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Imidazolium based tri-cationic room temperature ionic liquid (RTILs) were synthesized and characterized, and
their physicochemical properties such as thermal stability, viscosities and solubility were investigated. These
ionic liquids exhibited excellent catalytic activity for 2-azidoalcohol synthesis from epoxide and sodium azide.
The present tri-cationic RTILs/water catalytic systems showed better catalytic performance than their mono-
cationic counterparts. Among all prepared ionic liquids, [GLY(mim)3][OMs] gave best results with up to 96%
yield of 2-azidoalcohol. The reusability test of glycerol-tri (3-methylimidazolium) trimesylate [GLY(mim)3][OMs]3
were studied for five consecutive cycles presenting the highest yield without loss in their catalytic activity. Hence,
the experimental results demonstrated that structural variation of synthesized tri-cationic RTILs can dictate their
physicochemical and catalytic activities.

© 2015 Published by Elsevier B.V.
1. Introduction

Recently, ionic liquid (IL) have attractedmuch attention towards ac-
ademic and industrial research since they have shown intense advan-
tages in the context of green chemistry and therefore have great
promising potential [1]. Ionic materials are used as a substitute for vol-
atile solvents in organic synthesis. This class of solvent often combines
attractive features of considerable thermal stability and low vapor pres-
sure in a single solvent system [2]. ILs are mainly composed of symmet-
rical and of bulky organic cation paired with anion that can be either
organic or inorganic in nature. Moreover, it is well known that physical
and chemical properties of an IL are determined by structure of constit-
uent cation and anion. Thus one can systematically tailor an IL with spe-
cific properties. This structural flexibility has made ILs most popular
among several disciplines of science such as electrochemistry [4,5], biol-
ogy [6] bio-materials science [7,8] and chemistry [4,5]. These molten
salts are extensively persuaded as solvents for chemical reactions, lubri-
cants, modifiers for column chromatography, catalyst and/or catalyst
carrier for wide verity of organic reactions [9,10].

In addition, the ILs are frequently used in acid catalysis reaction for
synthetic and industrial chemistry [11]. Over the past several decades,
halogenated ILs have been looked as a promising candidate for
substitutingmineral and solid acid catalysts due to their desirable acidic
and high soluble properties [12]. However, the halogenated ILs are very
sensitive to hydrolysis because a trace amount of moisture can change
the composition of salt and concentration of protons. Therefore, the
development of moisture stable and efficient non-halogenated acidic
ILs are advantageous [13,14]. In this regard, various types of non-
halogenated room temperature acidic ILs have been reported; such as
SO3H functionalized IL and 1-butyl-3-methylimidazolium hydrogen
sulfate, which are prepared by ion exchange between [BMIm] Cl and
H2SO4 [15,16].

Multi-cationic ILs such as di-cationic and tri-cationic ILs have
emerged as a new class of ILs that presents improved thermal stability,
broader liquid range, higher viscosity and biological activity [17,18].
Diatonic ILs, especially those based on imidazolium or pyridinium cat-
ion have shown various pharmaceutical applications [19,20]. Tri-
cationic ILs on the other hand have a rigid geometry. Due to the pres-
ence of three charges carrying moieties in very close proximity with
each other renders them high apparent polarity. Hence, multi-cationic
and tri-cationic ILs have the highest probability of forming room tem-
perature ionic liquids (RTILs) [21]. Current method for synthesis of tri-
cationic ILs involves passing of HCl gas in the mixture of formaldehyde
and glycerol followed by reaction with tertiary amine [22]. Resultant
ILs were quite efficient for separation of aromatics, alcohols and thio-
phene from aliphatic hydrocarbon. However, their syntheticmethod in-
volved the use of highly toxic and corrosive reagents such as HCl gas.
Previously, our research group has successfully synthesized a short
oligo functioned imidazolium diatonic ILs from ethylene glycol, which

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2015.04.058&domain=pdf
http://dx.doi.org/10.1016/j.molliq.2015.04.058
mailto:hernkim@mju.ac.kr
http://dx.doi.org/10.1016/j.molliq.2015.04.058
http://www.sciencedirect.com/science/journal/01677322
www.elsevier.com/locate/molliq


315A.A. Chaugule et al. / Journal of Molecular Liquids 208 (2015) 314–321
shows high thermal stability and catalytic activity [23–25]. From the
above analysis, we believe that synthesis of tri-cationic ILs from glycerol
would be an eco-friendly procedure.

