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Abstract: Tunable aryl imidazolium ionic liquids acting as Brensted acid ionic liquids were found
to be efficient catalysts for per-O-acetylation and reductive ring opening of benzylidene acetals.
This method requires a truly catalytic amount of the least expensive available ionic liquids that are
water-stable and reusable and also stable at room temperature. The reactions were obtained in one
hour with good to excellent yields. These reactions can form C—O and C—H bonds with a high atom
economy. Furthermore, the ionic liquid is an anomeric selective catalyst in per-O-acetylation and
reductive ring opening of benzylidene acetals of sugar moieties.

Keywords: per-O-acetylation; ring-opening; ionic liquid; reuse; Bronsted-Lowry acid

1. Introduction

Regioselectively functionalized carbohydrates have recently become an important development in
glycochemistry and glycobiology. Sugar molecules consist of several hydroxyl groups that are difficult
to employ selectively as they have similar reactivity profiles. Therefore, methodologies that accomplish
potent protection and selective alteration of monosaccharides are fundamental synthetic appliances in
organic chemistry [1]. The use of distinctive hydroxyl groups in selective protection of carbohydrate
molecules is a key step in the chemical synthesis of complex carbohydrates. Per-O-acetylation of
sugars is an essential intermediate in carbohydrate transformation and synthesis [2]. In this respect,
the ring-opening of cyclic benzylidene acetals comparable to O-benzyl ethers, in a regioselective aspect,
is a favorable path owing to the ease of formation of the acetal, as well as the well-established quality
of the benzyl ether protection [3]. One major and important transformation in carbohydrate chemistry
is the acetylation of monosaccharides. In particular, per-acetylated carbohydrates are imperative
and convenient intermediates in the chemical synthesis of complex carbohydrates, particularly for
chemical glycosylation. Per-O-acetylated sugars can be employed directly as glycosylation donors [4,5].
Per-O-acetylation is one of the most commonly utilized reactions in carbohydrates, mainly for primary
protection of sugars. The acetylation reaction is commonly performed using acetic anhydride as
the reagent and an array of catalysts. However, the surplus of acetic anhydride as a solvent causes
tedious work in the neutralization process. A ring conformation that can fix benzylidene acetals
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either oxidatively or reductively is a favorable protective group in carbohydrate [6,7]. The reductive
ring opening of benzylidene acetals is an essential reaction in this context and has been very useful
in the selective manipulation of neighboring hydroxyls in polyols. The first reagent utilized for
affecting this conversion was LiAlH4—AICl3 [8-14]. The benzylidene sugar can form two regiospecific
benzyl ethers by the reductive ring-opening reactions [15-18]. Various Lewis acid catalysts, such as
InCl3 [19], In(OT*)3 [20], ZnCl, [21], Sc(OTf)3 [22], TMSOTL [23], Cu(OTf); [24], and triphenyl carbenium
tetrafluoroborate [25], have been introduced for the acid-catalyzed per-O-acetylation and reductive
ring opening of benzylidene acetals of sugars. However, these catalysts also undergo significant
shortcomings, such as an expensive reagent, long reaction time, and harsh reaction conditions. Solid
acid catalysts can relieve these problems, as they are cheap and allow the straightforward deportation
of the catalysts from the reaction system [26-30]. The function of ionic liquids (Ils) as environmentally
favorable reaction solvents for synthesis and catalysis has received broad recent consideration [31-34].
Per-O-acetylation of sugars catalyzed by ionic liquids such as dicyanamide based ionic liquid, zinc-based
ionic liquid, and dialkyl imidazolium benzoates ionic liquid were studied [35,36]. This work reports
a systematic screen of selected ionic liquids (Ia-If, Scheme 1) The Brensted-Lowry acid as catalysts
for a per-O-acetylation of p-glucose and regioselective ring opening of benzylidene acetals at the O-4
position of glucopyranoside. These ionic liquid catalysts have, to the best of our knowledge, not been
previously utilized in this transformation. The imidazolium-based ionic liquids are synthesized as
a novel type of ionic liquid, which acts as a Brensted acid catalyst for both per-O-acetylation and
benzylidene ring-opening reactions, is moisture-insensitive, stable at room temperature and reusable.

NO, NO, NO, H CH, OCH,
4 -OTf NMsO - 1§ CF,CO0- ] -OTf A OTf Ni OTf
i i i
& 2 \ 1<I7H &IEH &NH &NH &
+ + + + + +
Ia Ib Ic Id Ie If

Scheme 1. Tunable aryl imidazolium ionic liquid Ia-If.
2. Results and Discussion

Selective per-O-acetylation of p-glucose (1a) was explored as a model compound. Treatment
of compound 1a with acetic anhydride (10 equiv.) in the presence of ionic liquid Ia (0.1 equiv.) at
room temperature proceeded to completion of the reaction in one hour (Table 1, entry 1). Under
these conditions, the product 1,2,3,4,6-penta-O-acetyl-p-glucopyranoside (2a) was obtained in 99%
yield respectively. Subsequently, ionic liquids Ib, Id, Ie, and If (Scheme 1) were investigated
in this transformation. Under the same conditions as described above, these catalysts provided
per-O-acetylation 2a in good to excellent yields (Table 1, entry 2, 4, 5, and 6). However, Ic did not
proceed with the reaction smoothly, and achieved a 29% yield of 2a (Table 1, entry 3), because of the
weak acidity of the Ic.

2.1. Per-O-Acetylation

The study of the ionic liquid suggested that Ia was the best catalyst for the per-O-acetylation
reaction, providing 2a in excellent yield. The reaction was routinely monitored using TLC and produced
2a after applying purification compounds. Based on these preliminary results, the acetic anhydride
loading was explored. To determine the minimum amount of acetyl reagent required, we used 7.5
equivalents and 6.0 equivalents of acetic anhydride with ionic liquid for 24 h (Table 1, entry 10).
Increasing the temperature to 80 °C resulted in the formation of selective 2a in an isolated yield of 92%
in very short reaction time (Table 1, entry 11).
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Table 1. Optimized condition of per-O-acetylation without solvent.

OH OAc
o Ia-If, Ac,0 %
Hﬁ)aéngH —n Azggo OAc
OH OAc
1a 2a
Entry IL T(°C) t (h) Acz0 (eq) P (Yield) #
1 Ia 25 1h 10 2a (99%)
2 Ib 25 1h 10 2a (98%)
3 Ic 25 1h 10 2a (29%)
4 1d 25 1h 10 2a (70%)
5 Ie 25 1h 10 2a (96%)
6 If 25 1h 10 2a (86%)
7 Ia 25 1h 75 2a (99%)
8 Ia 25 1h 6.0 2a (99%)
9 Ia 25 1h 5.25 2a (95%)
10 Ia 25 24h 6.0 2a (94%)
1 Ia 80 1h 6.0 2a (92%)

? The yields are isolated yields.

