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Neutral ionic liquid [BMIm]BF4 promoted highly selective
esterification of tertiary alcohols by acetic anhydride
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Abstract

Esterification oftert-butanol by acetic anhydride, a typical acid–base catalytic reaction, was conducted with excellent selectivity and high yield
in a neutral ionic liquid [BMIm]BF4 (1-butyl-3-methylimidazolium tetrafluoroborate). Many other tertiary alcohols could also be successfully
converted to the corresponding esters in [BMIm]BF4. Separation of product and recovery and reuse of ionic liquid are all convenient in this system.
Here, the need for catalysts is avoided through the use of catalytically active ionic liquids as solvents.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Esterification of normal alcohols by carboxylic acids using
omogeneous acid catalysts has been well known[1]. Car-
oxylic acid esters of tertiary alcohol are useful for the produc-

ion of agrochemicals, coatings, dyes and solvents[2]. Esters
f unsaturated tertiary alcohol are also important intermediate

n organic synthesis[3]. However, the preparation of carboxylic
cid esters of tertiary alcohols by an acid catalyzed process is
ery difficult because of the very high reactivity oftert-alcohols.
ake synthesis oftert-butanol esters, for example, under acidic
ondition,tert-butanol undergoes dehydration toiso-butylene,
ven at room temperature. Earlier methods used for the synthesis
f tert-butanol esters are either highly cumbersome or involves

he use of highly toxic reagents, such as ketene and acetyl chlo-
ide [4–7]. Although tert-butanol could be esterified by acetic
nhydride itself, the major drawback of this method for produc-

ng tert-butyl acetate is that the reaction is somewhat sluggish,
ince the absence of a catalyst restricts the production rates.
hen a catalyst is used to improve the reaction rate, a variety of

nwanted by-products are often produced making the production

of tert-butanol by acetic anhydride using mesoporous Si-M
41, clay and alumina supported metal Lewis acid, such as3
and GaCl3, as catalyst[9–11]. However, these metal species
toxic or expensive. Hence, there is a need to develop an en
mentally benign method for the esterification oftert-alcohols.

Ionic liquids are a new class of solvents entirely compo
of ions. Their use as an environmentally friendly alterna
for conventional solvents has gained much attention rec
[12–14]. Esterification reactions have been extensively inv
gated in many ionic liquids so far, because of the import
of this transformation both in organic synthesis and ch
cal industry as well as immiscibility of ester with ionic li
uids, which allows easy separation of products. We fi
reported esterification of carboxylic acids with alcohols in ac
chloroaluminate ionic liquids[15]. Then, many acidic ionic liq
uids, including SO3H-functionalized imidazolium ionic liquid
[16,17], ionic liquids with acidic counteranion and protona
N-alkylimidazolium ionic liquids have been used in esterifi
tion reactions[18,19]. Some particular esterification reactio
such as transesterification of�-ketoesters[20] and synthesis o
ferrocenyl esters[21], could also been conducted in ionic liqu
f puretert-butyl acetate more difficult[8]. Recently, Choudhary
nd co-workers have reported the highly selective esterification

combined with an acidic catalyst. It is worthy noted that the ester-
ification reactions carried out in ionic liquids, with an exception
of enzyme catalysis, are conducted at acidic conditions in the
most cases. In continuation of our research in esterification, we
report herein, for the first time, highly selective synthesis oftert-
a nic
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Scheme 1.

liquid [BMIm]BF4. Different from known catalytic systems, this
reaction could be successfully proceeded in neutral ionic liquid
without any additional acidic catalyst. Functionalized acidic or
basic ionic liquids, however, seems to be unsuitable for this reac-
tion (Scheme 1).

