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Abstract

Hydration of a-pinene and esterification of a-terpineol have been investigated in the presence of various acidic ionic liquids. It was found
that the cations of ionic liquids determined catalytic performance of acidic ionic liquids, and the anions had obvious effect on the selectivity
of desired products. It was also found that ionic liquid 1-methyl-3-(3-sulfopropyl)-imidazolium dihydrogen phosphate ([HSO;-pmim]H,PO,)
exhibited outstanding catalytic properties in both reactions. Furthermore, the effective product isolation combined with the recyclable catalyst is
expected to contribute to the development of clean and environmentally friendly strategy for the synthesis of a-terpineol and a-terpinyl acetate.

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

a-Pinene is the main constituent of turpentine oil. When
treated with water in the presence of acidic catalyst, a-pinene is
mainly hydrated to a-terpineol which may be used as perfume,
mixed essence, foaming agent, cleaning agent, fungicide and
ore dressing agent. a-Terpineol can be esterificated with acetic
anhydride to a-terpinyl acetate that is an important and widely
used synthetic perfume of citric and lavender scents. a-Terpineol
and a-terpinyl acetate are traditionally manufactured in the
presence of the liquid inorganic acid catalysts. The drawbacks
of such a process include serious corrosive and environmental
problems, troublesome product separation and purification, no
recyclability of catalysts. In this context, mesoporous molecular
sieves and solid acids were reported as catalytic materials
in both reactions [1-4]. Still, these have shortcomings as
well. Among the more troublesome of these are of restricted
accessibility of the matrix-bound acidic sites, high molecular
weight/active-site ratios, and rapid deactivation from coking.
Therefore, to design and synthesize a catalytic system that may
be stable, easily separable and reusable has long been pursued.
In recent years, ionic liquids (ILs) are being more and more
regarded as the green reaction catalysts and solvents due to their
low volatility, negligible vapor pressure, reasonable thermal sta-
bility, outstanding recyclability and reusability [5,6]. There are
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a few examples of syntheses of esters in ILs with or without an
additional catalyst, which have been reported and demonstrated
good catalytic performance [7-11]. However, these ILs have lit-
tle or no acidity, which limits their application in esterifications
of acidic catalyst. In 2002, on the base of tailoring technology,
Cole and co-workers firstly synthesized Brgnsted acidic func-
tional ILs that were used as solvent-catalysts in esterifications,
and the Brgnsted acidic functional IL was reused at least five
times without significant loss of activity in synthesis of ethyl
acetate. Specifically, this was done by covalently tethering an
alkane sulfonic acid group to the IL cation [12]. The application
of Brgnsted acidic functional ILs in esterifications is an area of
ongoing activity, and these esterifications have been reported
with excellent yields and selectivity [13—18]. However, most
cases dealt with aliphatic or arylic esters using primary alcohols
as reagents, and little information about aliphatic or arylic
ester synthesis with tertiary alcohol in acidic ILs was found,
and no articles about hydration reaction in presence of acidic
ILs have been published. Here we first report the hydration
of a-pinene with water and esterification of a-terpineol with
acetic anhydride in the presence of various acidic ILs (Fig. 1).

2. Experimental
2.1. Synthesis of ILs

The preparation of acidic IL 1-methylimidazolium hydrosul-
fate ((Hmim]HSO,) was developed on the basis of the previous
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Fig. 1. The used acidic ILs in the present report.

report [16]. Sulfuric acid (40% solution in water) was added to
the equal molar amounts of 1-methylimidazole over a period of
30 min while stirring and cooling to maintain the temperature at
0-5 °C. The reaction mixture was stirred for an additional period
of 2h. Then water was removed under vacuum (5-10 mmHg)
at 90°C to yield a colorless liquid [Hmim]HSO4. ILs 1-
methylimidazolium dihydrogen phosphate ((Hmim]H,PO4) and
1-methylimidazolium tetrafluoroborate ((Hmim]BF4) were syn-
thesized using similar procedures.

