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Four tetraethylammonium amino acid ionic liquids (TAAILs) were prepared and used as catalysts for facile one-
pot synthesis of glycidol from glycerol and dimethyl carbonate. The results indicate that tetraethylammonium
pipecolinate ([N2222][Pipe]) exhibits the best catalytic activity compared with other three TAAILs, and catalyzes
the reaction to reach a glycerol conversion of 96% and a glycidol yield of 79% under optimum conditions. More-
over, DFT calculated results furthermanifest that such excellent performance originates from the carboxyl group
in [N2222][Pipe], which enables [N2222][Pipe] to activate the substrates effectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Concerning about fossil fuel consumption and exhaustion, the
demand for the biomass-derived biodiesel is increasing globally in the
last decades, whichmakes by-product glycerol available in huge amounts
at decreasing prices. Therefore, the conversion of glycerol to various
commodity chemicals, such as dehydration to acrolein, hydrogenolysis
to 1,2-propanediol, and gasification to syngas has attracted considerable
attention recently [1–4]. Among various derivatives of glycerol, glycidol
is one of themost attractive and valuable chemical intermediates. Indeed,
glycidol can be widely used in the fields of pharmaceuticals, cosmetics,
detergents, demulsifiers, dye leveling agents, etc. [5,6].

Generally, the industrial production of glycidol involves two envi-
ronmentally unfriendly routes (Scheme 1a) [7]. One is the epoxidation
of allyl alcohol using hydrogen peroxide in the presence of tungsten or
vanadium homogeneous catalyst. Another method is through the reac-
tion of epichlorohydrin under alkaline conditions. However, both these
two processes have several inherent drawbacks, including high pro-
duction cost, a large amount of waste liquid and chloride salt, and
serious equipment corrosion. In order to overcome the above issues,
using dimethyl carbonate (DMC) as a raw material to produce glycidol
has recently attracted significant attention. As well known, DMC is an en-
vironmentally friendly chemical intermediate because of its low toxicity,
low bioaccumulation and high biodegradability [8]. Thus, the synthesis
tao@jxnu.edu.cn (D.-J. Tao).
of glycidol through glycerol and DMC is considered to be an attractive
green and sustainable chemical process.

As shown in Scheme 1b, the two-step protocol for the preparation of
glycidol includes the formation of glycerol carbonate followed by its
decarboxylation. So far, there are a few research groups concentrating
on glycerol carbonate and glycidol [9–16]. Malkemus et al. [9] were
the first to patent the synthesis of glycidol through decarboxylation of
glycerol carbonate using metal salts as catalysts. Later, Choi et al. [12]
and Bolívar-Diaz [13] obtained glycidol through glycerol carbonate
using [BMIm]-based ionic liquids and metallic oxide modified ZSM-5
zeolite as catalysts, respectively. Despite the excellent yields and selec-
tivities, there has been little attention paid to the one-pot synthesis of
glycidol directly from glycerol and DMC [17–20]. Kelkar et al. [17] re-
ported their pioneering work on the one-pot synthesis of glycidol
using tetramethylammonium hydroxide as catalyst. However, this cata-
lyst has some inherent drawbacks such as poor thermal ability and dif-
ficult reusability. Li et al. [18] investigated that NaAlO2 induced a
glycidol yield of 76% in the one-pot synthesis of glycidol. Unfortunately,
an inevitable disadvantage is that the utilization of NaAlO2must be per-
formed under rigorously anhydrous conditions due to its nature of easy
hydrolysis. Therefore, there is still an urgent need to develop excellently
stable, highly efficient, and easily reusable catalysts for the facile one-
pot synthesis of glycidol.

In recent years, amino acid ionic liquids have attracted much atten-
tion owing to their cheap cost and environment-friendly characteristics
[21,22]. Because of their certain basicities, they could provide a potential
application in the one-pot synthesis of glycidol. Herein, we prepared a
series of tetraethylammonium amino acid ionic liquids (TAAILs). Their
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Scheme 1. Various routes for the synthesis of glycidol.
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catalytic behavior in the one-pot synthesis of glycidol from glycerol and
DMC was investigated systematically.

2. Experimental

2.1. Materials

Tetraethylammonium hydroxide (25 wt.% aqueous solution) was
purchased from Aldrich Chemical Reagent Co. Ltd. Other reagents such
as amino acid, glycerol, and DMC were of analytical grade and used
without any further purification.

2.2. Preparation and characterization of TAAILs

Four TAAILs composed of different anions, [N2222][Pipe], [N2222][Pro],
[N2222][H-pyr], and [N2222][Thio] (Fig. 1) were synthesized via the simple
neutralization reaction. The detailed preparationmethods and character-
ization results of these TAAILswere then listed in the Supplementary data.

