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properties of glucose-based ionic liquids†
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The diversity in structure, the variety in chirality, as well as the large occurrence of carbohydrates in nature, led

to the development of the next generation of ionic liquids (ILs). These carbohydrate-based ionic liquids, also

known as CHILs, are expected to overcome limitations such as aquatic ecotoxicity and poor biodegradability.

In this work, we present the glucosyl imidazolium ILs, obtained via a simple two to three-step synthesis with

total yields up to 90%. These compounds were obtained with several variations in alkyl- and aromatic side

chains, glycosidic groups, anions, and protecting groups to study the influence of these variations on the

biocompatibility and antimicrobial properties of the CHILs. The in vitro studies confirmed the

biocompatibility of most of the CHILs for L929 mouse fibroblasts at 10−2 mol L−1, a feat not achieved by

commercial imidazolium ILs. We could confirm observed trends, like increased cytotoxicity with increasing

alkyl chain length, as well as higher fluorinated anions. Additionally, some of the here reported novel CHILs

had significantly higher IC50 values than comparable imidazolium, pyridinium, and pyrrolidinium-based ILs.

Additionally, antibiotic resistance is an increasingly serious threat to global health. Consequently, the

development of new substances with antibiotic properties is of high priority. The before-synthesized CHILs

were investigated in their overall antimicrobial behavior towards a Gram-negative strain (Escherichia coli K-

12), a Gram-positive strain (Bacillus subtilis), as well as a common yeast (Candida auris WT) via the disk

diffusion test. The minimum inhibition concentration (MIC), minimum bactericidal concentration (MBC), and

minimum fungicidal concentration (MFC) were determined from the active substances. Similar to the

biocompatibility experiments, correlations can be found between the length of the alkyl chain, the non-

polarity of the structure, as well as the amount of fluorine in the counterion. For Candida auris, GMIM-NTf2
as well as GOIM-I show the strongest effect, with a MIC and MFC of 1 mmol L−1 and 5 mmol L−1, respectively.
Sustainability spotlight

Ionic liquids (ILs) possess diverse and tuneable properties, enabling them for a diverse eld of applications, such as organic synthesis, biocatalysis, as well as
biomedical applications. Especially for biomedical applications, ILs need to exert low toxicity, which starkly contrasts the usually high toxicity, aquatic eco-
toxicity, and poor biodegradability of classical ILs. The next generation of ILs overcomes this problem, containing more biocompatible cations and anions,
originating from inexpensive raw materials such as amino acids or choline, which are known to be non-toxic. In this work, we present carbohydrate-based ILs
from renewable resources (SDG 15). Additionally, most of these new materials had signicantly better biocompatibility, compared to imidazolium, pyridinium,
and pyrrolidinium-based ILs (SDG 6).
Introduction

Ionic liquids (ILs), dened as salts with a melting point below
100 °C, are a topic of broad interest due to their diverse and
tunable properties as well as their wide eld of applications.1
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These applications include organic synthesis,2 biocatalysis,3

electrochemistry,4 extraction, and separation processes,5

analytical chemistry,6 as well as biomedical and pharmaceutical
applications,7 among many others. Especially for biomedical
applications, ILs need to exert low toxicity, which starkly
contrasts the usually high toxicity, aquatic ecotoxicity, and poor
biodegradability of classical ILs based on imidazolium and
pyridinium cations and uorated anions such as triate and
bistriylimide.8,9 Additionally, the synthesis of these ILs of the
rst and second generation is neither cost-effective nor envi-
ronmentally benign.10 The third generation of ILs is ought to
overcome these problems, and is dened differently by various
sources. On the one hand, the third generation is described by
RSC Sustainability, 2023, 1, 1751–1764 | 1751
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containing more biologically active ions, like pharmaceuticals
or agrochemicals,11 on the other hand the generation is stated
to contain more biocompatible cations and anions, originating
from inexpensive raw materials such as amino acids or choline,
which are known to be non-toxic.10,12 Another type of renewable
resource that might be converted into ILs is carbohydrates. In
recent years, these carbohydrate-based ionic liquids (CHILs)13–15

have found several potential applications, like a positive inu-
ence on the rate and selectivity of Diels–Alder cycloadditions,16

the possibility to adsorb metal cations like Pb2+ and Cd2+ from
an aqueous solution,17,18 as precursors for N-doped carbon
materials19 or as supported ionic liquid phase for the immobi-
lized Candida antarctica lipase B biocatalyst (Novozym 435).20

Jopp et al. recently developed several synthetic processes to
produce ILs based on carbohydrates such as riboses,21 glucos-
amine,22 and glucose,20 and has furthermore proven remarkable
biocompatibility of glucose and pentose-based pyridinium
ILs.23 However, many syntheses towards these CHILs include
several reaction steps, including insertion and removal of pro-
tecting groups and inserting a leaving group to enable following
quaternization with N-heterocycles or amines. This might be
followed by an additional anion exchange. Thus, the synthesis
of CHILs oen suffers from low total yields due to themulti-step
procedure. In some cases, even when only a straightforward
three-step synthesis is employed, the total yields are still below
40–50%, due to the overall complexity of downstreaming when
working with carbohydrates.16

This work expands on our group's recently developed
synthetic procedure in which simple glucosyl imidazolium ILs
have been prepared in a two to three-step synthesis with total
yields of up to 90%.20 These compounds will be synthesized to
include several variations in alkyl- and aromatic side chains,
varying glycosidic groups, different anions, and protecting
groups to study the inuence of these variations on the
biocompatibility and antimicrobial properties of the CHILs.

According to the overall approved denition of biocompati-
bility published byWilliams et al., it is the ability of a material to
perform with an appropriate host response in a specic appli-
cation.24 The selection of the suitable assay, international
standard, or even the correct cell line should be well-
considered. In most cases, the initial screening of biocompati-
bility is based on cell culture methods due to high sensitivity,
reliability, and reproducibility, compared to other methods
using algae and higher plants,25 invertebrate animals,26 verte-
brate animals,27 or even bacteria.28 In this work, L929 mouse
broblasts were used since this cell line is recommended by
several biocompatibility regulation norms (e.g. DIN EN ISO
10993-1:2021-05). The mouse broblasts L929 are a reliable
choice for materials and samples with skin contact, due to their
important role in the wound healing process, for example
around implants or drug delivery systems.29

Furthermore, we investigated the antimicrobial activity of
these compounds with the disc diffusion method. The disk
diffusion method, established by Bauer and Kirby et al., is the
gold standard for testing antimicrobial susceptibility and was
performed according to the Clinical Laboratory Standard
Institute (CLSI) – Performance Standards for Antimicrobial Disk
1752 | RSC Sustainability, 2023, 1, 1751–1764
Susceptibility Tests.30,31 To obtain the minimum inhibition
concentration (MIC) and minimum bactericidal concentration
(MBC), the XTT assay was performed.
Experimental
Synthetic procedures and characterization data

The NMR spectra were recorded on a Bruker AVANCE 300 III or
500. CDCl3 was calibrated as 7.27 (1H) and 77.00 (13C). DMSO-d6
was calibrated as 2.49 (1H) and 39.50 (13C). D2O was calibrated
as 4.80 (1H). ESI-MS was measured in an Agilent 1200/6210
Time-of-Flight LC-MS or a Thermo Scientic Exactive ESI/
DART FTMS. The specic rotations were measured with a Dr
Kernchen Gyromat-HP Digital Automatic Polarimeter with
concentrations given inmg permL. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measure-
ments were performed on a Setaram Labsys TGA-DSC 1600 with
a heating program from 25 to 500 °C and a heating rate of 10 °
C min−1 under an argon ow of 100 mL min−1. Scanning
electron microscopy (SEM) measurements were done using
a JEM-ARM200F (JEOL), additional EDX investigations per-
formed with the Dry SGD60 SDD-EDXS-Detector (JEOL). Accel-
eration voltage was between 10 and 20 kV. The silver content of
the catalysts was measured by inductively coupled plasma
optical emissions spectroscopy (ICP-OES) using the IRIS
Intrepid II XPS device.

The chemicals N-ethylimidazole (>98%), N-butylimidazole
(>98%), N-octyllimidazole (>98%), and N-benzylimidazole
(>98%) have been supplied by TCI. N-Methylimidazole (99%)
was supplied by Alfa Aesar. N-Vinylimidazole (99%), silver
methanesulfonate (99%), methyl-a-D-glucopyranoside (99%),
phenyl-b-D-glucopyranoside (98%), triphenylphosphine (99%),
and imidazole (99%) were supplied by Thermo Scientic. N-
Phenylimidazole (>98%) and octyl-b-D-glucopyranoside (99%)
were supplied by Apollo Scientic. Iodine (99.5%) and silver bis-
(triuoromethanesulfonyl)-imide (96%) were supplied by Car-
bolution. N-Mesitylimidazole (purity not given) was supplied by
ABCR. The solvents THF (99.9%) and ethyl acetate (99.7%) were
supplied by Honeywell Riedel-de-Haën and the solvents chlo-
roform (99.8%), methanol (99.8%) and DMF (99.5) were
supplied by Fisher. Column chromatography was performed
with silica gel (230–400 mesh particle size) supplied by Supelco.
General procedure for the synthesis of 6-iodo-
glucopyranosides

Glucopyranoside 1a–d (10 mmol), triphenylphosphine (15.5
mmol), iodine (14.5 mmol), and imidazole (20 mmol) were
reuxed in THF (60 mL) for 4 h. The resulting solid was ltered
off, the solvent was removed and the product was obtained aer
column chromatography.

