In these reactions,
ubstantial amounts of unreacted acetic acid and 1-octanol are
resent due to low conversions. 1H NMR showed that all the
ster and alcohol were present in the product phase and they
ere absent in the ionic liquid phase. However, traces of ionic

iquids were found in the product phase. The small leaching of
he ionic liquid in the product phase may be due to the solu-

ility of the ionic liquid in 1-octanol which is present in higher
mounts in these reactions. This is supported by the follow-
ng observation. The product phase from the low yield reaction
n the entry 3 (Table 1) contains traces of ionic liquid. How-

R
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ver, the same ionic liquid when used with catalytic quantity
f p-toluenesulfonic acid gave high yield of the ester (entry 5,
able 1) and there is no leaching of the ionic liquid in the prod-
ct phase. Thus, leaching of traces of ionic liquid to the product
hase can be eliminated by boosting the yield of the ester by
dding Brønsted acid catalyst. The unreacted acetic acid also
ets distributed in both the phases in the same way as in the
ases of the high-yield reactions.

. Conclusions

The work demonstrates application of simple, inexpensive,
nd easily accessible alkylammonium salts as ionic liquid cat-
lyst and medium for Fischer esterification reaction. Among
he anions used, HSO4

− dominates the activity by providing
he desired Brønsted acidity for the catalysis of esterification
eaction. The ionic liquids containing anions, p-CH3C6H4SO3

−,
2PO4

−, and BF4
− are weaker acids and therefore show lower

ctivity. However, they can be supplemented with a Brønsted
cid catalyst such as p-toluenesulfonic acid hydrate to make up
or the acidity to obtain high yield of the ester. For a given
nion, the yield of the ester increases with decrease in the
ize of the cation. Better solvation of the water by the smaller
ations is probably responsible for their higher activity. The
atter becomes complicated when there is no phase separa-

ion in the reaction. This happens when the size of the cation
nd/or anion increases beyond certain limits. While the reactions
sing the salts [Et3NH][HSO4] and [Et2(PhCH2)NH][HSO4]
ave phase separation, the ionic liquids [n-Bu3NH][HSO4]
nd [n-Oct3NH][HSO4] containing bigger cations gave no
eparate phases. Similarly, the ionic liquids [Et3NH][HSO4],
Et3NH][H2PO4] and [Et3NH][BF4] gave separate phases for
he ester and ionic liquid, the corresponding ionic liquid with
igger anion [Et3NH][p-CH3C6H4SO3] formed no separate
hases.

The ionic liquids used in the present work have interesting
olubility properties. The ester did not dissolve in the ionic liquid
heavy) phase and remained completely in the product (lighter)
hase regardless of its high or low yield in the reaction. The ionic
iquids do not leach into the product phase when the yield of the
ster is high (above 80%). Their low cost and easy accessibility,
lear separation of the ester phase, and no leaching of ionic
iquids into the product phase show the potential of these ionic
iquids for development as industrial esterification catalysts and

ediums.
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