The scope, limitations, and generality of the method were explored. Table 1 shows the
per-O-acetylation of other important p-hexoses 1b—1d, p-pentose 1le, and disaccharide 1f under
this set of optimized conditions. p-galactose 1b readily provided the corresponding penta-acetate 2b
quantitatively (Table 2, entry 1), whereas p-mannose 1c afforded product 2c in excellent yield 93%
(Table 2, entry 2). Reducing the equivalent of acetic anhydride to 4.8 equivalents led to a similar result
in the case of methyl glucopyranoside 1d, and the expected compound 2d was isolated in 99% yield
(Table 2, entry 3). Equally, p-xylose 1e led to exclusive formation of the corresponding product 2e in
97% yield (Table 2, entry 4) and increasing the equivalent of acetic anhydride, the substrate 2f produced
compound 1f in 96% yield (Table 2, entry 5), respectively.

Table 2. Ionic liquid (Ia) catalyzed the solvent-free per-O-acetylation of hexoses.

Ia,
Qo Ac,0 0
(HO), = OCZ (AcO), N
1b-2f 25°C th 2b-2f

RO_OR RO— OR OR

(@] R O

RO%&MOR RIC{)C;&MOR f;?oéﬂ

RO ROG) o
1b,R=H 1¢, R=H 1d,R=H
2b, R=Ac 2¢, R=Ac 2d, R=Ac
RO_OR OR
0
R20r RO 00 o
RO RO RO
RO
le, R=H 1f, R=H
2e, R=Ac 2f, R=Ac

Entry SM t (h) Ac;0 (eq) P (Yield)
1 1b 1h 6 2b (98%)
2 1c 3h 6 2¢ (93%)
3 1d 1h 48 2d (99%)
4 1e 1h 48 2e (97%)
5 1f 1h 9.6 2f (96%)

2.2. Reusability of TAIIL for Per-O-Acetylation of p-Glucose

The anticipation of ionic liquid as a solvent replacement, especially on broad proportion application,
counts on the usage of potent recycling to help blunt costs and curtail their environmental impact.
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In the reaction of 1a with acetic anhydride in the presence of Ia to form 2a. After the filtration of the
reaction mixture and the extraction of the product with ethyl acetate for ionic liquid, the ILs were
concentrated, dried under a high vacuum, and reused. Figure 1 shows five cycles of the acetylation in
ILs that are recovered and reused for further per-O-acetylation reactions. No significant loss of activity
of these products was observed (91-99%). After reuse of ionic liquid Ia, ’F NMR confirmed that ionic
liquid remains in the aqueous phase.

OH QAc
Ia, Ac,O
@] v ; o
H}?aéSMOH n Ag?(ﬁﬂ:ﬁ%om
OH OAc
1a 2a
REUSE

YIELD (%)

1 2 3 4

5
M Seriesl  99% 98% 96% 94% 91%
CYCLE

Figure 1. Recycling of Ia in the synthesis of penta-acetate p-glucose 2a.

The plausible mechanism (Scheme 2) of the reaction appears to be through the acylium intermediate
formed by the reaction of Ionic liquid and Ac,O. The acylium intermediate would be able to acetylate
the free alcohol moieties very efficiently. After starting material 1 reacted with the acylium intermediate
to form 1’ the Ia’ abstracts the proton from 1’ to form acetylated compound 2.

Ar
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Scheme 2. A plausible mechanism of the per-O-acetylation reaction.

2.3. Reductive Ring Opening of Benzylidene Acetals

This investigation reports a systematic screen of selected ionic liquids (Ia-If, Scheme 1) as catalysts
for a regioselective ring opening of benzylidene acetals at the O-4 position of hexopyranosides. Those
ionic liquid catalysts have, to our knowledge, not previously been utilized in this transformation.
The reaction conditions using the best ionic liquid catalysts were optimized to provide a robust and
reliable procedure. The O-4 selective ring-opening reaction was selected for optimization. Initially,
sugar 3a was accepted as an excellent substrate. Firstly, 3a with ionic liquid, Ia (1.0 equiv.), and
triethylsilane (10.0 equiv.) were used in dichloromethane (DCM) at room temperature. The expected



Catalysts 2020, 10, 642 50f12

product 4a was assembled, then the reaction mixture was treated with tetra-n-butyl ammonium fluoride
(TBAF, 11.0 equiv.) and acetic acid (AcOH, 11.0 equiv.) at room temperature for one hour, providing 4a
in 78% yield (Table 3, entry 1). Screening results of ionic liquids (Table 3, entry 2—6) indicated that Ia
was superior to Ib-If, probably due to weak acidity of ionic liquid Ib-If.

Table 3. Optimized conditions of regioselective O-4 ring-opening reactions.
1. 10 equiv. Et;SiH,

OBn
Ph/%o 0] Ia-If, solvent, t h, rt o 0
ACO STol — = HOJ STol
OAc OAc

2. TBAF, AcOH, 25 °C

3a 1h da
Entry Solvent IL (eq) t (h) P (Yield) ?
1 DCM Ia (1.0) 6h 4a (78%)
2 DCM Ib (1.0) 6h 4a (4%)
3 DCM Ic (1.0) 6h 4a (6%)
4 DCM Id (1.0) 6h 4a (8%)
5 DCM Ie (1.0) 6h 4a (58%)
6 DCM If (1.0) 6h 4a (4%)
7 ACN Ia (1.0) 1h 4a (88%)
8 ACN Ia (0.5) 1h 4a (90%)
9 ACN Ia (0.25) 2h 4a (77%)

2 The yields are isolated yields.

Performing the reaction with ACN as the solvent yielded 88% of the product 4a (Table 3, entry 7).
Decreasing the ionic liquid catalyst to 0.5 and 0.25 equivalents yielded product 4a in 90% and 77%
yield respectively (Table 3, entry 8-9).

The optimized conditions were examined. Thus, compounds commonly used in carbohydrate
chemistry with different protection groups were tested in this transformation. As indicated in (Table 4,
entry 1), the corresponding product 4b was obtained in excellent yield after increasing reaction time.
Under the same optimized condition, 3¢ was transformed into 4c as the only product (Table 4, entry 2).
In the subsequent reaction, with a longer reaction time of 8h, 3d was converted into 4d with a 72%
yield (Table 4, entry 3). However, the reaction of 3e afforded 4e as the final compound in good yield
(Table 4, entry 4).

Table 4. Reductive ring-opening of various 4,6-O-benzylidene-p-hexopyranosides at room temperature
in the presence of Ia as a catalyst.
1. 10 equiv. Et;SiH,

0.5 equiv, Ia, OBn
PTNEQ x  ANth | onyQ
(PO), 2. TBAF, AcOH, (PO),
3b-3e 25°C,1h db-de
. Ph
Ph—:
P P
PO 10 AcO STol
AcO STol NPhth
3b, X =B-STol, P=Bn AcO 3e
3¢, X = a-OMe, P = Ac 3d
8" HO_OBn OBn
5o X & HOQ
PO AcO STol AcO STol
AcO NPhth
4b, X =p-STol, P=Bn  4d 4e
4¢, X =0-OMe, P = Ac
Entry SM t (h) P (Yield)
1 3b 24h 4b (85%)
2 3c 1h 4c (88%)
3 3d 8h 4d (72%)
4 3e 1h 4e (82%)
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The plausible mechanism (Scheme 3) shows that acetals oxygen (O-4) 3 abstract a proton from
ionic liquid Ia to form the intermediate 3’, which should then have converted to intermediate a. Then,
the addition of Et3SiH to form the 3a. Finally, the treatment of tetra-n-butylammonium fluoride (TBAF)
and acetic acid with a’ to obtain the desired product 4, with the removal of triethylsilyl fluoride (TESF).