Methyl-6-iodo-a-D-glucopyranoside 2a. White solid. 91%
yield. Eluent for column chromatography: CHCl3/MeOH 12 : 1.

Tm = 148–149 °C. [a]25D = +94.2 (c = 1.0, H2O).
1H-NMR (300

MHz, DMSO-d6): d = 2.87–2.95 (m, 1H); 3.16–3.27 (m, 3H); 3.31
(s, 3H, CH3); 3.34–3.42 (m, 1H); 3.50–3.57 (m, 1H); 4.54 (d, 1H, 3J
= 3.65 Hz, H-1); 4.78 (d, 1H, 3J = 6.43 Hz, OH); 4.86 (d, 1H, 3J =
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.99 Hz, OH); 5.17 (d, 1H, 3J = 5.83 Hz, OH). 13C-NMR (75 MHz,
DMSO-d6): d= 9.5 (C-6); 54.6 (CH3); 70.9, 71.9, 72.7, 74.1 (C-2, C-
3, C-4, C-5); 99.8 (C-1).

n-Octyl-6-iodo-b-D-glucopyranoside 2b. White solid. 41%
yield. Eluent for column chromatography: CHCl3/MeOH 20 : 1
to 15 : 1.

Tm = 72–74 °C. [a]24D = −10.7 (c = 1.3, H2O).
1H-NMR (300

MHz, DMSO-d6): d= 0.82–0.87 (m, 3H, CH3); 1.25–1.32 (m, 10H,
5CH2); 1.48–1.55 (m, 2H, CH2); 2.89–3.04 (m, 3H); 3.11–3.19 (m,
1H); 3.24 (dd, 1H, 2J = 10.49 Hz, 3J = 7.35 Hz, H-6a); 3.42–3.47
(m, 1H, OCH2a); 3.51 (dd, 1H, 2J = 10.53 Hz, 3J = 2.26 Hz, H-6b);
3.69–3.77 (m, 1H, OCH2b); 4.16 (d, 1H, 3J= 7.83 Hz, H-1); 5.01 (t,
2H, 3J = 4.96 Hz, OH); 5.18 (d, 1H, 3J = 5.29 Hz, OH). 13C-NMR
(75 MHz, DMSO-d6): d = 9.1 (C-6); 13.9 (CH3); 22.1, 25.5, 28.7,
28.8, 29.3, 31.3, 68.8 (CH2); 73.4, 73.7, 74.7, 76.1 (C-2, C-3, C-4,
C-5); 102.7 (C-1). HRMS (ESI, m/z): calculated for
C14H27IO5

+Na+, 425.0801; measured 425.0805.
Phenyl-6-iodo-b-D-glucopyranoside 2c. Light-brown solid.

51% yield. Eluent for column chromatography: CHCl3/MeOH15 : 1.
Tm = 157–159 °C. [a]25D = −82.1 (c = 1.9, H2O).

1H-NMR (500
MHz, DMSO-d6): d = 3.02–3.06 (m, 1H); 3.24–3.35 (m, 4H); 3.56
(dd, 1H, 2J = 10.39 Hz, 3J = 1.90 Hz, H-6a); 4.93 (d, 1H, 3J =
7.66 Hz, H-1); 5.18 (d, 1H, 3J = 5.02 Hz, OH); 5.34 (d, 1H, 3J =
5.42 Hz, OH); 5.37 (d, 1H, 3J = 5.09 Hz, OH); 6.98–7.01 (m, 1H,
HAr); 7.07–7.09 (m, 2H, HAr); 7.27–7.30 (m, 2H, HAr).

13C-NMR
(125 MHz, DMSO-d6): d = 8.5 (C-6); 73.3, 73.5, 75.0, 75.8 (C-2,
C-3, C-4, C-5); 100.1 (C-1); 116.3, 121.9, 129.3 (CHAr); 157.2
(CAr). HRMS (ESI, m/z): calculated for C12H15IO5

+, 365.9959;
measured 365.9956.

Methyl-6-iodo-2,3,4-O-methyl-a-D-glucopyranoside 2d.
Colorless liquid. 89% yield. Eluent for column chromatography:
heptane/ethyl acetate 7 : 1 to 4 : 1.

[a]27D = +142.5 (c = 2.7, CHCl3).
1H-NMR (300 MHz, CDCl3):

d= 2.94–3.00 (m, 1H); 3.20 (dd, 1H, 3J= 9.62 Hz, 3J= 3.62 Hz, H-
2); 3.29–3.39 (m, 2H); 3.46 (s, 3H, CH3); 3.50–3.56 (m, 2H); 3.52
(s, 3H, CH3); 3.61 (s, 3H, CH3); 3.62 (s, 3H, CH3); 4.82 (d, 1H, 3J=
3.62 Hz, H-1). 13C-NMR (75 MHz, CDCl3): d = 7.5 (C-6); 55.5,
59.0, 60.8, 60.9 (CH3); 69.3, 81.8, 83.1, 83.4 (C-2, C-3, C-4, C-5);
97.5 (C-1). HRMS (ESI, m/z): calculated for C10H19IO5

+Na+,
369.0169; measured 369.0175.
General procedure for the quarternization with imidazoles

6-Iodo-glucopyranoside 2a–d (3 mmol) and the N-substituted
imidazole (5 mmol) were dissolved in DMF (5 mL) and stirred at
110 °C for 20 hours. Aer cooling down, ethyl acetate (40 mL)
was added and the ask was stored in a fridge overnight. The
solvent was decanted and the precipitated solid or oil was
repeatedly washed with ethyl acetate and dried under a high
vacuum to achieve the product.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-methylimidazolium
iodide (GMIM-I) 3a. Reaction performed with 2a and N-meth-
ylimidazole. Light-brown solid. 99% yield.

Tm = 172–173 °C. Td = 246 °C. [a]25D = +63.4 (c = 1.8, H2O).
1H-NMR (300 MHz, D2O): d = 3.26–3.32 (m, 1H); 3.31 (s, 3H,
OCH3); 3.63 (dd, 1H, 3J = 9.77 Hz, 3J = 3.76 Hz, H-2); 3.72–3.78
(m, 1H); 3.94–3.98 (m, 1H); 4.00 (s, 3H, NCH3); 4.50 (dd, 1H, 2J=
© 2023 The Author(s). Published by the Royal Society of Chemistry
14.60 Hz, 3J = 7.30 Hz, H-6a); 4.69 (dd, 1H, 2J = 14.60 Hz, 3J =
2.54 Hz, H-6b); 4.89 (d, 1H, 3J = 3.74 Hz, H-1); 7.55 (d, 1H, 3J =
1.95 Hz, HAr); 7.64 (d, 1H, 3J = 1.95 Hz, HAr); 8.89 (s, 1H, HAr).
13C-NMR (75 MHz, D2O): d = 36.1 (NCH3); 49.9 (C-6); 55.2
(OCH3); 69.4, 70.5, 71.0, 72.9 (C-2, C-3, C-4, C-5); 99.3 (C-1);
123.2, 123.6, 137.0 (CHAr). HRMS (ESI, m/z): calculated for
C11H19N2O5

+, 259.1294; measured 259.1299. Calculated for I−,
126.9040; measured 126.9045.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-ethylimidazolium
iodide (GEIM-I) 3b. Reaction performed with 2a and N-ethyl-
imidazole. Off-white solid. 91% yield.

Tm = 99–101 °C. Td = 248 °C. [a]26D = +46.5 (c= 1.5, H2O).
1H-

NMR (500 MHz, D2O): d = 1.53 (t, 3H, 3J = 7.37 Hz, CH3); 3.22–
3.26 (m, 1H); 3.25 (s, 3H, OCH3); 3.57 (dd, 1H, 3J = 9.78 Hz, 3J =
3.83 Hz, H-2); 3.68–3.71 (m, 1H); 3.92 (ddd, 1H, 3J = 10.05 Hz, 3J
= 7.66 Hz, 3J = 2.44 Hz, H-5); 4.29 (q, 2H, 3J = 7.37 Hz, NCH2);
4.44 (dd, 1H, 2J= 14.60 Hz, 3J= 7.64 Hz, H-6a); 4.64 (dd, 1H, 2J=
14.59 Hz, 3J = 2.46 Hz, H-6b); 4.84 (d, 1H, 3J = 3.81 Hz, H-1);
7.57–7.60 (m, 2H, HAr); 8.90 (s, 1H, HAr).