In the present study, we report synthesis and application of tri-
cationic room temperature ionic liquid (RTILs) in organic reaction. It is
reported that glycerol is a non-toxic, biodegradable liquid and can im-
part different advantages when combined with ILs. These advantages
make it ideal for use as a solvent and/or catalyst in organic synthesis.
Herein, we introduced imidazolium based tri-cationic RTILs functional-
ized with glycerol chain. Further, three different types of tri-cationic
RTILs usingmetathesis by changing the ion chemistrywere synthesized.
We expected such ILs to have excellent physicochemical properties than
parent glycerol [26,27]. Furthermore, catalytical activities of these new
tri-cationic RTILs in probe of acid catalyzed reaction to 2-azidoalcohol
synthesis from epoxide were also investigated.
2. Experimental section

2.1. Material

3-methyl imidazole (99% pure), methane sulfonyl chloride (99%
pure), trimethyl amine (99% pure), glycerol (99% pure), potassium bro-
mide (99% pure), bis(trifluoromethanesulfonyl)imide lithium salt
(99.95%), potassium hexafluorophosphate (99% pure), sodium sulfate
(99%) and all substrates used for azidoalcohol synthesis from epoxide
reaction were purchased form Sigma Aldrich, USA with (99%) purity
and were used as received. TLC analysis was performed on silica-gel
(SIL G/UV 254) plates to monitor the reaction.
2.2. Characterization and measurements

The products were characterized by comparison of their spectro-
scopic data (1HNMR, 13CNMR and FT-IR analysis)with physical proper-
ties to those reported in the literature. NMR spectra were recorded in
DMSO-d6 on 400MHz spectrometers using TMS as an internal standard.
The FTIR spectra of samples were obtained by pelletizing the dried sam-
ples with potassium bromide (KBr) and recorded using Varian 2000
(Scimitar series) spectrophotometer. A spectrum was recorded from
4000 to 500 cm−1 maintaining a resolution of 4 cm−1 with 32 scans
in transmittance mode. Mass spectra for samples were obtained using
WatersMicromass ZQ LC/MS2000 (Scimitar series) spectrophotometer.
Thermogravimetric analysis (TGA, model SETARAM-92-16-18) was
used to check the thermal stability of samples. The heating of samples
were carried out at room temperature to 600 °C, with a heating rate of
10 °C/min under a continuous purge of nitrogen (50 mL/min), and
spectra were collected using Q600 Software (TA Instruments). Differen-
tial scanning calorimetry (DSC) data were obtained in sealed aluminum
pan with cooling and heating rate of 10 °C/min on Mettler DSC822,
under the continuous purge of nitrogen (50 mL/min). Viscosity
measurements were performed using a Brook-field model DV-II+
programmable viscometer connected with temperature controlled
heating bath. All yields refer to isolated products.
Scheme 1. Synthesis of glycerol-tri (3-methyli
2.3. Typical procedure for synthesis of tri-cationic RTILs

2.3.1. Typical procedure for synthesis of trimesylate precursorsa

Scheme 1 illustrates the procedure for synthesis of trimesylate pre-
cursors. Initially, 1.0 mmol of glycerol and 3.5 mmol of trimethylamine
were added in a round bottom flask with excess of dichloromethane.
Then, the reaction mixture was cooled to 0 °C in ice bath, and subse-
quently stirred to have proper mixing. To this solution, 3.5 mmol of
methane sulfonyl chloride was added in a dropwise manner within a
period of 10 to 15min. This reactionmixturewas further subjected con-
tinuous stirring at room temperature for 12 h. Meanwhile, the comple-
tion of the reaction was monitored by TLC using (30% ethyl acetate:
hexane). After the completion of reaction, the reaction mixture was ex-
tractedwithwater and dichloromethane. The organic layerwaswashed
with water three times, dried over sodium sulfate and concentrated by
rotary evaporator. Resultant pre-precursor product appeared orange in
color which was kept at room temperature for 24 h to obtain afforded
solid as trimesylate precursor (yield 89%).

1H NMR (400 MHz, DMSO-d6):∂ 3.25 (s, 9H), 4.45 (d, 4H), 5.15 (m,
1H). FT-IR (500–4000 cm−1): 768 cm−1 (S–O), 1113, 1380 cm−1

(S = O), 2866, 2985 cm−1 (C–H). 13C NMR (125 MHz): 14, 15, 45, 53.
HR-MS m/z [M-OMs]+: 138.19. Calcd (%): C 22.08, H 4.32, O 44.12,
S 29.47; Found: C 21.07, H 4.31, O 44.12, S 29.46.