2.3. Catalytic test

In a typical procedure, glycerol (20 mmol), DMC (40 mmol) and
3 wt.% of catalyst (0.16 g) were added into a round-bottomed flask
(25 ml) equipped with a magnetic stirrer and condenser. Then, the
reaction mixture was stirred at 130 °C for 2 h. Samples were taken
from the reactor at regular intervals. Qualitative analyses of products
were examined by a Thermo Trace 1300 GC-ISQ, and quantitative anal-
yses were carried out by a GC-FID (Agilent 7890B). A capillary column
HP-5 (30m× 0.32mm× 1 μm)was used to determine the composition
of the samples using tetraethylene glycol as an internal standard with
nitrogen as the carrier gas at a flow rate of 1.5mL/min. The temperature
of the column, the inlet and the detector were kept at 250, 270, and
300 °C, respectively. The calculation methods of glycerol conversion,
Fig. 1. Structures o
glycidol selectivity and glycidol yield were then given in the Supplemen-
tary data. After the reaction was completed, the mixture was extracted
with deionized water, and the aqueous phase containing TAAILs could
be separated by simple decantation. The catalyst TAAILs was thus recov-
ered and reused in the next run.

3. Results and discussion

3.1. Catalytic performance

The one-pot synthesis of glycidol from glycerol and DMC was stud-
ied in the presence of various TAAILs and other base catalysts. As seen
from Table 1, the catalyst TAAILs display various catalytic performances,
and the sequence is [N2222][Pipe] N [N2222][Pro] N [N2222][Thio] N

[N2222][H-Pyr] (Entries 1–4). Among these four TAAIL catalysts,
[N2222][Pipe] catalyzes the reaction to lead to the highest conversion
of glycerol (96%) and selectivity in glycidol (82%). To gain insight into
this catalytic process, we calculated the natural bond orbital (NBO)
charges of the oxygen atoms of the carboxylate group in the four TAAILs
(Computational methods was shown in the Supplementary data). The
results are summarized in Fig. 2 and reveal that the sequence of the
quantity of negative charges on oxygen atom in these TAAILs matches
well with the order of their catalytic performance. In another word,
TAAIL possessing more negative charges on oxygen atom shows a rela-
tively high catalytic activity. Compared with [N2222][Pro], the poor cata-
lytic performance of [N2222][Thio] and [N2222][H-Pyr] is ascribed to the
less negative charges on oxygen atom with the result of the electron
withdrawing effect of sulfur atom and carbonyl group, respectively.
This implies that more negative charges concentrated on oxygen atom
in TAAIL could activate glycerol and glycerol carbonate easily, and cata-
lyze this one-pot reaction to obtain higher glycidol yield.

For comparison, the use of Amberlite-IR A400 resin leads to a low se-
lectivity in glycidol (Entry 5). A low yield of glycidol is also obtained
f four TAAILs.



Table 1
Catalyst screening for one-pot synthesis of glycidol.a

Entry Catalyst GL conversion (%) Selectivity (%)

GD GC

1 [N2222][Pipe] 96 82 18
2 [N2222][Pro] 94 68 32
3 [N2222][H-pyr] 12 25 75
4 [N2222][Thio] 11 10 90
5 Amberlite-IRA400 87 52 48
6 Sodium prolinate 86 50 50
7 [N2222][Ace] 88 58 42
8b NaAlO2 95 81 19
9c NaAlO2 85 45 55
10c [N2222][Pipe] 94 81 19

a Reaction conditions: catalyst (3 wt.%), glycerol (20mmol), DMC (40mmol), 130 °C, 2
h. Glycerol (GL), glycidol (GD), glycerol carbonate (GC).

b The results were taken from ref. [18].
c Adding 1 wt.% water (based on the amount of glycerol and DMC).
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using sodium prolinate as catalysts (Entry 6). This may arise from its
inorganic nature which makes it difficult to be soluble in the reactive
system and decreases the opportunity for contactingwith the reactants.
Subsequently, the catalytic performance of another ionic liquid catalyst
tetraethylammonium acetate ([N2222][Ace]) shows that compared with
[N2222][Pipe], [N2222][Ace] induces a relatively low glycerol conversion
and glycidol selectivity under the same reaction condition (Entry 7).
Moreover, it has been reported that the catalysis with NaAlO2 leads to
a glycerol conversion of 95% and glycidol selectivity of 81% (Entry
8) [18]. However, when the experiments with such system containing
1 wt.% water were performed, the catalytic activity of NaAlO2 decreases
significantly and the selectivity of glycidol dropped to 45% (Entry 9). To
the contrary, [N2222][Pipe] still maintains a high catalytic activity in the
presence of 1 wt.% water (Entry 10). This confirms that NaAlO2 is easily
hydrolyzed and reduces its catalytic performance significantly in the
presence of water. [N2222][Pipe] is considered to be an excellent catalyst
for the one-pot synthesis of glycidol, whatever the reactionmixture has
little or no water.
Fig. 2. NBO charges of the oxygen at
3.2. Effect of reaction conditions