2. Experimental

2.1. Materials and reagents

Anhydrous organic solvents were dried and then distilled
prior to use.tert-Butanol,tert-amyl alcohol, 2-methyl-3-butyn-
2-ol, 3-methyl-1-pentyn-3-ol, 3,5-dimethyl-1-hexyn-3-ol, 2-
methyl-3-buten-2-ol and acetic anhydride were not purified prior
to use. All other chemicals used for synthetic procedures were
reagent grade or better.

2.2. Preparation of the ionic liquids

The ionic liquids were synthesized using the methods
described in previously published papers[12,16] and stored in
an exsiccator filled with KOH. Tertiary amine-functionalized
ionic liquid [MEnIm]PF6 is prepared by the reaction of 1-
methylimidazole with 2-diethylamine ethyl chloride hydrochlo-
ride in ethanol. After 24 h under reflux, the ethanol is removed
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were conducted with a HP 6890/5973 GC/MS and a HP 1790
GC equipped with a FID detector. The concentration of reactant
and product was directly given by the system of GC chemstation
according to the area of each chromatograph peak.

Tert-butyl acetate: Colorless liquid (1.04 g, 88%);δH
(300 MHz, CD3COCD3) 1.42 (9H, s), 1.89 (3H, s);ν (cm−1)
1739 (C O), 1265 and 1173 (OC O); GC–MS: 101, 78,57,
43. Anal. Calcd for C6H12O2 (116.16): C, 62.04; H, 10.41.
Found: C, 62.15; H, 10.67.
Tert-amyl acetate: Colorless liquid (1.12 g, 87%);δH
(300 MHz, CD3COCD3) 0.87 (3H, t,J = 7.7 Hz), 1.39 (3H, s),
1.73–1.80 (2H, m), 1.96 (3H, s);ν (cm−1) 1736 (C O), 1261
and 1161 (OC O); GC–MS: 115, 101, 55, 43. Anal. Calcd
for C7H14O2 (128.17): C, 65.59; H, 11.01. Found: C, 65.74;
H, 10.87.
2-Methyl-3-butyn-2-acetate: Colorless liquid (1.11g, 88%);δH
(300 MHz, CD3COCD3) 1.63 (6H, s), 1.95 (3H, s), 2.94(1H,
s);ν (cm−1) 1742 (C O), 3291 (C H), 2119 (C C), 1248 and
1137 (O C O); GC–MS: 111, 98, 83, 67, 43; Anal. Calcd for
C7H10O2 (126.15): C, 66.64; H, 7.99. Found: C, 66.91; H, 7.87.
3-Methyl-1-pentyn-3-acetate: Colorless liquid (1.11g, 83%);
δH (300 MHz, CD3COCD3) 0.99 (3H, t,J = 5.4 Hz), 1.60 (3H,
s), 1.79–2.01(2H, m), 1.95 (3H, s), 2.96 (1H, s);ν (cm−1) 1745
(C O), 3289 (C H), 2114 (C C), 1243 and 1128 (OC O);
GC–MS: 125, 111, 97, 79, 69, 53; Anal. Calcd for CH O
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n vacuum and the solid residue dissolved in a large amou
ater that is brought to pH 8 by the addition, in small portio
f solid K2CO3. Subsequent ion exchange with KPF6 in water
t 60◦C gives the product salt. After drying under vacuum
0◦C, the product was obtained in 84% yield as a relatively
ous liquid.δH (400 MHz, CD3COCD3) 0.89 (6H,t, J = 6.8 Hz),
.55 (4H,q, J = 6.8 Hz), 2.81 (2H,t, J1 = 5.6 Hz,J2 = 6.4 Hz),
.85 (3H, s), 4.22 (2H,t, J1 = 6.4 Hz,J2 = 5.6 Hz), 7.70 (1H, d
= 6.4 Hz), 7.72 (1H, d,J = 6.0 Hz), 9.02 (1H, s).