13C-NMR (125 MHz,
D2O): d = 14.5 (CH3); 45.0 (NCH2); 49.9 (C-6); 55.0 (OCH3); 69.4,
70.5, 71.0, 72.9 (C-2, C-3, C-4, C-5); 99.3 (C-1); 122.0, 123.2, 136.0
(CHAr). HRMS (ESI, m/z): calculated for C12H21N2O5

+, 273.1455;
measured 273.1461. Calculated for I−, 126.9040; measured
126.9047.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-vinylimidazolium
iodide (GVIM-I) 3c. Reaction performed with 2a and N-vinyl-
imidazole with a temperature of 95 °C for 24 h. Light-brown
solid. 73% yield.

Tm = 185 °C. Td = 236 °C. [a]24D = +30.3 (c = 2.6, H2O).
1H-

NMR (250 MHz, D2O): d = 3.25 (s, 3H, OCH3); 3.24–3.28 (m,
1H, H-4); 3.58 (dd, 1H, 3J= 9.77 Hz, 3J= 3.77 Hz, H-2); 3.66–3.75
(m, 1H, H-3); 3.95 (ddd, 1H, 3J = 9.96 Hz, 3J = 7.47 Hz, 3J =
2.46 Hz, H-5); 4.50 (dd, 1H, 2J = 14.55 Hz, 3J = 7.38 Hz, H-6a);
4.70 (dd, 1H, 2J = 14.55 Hz, 3J = 2.55, H-6b); 4.85 (d, 1H, 3J =
3.77 Hz, H-1); 5.49 (dd, 1H, 3J = 8.68 Hz, 2J = 2.84 Hz, vinyl-
CH2); 5.86 (dd, 1H, 3J = 15.58 Hz, 2J = 2.86 Hz, vinyl-CH2); 7.2
(dd, 1H, 3J = 15.58 Hz, 3J = 8.70 Hz, vinyl-CH); 7.70 (d, 1H, 3J =
2.09 Hz, HAr); 7.86 (d, 1H, 3J = 2.11 Hz, HAr); 9.16 (s, 1H, HAr).
13C-NMR (125 MHz, D2O): d= 50.2 (C-6); 55.1 (OCH3); 69.2 (C-5);
70.5 (C-4); 71.0 (C-2); 72.8 (C-3); 99.3 (C-1); 109.8 (vinyl-CH2);
119.4, 123.8 (CHAr); 123.8 (vinyl-CH); 135.0 (CHAr). HRMS (ESI,
m/z): calculated for C12H19N2O5

+, 271.1299; measured 271.1306.
Calculated for I−, 126.9040; measured 126.9045.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-butylimidazolium
iodide (GBIM-I) 3d. Reaction performed with 2a and N-butyli-
midazole. Orange viscous liquid. 94% yield.

Td = 249 °C. [a]26D = +48.2 (c = 3.2, H2O).
1H-NMR (300 MHz,

D2O): d= 0.95 (t, 3H, 3J= 7.37 Hz, CH3); 1.26–1.39 (m, 2H, CH2);
1.85–1.94 (m, 2H, CH2); 3.21–3.27 (m, 1H); 3.25 (s, 3H, OCH3);
3.57 (dd, 1H, 3J = 9.77 Hz, 3J = 3.79 Hz, H-2); 3.67–3.74 (m, 1H);
3.92 (ddd, 1H, 3J = 10.18 Hz, 3J = 7.76 Hz, 3J = 2.58 Hz, H-5);
4.27 (t, 2H, 3J = 7.02 Hz, NCH2); 4.44 (dd, 1H, 2J = 14.57 Hz,
3J = 7.67 Hz, H-6a); 4.66 (dd, 1H, 2J = 14.52 Hz, 3J = 2.56 Hz, H-
6b); 4.84 (d, 1H, 3J = 3.78 Hz, H-1); 7.57–7.61 (m, 2H, HAr); 7.97
(s, 1H, HAr).

13C-NMR (75 MHz, D2O): d = 12.6 (CH3); 18.7, 31.2,
49.4 (CH2); 49.9 (C-6); 55.0 (OCH3); 69.4, 70.6, 71.0, 72.8 (C-2, C-
3, C-4, C-5); 99.3 (C-1); 122.3, 123.2, 136.3 (CHAr). HRMS (ESI,m/
RSC Sustainability, 2023, 1, 1751–1764 | 1753
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z): calculated for C14H25N2O5
+, 301.1768; measured 301.1763.

Calculated for I−, 126.9040; measured 126.9050.
1-(Methyl-a-D-glucopyranosid-6-yl)-3-octylimidazolium

iodide (GOIM-I) 3e. Reaction performed with 2a and N-octyli-
midazole. Orange viscous liquid. 71% yield.

Td = 250 °C. [a]27D = +50.1 (c = 1.5, H2O).
1H-NMR (500 MHz,

D2O): d = 0.88 (t, 3H, 3J = 7.01 Hz, CH3); 1.27–1.34 (m, 10H,
5CH2); 1.88–1.93 (m, 2H, CH2); 3.22–3.26 (m, 1H); 3.23 (s, 3H,
OCH3); 3.56 (dd, 1H, 3J = 9.77 Hz, 3J = 3.82 Hz, H-2); 3.68–3.71
(m, 1H); 3.91 (ddd, 1H, 3J = 10.17 Hz, 3J = 7.87 Hz, 3J = 2.48 Hz,
H-5); 4.26 (t, 2H, 3J = 6.88 Hz, NCH2); 4.43 (dd, 1H, 2J =

14.58 Hz, 3J = 7.80 Hz, H-6a); 4.65 (dd, 1H, 2J = 14.55 Hz, 3J =
2.48 Hz, H-6b); 4.82 (d, 1H, 3J = 3.79 Hz, H-1); 7.57–7.61 (m, 2H,
HAr); 8.91 (s, 1H, HAr).

13C-NMR (125 MHz, D2O): d = 13.4 (CH3);
22.0, 25.2, 27.9, 28.1, 29.1, 30.9 (CH2); 49.7, 50.0 (CH2, C-6); 55.0
(OCH3); 69.4, 70.6, 71.0, 72.8 (C-2, C-3, C-4, C-5); 99.3 (C-1);
122.3, 123.2, 136.4 (CHAr). HRMS (ESI, m/z): calculated for
C18H33N2O5

+, 357.2394; measured 357.2397. Calculated for I−,
126.9040; measured 126.9051.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-phenylimidazolium
iodide (GPhIM-I) 3f. Reaction performed with 2a and N-phe-
nylimidazole. Brown solid. 98% yield.

Tm = 48–51 °C. Td = 239 °C. [a]24D = +28.3 (c = 3.0, H2O).
1H-

NMR (500 MHz, D2O): d= 3.28 (s, 3H, OCH3); 3.30–3.34 (m, 1H);
3.60 (dd, 1H, 3J = 9.79 Hz, 3J = 3.82 Hz, H-2); 3.71–3.75 (m, 1H);
4.01 (ddd, 1H, 3J = 10.00 Hz, 3J = 7.59 Hz, 3J = 2.45 Hz, H-5);
4.57 (dd, 1H, 2J = 14.56 Hz, 3J = 7.56 Hz, H-6a); 4.77 (dd, 1H,
2J= 14.56 Hz, 3J= 2.51 Hz, H-6b); 4.87 (d, 1H, 3J= 3.80 Hz, H-1);
7.66–7.68 (m, 5H, HAr); 7.81 (d, 1H, 3J = 2.09 Hz, HAr); 7.96 (d,
1H, 3J = 2.09 Hz, HAr).

13C–13C-NMR (125 MHz, D2O): d = 50.4
(C-6); 55.1 (OCH3); 69.3, 70.5, 71.0, 72.9 (C-2, C-3, C-4, C-5); 99.4
(C-1); 121.8, 122.3, 123.9, 130.3 (CHAr); 134.6 (CAr). HRMS (ESI,
m/z): calculated for C16H21N2O5

+, 321.1455; measured 321.1453.
Calculated for I−, 126.9040; measured 126.9042.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-benzylimidazolium
iodide (GBnIM-I) 3g. Reaction performed with 2a and N-ben-
zylimidazole. Work-up was done by column chromatography
(rst ethyl acetate to remove remaining N-benzylimidazole,
then MeOH to collect the product) instead of washing with ethyl
acetate. Yellow solid. 92% yield.

Tm = 67–69 °C. Td = 255 °C. [a]24D = +37.8 (c = 2.9, H2O).
1H-

NMR (300 MHz, D2O): d = 3.09 (s, 3H, CH3); 3.24 (dd, 1H, 3J =
10.01 Hz, 3J = 8.90 Hz); 3.54 (dd, 1H, 3J = 9.77 Hz, 3J = 3.80 Hz,
H-2); 3.65–3.71 (m, 1H); 3.86 (ddd, 1H, 3J = 10.36 Hz, 3J =

8.00 Hz, 3J = 2.47 Hz, H-5); 4.42 (dd, 1H, 2J = 14.52 Hz, 3J =
8.00 Hz, H-6a); 4.74 (dd, 1H, 2J = 14.51 Hz, 3J = 2.51 Hz, H-6b);
4.77 (d, 1H, 3J = 3.78 Hz, H-1); 5.46 (s, 2H, NCH2); 7.45–7.53 (m,
5H, HAr); 7.60–7.62 (m, 2H, HAr); 8.95 (s, 1H, HAr).