EnO

HO O AJ‘
PO), i P2 o N
5\]' OTT h []JO)_‘
TBAF X
AcOH
BnO . 5}1;11th Ph /-’TO
TESO 0 ‘fsl no 0 - *é' X
p
31 (PO, | ®Oh (PO
'\I OTt

Ia'

Scheme 3. A plausible mechanism of the benzylidene ring-opening reaction.

3. Materials and Methods

3.1. Synthesis of lonic Liquid

The preparation of ionic liquids Ia-If (Scheme 4) is described below. Ionic liquids Ia-If were
synthesized in two steps. The first step is the Ullmann-type coupling reaction: a combination of
imidazole A and 1-iodo-4-nitrobenzene B in the presence of 10 mol % copper(Il) acetate and cesium
carbonate gave aryl imidazole Cq, Cz, C3, C4 in 74%, 80%, 76%, and 88% yields respectively. In the
second step, the aryl imidazole C;, Cz, C3, C4 was dissolved in ethanol and treated with triflic acid,
methane sulfonic acid, or trifluoroacetic acid in an ice bath to yield acidic ionic liquids Ia-If. For the
characterization of ionic liquids, we check the Hammett acidity function using crystal violet dye as a
reacting dye to check the acidity of ionic liquid Ia-If (See Supplementary Materials).

R
H Cu(OAc),,
N R
Cs,CO C,R=H
ﬁ W PRE] 1
L7 C, R-CH,
I DMSO, N7 C; R=OMe
A B 110°C \ [ € R=NO,
C
TFA, /MsOH, TfOH,
EtOH,/ EtOH, EtOH,
0°c/ 0°C 0°C
R

cpxcoo OMs OTf

Qo Qo

I, R=NO, Ib,R=NO, Ia,R=NO,
1d,R-H
Ie, R=CH,
If, R =OMe

Scheme 4. Synthesis of ionic liquids.
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3.2. General Procedure

To a solution of Cq, C, C3, C4 (1 equiv.) and triflic acid, trifluoro methanesulfonic acid, and
trifluoroacetic acid (2 equiv.) in ethanol (0.5 mL/mmol). The reaction mixture was stirred for two hours
in an ice bath. The solvent was dried and the reaction mixture was washed with ether several times.
The solvent was dried to give Ia-Ic as a yellow solid and Id-If as a white solid.

1-(4-Nitrophenyl)-1H-imidazole-3-ium trifluoromethanesulfonate (Ia). '"H NMR (400 MHz, CD;0D) § 9.30
(m, 1H), 8.18 (m, 2H), 7.91 (dd, ] = 10.0, 8.4, Hz, 1H), 7.76 (m, 2H), 7.54 (d, ] = 3.6 Hz, 1H); HRMS (ES],
M + Na') caled for C14HpO11Na 190.0618, found 190.0616.

1-(4-Nitrophenyl)-1H-imidazole-3-ium methanesulfonate (Ib). 'H NMR (400 MHz, Methanol-d,) 6 9.53 (m,
1H), 8.38 (m, 2H), 8.11 (m, 1H), 7.93 (m, 2H), 7.72 (m, 1H).

1-(4-Nitrophenyl)-1H-imidazole-3-ium trifluoromethaneacetate (Ic). IH NMR (400 MHz, CD50D) 6 9.35 (s,
1H), 8.16 (m, 2H), 7.94 (s, 1H), 7.74 (m, 2H), 7.54 (s, 1H).

Phenyl-1H-imidazole-3-ium trifluoromethanesulfonate (Id). 'H NMR (400 MHz, CD30D) § 9.42 (s, 1H),
8.06 (s, 1H), 7.75 (m, 3H), 7.64 (m, 3H); HRMS (ESI, M + Na™) caled for C14H5,011Na 145.07653, found
145.07657.

1-(p-Tolyl)-1H-imidazole-3-ium trifluoromethanesulfonate (Ie). 'H NMR (400 MHz, CD;0D) 6 9.37 (d,
J=12Hz,1H), 8.01 (d, ] = 1.2 Hz, 1H), 7.74 (s, 1H), 7.59 (d, | = 7.6 Hz, 2H), 7.44 (d, ] = 8.0 Hz, 2H),
2.44 (s, 3H); HRMS (ESI, M + Na™) caled for C14H»,0O11Na 159.09247, found 159.09222.

1-(4-Methoxyphenyl)-1H-imidazole-3-ium trifluoromethanesulfonate (If). 'TH NMR (400 MHz, CD;0D) &
9.30 (s, 1H), 7.96 (m, 1H), 7.73 (d, ] = 1.6 Hz, 1H), 7.64 (dd, | = 6.8, 2.0 Hz, 2H), 7.14 (m, 2H), 3.87 (s, 3H);
HRMS (ESI, M + Na™) caled for C14H»,O11Na 175.08719, found 175.08714.

3.3. General Information

The reactions were conducted in flame-dried glassware, beneath the N, atmosphere. Acetonitrile
and dichloromethane were refined and dried from a secure purification system containing activated
Al,O3. All reagents were obtained from good-value sources and were nor purified unless otherwise
mentioned. Flash column chromatography was enforced to Silica Gel 60. Thin-layer chromatography
(TLC) was performed on precoated glass plates of Silica Gel 60 F254 disclosure was accomplished
by spraying with a solution of Ce(NH4)2(NO3)e (0.5 g), (NH4)sM07074 (24.0 g) and HpSO4 (28.0 mL)
in water (500.0 mL) and heating on a hot plate. Optical rotations were measured at 589 nm (Na),
IH and 3C NMR were recorded with 400 MHz instruments. Chemical shifts are in ppm from Me,Si
generated from the CDCIl; lock signal at  7.26. Infrared spectra were taken with a Fourier transform
infrared (FT-IR) spectrometer using NaCl plates. Mass spectra were analyzed on an instrument with
an ESI source.