.2.1. Synthesis of tert-alcohol esters
All reactions were conducted in a 90 ml autoclave wit

lass tube inside equipped with magnetic stirring. In each
ion, 4.5 ml ionic liquid, 10 mmol alcohol and 12 mmol ace
nhydride were successively introduced and reacted at 60◦C for
esired period. After the reaction, cooled the autoclave to r

emperature (when usingtert-butanol as substrate, the autocl
hould be cooled to−40◦C), then the reaction mixture was a

yzed by GC. The isolation of organic compounds with io
iquid was conducted by direct distillation or vacuum disti
ion. Purification of desired was performed as follow: (1) rem
cetic acid and residual acetic anhydride by extraction of w
20 ml× 3) and (2) the hydrophobic organic residue was
her purified using a short column of silica gel (2 cm in len
.5 cm in diameter, acetate–hexane, 1:9) to afford the pure
ct. Qualitative and quantitative analyses of organic prod
f

-

r

-

8 12 2
(140.18): C, 68.54; H, 8.63. Found: C, 68.68; H, 8.78.
3,5-dimethyl-1-hexyn-3-acetate: Colorless liquid (1.36g
81%); δH (300 MHz, CD3COCD3) 0.97–1.00 (6H, m), 1.6
(3H, s), 1.71–1.88(2H, m), 1.96–2.01(1H, m), 1.95 (3H
2.89 (1H, s);ν (cm−1) 1747 (C O), 3288 (C H), 2117 (C C),
1240 and 1138 (OC O); GC–MS: 153, 125, 111, 93, 84, 7
69; Anal. Calcd for C10H16O2 (168.23): C, 71.39; H, 9.5
Found: C, 71.49; H, 9.68.

.3. Characterization procedures

The FTIR spectra of the ionic liquids were recorded on N
ET 5700 Fourier transform infrared spectrophotometer u
yridine as a probe for acidity measurement. The pyridine
as dried with KOH and distilled over 5̊A molecular sieve
nd solid KOH. The IR samples were prepared by mixing p
ine with ionic liquid in a given mass ratio of pyridine/ion

iquid = 1:3, and then spreading into liquid films on KBr w
ows.1H NMR (300 MHz) spectra of products were obtain
s solutions in CD3COCD3. Chemical shifts were reported
arts per million (ppm,δ) and referenced to TMS.

. Results and discussion

.1. Effect of different ionic liquids on the reactivity

Because the esterification oftert-butanol by acetic anhydrid
as considered as a typical acid-catalytic reaction, acid
asic ionic liquids may be effective catalysts for the synth

ert-butyl acetate. In our previous works, SO3H-functionalized
midazolium ionic liquids have been used as an effective cat
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Scheme 2. Functionalized ionic liquids used in the esterification oftert-butanol
by acetic anhydride.

for the addition of carboxylic acids to olefins and the oligomer-
ization of branched olefins[22,23]. Thus, the esterification of
tert-butanol was primarily investigated in this kind of ionic liquid
([MBsIm][TfO], Scheme 2). However, a lot ofiso-butene and its
oligomers (branched olefins of C8 and C12) were detected in the
reaction mixture and the desiredtert-butyl acetate was obtained
in a selectivity of 13% althoughtert-butanol was completely
consumed after 4 h reaction (Table 1, Entry 1). It indicated that
dehydration oftert-butanol to produceiso-butene and the conse-
quent oligomerization ofiso-butene are predominant reactions in
the present conditions. Subsequently, another protonated acidic
ionic liquid [HMIm]BF4 (in Scheme 2), which has proved to be
a green and cost-effective acidic catalyst in many organic reac-
tions[24,25], was evaluated in the esterification oftert-butanol
under the same conditions. Same as observed in ionic liquid
[MBsIm][TfO], the conversion oftert-butanol was completely
consumed, however, selectivity totert-butyl acetate was only
37% (Entry 2). Although the oligomerization ofiso-butene was
inhibited in certain case,tert-butanol was still readily dehydrated
to iso-butene in [HMIm]BF4.