2.3.2. Synthesis of glycerol-tri (3-methylimidazolium) trimesylate
[GLY(mim)3][OMs]3

In this typical procedure, trimesylate precursor (1.0 mmol) and
3-methylimidazolium (3.0 mmol) was refluxed in acetonitrile at
75 °C for 28 h. After completion of the reaction, obtained mixture
was cooled down at room temperature and excess solvents were re-
moved by using a rotary evaporator. The remaining mixture was
washed three times with ethyl acetate to remove un-reacted starting
material. And, the afforded product resulted in formation of glycerol-
tri(3-methylimidazolium) trimesylate IL. (yield 91.25%)

[GLY(mim)3][OMs]3, Thick liquid: 1H NMR (400 MHz, DMSO-d6):∂
2.41 (m, 3 × 3H), 3.47 (s, 3 × 3H), 3.66 (m, 5H), 9.24 (s, 3 × 1H),
7.59–7.67 (m, 3 × 2H); FT-IR (500–4000 cm−1): 1198, 1210 cm−1

(S = O), 1398, 1465 cm−1 (C = C), 1623 cm−1 (C = N), 3095 cm−1

(Ar–H), 2912 cm−1, 2870 cm−1 (C–H). 13C NMR (125 MHz): 33.26,
39.4, 45.44, 48.5, 118, 120.34, 125.96, 136.90. HR-MS m/z [M-OMs]+:
382.18. Analysis: C21H41N6O9S3, Calcd (%): C 40.83, H 6.69, N 13.60, O
23.31, S 15.56; Found: C 40.80, H 6.66, N 13.61, O 22.98, S 15.6.

2.3.3. Synthesis of glycerol-tri (3-methylimidazolium)
bis(trifluoromethanesufonyl)imide [GLY(mim)3][NTf2]3

In round bottom flask, as aforementioned procedure the prepared
glycerol-tri (3-methylimidazolium)trimesylate (0.17 mol) and
bis(trifluoromethanesulfonyl)imide lithium salt (0.52 mol) reacted in
acetone at room temperature for 28 h. Then, the reaction mixture was
filtered and washed three times with acetone for complete removal of
salts formed during reaction. The [GLY(mim)3][NTf2]3 was afforded by
evaporating the acetone under vacuum. (yield 91.96%).

[GLY(mim)3][NTf2]3, Thick liquid: 1H NMR (400 MHz, DMSO-d6):∂
3.65 (s, 3 × 3H), 3.80 (m, 5H), 8.78 (s, 3 × 1H), 7.8 (m, 3 × 2H). FT-IR
midazolium) trimesylatetricationic RTILs.



316 A.A. Chaugule et al. / Journal of Molecular Liquids 208 (2015) 314–321
(500–4000 cm−1): 1055 cm−1 (C–F), 1198 cm−1, 1210 cm−1 (S = O),
1346 cm−1, 1441 cm−1 (C = C), 1623 cm−1 (C = N), 3095 cm−1 (Ar–
H), 2912 cm−1, 2870 cm−1(C–H). 13C NMR (125 MHz): 33.86, 36.18,
46.88, 49.46, 117.92, 121.11 (C–N), 126.15, 137. HR-MS m/z [M-
OMs]+: 567.11. Analysis: C24H32F18N9O12S6, Calcd (%): C 24.58, H 2.75,
N 10.76, O 16.37, S 16.40 Found: C 24.50, H 2.78, N 10.76, O 16.30, S
16.38.

2.3.4. Synthesis of glycerol-tri (3-methylimidazolium)
hexafluorophosphate [GLY(mim)3][PF6]3

Glycerol-tri (3-methylimidazolium) hexafluorophosphate ILwas syn-
thesized with the same procedure as described for [GLY(mim)3][NTf2]3IL
using glycerol-tri(3-methylimidazolium)trimesylate (0.17 mol) and po-
tassium hexafluorophosphate (0.52 mol) to obtain [GLY(mim)3][PF6]3
IL. The crude salts in reaction were removed by filtration and
[GLY(mim)3][PF6]3 IL was collected by evaporating acetone under
reduced pressure. (Yield 93.12%)

[GLY(mim)3][PF6]3, Thick liquid: 1H NMR (400 MHz, DMSO-d6):∂
3.63 (s, 3 × 3H), 3.51–3.71 (m, 5H), 9.21 (s, 3 × 1H), 7.76–7.80 (m,
3 × 2H). FT-IR (500–4000 cm–1): 1198 cm–1, 1210 cm–1 (S–O),
1364 cm−1, 1441 cm−1 (C = C), 1623 cm−1 (C = N), 3095 cm−1(Ar–
H), 2912, 2870 cm−1(C–H). 13C NMR (125 MHz): 33.90, 39.58, 46.12,
50.28, 120, 128, 137. HR-MS m/z [M-OMs]+: 432.29. Analysis:
C18H32F18N6P3, Calcd (%): C 28.17, H 4.20, N 10.95; Found: C 28.17, H
4.18, N 10.92.