1,2,3,4,6-Penta-O-acetyl-p-glucopyranose (2a). In a solution of 1a (200 mg, 1.11 mmol), ionic liquid Ia
(37 mg, 0.11 mmol) and anhydride (633 uL, 6.7 mmol) was stirred at 25 °C for one hour within the sealed
tube. The mixture was quenched with water (30 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic layers were dried over anhydrous MgSQy, filtered, and concentrated. It had
been refined by chromatography on silica gel to give the required product 2a (433 mg, 99%, «/f3 = 1/0.3)
as a white solid. Ry 0.53 (EtOAc/Hex = 1/1); mp 109-113 °C; [«]*’p +62.5 (c 1.0, DCM); IR (NaCl) v 1752,
1647, 1371, 1221, 1147 cm™!; 'H NMR (400 MHz, CDCl3) § 6.31 (d, ] = 3.6 Hz, 1H), 5.69 (d, ] = 8.4 Hz,
0.3H), 5.45 (t, ] =9.8 Hz, 1H), 5.23 (t, ] = 9.8 Hz, 0.3H), 5.15-5.12 (m, 1H), 5.09 (d, | = 3.6 Hz, 1H), 5.06
(d, ] = 3.6 Hz, 0.5H), 4.28-4.22 (m, 1H), 4.12-4.08 (m, 2H), 4.05(d, ] = 3.6 Hz, 0.5H), 3.81 (ddd, ] = 10.0,
44,2.0 Hz, 0.3H), 2.16 (s, 3H), 2.09 (s, 1H), 2.07 (d, | = 2.8 Hz, 3H), 2.06 (s, 1H), 2.02 (s, 3H), 2.00 (s, 1H),
2.01(d, ] = 1.8 Hz, 3H), 1.9 (s, 3H); 13C NMR (100 MHz, CDCl3) 5 170.6, 170.2, 169.6, 169.4, 168.7, 89.0,
69.8,69.2,67.9,61.4,20.9,20.7, 20.6, 20.5, 20.4; HRMS (ESI, M + Na™) calcd for C16H»,011Na 413.1060,
found 413.1050.
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1,2,3,4,6-Penta-O-acetyl-p-galactopyranose (2b). In a solution of 1a (200 mg, 1.11 mmol), ionic liquid Ia
(37 mg, 0.11 mmol) and anhydride (633 uL, 6.7 mmol) was stirred at 25 °C for one hour within the sealed
tube. The mixture was quenched with water (30 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic layers were dried over anhydrous MgSQOy, filtered, and concentrated. It had
been refined by chromatography on silica gel to give the required product 2b (425 mg, 98%) as a white
solid. R¢ 0.50 (EtOAc/Hex = 1/2); mp 70-80 °C; [«]*’p +80.8 (c 1.0, DCM); IR (NaCl) v 1751, 1648,
1373 cm™; 'H NMR (400 MHz, CDCl3) § 6.35 (d, ] = 1.6 Hz, 1H), 5.47 (d, ] = 2.4 Hz, 1H), 5.31 (dd,
J=2.0,1.2 Hz, 2H), 4.34-4.29 (m, 1H), 4.08 (d, ] = 4.0 Hz, 1H), 4.06 (d, ] = 4.0 Hz, 1H), 2.13 (s, 3H), 2.13
(s, 3H), 2.02 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H); 13C NMR (100 MHz, CDCl3) § 170.0, 169.9, 169.8, 169.6,
168.6, 89.4, 68.5, 67.2, 67.1, 66.2, 61.0, 20.6, 20.5, 20.4, 20.3; HRMS (ESI, M + Na%) caled for C1Hz0O11Na
413.1060, found 413.1056.

1,2,3,4,6-Penta-O-acetyl-o-p-mannopyranose (2c). In a solution of 1¢ (200 mg, 1.11 mmol), ionic liquid Ia
(37 mg, 0.11 mmol) and Ac,O (633 pL, 6.7 mmol) was stirred at 25 °C for three hours within the sealed
tube. The mixture was quenched with water (30 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic layers were dried over anhydrous MgSQOy, filtered, and concentrated. It was
absolutely purified by chromatography on silica gel to give the desired product 2¢ (401 mg, 93%) as
colorless oil. R¢ 0.50 (EtOAc /Hex = 1/2); mp 70-80 °C; []®p +80.8 (c 1.0, DCM); IR (NaCl) v 1751,
1648, 1373 cm™!; 'H NMR (400 MHz, CDCl3) § 6.06 (d, ] = 1.6 Hz, 1H), 5.32 (d, ] = 2.4 Hz, 1H), 5.24 (t,
J =2.2Hz, 1H), 4.29-4.22 (m, 1H), 4.14-4.00 (m, 3H), 2.16 (s, 3H), 2.15 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H),
1.98 (s, 3H); 3C NMR (100 MHz, CDCl3) § 170.3, 169.7, 169.4, 169.3, 167.8, 90.2, 70.2, 68.4, 68.0, 65.2, 61.8,
20.5,20.4, 20.3, 20.29, 20.26; HRMS (ESI, M + Na™) calcd for C14H,011Na 413.1060, found 413.1056.

Methyl-2,3,4,6-tetra-O-acetyl-o-p-glucopyranoside (2d). In a solution of 1d (200 mg, 1.11 mmol), ionic
liquid Ia (34 mg, 0.1 mmol) and anhydride (463 uL, 4.9 mmol) was stirred at 25 °C for one hour
within the sealed tube. The mixture was quenched with water (30 mL) and extracted with ethyl
acetate (3 X 30 mL). The combined organic layers were dried over anhydrous MgSQy, filtered, and
concentrated. It was absolutely purified by chromatography on silica gel to give the desired product
2d (370 mg, 99%) as a white solid. R 0.60 (EtOAc/Hex = 1/2); mp 51-53 °C; [«]*’p +46.7 (c 1.0, DCM);
IR (NaCl) v 2960, 1750, 1648, 1371, 1225 cm~!; 'H NMR (400 MHz, CDCl3) & 5.45 (dd, ] = 10.0, 9.6 Hz,
1H), 5.04 (dd, ] = 10.2,9.4 Hz, 1H), 493 (d, ] = 3.6 Hz, 1H), 4.87 (dd, ] = 10.2, 3.8 Hz, 1H), 4.24 (dd,
J=124,44Hz, 1H),4.08 (dd, ] = 12.4, 2.4 Hz, 1H), 3.96 (ddd, ] = 10.0, 4.4, 2.2 Hz, 1H), 3.39 (s, 3H), 2.08
(s, 3H), 2.05 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H); 1*C NMR (100 MHz, CDCl3) 5 170.4, 169.9, 169.8, 169.4,
96.6, 70.6, 69.9, 68.3, 67.0, 61.7, 55.3, 20.5, 20.46, 20.4; HRMS (ESI, M + Na*) calcd for C15H;O19Na
385.1111, found 385.1111.