13C-NMR (75
MHz, D2O): d = 50.1 (C-6); 53.0 (NCH2); 54.9 (CH3); 69.3, 70.6,
71.0, 72.8 (C-2, C-3, C-4, C-5); 99.2 (C-1); 122.4, 123.5, 128.5,
129.4, 129.4 (CHAr); 133.7 (CAr). HRMS (ESI, m/z): calculated for
C17H22N2O5

+, 335.1612; measured 335.1613. Calculated for I−,
126.9040; measured 126.9042.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-mesitylimidazolium
iodide (GMEsIM-I) 3h. Reaction performed with 2a and N-
mesitylimidazole. Light-brown solid. 99% yield.
1754 | RSC Sustainability, 2023, 1, 1751–1764
Tm = 155–157 °C. Td = 244 °C. [a]24D = +44.1 (c = 2.2, H2O).
1H-NMR (300 MHz, D2O): d = 2.07 (s, 3H, CH3); 2.09 (s, 3H,
CH3); 2.38 (s, 3H, CH3); 3.29 (dd, 1H, 3J = 9.87 Hz, 3J = 9.04 Hz);
3.31 (s, 3H, OCH3); 3.58 (dd, 1H, 3J= 9.78 Hz, 3J= 3.79 Hz, H-2);
3.72–3.78 (m, 1H); 4.03 (ddd, 1H, 3J = 10.11 Hz, 3J = 7.65 Hz, 3J
= 2.59 Hz, H-5); 4.59 (dd, 1H, 2J = 14.46 Hz, 3J = 7.65 Hz, H-6a);
4.81 (dd, 1H, 2J = 14.36 Hz, 3J = 2.63 Hz, H-6b); 4.86 (d, 1H, 3J =
3.76 Hz, H-1); 7.19 (s, 2H, HAr); 7.64 (t, 1H, 3J = 1.76 Hz, HAr);
7.88 (t, 1H, 3J = 1.77 Hz, HAr); 9.09 (t, 1H, 3J = 1.56 Hz, HAr).

13C-
NMR (75 MHz, D2O): d = 16.4, 20.2 (CH3); 50.4 (C-6); 55.2
(OCH3); 69.2, 70.9, 71.1, 72.8 (C-2, C-3, C-4, C-5); 99.4 (C-1);
123.9, 124.1, 129.3 (CHAr); 130.7, 134.6 (CAr); 137.6 (CHAr);
141.5 (CAr). HRMS (ESI, m/z): calculated for C19H27N2O5

+,
363.1925; measured 363.1927. Calculated for I−, 126.9040;
measured 126.9046.

1-(n-Octyl-b-D-glucopyranosid-6-yl)-3-methylimidazolium
iodide (OctO-GMIM-I) 3i. Reaction performed with 2b and N-
methylimidazole. Work-up was done by column chromatography
(rst ethyl acetate to remove remaining N-methylimidazole, then
MeOH to collect the product) instead of washing with ethyl
acetate. Dark-brown viscous liquid. 81% yield.

Td = 240 °C. [a]24D =−19.2 (c= 3.4, H2O).
1H-NMR (250 MHz,

D2O): d = 0.86–0.91 (m, 3H, CH3); 1.25–1.36 (m, 10H, 5CH2);
1.53–1.64 (m, 2H, CH2); 3.23–3.31 (m, 2H); 3.50–3.57 (m, 1H);
3.63–3.83 (m, 3H); 3.95 (s, 3H, NCH3); 4.39 (dd, 1H, 2 J =

14.47 Hz, 3J= 7.74 Hz, H-6a); 4.46 (d, 1H, 3J= 8.01 Hz, H-1); 4.69
(dd, 1H, 2J = 14.69 Hz, 3J = 2.41 Hz, H-6b); 7.51–7.54 (m, 2H,
HAr); 8.81 (s, 1H, HAr).

13C-NMR (63 MHz, D2O): d = 13.4 (CH3);
22.0, 25.0, 28.4, 28.7, 31.1 (CH2); 35.9 (NCH3); 50.0 (C-6); 70.9
(OCH2); 70.6, 73.0, 73.1, 75.5 (C-2, C-3, C-4, C-5); 102.2 (C-1);
122.2, 123.5, 136.8 (CHAr). HRMS (ESI, m/z): calculated for
C18H33N2O5

+, 357.2394; measured 357.2388. Calculated for I−,
126.9040; measured 126.9040.

1-(Phenyl-b-D-glucopyranosid-6-yl)-3-methylimidazolium
iodide (PhO-GMIM-I) 3j. Reaction performed with 2c and N-
methylimidazole. Brown solid. 94% yield.

Tm = 195 °C. Td = 244 °C. [a]24D = −70.7 (c = 1.0, H2O).
1H-

NMR (300 MHz, D2O): d = 3.43–3.49 (m, 1H); 3.60–3.72 (m,
2H); 3.80 (s, 3H, NCH3); 3.94 (td, 1H, 3J = 9.35 Hz, 3J = 2.53 Hz,
H-5); 4.37 (dd, 1H, 2J = 14.55 Hz, 3J = 8.97 Hz, H-6a); 4.74 (dd,
1H, 2J = 14.55 Hz, 3J = 2.48 Hz, H-6b); 5.15 (d, 1H, 3J = 7.51 Hz,
H-1); 6.91–6.95 (m, 2H, HAr); 7.17–7.22 (m, 1H, HAr); 7.37–7.42
(m, 2H, HAr); 7.47–7.50 (m, 2H, HAr); 8.60 (s, 1H, HAr).

13C-NMR
(75 MHz, D2O): d = 35.8 (NCH3); 50.1 (C-6); 70.8, 72.4, 73.4, 75.3
(C-2, C-3, C-4, C-5); 99.1 (C-1); 116.3, 123.0, 123.4, 123.5, 129.8,
136.9 (CHAr); 155.8 (CAr). HRMS (ESI, m/z): calculated for
C16H21N2O5

+, 321.1455; measured 321.1461. Calculated for I−,
126.9040; measured 126.9042.

1-(Methyl-2,3,4-O-methyl-a-D-glucopyranosid-6-yl)-3-
methylimidazolium iodide (PerMe-GMIM-I) 3k. Reaction per-
formed with 2d and N-methylimidazole. Work-up was done by
column chromatography (rst ethyl acetate to remove remain-
ing N-methylimidazole, then MeOH to collect the product)
instead of washing with ethyl acetate. Orange solid. 94% yield.

Tm = 40–41 °C. Td = 309 °C. [a]24D = +55.6 (c = 3.4, H2O).
1H-

NMR (300 MHz, D2O): d = 3.21 (dd, 1H, 3J = 9.93 Hz, 3J = 9.00
Hz); 3.23 (s, 3H, CH3); 3.43 (dd, 1H, 3J= 9.82 Hz, 3J= 3.65 Hz, H-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2); 3.51 (s, 3H, CH3); 3.56–3.62 (m, 1H); 3.64 (s, 3H, CH3); 3.65 (s,
3H, CH3); 3.89–3.95 (m, 1H); 3.96 (s, 3H, NCH3); 4.46 (dd, 1H, 2J
= 14.51 Hz, 3J = 8.13 Hz, H-6a); 4.66 (dd, 1H, 2J = 14.49 Hz, 3J =
2.50 Hz, H-6b); 5.05 (d, 1H, 3J = 3.62 Hz, H-1); 7.52 (t, 1H, 3J =
1.79 Hz, HAr); 7.62 (d, 1H, 3J = 1.81 Hz, HAr); 8.86 (s, 1H, HAr).
13C-NMR (75 MHz, D2O): d = 35.9 (NCH3); 49.7 (C-6); 54.8, 58.0,
60.0, 60.1 (OCH3); 68.5, 79.6, 79.9, 82.1 (C-2, C-3, C-4, C-5); 96.6
(C-1); 123.1, 123-6 (CHAr). HRMS (ESI, m/z): calculated for
C14H25N2O5

+, 301.1768; measured 301.1761. Calculated for I−,
126.9040; measured 126.9044.

General procedure for the anion exchange via silver iodide
precipitation

The silver salt silver methanesulfonate or silver bis-
(triuoromethanesulfonyl)-imide (1 mmol) and 3a (1 mmol)
were suspended in water (5 mL) and stirred for 20 h under
absence of light. The product was obtained aer ltration and
removal of water. In some cases, black particles will form in the
product aer its storage under light. A further dissolution in
methanol, ltration and drying leads to the full removal of these
remaining silver particles.

1-(Methyl-a-D-glucopyranosid-6-yl)-3-methylimidazolium
methanesulfonate (GMIM-OMs) 4a. Reaction performed with
silver methanesulfonate. Yellow solid. 99% yield.

Tm = 36–38 °C. Td = 244 °C. [a]25D = +76.7 (c = 1.3, H2O).
1H-

NMR (300 MHz, D2O): d = 2.84 (s, 3H, CH3); 3.22 (dd, 1H, 3J =
9.95 Hz, 3J = 9.05 Hz); 3.27 (s, 3H, OCH3); 3.56 (dd, 1H, 3J =
9.78 Hz, 3J= 3.79 Hz, H-2); 3.67–3.73 (m, 1H); 3.89–3.93 (m, 1H);
3.95 (s, 3H, NCH3); 4.45 (dd, 1H, 2J = 14.60 Hz, 3J = 7.35 Hz, H-
6a); 4.64 (dd, 1H, 2J = 14.60 Hz, 3J = 2.51 Hz, H-6b); 4.84 (d, 1H,
3J = 3.77 Hz, H-1); 7.50–7.51 (m, 1H, HAr); 7.59–7.60 (m, 1H,
HAr); 8.83 (s, 1H, HAr).