2.3.5. Glycerol-tri (3-methylimidazolium) bromide [GLY(mim)3][Br]3
Glycerol-tri(3-methylimidazolium) bromide IL was also synthesized

by the same strategy as was done in the case of [GLY(mim)3][NTf2]3
using glycerol-tri(3-methylimidazolium)trimesylate (0.17mol) and po-
tassium bromide (0.52mol) to formGLY(mim)3][Br]3. The crude salts in
reaction mixture were removed by filtration and [GLY(mim)3][Br]3 IL
was obtained by evaporating acetone under a reduced pressure. (yield
92.50%).
Scheme 2. Synthesis of tri-cationic RTILs using metathesis
[GLY (mim)3][Br]3, Thick liquid: 1H NMR (400 MHz, DMSO-d6):∂
3.51 (s, 3 × 3H), 3.83 (m, 5H), 8.80 (s, 3 × 1H), 7.71–7.80 (m, 3 × 2H).
FT-IR (500–4000 cm−1): 1198 cm−1, 1210 cm−1 (S = O),
1364 cm−1, 1441 cm−1 (C = C), 1623 cm−1 (C = N), 3095 cm−1(Ar–
H), 2912 cm−1, 2870 cm−1(C–H). 13C NMR (125 MHz): 33.96, 39.58,
46.12, 50.25, 120.79, 128.55, 137.16. HR-MS m/z [M-OMs]+: 367.25.
Analysis: C18H32Br3N6. Calcd (%): C 37.73, H 5.64, Br 41.89, N 14.69;
Found: C 37.70, H 5.61, Br 41.91, N 14.65.

2.4. General procedure of 2-azidoalcohol formation from epoxides

The procedure to synthesize 2-azidoalcohol was carried our using
previously reported conditions [23]. In brief, epoxides (0.83 mol) and
sodium azide (1.24 mol) was taken in a 50 ml round bottom flask.
Then 0.15 mol of corresponding tri-cationic ILs/water (IL/H2O (2:1))
was used as catalyst/solvent in reaction media. The reaction mixture
was heated at 60 °C for 60 to 180 min for different catalysts prepared
in this study. Reaction progress was monitored by TLC using (5% ethyl
acetate: hexane). After the completion of reaction, the obtained mix-
ture was extracted three times with ether, dried in sodium sulfate
(Na2SO4) and associated ether solvent was removed under reduced
pressure. The resulting 2-azidoalcohol product was purified by col-
umn chromatography.

Table 3 A: 1HNMR (400MHz, CDCl3);∂ 1.2–1.80 (8H,m), 3.11(1H, td,
J = 6.0 Hz), 3.35(1H, td, J = 7.1 Hz), 4.05(1H, brs); FI-IR (500–
4000 cm−1):2100 cm−1, 3400 cm−1. 13CNMR (125 MHz): 24.5, 24.6,
30, 33, 67, 74.

Table 3 B: 1H NMR (400MHz, CDCl3); ∂ 1.96 (1H, brs, OH), 3.70 (2H,
d, J = 6.1 Hz, CH2OH), 4.8 (1H,t, J = 6.3, 4.4 Hz), 7.23–7.48 (5H, m, AH),
13C NMR (125 MHz): 55, 78, 126,128, 128.5, 139; FI-IR (500–
4000 cm−1): 2100 cm−1, 3400 cm−1.

Table 3 C: 1HNMR (400MHz, CDCl3);∂ 1.2 (1H, dd, J = 8.0 Hz, 12 Hz,
CHaN3), 3.3 (1H, dd, J = 4.1 Hz, 8.1 Hz, CHbN3), 3.8 (1H,m, CHOH), 3.75
(1H, dd, J = 7.9 Hz, 12 Hz, CHaCl), 4.0 (1H, s, OH), 4.05(1H, dd, J =
of glycerol-tri (3-methylimidazolium) trimesylate IL.



Fig. 1. Thermogravimetric analysis of synthesized tri-cationic RTILs.
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4.1Hz, 8.0 Hz, CHbCl); FT-IR (500–4000 cm−1): 3326 cm−1, 2113 cm−1.
13C NMR (125 MHz); 54.5, 78, 65.

Table 3 D: 1H NMR (400 MHz, CDCl3); 0.98 (3H, t, J = 7.0, 4.0 Hz,
CH3), 1.42–1.66 (2H, m, CH2), 1.94 (1H, s, OH), 3.16–3.50 (m, 2H,
CH2N3), 3.56–3.76 (m, 1H, CHOH). FT-IR (500–4000 cm−1):
3326 cm−1, 2113 cm−1

.
13C NMR (125 MHz); 54.5, 78, 30.2, 11.9.

Table 3 E: 1H NMR (400MHz, CDCl3); 1.6 (1H, dd, J = 8.0 Hz, 12 Hz,
CHaN3), 3.5 (1H, dd, J = 4.1 Hz, 8.1 Hz, CHbN3), 3.7 (1H,m, CHOH), 3.80
(1H, dd, J= 7.6 Hz, 12Hz, CHaOH), 4.0–4.2 (2H, s, OH), 4.05 (1H, dd, J=
4.5 Hz, 7.8 Hz, CHbCl); FT-IR (500–4000 cm−1): 3326, 2113 cm−1. 13C
NMR (125 MHz); 53.5, 75.8, 65.2.