Effect of reaction parameters such as temperature, catalyst loading,
reaction time, and DMC to glycerolmolar ratio on the activity and selec-
tivity was investigated (Fig. 3). It can be seen that glycerol conversion
and glycidol selectivity increase rapidly with increasing the tempera-
ture from 90 to 130 °C (Fig. 3a). However, with further raising the tem-
perature, glycerol conversion and glycidol yield doesn't change much.
Consequently the optimized reaction temperature was set at 130 °C.
Fig. 3b shows that glycerol conversion and glycidol selectivity increase
with catalyst amount obviously and change a little beyond 3 wt.%. It is
also seen from Fig. 3c that glycidol yield and selectivity improve sub-
stantially by prolonging reaction time up to 2 h. The reaction times of
3 h and 4 h do not induce higher glycerol conversion and glycidol
yield. Fig. 3d shows that excess DMC is beneficial to the formation of
glycidol. TheDMC to glycerolmolar ratio of 2:1 induces glycerol conver-
sion of 96% and glycidol yield of 79%. However, the obtained values of
glycerol conversion and glycidol yield in the molar ratio of 3:1 and 4:1
change little compared with the ratio of 2:1, indicating that a large ex-
cess of DMC is not necessary. A suitable DMC to glycerol molar ratio is
suggested to be 2:1. Therefore, the above results demonstrate that it is
hard to get a complete reaction because of the chemical equilibrium
and a plateau is usually observed under various reaction conditions.
This phenomenon is in good agreement with those reported in litera-
tures [18,19]. The optimal reaction parameters thus can be set as:
temperature of 130 °C, reaction time of 2 h, DMC to glycerol molar
ratio of 2:1, and catalyst loading of 3 wt.%.
3.3. Plausible reaction mechanism

On the basis of the above-mentioned results and the previous litera-
tures [23–25], we propose a plausible reaction path for the formation of
glycidol (Fig. 4). Firstly, the C_O bond of DMC and the O–H bond of
glycerol can be activated by secondary amine group and carboxylate
group in [N2222][Pipe], respectively, resulting in an active state of DMC
and glycerol with the formation of (N–H…O) hydrogen bond and
om in carboxyl for four TAAILs.



Fig. 3. (a) Effect of reaction temperature, (b) catalyst loading, (c) reaction time, (d) molar ratio on the reaction. Typical reaction conditions: 20 mmol glycerol, 40 mmol DMC, 3 wt.% of
[N2222][Pipe], 130 °C, 2 h.
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(O–H…O) hydrogen bond. Subsequently, activated glycerol makes nu-
cleophilic attack to the carbonyl-carbon atom of DMC to form a dialkyl
carbonate intermediate andmethanol. After that, dialkyl carbonate con-
tinues to interact with [N2222][Pipe] and makes an intramolecular
Fig. 4. The plausible reaction mechanism for one-pot synth
nucleophilic attack to give glycerol carbonate. Furthermore, the carbox-
ylate group of [Pipe]− reacts with the substituted sp3 hybridized
alkylene carbon of glycerol carbonate to form a ring opening intermedi-
ate. An intramolecular nucleophilic substitution reaction then occurs,
esis of glycidol from glycerol and dimethyl carbonate.



Fig. 5. The recycle test of [N2222][Pipe] catalyst.
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leading to the ring opened intermediate that undergoes decarbo-
xylation and thus releases CO2. Consequently, the product glycidol is
formed and the catalyst [N2222][Pipe] is regenerated.

3.4. Evaluation of catalyst stability

The recyclability of [N2222][Pipe] was examined in five consecutive
batch runs and is shown in Fig. 5. The results indicate that a slight loss
of the selectivity of glycidol is observed after five recycles but the con-
version of glycerol is maintained at 96%. The decrease of selectivity
might be partly attributed to a gradual physical loss of the catalysts dur-
ing the recycling procedure. In general, the catalyst [N2222][Pipe] for
one-pot synthesis glycidol is stable enough to be recycled.

4. Conclusions

Four TAAILs were synthesized, characterized, and used as catalysts for
facile one-pot synthesis of glycidol from DMC and glycerol. Compared
with other three TAAILs, [N2222][Pipe] exhibits remarkable catalytic
performance with glycerol conversion of 96% and glycidol selectivity of
82%. The optimal reaction parameters were found to be: temperature of
130 °C, reaction time of 2 h, DMC to glycerol molar ratio of 2:1, and cata-
lyst loading of 3 wt.%. DFT calculations further manifest that [N2222][Pipe]
possessing more negative charge concentrated on the carboxylate
group could activate glycerol carbonate well and result in higher
yield of glycidol.
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