1,2,3,5-Tetra-O-acetate-p-xylopyranose (2e). In a solution of 1e (200 mg, 1.11 mmol), ionic liquid Ia (44 mg,
0.13 mmol) and anhydride (603 pL, 6.38 mmol) was stirred at 25 °C for one hour within the sealed
tube. The mixture was quenched with water (30 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic layers were dried over anhydrous MgSQy, filtered, and concentrated. It was
absolutely purified by chromatography on silica gel to give the desired product 2e (419 mg, 97%,
a/B = 5/1) as colorless oil. R¢ 0.55 (EtOAc/Hex = 1/1); [«]?’p +51.8 (¢ 1.0, DCM); IR (NaCl) v 2924,
1743, 1649, 1370, 1211 cm™!; 'H NMR (400 MHz, CDCl3) § 6.25 (d, ] = 3.6 Hz, 1H), 5.70 (d, ] = 6.8 Hz,
0.18H), 5.46 (t, ] =9.9 Hz, 1H), 5.36 (t, ] = 5.0 Hz, 0.32H), 5.30-5.23 (m, 0.28H), 5.19 (t, ] = 8.4 Hz, 0.26H),
5.06-5.00 (m, 2H), 4.35 (dd, ] = 12.0, 4.0 Hz, 0.21H), 4.24 (d, ] = 6.0 Hz, 0.14H), 4.14 (dd, ] = 12.4, 4.8 Hz,
0.23H), 3.99 (dd, ] = 12.0, 6.0 Hz, 0.22H), 3.93 (dd, ] = 11.2, 5.9 Hz, 1H), 3.70 (t, ] = 11.0 Hz, 1H), 3.52
(dd, J = 12.0, 8.4 Hz, 0.2H). 2.17 (s, 3H), 2.13-2.05 (m, 9H), 2.05 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H); 13C
NMR (100 MHz, CDCl3) & 170.0, 169.7, 169.6, 168.9, 89.1, 69.2, 69.16, 68.5, 60.5, 20.8, 20.6, 20.6, 20.4;
HRMS (ESI, M + Na™) caled for C13H1509Na 341.0849, found 341.0842.

1,2,3,6-Tetra-O-acetate-4-O-(2,3,4,6-tetra-O-acetyl-3-p-galactopyra-nosyl)-p-glu-copyranose (2f). In a
solution of 1f (500 mg, 1.47 mmol), ionic liquid Ia (51 mg, 0.15 mmol) and anhydride (1.33 mL,
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14. mmol) was added in the dealed tube and stirred at 25 °C for one hour. The mixture was quenched
with water (30 mL) and extracted with ester (3 X 30 mL). The combined organic layers were dried over
anhydrous MgSQy, filtered, and concentrated. It was absolutely purified by chromatography on silica
gel to give the desired product 2f (955 mg, 96%, o/} = 1/0.22) as white solid. R¢ 0.44 (EtOAc/Hex = 3/2);
mp 85-87 °C; [«]??p +55.8 (c 1.0, DCM); IR (NaCl) v 2981, 2943, 1753, 1649, 1434, 1371 cm™!; 'H NMR
(400 MHz, CDCl3) 6 6.25 (d, ] = 3.6 Hz, 1H), 5.66 (d, | = 8.3 Hz, 0.2H), 5.46 (t, ] = 9.8 Hz 1H), 5.35 (d,
J=3.6 Hz,1.2H), 5.24 (t,] = 9.0 Hz, 0.2H), 5.12 (dd, ] = 10.4, 8.0 Hz, 1H), 5.08-5.04 (m, 0.2H), 5.00 (dd,
J =104, 3.6 Hz, 1H), 4.95 (dd, | = 104, 3.2 Hz, 1H), 4.49-4.42 (m, 3H), 4.18-4.05 (m, 4H), 4.00 (ddd,
J=10.2,3.8,2.0 Hz, 1H), 3.88 (t, ] = 6.8 Hz, 1H), 3.81 (t, ] = 9.6 Hz, 1H), 2.18 (s, 3H), 2.17 (s, 1H), 2.16 (s,
3H), 2.15 (s, 1H), 2.13 (s, 3H), 2.12 (s, 1H), 2.10 (s, 1H), 2.06 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.04 (s, 1H),
2.03 (s, 1H), 2.01 (s, 3H), 2.00 (S, 1H), 1.97 (d, ] = 1.7 Hz, 3H), 1.96 (s, 1H); '*C NMR (100 MHz, cdclz) &
170.3,170.2,170.1, 170.0, 169.9, 169.6, 169.1, 168.9, 101.1, 88.9, 75.7, 70.9, 70.6, 69.5, 69.3, 69.0, 66.5, 61.4,
60.7,20.9, 20.8, 20.6, 20.5; HRMS (ESI, M + Na™) caled for CogH35019Na 701.1905, found 701.1902.

4-Methylphenyl 2,3-di-O-acetyl-6-O-benzyl-1-thio-(3-p-glucopyranoside (4a). To a solution of compound 3a
(100 mg, 0.22 mmol) and acetonitrile (1 mL), were added triethylsilane (352 pL, 2.2 mmol) and ionic
liquid Ia (37 mg, 0.11 mmol) in the sealed tube. After stirring for one hour at 25 °C, the reaction mixture
was added 1 M tetra-n-butylammonium fluoride (TBAF, 2.4 mL, 2.4 mmol) and acetic acid (137 pL,
2.4 mmol) and stirred for one hour. The mixture was diluted with water (30 mL) and extracted with
ethyl acetate (3 X 30 mL). The combined organic layers were dried over anhydrous MgSOy, filtered,
and concentrated. The residue was purified by chromatography to afford desired product 4a (91 mg,
90%) as yellow oil. R¢ 0.25 (EtOAc/Hex = 1/2); [«]*°p —37.4 (c 0.8, DCM); IR (NaCl) v 3478, 3030, 2920,
1752, 1494, 1373 cm™!; 'TH NMR (400 MHz, CDCl3) § 7.73-7.28 (m, 6H), 7.06 (d, ] = 8.4 Hz, 2H), 5.04 (t,
J=9.2Hz, 1H), 4.88 (t,] = 9.6 Hz, 1H), 4.61 (d, ] = 10.0 Hz, 1H), 4.59—4.50 (m, 2H), 3.83-3.74 (m, 2H),
3.70 (td, ] = 9.6, 2.4 Hz, 1H), 3.55-3.51 (m, 1H), 2.92 (s, 1H), 2.30 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H); 13C
NMR (100 MHz, CDCl3) & 171.2, 169.5, 138.4, 137.6, 133.4, 129.6, 128.4, 128.0, 127.8, 127.6, 85.8, 78.4,
76.7,73.7,70.0, 69.9, 69.87, 21.1, 20.8; HRMS (ESI, M + Na™) calcd for Cp4H507SNa 483.1453, found
483.1446.