13C-NMR (75 MHz, D2O): d= 35.8 (NCH3);
38.4 (CH3); 49.8 (C-6); 55.0 (OCH3); 69.4, 70.4, 71.0, 72.9 (C-2, C-
3, C-4, C-5); 99.3 (C-1); 123.2, 123.5, 137.0 (CHAr). HRMS (ESI,m/
z): calculated for C11H19N2O5

+, 259.1294; measured 259.1298.
Calculated for CH3O3S

−, 94.9798; measured 94.9802.
1-(Methyl-a-D-glucopyranosid-6-yl)-3-methylimidazolium

bis-(triuoromethanesulfonyl)-imide (GMIM-NTf2) 4b. Reac-
tion performed with silver bis-(triuoromethanesulfonyl)-
imide. Yellow liquid. 99% yield.

Td = 250 °C. [a]25D = +55.8 (c = 2.1, H2O).
1H-NMR (300 MHz,

D2O): d = 3.23 (dd, 1H, 3J = 10.01 Hz, 3J = 8.97 Hz); 3.27 (s, 3H,
OCH3); 3.57 (dd, 1H, 3J = 9.78 Hz, 3J = 3.80 Hz, H-2); 3.67–3.74 (m,
1H); 3.89–3.93 (m, 1H); 3.95 (s, 3H, NCH3); 4.45 (dd, 1H, 2J =

14.61 Hz, 3J = 7.36 Hz, H-6a); 4.64 (dd, 1H, 2J = 14.60 Hz, 2J =
2.55 Hz, H-6b); 4.84 (d, 1H, 3J = 3.78 Hz, H-1); 7.50–7.51 (m, 1H,
HAr); 7.59–7.60 (m, 1H, HAr); 8.82 (s, 1H, HAr).

13C-NMR (75 MHz,
D2O): d= 35.7 (NCH3); 49.8 (C-6); 55.0 (OCH3); 69.4, 70.5, 71.0, 72.9
(C-2, C-3, C-4, C-5); 99.3 (C-1); 119.2 (q, 1J = 319.8 Hz, CF3); 123.2,
123.5, 136.9 (CHAr).

19F-NMR (282 MHz, D2O): d = −79.2. HRMS
(ESI, m/z): calculated for C11H19N2O5

+, 259.1294; measured
259.1293. Calculated for C2F6NO4S2

−, 279.9168;measured 279.9174.

In vitro biocompatibility

Cell line and culture conditions. The method was adapted
from Winkler et al.32 and Lavrentieva et al.,33 in short: L929
© 2023 The Author(s). Published by the Royal Society of Chemistry
murine (Mus musculus) broblasts (L-929, DMSZ No. ACC2)
were purchased from Cell Line Service GmbH (Eppelheim,
Germany) and routinely cultivated in 175 cm2 cell culture asks
(Sarstedt AG and Co. KG, Nümbrecht, Germany) in Dulbecco's
Modied Eagle's Medium (DMEM; Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), supplemented with 10% fetal calf
serum (Sigma Aldrich Chemie GmbH, Steinheim, Germany) as
well as 100 U mL−1 of penicillin and 100 mg mL−1 of strepto-
mycin (penicillin–streptomycin antibiotic solution; Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) in a 5% CO2

and humidied atmosphere at 37 °C (Heracell 240 incubator,
Thermo Fisher Scientic Inc., Waltham, USA). Cells were sub-
cultivated at 70–85% conuency by trypsin/EDTA solution
(Sigma Aldrich Chemie GmbH, Steinheim, Germany) treatment
aer a washing step with phosphate-buffered saline (PBS;
Thermo Fisher Scientic Inc., Waltham, USA). Experiments
were performed with cells of passage numbers below 15. 24 h
prior to the start of an experiment, cells were seeded in 96 well
plates (Sarstedt AG and Co. KG, Nümbrecht, Germany) at
a density of 8000 cells per well in 200 mL cell culture medium.

Preparation of CHILs-containing cell culture medium. For
each investigated substance, a 1 × 10−1 mol L−1 stock solution
was prepared. For this, the weighed CHILs were pre-sterilized in
a UV chamber, dissolved in DMEM, and sterile-ltered. The
stock solutions were diluted to the following concentrations: 1
× 10−2 mol L−1, 1 × 10−3 mol L−1, 1 × 10−4 mol L−1 and 1 ×

10−5 mol L−1.
CellTiter blue (CTB) viability assay. The cell viability of the

L929 cells was determined by CellTiterBlue® cell viability assay
(Promega GmbH, Mannheim, Germany) using cell-free controls
for background uorescence correction and untreated cell
controls as per the manufacturer's instruction manual. In
metabolically active cells, blue resazurin is reduced to purple
uorescent active resorun. The resulting uorescence inten-
sity is correlated with the number of viable cells. The resorun
formation was monitored using a uorescence plate reader
(Fluoroskan Ascent, Thermo Fisher Scientic Inc., Waltham,
MA, USA) at an excitation wavelength of 544 nm and an emis-
sion wavelength 590 nm. L929 cells were cultured in cell culture
medium or cell culture medium with varying concentrations of
CHILs for 48 h (8000 cells per well). Aerwards, themediumwas
carefully removed, 200 mL of serum-free cell culture medium
containing 10% CTB stock solution was added to each well and
the cells were incubated until the uorescence of the control,
which was measured in a plate reader, was in the range of 100–
400 relative uorescence units (rfu). Three biological replicates
with six technical replicates each were analyzed.

Microscopic analysis. Microscopic imaging of the cells was
performed using an IncuCyte S3 Live-Cell Analysis Instrument
(Sartorius AG, Göttingen, Germany) before and aer 48 h
treatment of with the CHILs samples. Imaging was performed
in the phase contrast channel using the intrinsic auto-exposure
function of the IncuCyte soware (Sartorius AG, Göttingen,
Germany) with the 20× objective.

Live/dead staining of cells. For live/dead staining, the cells
were treated for 48 h with the different substance concentra-
tions already described above. Aer carefully removing the
RSC Sustainability, 2023, 1, 1751–1764 | 1755
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medium from the incubated cells, 100 mL of cell culture
medium containing 5 mM Calcein-AM (SigmaAldrich Chemie
GmbH, München, Deutschland) and 0.125 mg mL−1 propidium
iodide (SigmaAldrich Corporation, St. Louis, MO, USA) was
added to each well. Aer the incubation at 37 °C for 15 min, the
samples were analyzed with the BioTek Cytation 5 Cell Imaging
Multi-Mode Reader (Agilent, Santa Clara, CA, USA). Imaging was
performed in brighteld using the intrinsic auto-exposure
function of the Gen5 imaging soware (Version 3.10.06, Bio-
Tek Instruments GmbH, Bad Friedrichshall, Germany) with
a 4× objective. For the detection of dead cells in the red channel
dyed with propidium iodide, the Texas Red lter cube (Excita-
tion: 586/15 nm; Emission: 647/57 nm) was used and for
detection of calcein-dyed, viable cells, the GFP lter cube
(excitation: 469/35 nm, emission: 525/39 nm) was used. Expo-
sition parameters for the propidium iodide dye detection: LED
intensity = 10, integration time = 1.88 s, gain = 11. Exposition
parameters for the calcein dye detection: LED intensity = 5,
integration time = 58 ms, gain = 0.
Antimicrobial activity testing

Disc diffusion method. The tests were performed against
some of themost common strains for infections, Escherichia coli
K-12, Bacillus subtilis, and Candida auris (WT). The species were
stored as glycerol cultures with 20% v/v glycerol at −80 °C. For
preculture, the LB medium, prepared from the recipe of Miller
(5 g yeast extract, 10 g peptone, and 10 g NaCl in 1 L ultrapure
water), was adjusted pH to 7.0, sterilized by autoclaving, and
10 g L−1 glucose were added aer autoclaving. The cultivation of
the bacteria and the yeast was conducted in 150mL shake asks
with baffles at 150 rpm. Aer the inoculation, the strains were
precultured overnight at 35 °C ± 2 °C before use.

The examinations were performed in Mueller–Hinton agar
(for fungal cultures 2% v/v glucose was added), prepared
according to the manufacturer's instructions, and poured into
100 mm plates. The obtained bacteria solutions were adjusted
for each organism to 1–2 × 107 CFU mL−1 (0.5 McFarland
Standard, OD600 z 0.120) and poured over the whole Mueller
Hinton agar plate, using a sterilized bacteria solution-soaked
cotton swab. 10 mL of the test solutions (10−1 mol L−1 in
ultrapure H2O) were transferred to the Whatman No. 1 lter
paper discs (6 mm in diameter) and placed with sterile forceps
on the agar plates aer the H2O was evaporated. As negative
controls served lter paper discs with H2O only, and the positive
controls were Gentamicin (Roti®Antibiotic Discs Gentamicin
(GEN) 10 mg, 6 mm, 50 Units, Carl Roth, Karlsruhe, Germany)
for the bacterial strains and Amphotericin B (Roti®Antibiotic
Discs Amphotericin B (AP) 100 Units, Carl Roth, Karlsruhe,
Germany) for the yeast. The bacteria agar plates were incubated
for 18 h, and the yeast agar plates were incubated for 24 h at 35 °
C ± 2 °C and the zones of inhibition (ZOI, diameter) were
measured in mm.