Acidic IL 1-butyl-3-methylimidazolium hydrogen sul-
phate ([C4mim]HSO4) was synthesized according to the
reference [13]. Equal-mole amounts of 1-chlorobutane and 1-
methylimidazole was heated for 72h at 70 °C under stirring.
Then the mixture was washed twice with ethyl acetate, and
the remaining ethyl acetate in the mixture was removed on
a vacuum line (5-10mmHg) at 70 °C, to yield a slightly yel-
low solid 1-butyl-3-methylimidazolium chlorine ([C4mim]CI).
Next, [C4mim]Cl was dissolved in water and equal-mole sulfuric
acid was dropped slowly at room temperature. After the drop-
ping was finished, the mixture was stirred at room temperature
for 30 min, and then it was heated in an oil-bath at about 90 °C for
2 h. The water of the mixture was then removed under vacuum
(5—10mmHg) at 90 °C, giving [C4mim]HSOy as a light yellow
liquid. ILs 1-butyl-3-methylimidazolium dihydrogen phosphate
([C4mim]H,PO4) and 1-butyl-3-methylimidazolium tetrafluo-
roborate ([C4mim]BF,4) were prepared in the same way.

Acidic IL [HSO3-pmim]HSO4 was prepared as below. The
precursor, 3-(1-methylimidazolium-3-yl)propane-1-sulfonate
(MIM-PS) was synthesized by reaction of 1,3-propane sulfone
and the equal-mole 1-methylimidazole. Under vigorous stir-
ring, 1,3-propane sulfone was dissolved in acetate ether, while
1-methylimidazole was dropped slowly at 50 °C. The mixture
was then stirred for 2 h, and the resultant mixture was filtered
to get a white precipitate. The precipitate was washed with
acetate ether for three times and dried at 100 °C for 2 h, giving
MIM-PS as a white powder. Then MIM-PS was dissolved
in water and equal-mole sulfuric acid was dropped slowly at
room temperature. After dropping, the mixture was stirred at
room temperature for 30 min, and further heated in an oil-bath
at about 90 °C for 2h. After that, the water of the mixture
was removed under vacuum (5-10mmHg) at 90°C, giving
[HSO3-pmim]HSOy4 as a light yellow viscous liquid. Other ILs
[HSO3-pmim]BF4 and [HSO3-pmim]H;PO4 were synthesized
with the same process. IR spectra were recorded as KBr disc on
a Nicolet 510P FT-IR spectrometer. NMR spectra were taken on
a Bruker AV500 Fourier-transform spectrometer with reference

to SiMe4. [HSO3-pmim]HSO4: IR (KBr disc): v 3437, 3157,
2970, 1722, 1653, 1574, 1230, 1172, 1029, 853, 582. '"H NMR
(500 MHz, D>0O, ppm) § 8.53 (s, 1H), 6 7.32 (s, 1H), § 7.25 (s,
1H), § 4.16 (t,2H), § 3.71 (s, 3H), § 2.71 (t, 2H), § 2.11 (m, 2H).
13C NMR (500 MHz, D,0, ppm): § 134.72, § 123.30, § 122.14,
8 47.72, § 46.90, § 35.26, § 24.73. [HSO3-pmim]H,PO4: IR
(KBr disc): v 3437, 3157, 3117, 1723, 1653, 1576, 1246, 1174,
930, 746, 487. '"H NMR (500MHz, D,0, ppm): 8.51 (s, 1H),
8729 (s, 1H), § 7.23 (s, 1H), § 4.14 (t, 2H), 6 3.67 (s, 3H), §
2.69 (t, 2H), § 2.10 (m, 2H). '3C NMR (500 MHz, D, 0, ppm):
8 134.71, 6 123.30, § 122.13, § 47.72, § 46.89, § 35.27, 5§ 24.71.
[HSO3-pmim]BF4: IR (KBr disc): v 3437, 3157, 2968, 1720,
1653, 1572, 1227, 1171, 1029, 807, 592. 'H NMR (500 MHz,
D;0, ppm) § 8.53 (s, 1H), § 7.32 (s, 1H), § 7.25 (s, 1H), § 4.16
(t, 2H), 8 3.71 (s, 3H), § 2.71 (t, 2H), § 2.11 (m, 2H). 3C NMR
(500 MHz, D;0, ppm): § 134.72, § 123.31, § 122.16, § 47.75, §
46.92, § 35.26, § 24.73.