4-Methylphenyl 2,3,6-tri-O-benzyl-1-thio-3-p-glucopy-ranoside (4b). To a solution of compound 3b (100 mg,
0.18 mmol) and acetonitrile (1 mL), were added triethylsilane (287 pL, 1.8 mmol) and ionic liquid
Ia (31 mg, 0.09 mmol) in the sealed tube. After stirring for 24 hours at 25 °C, the reaction mixture
was added 1 M tetra-n-butylammonium fluoride (TBAF, 2 mL, 2 mmol) for one hour. The mixture
was diluted with water (30 mL) and extracted with ethyl acetate (3 X 30 mL). The combined organic
layers were dried over anhydrous MgSQy, filtered, and concentrated. The residue was purified by
chromatography to afford desired product 4b (85 mg, 85%) as yellow oil. R¢ 0.25 (EtOAc /Hex = 1/2);
mp 62-64 °C; [a]*°p —7.4 (c 0.8, DCM); IR (NaCl) v 3478, 3030, 2920, 1752, 1494, 1373 cm™!; "H NMR
(400 MHz, CDCl3) 6 7.48 (d, | = 8.0 Hz, 2H), 7.43 (d, ] = 7.6 Hz, 2H), 7.39-7.28 (m, 13H), 7.06 (d,
J =8.0Hz,2H), 4.93 (dd, ] = 10.8, 6.0 Hz, 2H), 4.77 (dd, ] = 17.0, 10.6 Hz, 2H), 4.64 (d, ] = 9.2 Hz, 1H),
4.62-4.52 (m, 2H), 3.83-3.73 (m, 2H), 3.65 (t, ] = 9.2 Hz, 1H), 3.54 (t, ] = 8.8 Hz, 1H), 3.50-3.43 (m, 2H),
2.62 (s, 1H), 2.32 (s, 3H); 13C NMR (100 MHz, CDCl3) § 138.4, 138.2, 138.1, 138.0, 137.9, 137.7, 132.6,
129.7,129.6, 128.6, 128.4, 128.37, 128.2, 127.9, 127.7, 87.9, 86.1, 80.4, 78.0, 75.5, 75.3, 73.6, 71.6, 70.3, 21.1;
HRMS (ESI, M + Na™) caled for C34H3505SNa 579.2181, found 579.2184.

Methyl 2,3-di-O-acetyl-6-O-benzyl-x-p-glucopyranoside (4c). To a solution of compound 3c (100 mg,
0.27 mmol) and acetonitrile (1 mL), were added triethylsilane (431 pL, 2.7 mmol) and ionic liquid Ia
(47 mg, 0.14 mmol) in the sealed tube. After stirring for one hour at 25 °C, the reaction mixture was
added 1 M tetra-n-butylammonium fluoride (TBAF, 3 mL, 3 mmol) and acetic acid (171 pL, 3 mmol) for
one hour. The mixture was diluted with water (30 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic layers were dried over anhydrous MgSQy, filtered, and concentrated. The
residue was purified by chromatography to afford desired product 4c (88 mg, 88%) as yellow liquid. R¢
0.35 (EtOAc/Hex = 1/1); [o]®p +109.5 (c 1.0, DCM); IR (NaCl) v 3474, 2919, 2871, 1747, 1452, 1371 cm™?;
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1H NMR (400 MHz, CDCl3) § 7.35-7.25 (m, 5H), 5.28 (t, | = 9.4 Hz, 1H), 4.88 (d, ] = 3.6 Hz, 1H), 4.83
(dd, ] = 10.6, 3.6 Hz, 1H), 4.57 (q, ] = 12.0 Hz, 2H), 3.81-3.67 (m, 4H), 3.37 (s, 3H), 2.06 (s, 3H), 2.05 (s,
3H); 13C NMR (100 MHz, CDCl3) 5§ 176.8, 171.3, 170.2, 137.7, 128.3, 127.6, 127.5, 96.6, 73.5, 72.9, 70.7,
70.1,70.0, 69.2, 55.1, 20.8, 20.6; HRMS (ESI, M + Na*) calcd for C15H4OgNa 391.1369, found 391.1362.

4-Methylphenyl 2,3-di-O-acetyl-6-O-benzyl-1-thio-(3-p-galacopyrano-side (4d). To a solution of compound
3d (100 mg, 0.22 mmol) and acetonitrile (1 mL), were added triethylsilane (352 uL, 2.2 mmol) and ionic
liquid Ia (37 mg, 0.11 mmol) in the sealed tube. After stirring for eight hours at 25 °C, the reaction
mixture was added 1 M tetra-n-butylammonium fluoride (TBAF, 2.4 mL, 2.4 mmol) and acetic acid
(137 uL, 2.4 mmol) for one hour. The mixture was diluted with water (30 mL) and extracted with ethyl
acetate (3 X 30 mL). The combined organic layers were dried over anhydrous MgSQy, filtered, and
concentrated. The residue was purified by chromatography to afford desired product 4d (73 mg, 72%)
as white solid. R¢ 0.50 (EtOAc/Hex = 1/1); mp 114-115 °C; [o]?°p +1.8 (c 0.8, DCM); IR (NaCl) v 3478,
3030, 2922, 1750, 1494, 1369 cm™!; TH NMR (400 MHz, CDCl3) § 7.40 (d, ] = 8.0 Hz, 2H), 7.37-7.26 (m,
5H), 7.05 (d, ] = 8.0 Hz, 2H), 5.26 (t, ] = 10.0 Hz, 1H), 4.94 (dd, ] = 9.8, 3.0 Hz, 1H), 4.62 (d, ] = 10.0 Hz,
1H), 4.59-4.48 (m, 2H), 4.15 (d, ] = 2.4 Hz, 1H), 3.81-3.74 (m, 2H), 3.73-3.67 (m, 1H), 2.77 (s, 1H), 2.29
(s, 3H), 2.07 (s, 3H), 2.05 (s, 3H); *C NMR (100 MHz, CDCl3) § 170.2, 169.5, 164.8, 155.2, 138.3, 137.5,
133.3,129.6,128.5, 128.3, 127.9, 127.8, 86.5, 76.7, 74.5, 73.8, 69.5, 68.3, 67.6, 29.7, 21.2, 20.9; HRMS (ESI,
M + Na') caled for Co4HpgO7SNa 483.1453, found 483.1458.

4-Methylphenyl 3-O-Acetyl-6-O-benzyl-2-deoxyl-2-pht-halimido-1-thio-(3-p-gluco-pyranoside (4e). To a
solution of compound 3e (100 mg, 0.18 mmol) and acetonitrile (1 mL), were added triethylsilane
(287 pL, 1.8 mmol) and ionic liquid Ia (31 mg, 0.09 mmol) within the sealed tube. Once stirred for one
hour at 25 °C, the reaction mixture was added to 1 M tetra-n-butylammonium fluoride (TBAF, 2 mL,
2 mmol) and acetic acid (114 pL, 2 mmol) for one hour. The mixture was diluted with water (30 mL)
and extracted with ethyl acetate (3 x 30 mL). The combined organic layers were dried over anhydrous
MgSQy, filtered, and concentrated. The residue was refined by chromatography to afford desired
product 4e (81 mg, 82%) as white solid. R¢ 0.38 (EtOAc /Hex = 1/1); mp 54-56 °C; [«]**p +17.0 (c 1.0,
DCM); IR (NaCl) v 3478, 3030, 2922, 2855, 1750, 1494, 1430, 1369 cm~!; 'H NMR (400 MHz, CDCl) &
7.83 (t, ] = 7.6 Hz, 2H), 7.72-7.66 (m, 2H), 7.41-7.27 (m, 7H), 7.00 (d, | = 8.0 Hz, 2H), 5.72-5.64 (m, 2H),
4.65-4.52 (m, 2H), 4.26 (t, ] = 10.4 Hz, 1H), 3.83-3.76 (m, 4H), 3.05 (s, 1H), 2.26 (s, 3H), 1.88 (s, 3H); 13C
NMR (100 MHz, CDCl3) 6 171.1, 167.8, 167.3, 138.4, 137.7, 134.3,134.1, 133.5, 131.6, 131.2, 129.6, 128.4,
127.8,127.7,127.5,123.6, 123.5, 83.2,78.3,74.3, 73.7,71.0, 70.2, 53.6, 52.6, 21.1, 20.7, 20.5, 13.9; HRMS
(ESI, M + Na™) caled for C30Hy9gNO7SNa 570.1562, found 570.1561.