Minimum inhibition concentration (MIC), minimum
bactericidal concentration (MBC), and minimum fungicidal
concentration (MFC) determination. The MIC values of the
CHILs and ILs were determined in quadruplets by the broth
1756 | RSC Sustainability, 2023, 1, 1751–1764
microdilution method in a 96-well microtiter plate using
Mueller–Hinton Broth, adapted from the methodology from
CLSI.31 The test organisms were grown individually in Mueller–
Hinton broth for 24 h at 35 °C ± 2 °C prior to each antibacterial
test (for fungal cultures 2% v/v glucose was added). Each inoc-
ulum density was adjusted in Mueller–Hinton broth to 1–2 ×

107 CFU mL−1 (0.5 McFarland Standard, OD600 z 0.120).
Subsequently, 100 mL of the suspension was added to each well
to obtain 0.5–2.5 × 104 CFU mL−1 as a nal concentration. The
bacteria were exposed to 100 mL aqueous CHIL solutions in the
following concentrations: 125 mmol L−1, 100 mmol L−1,
75 mmol L−1, 50 mmol L−1, 37.5 mmol L−1, 25 mmol L−1,
12.5 mmol L−1, 10 mmol L−1, 5 mmol L−1, 2.5 mmol L−1,
1 mmol L−1, 1 × 10−1 mmol L−1, 1 × 10−2 mmol L−1, 1 ×

10−3 mmol L−1, 1 × 10−4 mmol L−1 and 1 × 10−5 mmol L−1.
The MIC for each CHIL was recorded as the lowest concentra-
tion that showed no turbidity aer 24 h of incubation at 35 °C±

2 °C. The presence of turbidity is an indication of microbial
growth and the corresponding concentration of antibacterial
agent is considered ineffective. To determine whether the CHIL
inhibited growth or has bactericidal activity, 50 mL of aqueous
XTT sodium salt solution (2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-5- [(phenylamino) carbonyl]-2H-tetrazolium, mon-
osodium salt, hydrate, 0.6 mg mL−1), containing menadione as
an electron coupling reagent (0.1 mg mL−1), was added to the
non-turbid wells of the MIC assay plates and incubated for 2–
20 h at 35 °C ± 2 °C, and measured in the photometer at
a wavelength of 450–500 nm. In the case of viable microbes with
inhibited growth, dehydrogenases of viable microbes cleave the
tetrazolium ring of XTT yielding dark orange to red aqueous
soluble formazan crystals. A solution containing only non-
viable microbes would remain the same colour (light orange).
In this case, MICs values were equal to MBC or MFC for each
CHIL, so the antibacterial activities of these compounds were
considered to be bactericidal.

Results
Synthesis of CHILs

The rst step in the synthesis of the glucosylimidazolium ILs is
an Appel reaction of the glucopyranosides 1a–d (Scheme 1).
This reaction enables the direct conversion of a hydroxy group
into a halogen, which will function as a leaving group for the
following quarternization. Due to the higher reactivity in both
this step as well as the following quarternization, we chose to
work with iodine. Furthermore, the reaction has a very high
selectivity towards the primary hydroxy group in the C-6 posi-
tion of the carbohydrate. These advantages of the Appel reaction
are a key component in this overall strategy, as they allow us to
skip several steps of protecting group chemistry prior to the
introduction of the leaving group, leading to overall fewer steps
and higher total yields. Starting materials 1a–c are commer-
cially available and the synthesis of starting material 1d has
been previously described by Jopp et al.23 Interestingly, while
the reaction protocol leads to yields of 91% and 89%, respec-
tively, for the protected and unprotected a-methyl-glycosides 2a
and 2d, both b-glycosides 2b and 2c were achieved in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 6-iodo-glucopyranosides 2a–d.
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signicantly lower yields of 41 and 51%, respectively. These
reactions had remaining starting material; however, an exten-
sion of the reaction time from 4 to 20 hours did not increase the
yields. Furthermore, the reaction with b-methylglucopyranoside
as starting material leads to no product formation, leading us to
conclude that the b-anomers are generally less reactive for this
kind of Appel reaction.

Next, we converted 2a into the CHILs 3a–h. This reaction is
performed with varying N-substituted imidazoles in DMF
(Scheme 2). Aer the reaction, most of the products can be
obtained through precipitation aer the addition of ethyl
acetate to the reaction mixture. Only 3g needs a short column
chromatography using ethyl acetate and methanol for puri-
cation since N-benzylimidazole is not sufficiently removable
through washing aer precipitation of 3g from ethyl acetate.

Most of the products are obtained with yields of $90%. The
vinyl product 3c needs a lowered reaction temperature of 95 °C,
otherwise, the product will turn from a light-brown solid to
a dark-brown oil, with no visible change in the NMR data
however. This lowered reaction temperature also leads to
a lower yield of 73%. The octyl-substituted product 3e was ob-
tained in a yield of 71% due to the partial solubility of 3e in ethyl
acetate, which was used for precipitation as described before.
Scheme 2 Synthesis of glucosyl imidazolium CHILs with varying side
chains on the imidazole.

© 2023 The Author(s). Published by the Royal Society of Chemistry
To achieve two products directly comparable to 3a, but with
different glycosidic groups, we converted 2b and 2c with N-
methylimidazole to 3i–j (Scheme 3). Furthermore, the per-
methylated 2d was also converted with N-methylimidazole to
3k. These three products were synthesized and puried in the
same manner as before and obtained with yields ranging from
81 to 94%.

As the last synthetic step, we produced two additional
products through anion exchange. 3a and a silver salt were
suspended in water, leading to the precipitation of silver iodide.
The products 4a–b bearing a mesylate (OMs) and a bistri-
ylimide (NTf2) anion were both achieved in full conversion
(Scheme 4). The full removal of the silver particles, which are
formed during the anion exchange, was conrmed by SEM-EDX
and ICP-OES measurements (Fig. S37 to S60†).

Since our novel ionic liquids are produced from natural
resources and aimed to achieve a high biocompatibility, we
were also interested to optimize our reactions to be as green as
possible. For this, we performed a First Pass Green Chemistry
Metrics test as published by Clark et al. for the two-step
synthesis of GMIM-I 3a.34 In this toolkit, each reaction is
given green, amber or red ags for several parameters such as
yield and selectivity, but also for the toxicity of the used solvents
or reagents, the use of catalysts and much more. Unsurpris-
ingly, the rst reaction from 1a to 2a fails this test in many
parameters. The Appel reaction uses an excess of reagents,
which leads to a low atom economy, was performed under reux
and was worked up by column chromatography with the highly
hazardous chloroform, all of which are red ags. The reaction
however has a high yield and high selectivity, which are major
green ags. We made many efforts to address these red ag
concerns. In case of the work-up with column chromatography,
no other mixtures of ethyl acetate, acetonitrile or methanol were
able to achieve a good separation on TLC. We also tried to move
away from the column chromatography in general. We found
that in case of product 2a, the extraction of an aqueous reaction
Scheme 3 Synthesis of glucosylimidazolium CHILs with varying
glycosidic groups and with permethylated hydroxy groups.
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Scheme 4 Anion exchange reactions.

Table 1 Melting points and decomposition temperatures of all glu-
cosyl imidazolium CHILs synthesized in this work. n.a. = not appli-
cable, since these compounds are viscous liquids

Product Abbreviation Tm [°C] Td [°C]

3a GMIM-I 172–173 246
3b GEIM-I 99–101 248
3c GVIM-I 185 236
3d GBIM-I n.a. 249
3e GOIM-I n.a. 250
3f GPhIM-I 48–51 239
3g GBnIM-I 67–69 255
3h GMesIM-I 155–157 244
3i OctO-GMIM-I n.a. 240
3j PhO-GMIM-I 195 244
3k PerMe-GMIM-I 40–41 309
4a GMIM-OMs 36–38 244
4b GMIM-NTf2 n.a. 250
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mixture with toluene leads to the full removal of triphenyl-
phosphine(oxide), leaving only product 2a and the remaining
imidazole in the aqueous phase. This mixture however still
needs a chloroform/methanol column chromatography.