Synthesistert-butyl acetate fromtert-butanol and acetic
anhydride could also be promoted by a basic catalyst[8]. If
the imidazolium cation of ionic liquid was modified with a ter-
tiary amine, it should be a weaker basic medium ([MEnIm]PF6,
Scheme 2). In the above esterification, this new ionic liquid rep-
resents a better activity compared with the former two acidic
i
b ,
t lloid

after the reaction, and the ionic liquid probably reacted with the
produced acetic acid.

Our previous investigations on the conversion oftert-butanol
revealed that the reactivity oftert-butanol could be greatly
improved by the use of tetrafluoroborate ionic liquids as media
[26,27]. Therefore, we consequently investigated the esterifica-
tion reaction oftert-butanol in [BMIm]BF4, which is considered
as a neutral polar solvent. To our surprising, 93% conversion and
99% selectivity totert-butyl acetate were obtained under the
identical conditions (Table 1, Entry 4). This unusual observa-
tion promoted us to further investigate the effects of other ionic
liquids on the esterification reaction. The rate of the formation of
tert-butyl acetate in [BMIm]BF4 at 60◦C seemed to be slightly
higher than that observed with [EMIm]BF4, [BMIm]NO3 and
[BMIm][PhSO3]. It is important to note that the selectivities to
tert-butyl acetate are all close to 100% in these ionic liquids
(Entries 5–7). When using [BMIm]PF6 as medium, a lot ofiso-
butene was detected beside desiredtert-butyl acetate (Entry 8). It
may contribute to the acidic hydrofluoric acid (HF) which comes
from the decomposition of [BMIm]PF6 [28], thustert-butanol
could be readily dehydrated toiso-butene.

To determine whether the use of ionic liquid [BMIm]BF4
as medium was an essential factor to realize the high conver-
sion and excellent selectivity, the same reaction was carried
out in absence of medium or in traditional organic solvents.
As described inTable 1, the conversion oftert-butanol was only
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a ow
t

3

sing
[
T is
r s
o ic

T
S hydri

E (%)

1
1

1
1
1

tempe
onic liquids. Conversion oftert-butanol and selectivity totert-
utyl acetate are all more than 70% (Table 1, Entry 3). However
he reaction mixture became a white and highly viscous co

able 1
canning of various ionic liquids on esterification oftert-butanol by acetic an

ntry Solvents

1 [MBsIm][TfO]
2 [HMIm]BF4

3 [MEnIm]PF6

4 [BMIm]BF4

5 [EMIm]BF4

6 [BMIm]NO3

7 [BMIm][PhSO3]
8 [BMIm]PF6

9 –
0 CH3CN
1 Toluene
2 CHCl3

a Solvent, 4.5 ml;tert-butanol, 0.74 g; acetic anhydride, 1.22 g, reaction
4% without solvent, and 9% in the present of organic sol
t the best (Table 1, Entries 9–12). These results clearly sh

he determining role of [BMIm]BF4 in this reaction.

.2. Optimization of reaction conditions

Consequently, the reaction condition was optimized u
BMIm]BF4 as solvent, and the results were listed inTable 2.
heoretic ratio oftert-butanol to acetic anhydride is 1:1 in th

eaction. However, the magnitude oftert-butanol conversion wa
nly 78% when using equal amount oftert-butanol and acet

dea

Conversion of alcohol (%) Selectivity to ester

00 13
00 37
72 71
93 99
87 99
80 99
82 99
99 61
14 100
9 99
5 100

6 100

rature, 60◦C; reaction time, 4 h.