4. Conclusions

In summary, the Brensted-Lowry acidic ionic liquid is a particularly economical catalyst for
per-O-acetylation and ring-opening reactions of sugars. This approached lacks the completely catalytic
amount of the least costly accessible ionic liquid that is water-stable. However, the per-O-acetylation
reactions were conducted under solvent-free conditions, employing a ratio load of acetic anhydride
that grants an efficient per-O-acetylation reaction of hexoses, and also allows reductive ring opening
of benzylidene acetals reactions to take place very evenly. We are still working on the reusability of
the reductive ring opening of benzylidene acetals. The reaction conditions are mild, convenient, and
nonhazardous for the above reactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/642/s1,
Figure S1. Acidity of different ionic liquids; Table S1. For Calculation and comparison of different ionic liquids ITa-If.

Author Contributions: Conceptualization, S.-Y.L. and W.-Y.H.; analyzed the data, H.-R.W.; methodology, M.T.
and Y.-PW.,; software, M.T. and Y.-PW.; validation, M.T., Y.-PW.,, Y.-].L. and S.-L.D.; writing—original draft
preparation, M.T.; writing—review and editing, S.-Y.L.; supervision, S.-Y.L. All authors have read and agreed to
the published version of the manuscript.


http://www.mdpi.com/2073-4344/10/6/642/s1

Catalysts 2020, 10, 642 11 of 12

Funding: This research was funded by National Chung Hsing University, and Chia Nan University of Pharmacy
and Science.

Acknowledgments: The authors thank the Ministry of Science and Technology in Taiwan (MOST
106-2113-M-005-007 and 107-2113-M-005-021 for S.-Y. Luo and MOST 106-2221-E-041-004 for W.-Y. Ho), National
Chung Hsing University, and Chia Nan University of Pharmacy and Science for financial support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Witschi, M.A.; Gervay-Hague, J. Selective acetylation of per-O-TMS-Protected monosaccharides. Org. Lett.
2010, 12, 4312-4315. [CrossRef] [PubMed]

2. Collins, PM.; Ferrier, R.J. Monosaccharides, Their Chemistry and Their Roles in Natural Products; John Wiley &
Sons: New York, NY, USA, 1995; pp. 360-369.

3. Jiang, L.; Chan, T.-H. Borane/Bu2BOTf: A mild reagent for the regioselective reductive ring opening of
benzylidene acetals in carbohydrates. Tetrahedron Lett. 1998, 37, 355-358. [CrossRef]

4. Chen, W,; Gu, L.; Zhang, W.; Motari, E.; Cai, L,; Styslinger, T.].; Wang, P.G. L-rhamnose antigen: A promising
alternative to «-Gal for cancer immunotherapies. ACS Chem. Biol. 2011, 6, 185-191. [CrossRef] [PubMed]

5.  Twibanire, J.-A K.; Omran, R.P,; Grindley, T.B. Facile synthesis of a library of Lyme disease glycolipid antigens.
Org. Lett. 2012, 14, 3909-3911. [CrossRef] [PubMed]

6.  Hanessian, S. Total Synthesis of Natural Products: The ‘Chiron” Approach; Pergamon Press: Oxford, UK, 1983.

7. Inch, T.D. Formation of convenient chiral intermediates from carbohydrates and their use in synthesis.
Tetrahedron 1984, 40, 3161-3213. [CrossRef]

8. Hernandez-Torres, ].M.; Achkar, J.; Wei, A. Temperature-controlled regioselectivity in the reductive cleavage
of p-Methoxybenzylidene acetals. J. Org. Chem. 2004, 69, 7206-7211. [CrossRef]

9.  Wang, C.-C; Luo, S.-Y,; Shie, C.-R.; Hung, S.-C. Metal trifluoromethanesulfonate-catalyzed regioselective
borane-reductive ring opening of benzylidene acetals. Org. Lett. 2002, 4, 847-849. [CrossRef] [PubMed]

10. Soderquist, J.A.; Kock, L; Estrella, M.E. Reductive cleavage of acetals and ketals with 9-Borabicyclo [3.3.1]
nonane. Org. Process. Res. Dev. 2006, 10, 1076-1079. [CrossRef]

11.  Johnsson, R.; Olsson, D.; Ellervik, U. Reductive openings of acetals: Explanation of regioselectivity in borane
reductions by mechanistic studies. J. Org. Chem. 2008, 73, 5226-5232. [CrossRef]

12.  Sakagami, M.; Hamana, H. A selective ring-opening reaction of 4,6-O-benzylidene acetals in carbohydrates
using trialkyl silane derivatives. Tetrahedron Lett. 2000, 41, 5547-5551. [CrossRef]

13. Bhattacharjee, S.S.; Gorin, P.A.J. Hydrogenolysis of carbohydrate acetals, ketals, and cyclic orthoesters with
lithium aluminium hydride — aluminium trichloride. Can. J. Chem. 1969, 47, 1195-1206. [CrossRef]

14. Galas, ]. The reactivity of cyclic acetals of aldoses and aldosides. Adv. Carbohydr. Chem. Biochem. 1981, 39,
71-156.

15. Garreg, PJ. Some aspects of regio-, stereo-, and chemoselective reactions in carbohydrate chemistry. Pure Appl.
Chem. 1984, 56, 845-858. [CrossRef]

16. Johansson, R.; Samuelsson, B. Regioselective reductive ring-opening of 4-methoxybenzylidene acetals of
hexopyranosides. Access to a novel protecting-group strategy. Part 1. J. Chem. Soc. Perkin Trans. 11984,
2371-2374. [CrossRef]

17.  Ek, M,; Garegg, PJ.; Hultberg, H.; Oscarson, S. Reductive ring openings of carbohydrate benzylidene acetals
using borane-trimethylamine and aluminium chloride. Regioselectivity and solvent dependence. J. Carbohyd.
Chem. 1983, 2, 305-311. [CrossRef]

18. Das, S.K.; Reddy, K.A.; Krovvidi, V.L.N.R.; Mukkanti, K. InCI3 as a powerful catalyst for the acetylation
of carbohydrate alcohols under microwave irradiation. Carbohydr. Res. 2005, 340, 1387-1392. [CrossRef]
[PubMed]

19. Bizier, N.P; Atkins, S.R.; Helland, L.C.; Colvin, S.F; Twitchell, J.R.; Clon-inger, M.J. Indium triflate catalyzed
peracetylation of carbohydrates. Carbohydr. Res. 2008, 343, 1814. [CrossRef]