Table 3 F: 1H NMR (400 MHz, CDCl3); 1.26 (brs, 1H, OH), 1.48–2.37
(m, 6H, CH2), 3.64–3.72 (q, 1H, CHN3), 4.08–4.28 (q, 1H, CHOH). FT-IR
(500–4000 cm−1): 3289 cm−1, 2213 cm−1. 13C NMR (125MHz); 24.3,
30.1, 33.2, 78.6, 65.1.

2.5. Separation of tri-cationic RTILs

After the completion of reaction, the reaming excess of NaN3 and
NaOH containing tri-cationic RTILs was transferred to round bottom
flask. This mixture was diluted with acetonitrile and stirred for
20 min. The actonitrile containing layer was separated out by simple
decantation and dried over sodium sulfate. Finally, the acetonitrile
was evaporated under reduced pressure to obtain the tri-cationic
RTILs as a thick liquid.

3. Results and discussion

3.1. Preparation and characterization of tri-cationic RTILs

Scheme 1 illustrates the synthetic route for preparation of tri-
cationic RTILs and synthesizedmaterials were characterized using vari-
ous techniques. Initially the preliminary trimesylate precursor was pre-
pared from protecting hydroxyl groups of glycerol by methanesulfonyl
Table 1
Solubility and thermal stability properties of synthesized tri-cationic RTILs.

Tri-cationic ILs Solvent

H2O MeOH Acetone

1 [GLY(mim)3][OMs]3 M M M
2 [GLY(mim)3][NTF2]3 IM M M
3 [GLY(mim)3][PF6]3 IM M M
4 [GLY(mim)3][Br]3 M M M

M = miscible, IM= immiscible, Td = thermal decomposition temperature.
chloride. Further, protected glycerol compound was used for the syn-
thesis of four N-methylimidazolium based ILs. The ILs were afforded
by reacting N-methylimidazolium and various anions salts such as
−OMs, −NTf2, −PF6, and −Br (Scheme 2). The N-methylimidazolium
was preferred because of its compatibility with acid, easy availability
as well as low cost. The detailed synthetic procedure is described in
the aforementioned experimental sections. The obtained RTILs were
characterized by 1HNMR, FT-IR and elemental analysis.We used glycer-
ol as starting reactant to develop trimesylate precursor which was fur-
ther converted to a tri-cationic IL. The [OMs]− and [NTf2]− types of
anions in between the three imidazolium cation were discovered effi-
cient to develop physicochemical properties and catalytic activity in or-
ganic reaction.

3.2. Thermal properties of tri-cationic ionic liquid

3.2.1. TGA and DSC analyses
Thermal decomposition (Td) temperatures of all synthesized tri-

cationic RTILs were measured by thermogravimetric analyzer (TGA)
under nitrogen atmosphere with heating rate of 10 °C/min. The TGA
curve obtained for synthesized tri-cationic RTILs are shown in Fig. 1
and the Tdvalues are presented in Table 1. Itwas observed that the ther-
mal behavior of all tri-cationic RTILs presented a higher stability and
thermal decomposition was observed in the range of 202 to 343 °C.
TGA curves for GLY(mim)3][OMs]3 and GLY(mim)3][PF6]3 clearly
shows thermal decomposition occurring at 343 °C and 321 °C. Subse-
quently, TGA curve for GLY(mim)3][Br]3 IL shows thermal decomposi-
tion start at 170 °C in the first step. Finally, the 90% weight loss was
observed at 383 °C. For GLY(mim)3][NTf2]3 IL, 20% weight loss occurred
at 243 °C and further 90% weight loss was observed at 387 °C. As com-
pared all values of Td for tri-cationic RTILs exhibited to bemore thermal-
ly stable than commonly used traditionalmono-cationic ILs [28,29]. This
implies that TGA curves for all tri-cationic IL is strongly affected by pres-
ence of anions. The [OMs]− anion presented the higher thermal stabili-
ty, whereas [Br]− anion has showed a lower thermal stability. The high
thermal stability of [OMs]− anionic tri-cationic RTIL was due to the
presence of three imidazolium ring. From the above observation it can
be concluded that the presence of three imidazolium cation moieties
can significantly increase the thermal stability of ILs.