Z. Duan et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 70–75 73

Table 2
Condition optimization of the esterification in ionic liquid [BMIm]BF4

a

Entry Ratio of anhydride to alcohol (M/M) Temperature (◦C) Reaction time (h) Conversion of alcohol (%) Selectivity to ester (%)

1 1:1 60 4 78 99
2 1:1.2 60 4 93 99
3 1:1.2 45 4 59 99
4 1:1.2 75 4 99 87
5 1:1.2 60 2 58 99
6 1:1.2 60 3 86 99
7 1:1.2 60 5 95 99

a [BMIm]BF4, 4.5 ml;tert-butanol, 0.74 g.

anhydride after 4 h reaction at 60◦C (Entry 1). A satisfactory
result could be obtained using an anhydride/alcohol ratio of 1.2.
Conversion oftert-butanol would be decreased with the decrease
of reaction temperature or the reaction time (Entries 3, 5 and 6).
Although the reactivity oftert-butanol could be improved when
the reaction temperature was elevated to 75◦C, the formation
of iso-butene could also be indulged; therefore, the selectivity
was disturbed (Entry 4). It is known that the dehydration oftert-
butanol toiso-butene is a reversible process, therefore, it is not
surprising that higher temperature is the booster to render this
type of reaction toward formation ofiso-butene. When the reac-
tion time was further increased, the conversion oftert-butanol
almost keeps constant and as a result, 4 h seems to be suitable
for this reaction in [BMIm]BF4.

3.3. Esterification of C4 alcohols with acetic anhydride in
[BMIm]BF4

The reactivity of primary and secondary alcohols has also
been investigated in our system, and the results are listed in
Table 3. n-Butanol and 2-methyl-1-propanol could be esteri-
fied by acetic anhydride in [BMIm]BF4, however, the reactions
seems to be sluggish and the conversions of alcohols were less
than 35% even the reaction time was prolonged to 10 h. In the
case of 2-butanol, the corresponding ester could be obtained
i
b y an
s atio
r d by

removal of produced acetic acid[29]. In our system, the conver-
sion of primary and secondary alcohols may also be increased
to some extent by analogous technology.

3.4. Esterification of acid–unstable alcohols in ionic liquid
[BMIm]BF4

Having these results in hand, other tertiary alcohols have been
subjected to the conditions ofTable 3. It is worthy noted that
the produced ester and other organic compounds (the produced
acetic acid, un-reacted acetic anhydride and alcohol) in our sys-
tems could be simply separated form the reaction mixture by
distillation under reduced pressure. This allows easy recovery
and reuse of ionic liquid [BMIm]BF4. FromTable 4, tert-butyl
acetate was obtained in an isolated yield of 88% (Entry 1) by dis-
tillation and consequent column chromatography. Then, another
1 equiv. of alcohol and 1.2 equiv. of acetic anhydride were added
to the recovered ionic liquid. Similar results were obtained even
ionic liquid [BMIm]BF4 was reused in the fifth time (Table 4,
Entry 7). Under the same conditions,tert-amyl alcohol could
be esterified by acetic anhydride to produce the correspond-
ing acetate with a yield of 87% (Entry 2). Tertiary propargylic
alcohols have been considered are acid-unstable and tend to
polymerize in [BMIm]PF6, which reveals acidic under moisture
conditions from our previous investigation[30]. Fortunately,
t dride
i re
t uced
p s

T
E

E r (%)

1

2

3

4

temp
n 55% of alcohol conversion. Different from reaction oftert-
utanol, ester was the sole product in the reactions of primar
econdary alcohols. Ranu et al. reported the yields of acyl
eactions of alcohols by acetic anhydride could be improve

able 3
sterification of C4 alcohols by acetic anhydride in ionic liquid [BMIm]BF4

a

ntry Alcohols Reaction time (h)

10

10

4

4

a [BMIm]BF4, 4.5 ml; alcohol, 0.74 g; acetic anhydride, 1.22 g, reaction
d
n

hese alcohols could readily be esterified by acetic anhy
n ionic liquid [BMIm]BF4, and the yields of them are all mo
han 80% (Entries 3–5). It should be pointed that the prod
ropargylic acetates are important synthetic intermediate[3],

Conversion of alcohol (%) Selectivity to este

30 100

34 100

55 100

93 99

erature, 60◦C.