20. Limousin, C.; Cleophax, J.; Petit, A.; Loupy, A.; Lukacs, G. Solvent-free synthesis of decyl p-Glycopyranosides
under focused microwave irradiation. J. Carbohydr. Chem. 1997, 16, 327. [CrossRef]


http://dx.doi.org/10.1021/ol101751d
http://www.ncbi.nlm.nih.gov/pubmed/20799705
http://dx.doi.org/10.1016/S0040-4039(97)10599-8
http://dx.doi.org/10.1021/cb100318z
http://www.ncbi.nlm.nih.gov/pubmed/21043478
http://dx.doi.org/10.1021/ol301697c
http://www.ncbi.nlm.nih.gov/pubmed/22784298
http://dx.doi.org/10.1016/0040-4020(84)85002-4
http://dx.doi.org/10.1021/jo048999m
http://dx.doi.org/10.1021/ol025567u
http://www.ncbi.nlm.nih.gov/pubmed/11869143
http://dx.doi.org/10.1021/op0601262
http://dx.doi.org/10.1021/jo800396g
http://dx.doi.org/10.1016/S0040-4039(00)00877-7
http://dx.doi.org/10.1139/v69-194
http://dx.doi.org/10.1351/pac198456070845
http://dx.doi.org/10.1039/p19840002371
http://dx.doi.org/10.1080/07328308308057876
http://dx.doi.org/10.1016/j.carres.2005.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15854610
http://dx.doi.org/10.1016/j.carres.2008.04.009
http://dx.doi.org/10.1080/07328309708006533

Catalysts 2020, 10, 642 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lee, ].C.; Tai, C.A.; Hung, S.C. Sc(OTf)3-catalyzed acetolysis of 1,6-anhydro-f-hexopyranoses and solvent-free
per-acetylation of hexoses. Tetrahedron Lett. 2002, 43, 851-855. [CrossRef]

Procopiou, P.A.; Baugh, S.P.D.; Flack, S.S.; Inglis, G.G.A. An extremely powerful acylation reaction of
alcohols with acid anhydrides catalyzed by trimethylsilyl trifluoromethanesulfonate. J. Org. Chem. 1998, 63,
2342-2347. [CrossRef]

Shie, C.-R.; Tzeng, Z.-H.; Kulkarni, S.S.; Uang, B.-].; Hsu, C.-Y.; Hung, S.-C. Cu(OTf)2 as an efficient and
dual-purpose catalyst in the regioselective reductive ring opening of benzylidene acetals. Angew. Chem.
2005, 117, 1693-1696. [CrossRef]

Thota, N.; Bjorkling, F.; Kankala, S. Triphenylcarbenium tetrafluoroborate as an efficient catalyst in the
regioselective reductive ring opening of benzylidene acetals of carbohydrates. Chem. Select 2019, 4, 7976-7980.
[CrossRef]

Wu, H.; Shen, Y.; Fan, L.Y.; Wan, Y.; Shi, D.Q. Solid silica sulfuric acid (SSA) as a novel and efficient catalyst
for acetylation of aldehydes and sugars. Tetrahedron 2006, 62, 7995. [CrossRef]

Mukhopadhyay, B.; Russell, D.A.; Field, R.A. One-pot acetalation—acetylation of sugar derivatives employing
perchloric acid immobilized on silica. Carbohydr. Res. 2005, 340, 1075-1080. [CrossRef] [PubMed]

Misra, A.K,; Tiwari, P; Madhusudan, S.K. HCIO4-SiO2 catalyzed per-O-acetylation of carbohydrates.
Carbohydr. Res. 2005, 340, 325-329. [CrossRef]

Wu, L.Q.; Yin, Z.K. Sulfonic acid-functionalized nano y-Al203 catalyzed per-O-acetylated of carbohydrates.
Carbohydr. Res. 2013, 365, 14-19. [CrossRef] [PubMed]

Zhang,].B.; Zhang, B.; Zhou, ].F; Li,].; Shi, C.J.; Huang, T.; Wang, Z.F,; Tang, ]. HySO4-5iO;: The highly efficient
and reusable catalyst for per-O-Acetylation of carbohydrates under solvent-free conditions. J. Carbohydr.
Chem. 2011, 30, 165-177. [CrossRef]

Wasserscheid, P.; Welton, T. Ionic Liquids in Synthesis; Wiley-VCH Verlag: Weinheim, Germany, 2003.
Welton, T. Ionic liquids in catalysis. Coord. Chem. Rev. 2004, 248, 2459-2477. [CrossRef]

Welton, T. Room-temperature ionic liquids. Solvents for synthesis and catalysis. Chem. Rev. 1999, 99,
2071-2083. [CrossRef]

Wasserscheid, P.; Keim, W. Ionic liquids—New “solutions” for transition metal catalysis. Angew. Chem.
Int. Ed. 2000, 39, 3772-3789. [CrossRef]

Forsyth, S.A.; MacFarlane, D.R.; Thomson, R.J.; Itzstein, M.V. Rapid, clean, and mild O-acetylation of alcohols
and carbohydrates in an ionic liquid. Chem. Commun. 2002, 714-715. [CrossRef] [PubMed]

Abbott, A.P; Bell, T.J.; Handa, S.; Stoddar, B. O-Acetylation of cellulose and monosaccharides using a
zinc-based ionic liquid. Green Chem. 2005, 7, 705-707. [CrossRef]

Murugesan, S.; Karst, N.; Islam, T.; Wiencek, ].M.; Linhardt, R.J. Dialkyl imidazolium benzoates-room
temperature ionic liquids useful in the peracetylation and perbenzoylation of simple and sulfated saccharides.
Synlett 2003, 9, 1283-1286.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0040-4039(01)02253-5
http://dx.doi.org/10.1021/jo980011z
http://dx.doi.org/10.1002/ange.200462172
http://dx.doi.org/10.1002/slct.201901795
http://dx.doi.org/10.1016/j.tet.2006.06.038
http://dx.doi.org/10.1016/j.carres.2005.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15797122
http://dx.doi.org/10.1016/j.carres.2004.11.021
http://dx.doi.org/10.1016/j.carres.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23165240
http://dx.doi.org/10.1080/07328303.2011.621042
http://dx.doi.org/10.1016/j.ccr.2004.04.015
http://dx.doi.org/10.1021/cr980032t
http://dx.doi.org/10.1002/1521-3773(20001103)39:21&lt;3772::AID-ANIE3772&gt;3.0.CO;2-5
http://dx.doi.org/10.1039/b200306f
http://www.ncbi.nlm.nih.gov/pubmed/12119687
http://dx.doi.org/10.1039/b511691k
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Per-O-Acetylation 
	Reusability of TAIIL for Per-O-Acetylation of d-Glucose 
	Reductive Ring Opening of Benzylidene Acetals 

	Materials and Methods 
	Synthesis of Ionic Liquid 
	General Procedure 
	General Information 

	Conclusions 
	References