Fig. 2 shows the results of differential scanning calorimetry (DSC)
analysis for prepared tri-cationic RTILs. The DSC curve for all tri-
cationic ILs was observed in two cycles that was 200 °C to −30 °C and
−30 °C to 200 °C. The 200 °C to −30 °C cycles for [OMs]−, [NTf2]−,
[PF6]− and [Br]− anionic tri-cationic ILs did not show any crystallization
effect on cooling, and−30 °C to 200 °C cycles showswell stability of ILs
on heating. However, DSC analysis estimated the higher stability of tri-
cationic RTILs and even at −30 °C all tri-cationic ILs were in a liquid
state. This indicates that these ILs have wide liquid range coupled with
higher thermal stability. Therefore, these ILs can offer a wide variety of
application.

3.3. The viscosity and solubility of prepared tri-cationic RTILs

Viscosity of the ILs is of enormous importance for its use as a solvent,
catalyst in chemical reactions and its diffusion rate in various
EtOAc CHCl3 Toluene CH3CN C6H12 Td

IM M IM M IM 343
IM M IM M IM 301
IM M IM M IM 321
IM M IM M IM 202



Fig. 2. Differential scanning colorimetry analysis of synthesized tri-cationic RTILs.
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reactions [3,12,17]. Fig. 3 shows the viscosity of all prepared tri-cationic
RTILs at temperature ranging from 25 °C to 80 °C. Before measuring vis-
cosity, the ILs were dried at 60–80 °C for 3 h under vacuum. The results
show that all four different anions containing ILs shows different viscos-
ity at 25, 40, 60 and 80 °C. Preliminary at 25 °C (i.e., room temperature),
viscosity of all ILs were observed nearly in the range of 1396 cP, 1203 cP,
610 cP and 400 cP for [PF6]−, [OMs]−, [NTf2]−, [Br]− anions, respective-
ly, containing tri-cationic ILs. From these values it clearly demonstrates
that viscosity of [PF6]− and [OMs]− containing IL was significantly
higher than [NTf2]− and [Br]− containing ILs. Furthermore, whenwe in-
crease the temperature from40 to 60 °C, it was found that viscosity of all
ILs decreased in the range of 100–202 cP and 400–180 cP, respectively.
At last, when temperature was further increased from 60 to 80 °C, we
observed a strong decrease in viscosity in the range of 120–80 cP for
all ILs. In all prepared tri-cationic RTILs cation and anion moieties play
an important role for high range of viscosity. According to observed vis-
cosity (Fig. 3) IL containing [PF6]− and [OMs]− anionweremore viscous
compared to others. The tri-imidazolium symmetric moieties with
[OMs]− and [PF6]− anions aremainly responsible for hydrogen bonding
and Van der waals interactionwhich create a positive effect on viscosity
of RTILs. Hence, we can conclude that the synthesized RTILs show a high
range of viscositywhich is strongly dependent on cation and anion com-
Fig. 4. FT-IR spectra of (A) pure pyridine; (B) pyridine + GLY(mim)3][Br]3(1:5);
(C) pyridine + GLY(mim)3][NTf2]3(1:5); (D) pyridine + GLY(mim)3][PF6]3 (1:5);
(E) pyridine + GLY(mim)3][OMs]3 (1:5).Fig. 3. Viscosity of synthesized tri-cationic RTILs at different temperatures.
bination. Moreover, the higher viscosity tri-cationic ILs are reported for
various applications such as stationary phase in liquid chromatography
for solving separation of organic compounds [15].

Solubility of the synthesized tri-cationic RTILs was determined in
different solvents at room temperature and results are summarized in
Table 1. As mentioned earlier, RTILs are amphiphilic in nature which
strongly depend on it constituent cation and anions. The [OMs] and
[Br] anionic tri-cationic IL was soluble in polar solvent and insoluble in
non-polar solvents. This property may be attributed due to the hydro-
gen bonding strength of imidazolium cation with polar solvents. The
[NTf2]− and [PF6]− anionic tri-cationic IL was insoluble in water and
non-polar solvents. The solubility behavior of [OMs]−, [Br]−, [PF6]−

and [NTf2]− anionic tri-cationic ILs was similar to previously reported
di-cationic ILs [30].
3.4. Determination of acidity for tri-cationic RTILs