2.2. Hydration of a-pinene and analysis

The reaction was carried out in a 250 mL round bottom flask
equipped with a stirrer, a reflux condenser, and a thermometer.
In a typical experiment, 0.06 mol a-pinene, 0.06 mol water and
0.001 mol acidic IL were mixed, then the mixture was heated
in an oil-bath at 80°C for 8h. After the hydration reaction,
the upper layer containing the hydrated products, unreacted
reactants and side-products was separated from the acidic ILs
catalyst layer at the bottom of flask simply by decantation.
The IL catalyst layer could be reused without any disposal
(Scheme 1). All samples of the upper layer were characterized
qualitatively with HP6890/5973 GC/MS equipped with an
HP-5MS column, 30 m x 0.25 mm x 0.25 wm. The conversions
of the a-pinene was determined by GC using HP6890 GC
equipped with an HP-5 column, 30m x 0.32 mm x 0.25 pm.
The concentrations of reactants and products were directly
given by the system of GC chemstation according to the area
of each chromatograph peak. The conversion of a-pinene was

H,0
—_—

Acidic IL OH

Scheme 1. The hydration of a-pinene in the acidic ILs.
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Scheme 2. The esterification of a-terpineol in the acidic ILs.

defined as C¢q,, which is the wt.% of a-pinene consumed in the
reaction. The selectivity of a-terpineol (TNL) was calculated
by: STNL% = WNL/WaLL X 100, where WrN, is the amount
of desired products, and Wayy, is the total amount of the
products, including a-terpineol, B-pinene, limonene, terpinene,
limonene, etc.

2.3. Esterification of a-terpineol and analysis

The reaction was carried out in a 250 mL oven-dried round
bottom flask equipped with stirrer, a reflux condenser, a drying
pipe and a thermometer. In a typical experiment, 0.03 mol a-
terpineol, 0.045 mol acetic anhydride and 0.003 mol IL were
mixed, and then the mixture was heated in a recirculating heated
bath at 40 °C for 8 h. After the esterification, the upper layer
containing the esterified products, side-products and unreacted
reactants was separated from the acidic IL at the bottom of flask
simply by decantation (Scheme 2). All samples of the upper
layer were characterized qualitatively with the same apparatus
as the hydration of a-pinene. The conversion of a-terpineol was
defined as Cg,, which is the wt.% of a-terpineol consumed in
the reaction. The selectivity of a-terpinyl acetate (TAT) was
calculated by: Stat% = Wrar/WaLL X 100, where Wrar is the
amount of desired products, and Wayy is the total amount of
the products, including a-terpinyl acetate, a-pinene, limonene,
terpinene, 3-pinene, etc.

3. Results and discussion

A series of acidic ILs (Fig. 1, 1la—c, 2a—c, 3a—c) contain-
ing various imidazolium cations with different substitutional
groups (-H, —n-C4Hg, —(CH3)3—SO3H) were prepared. Their

catalytic performances for hydration of a-pinene and esterifica-

Table 1

tion of a-terpineol were investigated (Table 1). The hydration
of a-pinene and the esterification of a-terpineol are typical
acid-catalysed reactions. Many side-reactions, such as isomer-
ization, dehydration, can be carried out simultaneously with the
hydration and esterification processes (Scheme 3). The kinds of
catalysts have observable effect on these reactions [3,4]. The
results determined by GC indicated that, the reactions could not
be carried out throughly using [Hmim]HSO4, [Hmim]H,PO4,
[Hmim]BF,4 and [C4mim]BF, as catalysts. This may be due to
the big steric hindrance of the a-pinene and a-terpineol and the
feeble acidity of these catalysts. With the increasing of the IL
acidic intensity, the conversion of the reagents increased, and
some by-products were determined in the products. Especially,
using HySO4 (33%) as catalyst, the by-products of 4-terpineol,
1,8-cineole, fenchol and borneol could be detected in the hydra-
tion of a-pinene, and 1,4-cineole and 1,8-cineol were detected
in the esterification of a-terpineol. Therefore, it is unfavorable
for the both reactions that the acidic intensity of the cata-
lyst is too strong or feeble, and to synthesize catalyst with
properly acidic intensity is the key to the both reactions to
carry out.