Lastly, we tried to replace the imidazole with other bases like
triethylamine and di-iso-propylethylamine or with other imid-
azoles like N-methyl-, N-butyl-, or N-benzylimidazole, which all
might lead to an easier separation of 2a. Unfortunately, this
proved to be unsuccessful as well, with all of these bases leading
to either no full conversion of 1a or having no positive inuence
on the separation process. Finally, we also tried to perform the
Appel reaction under catalytic conditions, as published by
Werner et al. for organocatalytic chlorination, but this was also
not possible for the carbohydrate starting material.35 As such,
this reaction can unfortunately not be performed in a greener
way. Other pathways to the same product 2a would most likely
need multi-step reactions including the introduction and
removal of protecting groups, as no known reaction is as
selective as the Appel reaction. It should however be noted, as
these points are not addressed in the green chemistry evalua-
tion, that all side products can be fully removed from the
reaction and would thus be available for other processes. Imi-
dazolium hydroiodide is collected via ltration, and both the
triphenylphoshine oxide and the remaining excess of imidazole
can be fully separated by column chromatography without any
mix phases.

On a more positive note, the second reaction from 2a to
GMIM-I 3a passes the green chemistry evaluation in most of the
parameters. This reaction has green ags for its nearly 100%
yield as well as 100% selectivity and atom economy and an
amber ag for the 87% reaction mass efficiency, since only
a small excess of N-methylimidazole is used. The reaction is
performed at medium–high temperatures (110 °C), which is an
amber ag, but not under reux, which is a green ag. The
work-up is a ltration/washing with the green solvent ethyl
acetate, which are again major green ags. Overall this reaction
has only one concern, which is the red ag solvent DMF. This
reaction however needs a highly polar solvent and a tempera-
ture of at least 110 °C, thus leaving not many alternatives. One
less problematic solvent would be DMSO, however, the desir-
able work-up via ltration does not work from DMSO.

Thermal analysis of CHILs

Next, we performed the measurements of melting points (Tm)
and decomposition temperatures (Td) for 3a–k and 4a–b (Table
1758 | RSC Sustainability, 2023, 1, 1751–1764
1). The comparison of the melting points of 3a to 3h gives insight
into the effect of the different side chains on the imidazolium
cation. Themelting points fall with increasing alkyl chain length,
with the methyl-substituted salt 3a starting with a high melting
point of 172–173 °C, the ethyl-substituted product 3b already
bordering the ionic liquid denition with 99–101 °C and both
butyl- and octyl-substituted 3c–d appearing as viscous liquids at
room temperature. This follows the established trend for ionic
liquids, in which bulky groups on either cation or anion lead to
a lower ion interaction and thus to a lower melting point.36 The b-
octyl glycoside 3i is a constitutional isomer of 3e. However,
whether the octyl chain is bound to the imidazolium cation (3e)
or to the anomeric center (3i), in both cases the products are
viscous liquids at room temperature.

In contrast, the b-phenyl glycoside 3j, a constitutional isomer
of 3f (Tm = 50 °C), exhibits the highest melting point of all
products at 195 °C. Lastly, the anion exchange from iodide 3a to
mesylate 4a and bistriylimide 4b leads to a drastically lowered
melting point. 4a has a melting point of 36–38 °C and 4b appears
as a viscous liquid at room temperature. This again follows the
established trends known for ionic liquids, in which sulfonate
anions oen have fewer interactions with the cations, thus
reducing the melting point. While the melting points of all our
CHILs allow the assessment of certain trends, all decomposition
temperatures fall into the same range of around 240 to 250 °C,
indifferent from the existing variations. This behavior has
previously also been observed by our group for protected
riboses21 as well as for trimethylammonium-glucosamines.37

Both, interestingly, fall into similar ranges with 230–250 °C and
240–260 °C, respectively. Thus, the overall thermal stability of
these CHILs, including the aforementioned riboses and glucos-
amines, might be dictated by a function existing unchanged in all
of these products, such as the anomeric center. Only one product
exhibits a notably higher decomposition temperature: the per-
methylated glucosyl imidazolium product 3k.

In vitro biocompatibility analyses of CHILs

L929 cells are standard for biocompatibility testing by the
international organization for standardization and, therefore,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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are commonly used. This work assessed the potential cytotox-
icity of the CHILs to L929 cells using the CTB cell viability assay
(Fig. 1) and live/dead staining with calcein-AM and propidium
iodide (Fig. 2). As shown in Fig. 1, the CTB assay reveals that the
CHILs, as well as the commercial ILs, are all cytotoxic at the
highest tested concentration of 10−1 mol L−1. The trend of
increasing toxicity to L929 mouse broblasts with increasing
hydrophobicity, corresponding to an increasing alkyl chain
length of the substituted groups on the imidazolium rest was
observed (Fig. 1A). Thus, those CHILs with longer alkyl chains
on carbohydrate cations were more toxic. In addition, cell
viability is signicantly decreased for CHILS with longer alkyl
chains even aer reducing the concentration to 10−2 mol L−1,
which leads to the biocompatibility of most of the other
substances. These two trends are also conrmed by the light
microscopy images and the live/dead staining (Fig. 2). At the
highest concentration of GMIM-I and GOIM-I, cells show
a rounded morphology in both samples and a reduced growth
compared to the control in the brighteld microscopy pictures,
indicating that both compounds are cytotoxic at this concen-
tration. However, the live/dead staining revealed a strong
difference between the two substances. Whereas with GMIM-I
Fig. 1 Cell viability after cultivation for 48 h of L929 cells in different conc
solutions ((A) different imidazolium substituents; (B) different substituents
IL samples). The mean value of the wells without cells (background fluore
wells, and the values of treated cultures were normalized to the mean fl

technical replicates each were analyzed, except for OctO-GMIM-I (3i
10−2 mol L−1) and EMIM-I (10−3 mol L−1). These four CHILs had one biol
S38†) and were defined as outliers. Every cell viability of each biological

© 2023 The Author(s). Published by the Royal Society of Chemistry
some strongly rounded cells were stained with calcein-AM,
there are no viable cells stained with the live stain at all with
GOIM-I. The same correlation of chain lengths can also be
observed in Fig. 1B. Longer chain lengths or generally a higher
hydrophobicity, leads to lower cell viability. This can best be
observed in the OctO-GMIM-I and GOIM-I data, as the cell
viability similarly low in both cases. It can therefore be stated
that the position of the alkyl chains is mostly insignicant.

Additionally, we investigated anion-dependant patterns in the
new CHILs (Fig. 1C), as well as in the studied commercial ILs
(Fig. 1D). The inuence of GMIM-OMs and GMIM-NTf2 to L929
broblasts lead to a lower cell viability than GMIM-I, which can
already be considered biocompatible at a concentration of
10−2 mol L−1. It can be concluded that the counterions increase
the toxicity of the overall CHIL with greater non-polarity or are
moreuorinated.With the common imidazolium-ILs as well as for
the commercially available EMIM-I and EMIM-NTf2 samples, the
same trend can be observed. The HO-EMIM-I, which was synthe-
sized in one of our previous works,20 to show the inuence of
hydroxy groups, which are of course also present in the CHILs, was
an interesting comparison. It already showed signicantly higher
cell viability, especially at a concentration of 10−2 mol L−1. This
entrated (10−1 mol L−1; 10−2 mol L−1; 10−3 mol L−1; 10−4 mol L−1) CHIL
at the anomeric center; (C) different counter ions and (D) commercial
scence) was subtracted from the fluorescence values of the rest of the
uorescence of the control cultures. Three biological replicates with six
; 10−2 mol L−1), PerMe-GMIM-I (3k; 10−2 mol L−1), GMIM-NTf2 (4b;
ogical replication significantly different from the other two (Fig. S36 to
replicate is demonstrated in Fig. S36 to S38.†
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Fig. 2 (A) Microscopic images after 0 h and 48 h (scale bar 200 mm) and (B) calcein-AM/PI staining (scale bar 1000 mm) of L929 cells cultivated for
48 h in different concentrated (10−1 mol L−1; 10−2 mol L−1; 10−3 mol L−1; 10−4 mol L−1) CHIL solutions. One representative of each concentration
of every CHIL is demonstrated in Fig. S39 to S48.†
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could be due to the hydrophilic character of the structure. These
ndings could be conrmed by the calculated IC50 values (Fig. 3).

Antimicrobial activity

The initial antimicrobial screening of the new substances
towards the Gram-positive strain B. subtilis, the Gram-negative
strain E. coli K-12, as the yeast C. auris (WT) was carried out
by disk diffusion assays (Fig. 4).

Antimicrobial susceptibility disks, loaded with 10 mL of
10−1 mol L−1 aqueous CHIL solution, showed a high sensitivity
of several substances. The obtained zones of inhibitions (ZOI)
1760 | RSC Sustainability, 2023, 1, 1751–1764
are clearly related to the structure of the investigated CHIL
samples.

Based on the results, a clear structure–property relationship
could be obtained. For all organisms, the most nonpolar
compounds, as well as the most uorinated compounds,
exhibited the most pronounced effect. In particular, the CHIL
with the longest alkyl chain GOIM-I and the CHIL GMIM-NTf2
with uorinated anion showed the strongest effect on nearly all
three organisms. In addition to the disc diffusion tests, broth
microdilution experiments were performed to determine the
respective MIC, as well as the MBC and MFC values (Table 2).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of IC50 values for L929 mouse fibroblasts towards
the investigated CHILs (13 entries from left) and commercial IL samples
(last three entries) during a 48 h incubation (CellTiter-Blue
fluorescence).