To determine the acidity of ILs is challenging and moderately a new
subject. Therefore, various methods have been reported to investigate
the phenomenon; suchmethods include determination of Lewis acidity
by IR spectroscopicmethod and bronsted acidity usingUV–vis spectros-
copy [31]. Yang and Kou et al. determined Lewis and bronsted acidity of
IL by monitoring the shift of IR absorption bands at 1450 cm−1 and
1540 cm−1 for pyridine. This method implies that the presence of
band occurring at 1437 cm−1 for pure pyridine is shifted near
1450 cm−1 that indicates pyridine is coordinated to Lewis acid sites.
Moreover, the band that shifted near 1540 cm−1 is an indication of
pyridinium ions resulting from the presence of Brønsted acidic sites.
Similarly we used IR spectroscopic methods for determination of
Lewis acidity of tri-cationic ILs. In this regard, Fig. 4 shows the shifting
of IR bands for pyridine mixed ILs near the band position of
1450 cm−1. The characteristic band of pure pyridine was observed at
1435 cm−1. Therefore, the pure pyridine was added to the ILs and
shifting of characteristic band of pyridine was observed. When pyri-
dine wasmixedwith GLY(mim)3][Br]3 IL, no shift of 1435 cm−1 band
occurred that indicates the neutral behavior. However, for
GLY(mim)3][OMs]3 shifting of 1435 cm−1 to 1442 cm−1 was observed
that indicates the presence of Lewis acidity. Correspondingly, for
GLY(mim)3][PF6]3 and GLY(mim)3][NTF2]3 ILs the shift in pyridine
bandwas observed at 1439 cm−1 and 1437 cm−1 that confirm the pres-
ence of Lewis acidic sides. Hence, the above results showed that all syn-
thesized tri-cationic ILs do not belong to Brønsted acidic sites. However,
we can conclude that except [Br] containing ILs, [NTF2], [PF6] and [OMs]



Table 2
Catalytic activity for synthesized RTILs for 2-azidoalcohol from epoxide reaction.a

Entry Catalyst/reagent Time
(min)

Temperature Catalyst amount
(equiv.)

Conversion
(%)

Yield
(%)

Refs.

1 [GLY(mim)3][OMs]3 60 60 0.15 100 96 In this study
2 [GLY(mim)3][NTFs]3 90 60 0.15 100 85 In this study
3 [GLY(mim)3][PF6]3 100 60 0.15 100 78 In this study
4 [GLY(mim)3][Br]3 100 60 0.15 100 50 In this study
5 [Bmim]PF6 180 65 0.3 85 95 [32]
6 MPTC 30 Reflux 0.5 77 85 [33]
7 Er(OTf)3 400 r.t. 2 to 1.5 93 85 [34]
8 NaN3/H2O 180 60 0 40 25 In the study

a All reactions were carried out on a 1.0 mmol scale of substrate and NaN3 with 0.15 equivalent of RTILs/H2O (2:1).
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anion containing imidazolium tri-cationic ILs were Lewis acidic in
nature.

3.5. Catalytic activity test for synthesized tri-cationic RTILs

The prepared tri-cationic ILs possess Lewis acidity therefore, we used
these ILs for acid catalyzed reaction. The epoxide opening reaction by
azide addition is a typical acid-catalyzed reaction; therefore, various acid-
ic catalysts have been examined [32]. We studied the ILs catalyst loading
effect on reaction yield by varying the quantity of [GLY(mim)3][OMs]3 IL
(i.e., 0.05, 0.10, 0.15 and 0.2 mmol/1 mmol of cyclohexene oxide). It was
observed that 0.15 mmol of GLY(mim)3][OMs]3 IL shows high yield of 2-
azidoalcohol. Therefore, 0.15 mmol of catalyst amount was selected for
further ILs catalytic reactions.

The effect of reaction time and product yield for 2-azidoalcohol for-
mation catalyzed by tri-cationic RTILs were estimated and compared
with different reported catalysts summarized in Table 2. We performed
the 2-azidoalcohol formation reaction on cyclohexene oxide with sodi-
um azide using RTILs/H2O (2:1) system at 60 °C (Scheme 3). Initially, in
the absence of RTILs the reaction gives only 25% of yield for 2-
azidoalcohol product from cyclohexene oxide. While as, in presence of
tri-cationic ILs the yield of 2-azidoalcohol was considerably increased
more than 25%. Hence, the above results describe the role of tri-cationic
RTILs as an efficient catalyst.

Furthermore, all synthesized tri-cationic ILs efficiently revealed the
conversion for cyclohexene oxide to 2-azidoalcohol in appreciable time.
Especially, the [GLY(mim)3][OMs]3 IL was giving the 100% conversion
and 96% yield in short time than the other ILs. The [GLY(mim)3][NTf2]3,
[GLY(mim)3][PF6]3 and [GLY(mim)3][Br]3 ILs also provided higher
yields and conversion efficiency. Addition of RTILs significantly improve
the reaction rate and yields. This is probably due to activation of the ep-
oxide ring by acidic hydrogen of the imidazole moieties and rapid nu-
cleophilic attack of azide on epoxide. Hence, the combination of IL and
water as catalyst/solvent system were found to be a valuable reaction
media for the conversion of epoxides. The cleavage of the epoxide
with sodium azidewas performed in both hydrophobic and hydrophilic
RTILs. However, the [GLY(mim)3][PF6]3 and [GLY(mim)3][Br]3 ILs
showed less yield of azidoalcohol than [GLY(mim)3][OMs]3 IL. This is
because of themass transfer issue of hydrophobic IL during the reaction.
The [GLY(mim)3][Br]3 IL was observed to be of neutral behavior and
presented a relatively acceptable yield of 50% (Table 2).
Scheme 3. Conversion of cyclohexene oxide to 2-azidocy
To compare the catalyst activity of reported mono-cationic IL and
MPTC [32,33] with prepared tri-cationic ILs (Table 2 entries 5 and 6).
We performed the 2-azidoalcohol formation reaction on cyclohexene
oxide epoxide using 0.15 equivalent [Bmim]PF6 IL and MPTC at 60 °C.
The [Bmim]PF6 IL presented 80% conversion and 76% yield of 2-
azidoalcohol in 180 min, while, MPTC catalyst provides 81% conversion
and 77% yield. From these observations it can be concluded that by
using 0.15 equivalent of tri-cationic ILs catalyst amount shows the
higher catalytic activity than [Bmim]PF6 and MPTC ILs.