3.1. Results and discussion of the hydration of a-pinene

As shown in Table 1, [SO3H-pmim]HSO4, [SOs;H-
pmim]H;PO4 and [SO3H-pmim]BF,4 (Entries 9—-11) have better
catalytic performance than the traditional catalyst H»SO4 (Entry
2). This indicates the hydration of a-pinene can be smoothly
carried out in acidic ILs in absence of any additional catalysts.
Among all ILs which were investigated, the acidic ILs with
an alkane sulfonic acid group in the imidazolium cation shew
better catalytic activity for the hydration reaction of a-pinene.
Especially, acidic IL [SO3H-pmim]H,PO4 exhibited outstand-
ing catalytic property with the conversion of 98.1% and the
selectivity of 45.6% for a-terpineol (Entry 10). However, the
anion of BF4 ™ of the acidic IL [SO3H-pmim]BF; is neutral, but
96.5% of the conversion of a-pinene and 42.6% of the selec-
tivity of a-terpineol were obtained (Entry 11). Therefore, the
cations of acidic ILs have a decisive influence on the catalytic
performance of this kind of acidic ILs. Comparing catalytic

Results of the hydration of a-pinene and esterification of a-terpineol using different catalysts

Entry Catalyst a-Pinene hydration® a-Terpineol esterification®
Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)

1 Blank 12.3 8.5 17.0 54
2 H2S04(33%) 94.3 36.8 82.6 553
3 [Hmim]HSO4 (1a) 435 34.6 29.2 31.1
4 [Hmim]H,PO4 (1b) 45.7 54.2 30.6 57.2
5 [Hmim]BF4 (1c) 243 15.6 29.5 10.8
[§ [C4mim]HSOy4 (2a) 94.0 33.7 >99.7 80.0
7 [C4mim]H,PO4 (2b) 91.3 41.9 >99.7 83.1
8 [C4mim]BFy (2¢) 28.3 10.5 325 50.2
9 [SO3H-pmim]HSO4 (3a) 98.4 39.6 >99.7 8.0

10 [SO3H-pmim]H,PO4 (3b) 98.1 45.6 >99.7 87.2

11 [SO3H-pmim]BF4 (3¢) 96.5 42.6 >99.7 75.6

2 Reaction conditions: a-pinene 0.06 mol, water 0.3 mol, IL 0.001 mol, temperature 80 °C, time 8 h.
b Reaction conditions: a-terpineol 0.03 mol, acetic anhydride 0.045 mol, IL 0.003 mol, temperature 40 °C, time 8 h.
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Scheme 3. The process for hydration of a-pinene and esterification of a-terpineol catalyzed by acidic ILs.

performance of ILs with the same cation, it is clear that, the
increasing of the anion’s Brgnsted acidity of ILs improves the
catalytic activity of the acidic ILs. In contrast, the selectivity
of a-terpineol decreases when the anion’s Brgnsted acidity is
too strong (Entries 9-11). Among all acidic ILs with the same
anion, it is easily found that, the catalytic properties of ILs are
obviously improved when the acidity of cations and the vol-
ume/size of the group in the imidazolium cation are increased.
This phenomenon could be explained in terms of two aspects.
On the one hand, this is due to the Brgnsted acidity of the
cation with an alkane sulfonic acid group. [SO3H-pmim]* has
a higher Brgnsted acidity than [Hmim]* and [C4mim]*, and
even higher than HSO4~, HoPO4~ and BF4~, so the hydration
of a-pinene shows a better conversion in acidic ILs with an
alkane sulfonic acid than in the others. On the other hand, the
hydration of a-pinene includes many reversible reactions, so the
solubility of reagents and products in ILs might also affect ILs
catalytic activity. With increasing the volume/size of the sub-
stituent group in the imidazole ring, ILs become more lipophilic
and more micro-miscible with the reagent a-pinene, but more
immiscible with the desired product a-terpineol, so once the
desired product, a-terpineol is prepared, it is expelled from the
layer of ILs, which facilitates the progress of the hydration reac-
tion. Hence the hydration can proceed smoothly to completion.
That is consistent with the results of literature [19]. However,
it is worthwhile to note that [C4mim]BF, is neutral and has no
acid-catalytic activity. But 28.3% of the a-pinene conversion
and 10.5% of the o-terpineol selectivity were obtained, so it is
concluded that ILs can accelerate the process of the a-pinene
hydration reaction.