74 Z. Duan et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 70–75

Table 4
Esterification of acid–unstable alcohols in ionic liquid [BMIm]BF4

a

Entry Alcohols Products Reaction time (h) Yields (%)

1 4 88

2 4 87

3 4 88

4 6 83

5 10 81

6 4 68b

7c 4 87

a [BMIm]BF4, 4.5 ml; alcohol, 10 mmol; acetic anhydride, 1.22 g, reaction temperature, 60◦C.
b GC yield.
c Reused in the fifth time.

therefore, this esterification process in [BMIm]BF4 should be
a valuable method in organic synthesis. When using 2-methyl-
3-buten-2-ol, which could be easily dehydrated to produce 2-
methyl-1,3-butadiene under acidic condition, as substrate, the
yield of ester was 68% (Entry 6). These results indicated that
our method is applicable in esterification of many tertiary alco-
hols.

3.5. [BMIm]BF4 is a neutral ionic liquid before and after
the esterification reaction

Water is present in ionic liquids of the type we studied, even
after a moderate drying procedure[31]. Neutral [BMIm]PF6 lib-
erates traces of HF when it comes in contact with moisture or
heated at high temperature[28]. Considering the esterification
being a typical acid-catalysis reaction and the high reactivity
of [BMIm]BF4 ionic liquid, we preliminarily investigated the
acidic property of the used [BMIm]BF4. After the reaction, the
PH test paper displayed pale green color in the presence of the
reaction mixture indicative of neutral of [BMIm]BF4. Alterna-
tively, the Lewis and Brønsted acidity of the ionic liquid has been
determined using pyridine as a probe molecule by monitoring
the bands in the range of 1400–1700 cm−1 arising from its ring
vibration modes[32,33]. The FTIR spectra of neat pyridine show
a band at 1437 cm−1 (Fig. 1). On mixing pyridine with ionic liq-
u ids
a r 14
o cid
s e th
t ac-

tion. As to the reaction mechanism of this process, it is not clear
at this stage. The understanding of the mechanism of catalysis
in ionic liquids is still in its infancy. The ionic liquids are com-
posed only of ions, such ionic nature can affect the course of the
reactions. It can be conjectured that the strong electrostatic field
possessed by the dialkyl imidazolium cation mediated with the
counterion, may play an important role in initiating the desired
reaction and a traditional acid or base catalytic mechanism was
not involved. It should be pointed out here, using the viewpoint
that [BMIm]BF4 would be decomposed as a acidic medium to
explain the high reactivity oftert-butanol, especially the excel-
lent selectivity to the correspongdingiso-butene acetate seems
to be unreasonable.

F
p b
a

id [BMIm]BF4 (both the fresh and the fifth used ionic liqu
re tested), the spectra of the two cases show no band nea
r 1540 cm−1, which indicate the presence of the Lewis a
ites and Brønsted acid sites respectively. Then, we believ
he [BMIm]BF4 is a neutral ionic liquid before and after the re
50

at
ig. 1. FT-IR spectra of (a) pure pyridine; (b) pyridine + fresh [BMIm]BF4; (c)
yridine + the fifth used [BMIm]BF4 (pyridine/ionic liquid = 1:3 by weight in (
nd c).



Z. Duan et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 70–75 75

4. Conclusion

In conclusion, we have developed an unusual esterification
method for acid unstable tertiary alcohols using neutral ionic
liquid [BMIm]BF4 as highly selective catalyst and solvent. It
should be particularly pointed out that some functionalized
acidic or basic ionic liquids are all less selective in the same con-
ditions. Many functionalized tertiary alcohols, such as propar-
gylic alcohols and allyl alcohol could be successfully converted
to the corresponding acetates with good to excellent isolated
yields in our system. This simple and effective process is attrac-
tive for the chemical industry and green organic synthesis.
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