In addition to that, we have also tested structurally varied epoxide
with different functional groups for title reactions with using catalytic
amount of [GLY(mim)3][OMs]3 IL. Table 3 summarizes the yield of
azide addition product for different derivatives of epoxide. Through cy-
clic epoxide, the complete ring opening took place by trans-
stereospecific pathway and obtained trans isomers as a major product
(Table 3 entries A, F). In the case of styrene oxide, due to formation of
the stabilized benzylic cation through the reaction, ring opening with
NaN3 resulted in 2-azido-2-phenylethanol as the major product with
selectively (Table 3 entry B). This reaction was completed in 100 min
with 85% yield of 2-azido-2-phenylethanol using a [GLY(mim)3][OMs]3
IL. In order to investigate the effect of polar electron withdrawing
groups adjacent to the epoxide ring, the reaction of 3-chloro-1,2-
epoxypropane with azide was performed to obtained the 1-azido and
2-azido product with 91% and 9% yield in [GLY(mim)3][OMs]3 IL
(Table 3 entry C). With acyclic terminal olefin the major product ac-
quired from the attack of nucleophile at the less hindered carbon of
the epoxides. Therefore, all terminal epoxide gives the highly selective
1,2 azidoalcohol product with good and excellent yields. Moreover, 3-
azidopropane-1, 2-diol was obtained as a major product from
cyclopropylmethanol (Table 3 entries D & E).

3.6. Reusability of tri-cationic RTILs

The catalytic reusability and stability are very significant factors in
catalyzed organic reactions. The reusability of [GLY(mim)3][OMs]3 was
selected to verify the precise recyclability for 2-azidoalcohol synthesis
from cyclohexene oxide. Fig. 5 shows the yield of 2-azidohexanol syn-
thesized from cyclohexene oxide for five cycles. The results clearly dem-
onstrate that GLY(mim)3][OMs]3 IL provide above 92% yield until five
consecutive cycles. This indicates a high stability and nearly no loss of
activity. However, the slight decrease in activity was observed serially
clohexanol in various synthesized tricationic RTILs.



Table 3
Conversion for various epoxides to 2-azidoalcohol using synthesized tri-cationic RTILsa.

Entry Substrate Product Time
(min)

Yield
(%)
a′

IR range
(cm−1)

A 100 96 1740, 2201

B 120 85 1734, 2098

C 100 91 1736, 2108

D 100 90 1734, 2087

E 100 95 1741, 2104

F 120 94 1738, 2204

a′= [GLY(mim)3][OMs]3.
a All reactions were carried out on 1.0 mmol scale of substrate and NaN3 with 0.15 equivalent of tri-cationic RTILs/H2O (2:1).
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until the last cycle. Overall, it can be concluded that synthesized tri-
cationic RTIL [GLY(mim)3][OMs]3 is able to be reused for synthesis of
2-azidoalcohol from epoxide. Currently, development andmodification
of synthesized tri-cationic RTIL is continuing in our laboratory to im-
prove the catalytic activity of tri-cationic RTIL for fine chemical
synthesis.

4. Conclusion

In conclusion, four new imidazolium based tri-cationic RTILs were
synthesized from glycerol. We investigated physical properties includ-
ing viscosity, thermal stability and Lewis acidity of these synthesized
tri-cationic RTILs. The prepared ILs showed excellent catalytic activity
Fig. 5. Reusability of GLY(mim)3][OMs]3 tri-cationic RTIL for five successive cycles on cy-
clohexene oxide to 2-azidocyclohexanol reaction.
for 2-azidoalcohol synthesis from epoxide opening reactions by azide
addition. The physical properties and Lewis acidity of RTILs plays a crit-
ical role in catalytic activity of prepared ILs. The overall study reveals
that the synthesized RTIL [GLY(mim)3][OMs]3 showed excellent perfor-
mance in catalytic activity as well as physicochemical properties.
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