3.2. Results and discussion of the esterification of
a-terpineol

The results of the esterification of a-terpineol with acetic
anhydride were also listed in Table 1. Compared to the catalyst

H>SO4 (Entry 2), ILs [C4mim]HSO4 (Entry 6), [C4mim]H;PO4
(Entry 7) and [SO3H-pmim]H,>PO4 (Entry 10) exhibited out-
standing catalytic property with a conversion of more than
99.7%, and a selectivity of more than 80% for a-terpinyl
acetate. This indicates the esterification of a-terpineol can be
effectively carried out in these acidic ILs. Among all ILs
with the same anion, it can be seen that, the catalytic per-
formance of ILs is obviously improved with the increasing
of the acidity of cations and the volume/size of the group
in the imidazolium cations, which could be explained with
the same reasons as those of the hydration of «-pinene.
Among the ILs with the same cations, it is found that the
catalytic properties of ILs are improved with the increas-
ing of the acidity of anions, but the selectivity of a-terpinyl
acetate decreases when the anion’s Brgnsted acidity is too
strong. Therefore, it can be concluded that the volume/size of
the group in the imidazolium cation has a decisive influence
on the catalytic performance of acidic ILs, and the anion’s
Brgnsted acidic intensity affects the selectivity of the desired
products.

3.3. Reusability of acidic ILs catalyst for hydration of
a-pinene and esterification of a-terpineol

With the success of the above reactions, we selected the
acidic ILs [C4qmim]H>PO4 and [SO3H-pmim]H,PO4 to inves-
tigate their reusability in the hydration of a-pinene and the
esterification of a-terpineol. The results were given in Table 2.
Acidic IL [SO3H-pmim]H,PO4 was utilized repeatedly over
six times in the hydration and esterification, without significant
in conversion and selectivity. However, the catalytic activity of
the acidic IL [C4mim]H,;PO4 was decreased. Especially, in the
hydration of a-pinene, acidic IL [C4mim]H>PO4 had little cat-
alytic activity when it was reused for three times. This result
could be explained in terms of two aspects. First, in acidic IL
[SO3H-pmim]H,POy4, an alkane sulfonic acid group is the con-
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Table 2

Reusability of acidic ILs catalyst for hydration of a-pinene and esterification of a-terpineol

Cycle  «a-Pinene hydration a-Terpineol esterification
[C4mim]H,PO4? [SO3H-pmim]H,PO,4" [C4mim]H,PO42 [SO3H-pmim]H,PO,4?
Conversion (%) Selectivity (%) Conversion (%) Selectivity (%) Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)
1 91.3 41.9 97.1 47.1 >99.7 81.2 >99.7 87.8
2 49.6 52.8 854 524 >99.7 85.3 >99.7 85.9
3 27.24 49.9 89.8 49.9 96.7 86.0 >99.7 86.5
4 84.7 51.8 92.5 87.8 >99.7 88.9
5 83.7 51.6 86.4 89.4 >99.7 86.4
6 85.9 52.3 69.0 90.6 >99.7 88.6

4 Reaction conditions of cycle 1 are similar to those in Table 1. Reaction conditions of cycle 2—6: a-pinene 0.06 mol, water 0.06 mol, temperature 80 °C, time 8 h,

and the isolated layer of ILs is reused directly.

b Reaction conditions of cycle 1 are similar to those in Table 1. Reaction conditions of cycle 2-6: a-terpineol 0.03 mol, acetic anhydride 0.045 mol, temperature

40°C, time 8 h, and the isolated ILs are reused directly.

stituent of the catalytic activities, and it is covalently tethered
to IL cation, which is not easily lost, so IL has excellent rey-
clability. Second, HyPO4~ in IL [C4mim]H,;POy is the center
of catlytic activity, which is easy to be lost due to its ionogenic
linkage.

4. Conclusion

In summary, the a-pinene hydration and a-terpineol ester-
ification were successfully carried out in acidic ILs. The
acidity of the cations and the volume/size of the group
in cations determined catalytic performance of acidic ILs,
and the anions played a decisive role in the selectivity of
the desired products. Compared with HySO4 and other ILs,
[(CH2)3SO3Hmim]H,PO4 was of better reactivity and selectiv-
ity of the desired products in the reactions. The effective product
isolation combined with recyclable catalyst could be expected
to contribute to the development of clean and environmentally
friendly strategy for the synthesis of a-terpineol and a-terpinyl
acetate.
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