Table 2 Minimum inhibitory concentration (MIC), minimum bacteri-
cidal concentration (MBC), and minimum fungicidal concentration
(MFC) (expressed as mmol L−1) of test antimicrobial combinations
against representative strains determined by broth microdilution
method (n = 4)

Micro-organism Product MIC MBC/MFC

B. subtilis 3e GOIM-I 2.5 2.5
3i OctO-GMIM-I 2.5 2.5
4b GMIM-NTf2 1 1
4a GMIM-OMs 37.5 37.5

HO-EMIM-I >125 >125
E. coli 3e GOIM-I 2.5 5

4b GMIM-NTf2 1 2.5
4a GMIM-OMs 12.5 12.5

C. auris 3d GBIM-I >125 >125
3e GOIM-I 5 5
3f GPhIM-I 75 75
3g GBnIM-I 125 125
3h GMesIM-I 37.5 37.5
3i OctO-GMIM-I 10 10
3j PhO-GMIM-I 125 >125
4b GMIM-NTf2 1 1
4a GMIM-OMs 37.5 37.5
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It can be concluded that the investigated substances show
the most effect on C. auris compared to E. coli and B. subtilis.
Similar to the biocompatibility experiments, correlations can be
found between the length of the alkyl chain, the non-polarity of
the structure, as well as the amount of uorine in the coun-
terion. In each organism, GMIM-NTf2 as well as GOIM-I show
the strongest effect.
Discussion

As the main investigations of this work, aer the synthesis of
the novel CHILs, in total, the 13 glucosyl imidazolium ILs as
well as three additional commercial imidazolium ILs have been
tested for their in vitro biocompatibility and antimicrobial
Fig. 4 Antimicrobial activity of different CHIL samples against E. coli K-12
mL of an aqueous 10−1 mol L−1 solution). (A) The mean diameter of th
performed in n = 4 experiments, error bars indicate + SD. The red dash
a bigger size showed an antimicrobial effect. Only a ZOI above this line
showing the ZOI formed by the CHILs and the antibiotics (illustrated by th
3j PhO-GMIM-I and 3k PerMe-GMIM-I). Complete overviews of the disk

© 2023 The Author(s). Published by the Royal Society of Chemistry
properties. The biocompatibility tests, performed with L929
mouse broblasts, showed higher cell viability for most of the
CHIL-treated samples than the commercial imidazolium ILs. At
10−2 mol L−1 most of the CHILs can be considered biocom-
patible, a feat not achieved by commercial imidazolium ILs.
Additionally, the antimicrobial properties of the CHILs were
investigated with the disk diffusion test. The glucosyl imida-
zolium ILs exhibited a stronger effect on the yeast C. auris
compared to the Gram-negative and Gram-positive bacteria E.
coli and B. subtilis. Here, the octyl-substituted CHIL was able to
reach zones of inhibition higher than the control antibiotic.
, B. subtilis, and C. auris (WT) obtained by the disk diffusion method (10
e ZOI (in mm, including the 6 mm diameter of the disc) of all CHILs
ed line indicates the size of the filter disk itself so that only a ZOI with
showed an antimicrobial effect. (B) Representative sample agar plates
e red dashed line; 3cGVIM-I; 3eGOIM-I; 3fGPhIM-I; 3iOctO-GMIM-I;
diffusion tests are given in Fig. S49 to S51.†
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We have furthermore dened trends, like increased cyto-
toxicity with increasing alkyl chain length. These correlations
are in accordance with the data of ILs based on imidazolium
from the literature.38 Docherty et al. investigated the antibac-
terial behavior of 1-alkyl-3-methyl g-imidazolium ILs towards
different alkyl chain lengths against E. coli, S. aureus, and B.
subtilis. When the alkyl chain of 1-hexyl-3-methyl imidazolium
bromide was extended to 1-octyl-3-methyl imidazolium
bromide, the EC50 value increased from 1.17 ppm to 6.44 ppm.39

The log EC50 values of Docherty et al. indicated a clear trend
with 4.01 ± 0.05 mmol L−1 (BMIM-Br), 1.42 ± 0.05 mmol L−1

(HexMIM-Br), and 0.63 ± 0.05 mmol L−1 (OMIM-Br) with
increasing chain length at the imidazolium cation against
Vibrio scheri.39,40 As well as the LC50 values against Artemia
salina, published by Gouveia et al., with 0.092± 0.005 mmol L−1

(BuMIM-Br) and 0.079 ± 0.005 mmol L−1 (HexMIM-Br).26

According to the literature, the anions of ILs do not affect
physical and chemical properties as much as the structure of
the cation as well as the length of the alkyl side chain.25,27,41

However, biocompatibility can still be inuenced by anions.
In this study, we veried the dependency between the cyto-
toxicity of the investigated compounds and the uorination of
the counter ion. This is already described with different
organisms by Cho et al. They dened the inuences of
counterions on the growth of Selenastrum capricornutum,
indicating a decreased toxicity in the following order: SbF6

− >
PF6

− > BF6
− > NTf2

− > Ts− > Br− z Cl−.25 This would indicate
higher toxicity if the anions are uorinated. Other tendencies
differ immensely through the literature. While Biczak et al.
investigated different EMIM IL concentrations in soil towards
common radish, resulting in a clear trend of the anions:
DMP− (dimethyl phosphate) > OMs− > Ts− > NO3

− > Br−.42

Rebros et al. could only nd minor differences between OMs−

and I− counterions on the different investigated imidazolium
ILs.43 In our biocompatibility experiments as well as anti-
bacterial testings, we could observe similar patterns: NTf2

− >
OMs− > I−.

The calculated the IC50 values from the L929 mouse bro-
blasts towards the CHIL samples reached from 0.55 ±

0.31 mmol L−1 to 51.50 ± 14.61 mmol L−1, GOIM-I and GVIM-I,
respectively. Compared to previously published CHILs by Reiß
et al., these were within the expected range.23 When comparing
the IC50 values of here described CHILs to other common ILs
investigated by Dzida et al., the typical imidazolium-based ILs
were reported with IC50 values from 0.17 ± 0.02 mmol L−1 of 1-
methyl-3-octylimidazolium triuoromethanesulfonate (OMIM-
TFO) to 30.50 ± 2.50 mmol L−1 of 1-ethyl-3-
methylimidazolium dimethylphosphate (EMIMDMP).44 These
IC50 values are in the range of our samples, whereas the CHILs
with shorter alkyl chains, such as GMIMI, GEIMI and GVIMI
showed a signicant higher value. The other by Dzida et al.
reported IC50 values from pyridinium- and pyrrolidinium-based
ILs to normal human dermal broblasts (NHDF) were even in
lower ranges. Other more vaguely comparable studies, with
EC50 values based on the decrease of light emission by P.
phosphoreum, the reported values range from 0.70 ± 0.16 mmol
L−1 (OMIM-PF6) to 4.02 ± 0.14 mmol L−1 (EMIMESO4).40
1762 | RSC Sustainability, 2023, 1, 1751–1764
Conclusion

Synthetically this work features a total of 13 glucosyl imidazo-
lium ILs, which have been prepared from commercially avail-
able glucosides in a straightforward two- or three-step synthesis
with total yields up to 90%. Six of these CHILs have not been
described in the literature before.

The melting points as well as the decomposition tempera-
tures of these CHILs have been put in perspective to conrm
certain trends, like the reduction of the melting point, from
172–173 °C with a methyl group (GMIM-I) to the viscous liquid
of GOIM-I at room temperature, with increasing bulk of the
alkyl- or aromatic side chain. On the other hand, the decom-
position temperatures, ranging from 236 °C (GVIM-I) to 255 °C
(GBnIM-I), of the glucosyl imidazolium ionic liquids change
only slightly with structural variations, conrming a trend
found through several works of our group, indicating that most
likely the anomeric center is the main inuence on the thermal
stability of the CHILs.

We have observed trends, like increased cytotoxicity with
increasing alkyl chain length (GMIM-I z GEIM-I z GVIM-I <
GBnIM-I < GBuIM-I < GPhIM-I z GMesIM-I < GOIM-I), as well
as higher uorinated anions (NTf2

− > OMs− > I−). Even though
the organisms in the literature described in the discussion, are
mostly different in the literature, these tendencies we observed
with the here-described new CHILs were conrmed and
extended in our experiments. In future studies, the mechanism
of these cytotoxicity trends with longer chain lengths will be
studied.

Additionally, some of the here reported novel CHILs had
signicantly higher IC50 values, than comparable imidazolium-,
pyridinium-, and pyrrolidinium-based ILs. GVIM-I, the CHIL
with the highest IC50 value of 51.50 ± 14.61 mmol L−1, showing
a signicantly higher biocompatibility compared to 0.17 ±

0.02 mmol L−1 of OMIM-TFO against P. phosphoreum,
0.392 mmol L−1 of 1-butylpyridinium chloride against S.
vacuolatus or 2.43 mmol L−1 of 1-butyl-1-methylpyrrolidinium
chloride against S. vacuolatus.44,45 This could path the way to
novel applications of these compounds, such as an environ-
mentally friendly solvent or a polymerizable monomer for
biomaterials.
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